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Abstract

Energy shortage is considered as the most critical infrastructure constraint to the economic
growth of Bangladesh. One of the main causes of the supply shortage, among others, is the
poor operational efficiency of power plants. For the operation of a large power system
maintaining the proper power quality has always been a difficult task. Increasing number of
major power grid blackouts that have been experienced around the world including
Bangladesh (2007, November and December) in recent years show that today’s power
system operation requires more careful consideration of all forms of system instability and
control problems and introduction of more effective and robust control strategies. In this
thesis an Active disturbance rejection control (ADRC) based decentralized Load Frequency
Control (LFC) system for Bangladesh Power System (BPS) is developed and a proposal has
been made for feedback connections from various load rich areas to generation rich areas to
minimize the area control error. The frequency control system maintains frequency and tie-
line power flows to specified values in the presence of physical constraints and model
uncertainties. As power load demand varies randomly in an interconnected power system,
both area frequency and tie-line power interchange also vary. The objectives of LFC are
to minimize the transient deviations in these variables (area frequency and tie-line power
interchange) and to ensure their steady state errors to be zeros. Unexpected external
disturbances, parameter uncertainties and model uncertainties are big challenges for
LFC design. As an increasingly popular practical control technique, ADRC has the
advantages of requiring little information from the plant model and being robust against
disturbances and uncertainties. A solution to the LFC problem based on ADRC is an
alternative one. Performance analysis of ADRC is done by comparing with Proportional
Integral Derivative (PID) controller and for two area non-reheat and reheat turbine unit.
ADRC is also implemented on a large power station. Finally, the design of BPS is done
considering its radial connection and proposal is made about feedback connection based on
the performance of ADRC. The dynamic model of the power system and the controller
design based on the model are elaborated. Simulation results show that ADRC controller is

attractive for the LFC problem in terms of its stability and robustness.

Vi
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Chapter I

Introduction

1.0 Introduction

Satisfactory operation of a power system requires both the active power balance and the
reactive power balance between generation and load. Those two balances correspond to two
equilibrium points: frequency and voltage. When either of the two balances is broken and
reset at a new level, the equilibrium points will float [1]. A good quality of the electric power
system requires both the frequency and voltage to remain at standard values during operation.
Since loads change randomly and momentarily, it is not possible to maintain both the
balances without control. Thus a control system is essential to cancel the effects of load
changes and to keep the frequency and voltage at the standard values. The system frequency
is highly dependent on the active power while the voltage is highly dependent on the reactive
power. Thus the control issue in power systems can be decoupled into two independent
problems: one is about the active power and frequency control while the other is about the
reactive power and voltage control. The active power and frequency control is referred to as

load frequency control (LFC) [1].

Frequency control is becoming more significant today due to the increasing size, the
changing structure and the complexity of interconnected power systems. Increasing economic
pressures for power system efficiency and reliability requires maintaining system frequency
and tie-line flows closer to scheduled values as much as possible. Therefore, in a modern
power system, LFC plays an important role, as an ancillary service, in supporting power

exchanges and providing better conditions for the electricity trading.

1.1 Background and Present State of the Problem

Increasing number of major power grid blackouts that have been experienced around the
world in recent years [2-5], for example, Brazil (1999), Iran (2001, 2002), Northeast USA-
Canada (2003), Southern Sweden and Eastern Denmark (2003), Italy (2003), Russia (2005),
Bangladesh (2007, November and December) shows that today’s power system operations
require more careful consideration of all forms of system instability and control problems and

to introduce more effective and robust control strategies.

1



Significant frequency deviations of interconnected system can cause under/over-frequency
relaying and disconnect some loads and generations. Under unfavorable conditions, this
may result in a cascading failure and system collapse [4]. In the last two decades, many
studies have focused on damping control and voltage stability and related issues. However,
there has been much less work on power system frequency control analysis and synthesis,
while violation of frequency control requirements was known as a main reason for numerous
power grid blackouts [2]. Most published research in this area neglects new uncertainties and
practical constraints in the liberalized electricity markets and coupling between performance
objectives and market dynamics to obtain a good tradeoff between efficiency and robustness
[6-7], and furthermore, suggest complex control structures with which may have some
difficulties while implementing in real-time applications [8-9]. The establishment of
numerous generators units and renewable energy sources in distribution areas and the
growing number of independent players is likely to have an impact on the operation and
control of the power system, which is already designed to operate with large, central

generating facilities.

In summary, 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 presences of any
load changes [1]. In addition, the LFC has to be robust against unknown external disturbances
and system model and parameter uncertainties. The high-order interconnected power system

could also increase the complexity of the controller design of the LFC.

In industry, proportional-integral (PI) controllers have been broadly used for decades as the
load frequency controllers. A PI controller design on a three-area interconnected power plant
is presented in [10], where the controller parameters of the PI controller are tuned using trial-

and-error approach.

The LFC design based on an entire power system model is considered as centralized method.
In [11] and [12], this centralized method is introduced with a simplified multiple-area power
plant in order to implement such optimization techniques on the entire model.
However, the simplification is based on the assumption that all the subsystems of the entire
power system are identical while they are not. The assumption makes the simulation model in
the paper quite different from the real system. Another problem for the centralized methods
is that even if the method works well on a low-order test system, it would face an

exponentially increasing computation problem with the increase of the system size.



Since the tie-line interfaces give rise to weakly coupled terms between areas, the
large-scale power system can be decentralized into small subsystems through treating tie-line
signals as disturbances. Numerous control techniques have been applied to the decentralized
power  systems. In [13-17], decentralized PI or proportional-integral-derivative (PID)
controller is reported. Since Hy/H,, control is well known for its robustness against parameter
uncertainties, the controller has been utilized to solve the decentralized LFC problems
in [18-21]. There are also several other modern control theories that have been
decentralized solutions of the LFC problem, such as disturbance accommodation control,
optimal tracking approach, predictive control scheme and ramp following control, which

can be found in [22-25] respectively.

Fuzzy logic control is a method based on fuzzy set theory, in which the fuzzy logic variables
can be any value between 0 and 1 instead of just true and false. When the variables are
selected, the decision will be made through specific fuzzy logic functions. Research
results obtained from applying the fuzzy logic control technique to the decentralized
LFC problem have been proposed in [26-29]. Specifically, a fuzzy logic controller
developed directly from a fuzzy model of the power system is reported in [26]. A fuzzy logic
based tie-line bias control scheme on a two-area multiple-unit power system is introduced in
[27] while a similar method on a combined cycle power plant including the
comparison between the fuzzy logic control and conventional PID control techniques are
reported in [28]. A fuzzy-gain-scheduled PI controller and its implementation on an Iraqi
National Super Grid power system can be found in [29]. A comparison between the fuzzy-

gain-scheduled PI controller and the traditional PI controller was also included in [29].

Genetic algorithm (GA) is one of the most popular computer intelligence algorithms. It has
been verified to be effective to solve complex optimization problem [30] where PI-type
controllers tuned via GA and linear matrix inequalities (GALMI) is presented on a
decentralized three-area nine-unit power system. In [30], it is found that the structure of the
GALMI tuned PI controller is much simpler than that of the Hy/H,, controller although the

performances of the two methods are equivalent.

Most of the reported solutions of the LFC problem have been tested for their
robustness against large step load change. However, very few of the published researches
deal with parameter uncertainties. In [31], the authors set up a 15% floating rate for

the parameters in one area and successfully controlled the system with an optimally tuned



PID controller. Nevertheless, in [31], a lot of approximations and simplifications have been
made during the modeling process of the power systems, on which the controller is designed.
The simplified system model has deviated far from the real system. A control technique with
a notable robustness against not only parameter uncertainties but also model uncertainties and

external load change will be preferred by the power industry.

Active disturbance rejection control (ADRC), an increasingly popular practical control
technique, was first proposed by J. Han in [32] and has been modified by Z. Gao in [33, 34].
The design of ADRC only relies on the most direct characteristics of a physical plant, which
are input and output. Specifically, the information 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 [35].

As discussed in [33], 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 augmented/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 [33] 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 [34].

At the beginning of the research of ADRC, time-domain analyses of the controller
dominated the publications about it. Recently, a transfer function representation of
ADRC was initially presented in [35], where frequency-domain analyses have been

successfully conducted on a second-order linear plant.

The closed-loop system with ADRC can be represented by a unity feedback loop with a pre-

filter. In the performance analyses in [35], 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 [35], a high order ADRC
design was developed on a general transfer function form with zeros [36]. The design
method was verified on a 3" 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 is still an unsolved

problem for ADRC.

In the past few years, ADRC has been broadly employed in industry. The
implementation of ADRC in motion control has been reported in [34]. ADRC is also
employed in DC converters, chemical processes, and web tension control as presented
in [37-39]. An application of ADRC solution to the control problem of a micro
electro-mechanical system (MEMS) gyroscope is presented in [40]. The hardware

implementations of ADRC for the MEMS gyroscope were introduced in [41, 42].

Those successful examples reported in the literature [33-42] have validated the
effectiveness of ADRC and its great advantages over conventional control techniques such as
PID control. ADRC is expected to be applied to more practical control problems in various

fields including power systems.

In [43 and 44] Y. Zhang et. el. proposed an ADRC based decentralized load frequency
controller for interconnected power systems. A three-area test power system is utilized to test
the stability and robustness of ADRC controlled system in the presences of load changes,
system parameter variations and tripping of generators. Simulations in time-domain verified
the effectiveness of ADRC through successfully regulating the area control error, frequency

errors and tie-line power errors.

1.2 Thesis Objective

The objective of the work is to develop a decentralized load frequency controller based on
ADRC for Bangladesh Power System (BPS). ADRC is chosen to solve the LFC problem
of the BPS because of its robustness against system uncertainties, its simple structure

(with only two tuning parameters), and its effective tracking performance.



1.3 Organization of the Thesis
The thesis is organized as follows.

Chapter 1 is the introductory chapter that represents a brief literature survey on the LFC

problem.

Chapter II presents the model of the power generating system. The major components of the
power system are discussed in this chapter. A Laplace transform representation of the

decentralized area of the power system is also developed in Chapter II.

Chapter III introduces the design strategy of ADRC on an interconnected power
system. 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 on the power system is presented in the chapter.

Chapter IV shows the simulation results of different types of disturbances on three test power
systems under the control of ADRC. The first test system is used to compare the control
performances between the PID controller and ADRC. The second test system is used to test
the robustness of ADRC. The third test system is based on a large power station to verify the

effectiveness of ADRC in practical case.

Chapter V presents the simulation results of BPS and suggests a better feedback connection

from various generation rich areas to load rich areas considering the same load change.

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 introduced.

2.1 Power Generating Units

2.1.1 Turbines

A turbine unit in power systems is used to transform the natural energy, such as the energy
from steam or water, into mechanical power (4P,,) 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 functions. [1]

Non-reheat turbines are first-order units. A time delay (denoted by 7T,;) occurs between
switching the valve and producing the turbine torque. The transfer function can be of the non-

reheat turbine is represented as

APy (s) 1 (1)

G = =
w0 = 3PS T TS

where 4P, 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 stages due to

high and low steam pressure. The transfer function can be represented as

APm(S) _ thTThS +1

)= 28,0) = Tons + D(Tns + 1)

2)



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

rating [31].

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 generator instead of the energy transformation. Since 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 electrical powers (AP,;) is integrated into the rotor speed deviation (4w,), which can be
turned into the frequency bias (4f) by multiplying by 2zn. The relationship between AP,

and Af'is shown in Figure 2.1, where M is the inertia constant of the generator.

]
— " " s

Figure 2.1: Block diagram of the generator

The power loads can be decomposed into resistive loads (4P; ), which remain constant
when the rotor speed is changing, and motor loads that change with load speed. If the
mechanical power remains unchanged, the motor loads 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.



Figure 2.2: Block diagram of the generator with load damping effect

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

AP, (s) — AP,(s) = (Ms + D)AF(s) 3)

Figure 2.3: Reduced block diagram of the generator with the load damping effect

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 1is 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 be compensated by the valve/gate adjustment
while the rest of the change is represented in the form of frequency deviation. The goal of
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 canceled by the power generation rather than resulting in a frequency deviation.
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Figure 2.4: Schematic diagram of a modified 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

U(s) — %ES) = (Tys + 1)AP,(s) 4)

) )
R O Tes + 1 ".
Frogquency Falvelgate
deviaiion o Load reference pagition change

selpoint

Figure 2.5: Reduced block diagram of the modified 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 connects 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

10



APy (s) = %Tij(AFi(S) — AF;(s)) 5)

where APy is the tie-line exchange power between areas i and j, and T is the tie-
line synchronizing torque coefficient between areas i and j. 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 Lh{ >

@ tie-line synchronizing

torque coefficient

Figure 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 the 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 = Z Aptie ij + BLAfl (6)
j=1,..n,j*1

where B; is the frequency response characteristic for area i and
1
B;=D;+— (7)
R;

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.

11



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.

Mg = Z M; ®)

i=1,..n
9
Deq = Z D, ©)
i=1,..n
1 (10)
Beq = R—+ Di
i=1,..,n t i=1,..,n

2.3 Dynamic Model of Single-Area Power Generating Unit

With the power generating units and the tie-line connections of interconnected areas
introduced in sections 2.1 and 2.2, a complete form of single-area power generating unit can

be constructed as shown in Figure 2.7.

______________________

Generator

! | Frequency ervor
brea | ! Load change
ea frequency : Speed droop ! e
TEPOISE pgag | coefficient !
characteristic reference | !
setpoint | :
| LPe Equivalent | |
i i
| I

unit

Governor

Tie-ln
le-line power error @

Figure 2.7: Schematic of single-area power generating unit

In Figure 2.7, there are three inputs, which are the controller input U(s), load
disturbance 4Py, (s), and tie-line power error AP, (s), one ACE output ¥(s) and one generator
output Af. The term 4P, is not in Figure 2.4 because it does not have a physical meaning. We
note the input of the equivalent unit in the governor as 4P, for simplicity when developing

the Laplace transform of the single-area power generating plant.
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2.4 The Laplace Transform Model of Single-Area Power Generating Unit

The unit shown in Figure 2.7 is considered. The relationships between the inputs and output

in Figure 2.7 can be described as

U(s) —%AF(S) = AP,(s) (1)
Gey(S)AFP,(s) = AR,(s) (12)
Grur()AP,(s) = ARy, (s) (13)

(AP (s) — APL(S) = APy 1(5))Ggen(s) = AF(s) (14)
Y(s) = BAF(s) + APy, (s) (15)

where Ggy (s), Grur(s) and Gge, (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 Ger (s) = Numgr (s)/Dengr (s), where Numgr(s) and Dengr(s) are the numerator
and denominator of Ggr () 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

Ger(s) can be expressed as

Gon(s) = Numgr(s) 1
ETS) = Dengr(s) (Tgs + 1)(Teps + 1) (16)
For the reheat unit, we have
Numgr(s) FppTrps +1 17)

Cor () = Dener(s) ~ (Tys ¥ D(Tops + D(Tops + D

13



Define the transfer function of the generator as

1 1

G = =
6en(s) Deny(s) Ms+D

(18)

where Deny(s) represents the denominator of Gge,(s). The Laplace transform of the single-

area power generating unit can be simplified as

Y(s) = Go(s)U(s) + Gp(S)APL(S) + Grie (S)APi (S) (19)
where

G.(s) = RBNumgr(s) (20)

PR = Numgr(s) + RDengr(s)Deny, (s)
G, (s) = —RBDengr(s) (21)

p\s) = Numgr(s) + RDengr(s)Deny(s)
Numgr(s) + RDengrp(s)Deny (s) — RBDengr(s) (22)

Gtie(s) =

Numgr(s) + RDengr(s)Deny (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 test power 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 Chapter II, the parameter values in the model
fluctuate depending on the system and the 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. After comparing
the existing advanced controllers introduced in Chapter I, we selected active
disturbance rejection controller (ADRC) for the LFC. In this chapter, the design strategies of

ADRC are developed on a general transfer function model of a physical system.

3.1 Active Disturbance Rejection Control

Although we aim to develop ADRC for the high-order power plant, we will introduce the

design concept of ADRC on a second order plant for the convenience of explanation.

We consider a motion system that can be described as

J(©) + a1y (0) + azy(t) = bu(t) + w(t) (23)

where u(t) is the input force of the system, y(z) is the position output, w(z) represents
the external disturbance of the system, a;, a, and b are the coefficients of the

differential equation. ADRC design approaches can be summarized as four steps.

Step 1: Reformation of the Plant

Equation (23) can be rewritten as

¥(©) = bu(t) + w(t) — a;y(t) — apy(¢) (24)
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As introduced in [34], the partial information of the plant —a,y(t) — a,y(t) can be referred
to as internal dynamics. The internal dynamics of the system combined with the external
disturbance w(t) can form a generalized disturbance, denoted as d(z). Then (24) can be

rewritten as
V() = bu(t) +d(t) (25)

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 canceled as well.

In this way of reforming, all second-order linear systems with different values of a; and a,
can be classified in one category. The systems in this category have two common
characteristics: one is the order of the plant, and the other is the high frequency gain b [33].
We will find out that those two characteristics are the essential information required

for ADRC design instead of the accurate plant model.

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 disturbance could be
random and cannot be modeled. 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) [33].

The state space model of (25) is

% = Ax + Bu+ Ed
(26)
y =Cx

X1
In (26), x = [xzw,
X3
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0 1 0 0 0
where x; =y,x, =y,x3=d,A=|0 0 1|, B=|b|, E=|0landC=[1 0 0]
0 0 O 0 1

It is assumed that d has local Lipschitz continuity and d is bounded within domain of

interests [45]. From (26), the ESO is derived as

z=Az+Bu+L(y—19)
(27
y=Cz

where z=1[z; 2z, 23] T'is the estimated state vector of xand ¥y is the estimated

system output of y. L is the ESO gain vector and L = [B; f2 ,33]T. To locate all the

eigenvalues of the ESO at —wy, the values of the elements of the vector L are chosen as
3 )
B = (i>.w(‘),i — 123 (28)
with a well tuned ESO, z; will track x; closely. Then we will have
Z3 = X3 = d (29)

From (29), this generalized disturbance d(?) can be approximately removed by the time

domain estimated value of z3 .

Step 3: Simplification of the Plant

With the control law

Uy — Z3

(30)

the system described in (25) becomes
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~(uy—d)+d G

From (31), we can see that with accurate estimation of ESO, the second-order LTI system
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 = u, is chosen as

uO = kl(T‘ - Zl) - kzzz (32)

From (27) z; will track y and z, will track y. Then substituting uy in y = u, yields

V=kir —kyy — kyy (33)
The Laplace transform of (33) is

s2Y(s) + k,sY(s) + k Y (s) = k;R(s) (34)

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

Y(s) ky
G = = 35
l(s) R(s) s%2+kys+k, (35)
Let k; = w? and k, = 2w, . We will have
w? w?
Ge(s) = : - (36)

2+ 2w.s + w? - (s + w.)?

18



where w,. represents 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 while the tracking error
and overshoot percentage of the output will be decreased. The detail information about the
relationship between the parameters @, and o, and the control performance can be found in

[42].

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) (37)

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

In (37), the general transfer function of a physical plant G,(s) can be represented as

Y(s b, s™+ b, _1s™ 1+ ..+ bs+b
()=Gp(s)= m m-1 _ 1 o‘an (38)
U(s) AnS™ + ap_1S™ 1+ -+ as + a
where a; and b; (i=1, ..., n, j = 1, ..., m) are the coefficients of the transfer function.

From (25), 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 (37), we need to develop an equivalent model of (38) so that the
transfer function only has poles. The error between the two models can be included

into the generalized disturbance term.

In order to develop the non-zero equivalent model of (38), the following polynomial long

division is conducted on 1/ G(s).

1 ApS" + ap 1S+ o+ ays + ag

- >
Gp(g) bmsm+bm—15m_1+'-'+bls+b0 (Tl_m)

(39)

= CpemS™ " 4 bCpg1 ST g5 + € + Gepe ()

In (39), ¢i (i = 0,... n — m) are coefficients of the polynomial division result, and the Ge(s) is

a remainder, which can be represented by
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Ap-1S™ 1V + dpy_ps™ 2+ -+ dys + d,

(40)
bmsm + bm_lsm_l + e + bls + bo

Gleft(s) =

In (40),d; G =0, ..., m— 1) are coefficients of the numerator of the remainder. Substituting

(39) into (37), we have
[CrnmS™ ™ + bCpom_1S™ T+ 1S+ Co + Grepe ()Y () = U(S) +W'(s)  (41)
where W'(s) = W(S)/G .
P
(41) can be rewritten as

Cn-mS" Y () = U(S) = [Cpom—1S™" ™+ + 18 + Co + Giepe (S)IY (5) + W'(s)  (42)

Finally we have

43
sTMYy(s) = U(s) + D(s) (43)
n-m
where
1 1 44
D(s) = — [Chome1ST ™ it s+ ¢ + Grepe ()Y (s) + W' (s) “4
Cn-m Cn-m
From (39), it can be seen that
aTL
Cn-m = 3~ 45
b, (45)

However, it is difficult to get the expressions of the other coefficients in (39) and
(40). Fortunately from 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 expressions for the ¢; andd; (i=0, ..., n—m, j=0, ..., m—1I)in (39) and (40).

From (43), 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 the plant n, the relative order n — m may be utilized as

the order of the controlled system. The high frequency gain (denoted as b) is still the
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ratio between the coefficients of the highest-order terms of the numerator and the

denominator.

After obtaining the equivalent order and the high frequency gain, (43) can be rewritten as

s™MY(s) = bU(s) + D(s) (46)
where . b = 1/Cn—m

Now ADRC design approach discussed in Section 3.1 may be extended to n — m

dimensions. The state space model of (43) is

sX(s) = AX(s) + BU(s) + EsD(s)

47
Y(s) = CX(s)
where
e 010 -0 :
X(S): XZ:(S) ) A: : 0 0 ) B: Op
’ S 1 b
Xn—m(s) (n_m) 0 0 O (n_m)x(n_m) 0

0
E= 6 C=[1 0 .. Olmm

1 (n-m)

In (46), D(s) is still required to have local Lipschitz continuity and sD(s) is bounded with
domain of interests [35]. The ESO of the plant is

sZ(s) = AZ(s) + BU(s)L (Y(s) - ?(s))
48)
Y(s) = CZ(s)

where Z(s) = [Z1(9)  Z2(5) Zn-m()(ypy andL=1[B1 B2 Br-mlinm

In order to locate all the eigenvalues of the ESO to —w, , the observer gains are chosen as
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ﬁi:(n_im)-w(i), i=1,..n—m (49)

With a well tuned ESO, Z;(s) will be able to estimate the value of X;(s) closely (i =

1, ..., n—m). Then we have

Zn-m(s) = ﬁ(s) ~ D(s) (50)

The control law

U(s) = (Uo(s) = Zn-m(s))/b GD

will reduce (46) to a pure integral plant, i.e.,

U —Zy_ ~ 52
s™ MYy (s) = b. () 5 n-m(s) + D(s) = Uy(s) — D(s) + D(s) = Uy(s) (52)

The control law for the pure integral plant is
Uo(s) = k1(R(5) - Z1(5)) —kyZy(s) — - —kp_m—1Zy_m-1(5) (53)

To further simplify the tuning process, all the closed-loop poles of the PD controller are set

to —w,. . Then the controller gains in (53) have to be selected as

n—m-—1
ki:( ,).wg—m—l,i:1,...,n—m—1 (54)
n—m-—i

In this chapter, the design process of ADRC has been divided into four steps. First, ADRC
was 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 Laplace-domain

representation of ADRC are developed in this chapter.
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Chapter IV

Performance Analyses of ADRC

4.0 Introduction

In this chapter, ADRC is applied to three kinds of decentralized power systems, which are
constructed to test the effectiveness of the controller. The first test system consists of a
generating unit with non-reheat turbine, generator and governor. This test system is used to
compare the control performances between the PID controller and the ADRC. The second
test system consists of generating units, which include non-reheat and reheat turbines,
generators and governors. In order to test the robustness of ADRC, it is assumed that all of
the parameters in the non-reheat unit of the system have 20% floating rates from their
nominal values. The third test system is based on a large power station. It is composed of
five non-reheat units and three reheat units that represent the eight units in three
interconnected areas. The stability and robustness of ADRC are tested by changing loads on
multiple buses at a time. All the simulations in this work have been completed using

MATLAB/Simulink.

4.1 Comparison of the Performance of ADRC and PID

The performance of ADRC is compared with PID controller. The test is done on a non-reheat

turbine system considering a load change of 0.2p.u. at 2 seconds for both ADRC and PID.

ADRC and PID controlled single-area power system is shown in Figure 4.1. The parameters
of the system are obtained from [1, 2] and listed in Table A-1 [Annexure A]. The ADRC and
PID parameters are listed in Table A-2 [Annexure A]. The definitions of the parameters have

already been given in Chapter II.

Figure 4.2, 4.3 and 4.4 presents the area control error, frequency deviation and tie-line error
from both the controller. The figures show that the performance of ADRC is much better than
PID. ADRC demonstrates smaller oscillations and faster responses in the ACE and Af

responses than that of the PID controller. However, the control effort of ADRC shows an
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overshoot at the switching edge of the load change. This is due to a slight lag of ESO in
response to the external disturbance. Nevertheless the overshoot magnitude of ADRC is

reasonable. So it will not affect the implementation of the controller in practice.

del F =E—.I>_
¥/
8 PID{s) = =E =DI1/\
(b)
Figure 4.1: Single-area power system with non-reheat turbine
(a) with ADRC controller (b) with PID Controller
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Figure 4.2: Comparison of ACE for ADRC and PID
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del F (Hz)

Time (sec.)

Figure 4.3: Comparison of frequency deviation for ADRC and PID

0.02

del P tie (p.u)

Time (sec.)

Figure 4.4: Comparison of tie-line error for ADRC and PID

4.2 Application of ADRC on Two-Area Interconnected Power System with

Different Generating Units

The second test system consists of two different decentralized areas, which are
connected to each other through tie-lines. Each area has three major components, which are
turbine, governor and generator. Non-reheat and reheat turbine units are distributed in the two
areas respectively. The ADRC controlled interconnected power system is shown in Figure
4.5. The parameters of the system are obtained from [1, 2], and listed in Table A-3 [Annexure

A]. The definitions of the parameters have already been given in Chapter II.
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Figure 4.5: ADRC controlled two-area power system with non-reheat and reheat turbines

For each decentralized area in Figure 4.5, an ADRC is designed based on the transfer
function Gp(s) in (20). The transfer functions of the non-reheat (Gpy (s5)) and reheat (Gpg (s))

units are given by (55) and (56) respectively

1.05
Gon(8) = 501553 + 0201552 + 0525 + 1.05 (55)
2.205s + 1.05 (56)
Gpr(s) =

0.21s* 4+ 1.801s3 4+ 3.928s2 4+ 2.975s + 1.05

According to the discussions in Chapter III, ADRC (including its ESO) for area 1 can be

designed and represented by the following equations.

sZ(s) = (A—LC)Z(s) + BU(s) + LY (s) (57)
Up(s) = k1(R(S) - Z1(S)) —kyZ5(s) — k3Z3(s) (58)
U(s) = Uo(s) ;Z4(5) (59)
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Z1(s) 010 0 0 4‘”3

_|%2() 001 of,_J[of ~_ 603

where,  Z(s) = Zs(s) A=l 0 o 1I'B=1p ,C=[1 0 0 0]L= sadl
Z,(s) 00 0 0 0 Wl

k1 = wg,kz = 3(1)C2,k3 = 3(’06‘

ADRCs for the other area have the similar structure to ADRC for area 1. The design

parameters of ADRCs in different areas are given in Table A-4 [Annexure 1].

The performance of ADRC is tested for three cases of system parameters. A 0.1 p.u. step load
change is applied to the two different areas at + = 2 and 7 seconds respectively. In the
different cases, the parameter values of the non-reheat unit in area 1 will have different
values. In the following two cases, the controller parameter values of ADRC remain

unchanged.

In case 1, the parameters of the non-reheat unit in area 1 are chosen to have nominal values.
The effectiveness of ADRC will be tested in this case by simulating the closed-loop control
system in Figure 2.7. In our simulation results, area 1 is denoted as the area with non-reheat
unit (or non-reheat) and area 2 is denoted as the area with reheat unit (or reheat). The system
responses for two different areas are shown in Figures 4.6, 4.7, and 4.8. Figure 4.6
illustrates the Area Control Error (ACE) outputs of the two different areas, Figure 4.7
illustrates the frequency errors (Af) of the two different areas and Figure 4.8 shows the tie-
line power errors of the two areas. From the simulation results, we can see that the
ACEs, the frequency errors and the tie-line power deviations have been driven to zero by
ADRC in the presences of load power changes. The average settling time in the system

responses is around 3 seconds.
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Figure 4.6: ACEs of the two-area power systems
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Figure 4.7: Frequency errors of the two-area power systems
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Figure 4.8: Tie-line power errors of the two-area power systems

In case 2, in order to test the robustness of ADRC, the variations of all of the
parameters (M; , D;, Tepr , Tgr , Ry, and T; ) of the non-reheat unit in the first area are
assumed to be 20% and -20% of their nominal values respectively. However, the
controller parameters of ADRC are not changed with the variations of the system
parameters. The responses of area 1 are shown in Figures 4.9, 4.10 and 4.11. Figure 4.9
illustrates the ACE outputs of area 1 with the variant parameter values for the non-reheat unit,
Figure 4.10 illustrates the frequency errors of area 1 with the variant parameter values for the
non-reheat unit and Figure 4.11 shows the tie-line power errors of area 1 with the variant
parameter values for the non-reheat unit. From the simulation results, we can see that despite
such large parameter variations, the system responses do not show notable differences from
the results in Figures 4.9, 4.10 and 4.11. Therefore the simulation results demonstrate the
robustness of ADRC against system parameter variations. If we change the system
parameters for reheat unit, the same conclusion is obtained since the model for each area is

similar to the other.
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Figure 4.9: ACE:s of area 1 with variant parameter values for non-heat unit
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Figure 4.10: Frequency errors of area 1 with variant parameter values for non-reheat unit
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Figure 4.11: Tie-line power errors of area 1 with variant parameter values for non-reheat unit
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4.3 Application of ADRC on Large Power Station

Consider a large power station that is equivalent to the second largest power station in
Bangladesh. The installed capacity by its 3 areas with 8 units is 724 MW and present de-rated
capacity is 642 MW. It fulfills about 15% of power requirements of the country.

The three plants are:

Plant 1: Thermal Power Plant (TPP)

Two steam units of 64 MW- Unit # 1 & 2.

Plant 2: Combined Cycle Power Plant (CCPP)

Gas turbine units-GT1 and GT2 of capacity 56 MW each and one steam turbine (ST) of
capacity 34 MW with waste heat recovery Boiler.

Plant 3: Thermal Power Plant (TPP)

Unit # 3, Unit # 4 and Unit # 5 each of 150 MW capacity.

There are 5 non-reheat and 3 reheat turbine units in the large power station. Based on this the
whole plant was constructed for simulation. All the units were connected with each other to
observe the tie-line error if there is load change in any one unit. The output shows the area

control error, frequency deviation and tie line error for these 8 units.

ADRC based controller is implemented on each unit of the system shown in Figure 4.12. In
Figure 4.12, it is considered that unit 1 and 2 are under plant 1 which consist two non-reheat
type turbines, unit 3, 4 and 5 are under plant 2 which consists three reheat type turbines, unit
6, 7 and 8 are under plant 3 which consists two non-reheat type turbines. The parameters of
the system are listed in Table A-5 [Annexure A] and the ADRC parameters are listed in Table
A-6 [Annexure A].

30



Unit 8: Non-reheat unit 3

Unit 1: Non-sehest unit 1 Unit 2: Non-rehest unit 2 Unit 3: Reheat unit 1 Unit &: Reheat unit 2 Unit 5: Rehest urit 2 Unit 8: Non-rehest unit 1 Unit 7: Non-rehest unit 2
ui
< M T8
Tig 28] 22 T e ve
o 1 A v rve ! 7 ¥
o L ¥ T3 A MR = ¥ T T
Tie 22| 22 T e Ter o TEs
T15 25 T35 a5 54 o4 s TE
Ti4 24| 24 a2 o2 o ™ I, ™
LEB 1 M T -t T3z e L e T T ™ =
[ Tiz 2t 2 Tt 5 ot el e "I
L
1.ADRC_order3_Nan-reheat 2/ADRC_ordera_Moneneat 2ADRC_orera_reneat 4.ADRC_order2._reheat 5.ADRC_order3_reneat ©.ADRC_orderd_Monreneat | | 7.ADRGC_orders Monseneat | | 8.ADRC_orders_Nameheat
Lt Labd Lt 4’D »y Lt Labd Lt

Figure 4.12: Dynamic model of the large power station

Unit 1 of Figure 4.12 named Unit 1: Non-reheat unit 1 is modeled according to Figure 4.13.
In this area the main building blocks are governor, non-reheat turbine and generator. ADRC

is designed based on the transfer function Gp (s) in (20).

The modeling of all the non-reheat units is similar to unit 1.
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; ; ;
'y ¥ 0, — —_— —_— ‘
Tgret Taviset 1501 | GelF 1

Gavemar! Nonseheat turbine Generator!

Integrator?

del Ptie 1

Figure 4.13: Dynamic model of Unit 1: Non-reheat unit 1

Unit 3 of Figure 4.12 named Unit 3: Reheat unit 1 is modeled according to Figure 4.14. In
this area the main building blocks are governor, reheat turbine and generator. ADRC is

designed based on the transfer function Gp (s) in (20).

The modeling of all the reheat units is similar to unit 3.
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Figure 4.14: Dynamic model of Unit 3: Reheat unit 1

del P tie 3

A step load change with large amplitude is added to each unit. The purpose of this case is
to test the robustness of the controllers against large disturbances. The amplitudes of
the load changes for the eight units are 4P;; = 0.9 p.u., 4Py, = 0.8 p.u., 4PL3 =0.7 p.u., AP14
=0.6 p.u., 4P;5s =0.5 p.u., 4P;s =0.4 p.u., 4P;7; =0.3 p.u. and A4P;s =0.2 respectively. The
power loads are added to the systems at t = 2 seconds. The ACE, 4f and the control effort for
ADRC controlled systems are shown in Figures 4.15, 4.16 and 4.17. ADRC demonstrates

smaller oscillations and faster responses in the ACE and Af responses.

0.1

ACE (p.u)

del PL1
del PL2 ||
del PL3 ||
del PL4
del PL5 ||
del PL6
.......... H del PL7 H
del PL8

04 \ \ i | I \ I I
0

Time (sec.)

Figure 4.15: ACEs of the large power station for various load changes
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Figure 4.16: Frequency errors of the large power station for various load changes
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Figure 4.17: Tie-line power errors of the large power station for various load changes

The simulation results in this chapter verified the effectiveness of ADRC on the LFC problem
in three aspects. First of all, ADRC is able to cancel the ACE to satisfy the LFC
requirements of maintaining the standard frequency and keeping the tie-line power exchange
according to the schedule. Secondly, ADRC is effective to cancel both random and large load
disturbances. Thirdly, ADRC is able to resist the interferences to the controller design of
parameter uncertainties. Thus, ADRC is considered to be a suitable control technique for

LFC solution.
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Chapter V

Simulation on Bangladesh Power System

5.0. Introduction

Bangladesh Power System (BPS) is a small system with an installed capacity of around 6700
MW and an annual peak demand of around 7000 MW. The transmission system of BPS has
formed an integral grid of two voltage levels of 132 and 230 kV. It supplies electricity to the
whole country, geographically divided into two regions by the rivers Padma and Jamuna.
That is, the transmission system has two major regions connected through two tie line, known

as East-West Interconnector -1 and -2.

5.1 Overview of Bangladesh Power System

The BPS grid network is inherently radial in nature. Fig. 5.1 shows the BPS grid in terms of a
number of regions. The figure clearly shows that the regions are like islands connected
radially to the Dhaka region. The status of different islands in terms of generation capacity
and loads of a typical day for 2010 is given in Table 5.1. The table shows that most of the
islands are load rich. A load rich island is the one whose available generation is less than the

load and generation rich island has available generation more than its load. [46]

Only Dhaka and Sylhet regions are generation rich. In the Dhaka region only three generator
buses are considered, namely Ashuganj, Ghorashal and Meghnaghat. These three buses are
connected to tie-lines that supply power to the load rich regions. Moreover, the power
stations at these locations generate most of the power in the regions and practically contribute
towards maintaining the system frequency. In the Sylhet region, the Shahjibazar bus acts
both as a generator bus and a tie-bus that supply power to other regions through the

Ashuganj.

The Khulna-Barishal regions acts as a net load to the Ishwardi bus in the North Bengal
region. Power from Dhaka region flows to this region through Ishwardi bus. As such this

region is not modeled as a separate load.

34



Sylhet region

—r Chittagong-Comilla
region

North Bengal region

Khulna-Barishal region

Figure 5.1: Radial nature of Bangladesh Power System

Table 5.1: Status of different radially connected regions of BPS

Description of the island Available generation Demand Status of the
(MW) (MW) island
Dhaka region 2390 1450 Generation rich
Ctg., Comilla, Noakhali region 233 698 Load rich
Sylhet region 308 176 Generation rich
Mymenshing region 133 250 Load rich
North Bengal region 421 645 Load rich
Khulna-Barisal region 205 464 Load rich

5.2 Application of ADRC on Bangladesh Power System

ADRC based load frequency controller is constructed to apply in BPS. The BPS is modeled
considering only Dhaka and Sylhet regions are generation rich. The load rich regions are
modeled as loads at the tie buses in that region and equivalent to the tie flow in that bus in a
typical day. The tie buses considered as load bus are at Ishwardi, Sirajganj, Kishoreganj and
Comilla (North). The generation rich areas are modeled as power plants at four tie buses,
namely Ashuganj, Ghorasal, Meghnaghat and Shahjibazar, the first three being located in the
Dhaka region and the last one in the Sylhet region.

It will be considered that the four generation rich areas consist of four generators and four
load rich areas consist of four loads. According to the present grid connection of Bangladesh
Ashuganj is connected with Ghorashal, Meghnaghat and Shahjibazar, Ghorashal is connected
with Ashuganj and Meghnaghat, Meghnaghat is connected with Ghorashal and Ashuganj and

Shahjibazar is connected with Ashuganj as Figure 5.2. Each load will be connected to all the
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generators (Figure 5.2) to compare the performance of area control error, frequency deviation
and tie-line error using ADRC for the same load change from each load area separately.
Selecting the minimum value of ACE from a specific load area to each generator, a feedback
connection from specific load area to specific generator area will be proposed to minimize the

frequency deviation from the reference value.

The effect of load changes on specific generation rich area from various load rich areas will
depend on the distance between them because tie-line synchronizing coefficient (7j) is

dependent on the reactance of the transmission line.

Weo (60)
T =
X

where X is the reactance.

The exact reactance of various transmission lines of BPS is used in this work. We will have
to find an optimum connection considering less settling time and less overshoot for reduced
error level and for maintaining rated frequency during load changes. Comparing the
performance by changing the same load from a net load area to all four generating stations,

the variations from the rated frequency will be computed.

Shahjibazar

—

) : Comilla
North

T
-
- g ;
- .).-’ -
Ishwardi -

Existing transmission line

e Possible feedback connections

Figure 5.2: Schematic diagram of BPS for simulation with ADRC
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The effectiveness of ADRC on the LFC problem of BPS will be verified. If we make
feedback connections according to the above discussion then ADRC is able to cancel the
ACE to satisfy the LFC requirements of maintaining the standard frequency and keeping the
tie-line power exchange according to the schedule. By this way, it will be easy to propose a
modified feedback connections from four load rich areas of BPS based on ADRC for better

load frequency control performance.

5.2.1 Modeling of BPS with ADRC

ADRC based controller is implemented on each area of the system in Figure 5.3. For
simplicity the whole BPS is divided into four areas. The four subsystem blocks named
Ashuganj Power Plant, Ghorashal Power Plant, Meghnaghat Power Plant and Shajibazar
Power plant represent the four power plants. Each power plant block has four load
disturbance signals as input. These signals signify any load change from the system balanced
condition at the four load buses and fed to the power plant blocks through feedback
connection. The load change signal may be calculated at the load buses by measuring the line
power flows except the flow at those buses and transmitted to the power plants over optical

communication network.

The input and output of each power plant block are mentioned in Table 5.2.

Table 5.2: Input and Output of each power plant block

Block Name

Input as load change from

Output

Ashuganj
Power Plant

Sirajganj (del PL_Si to A)
Kishoreganj (del PL_Ki to A)
Comilla North (del PL_Cn to A)
Ishwardi (del PL_Is to A)

Frequency deviation (del F_A)
Area Control Error (ACE_A)
Tie-line flow deviation (del P tie_A)

Ghorashal
Power Plant

Sirajganj (del PL_Si to G)
Kishoreganj (del PL_Ki to G)
Comilla North (del PL_Cn to G)
Ishwardi (del PL_Is to G)

Frequency deviation (del F_G)
Area Control Error (ACE_G)
Tie-line flow deviation (del P tie_G)

Meghnaghat
Power Plant

Sirajganj (del PL_Si to M)
Kishoreganj (del PL_Ki to M)
Comilla North (del PL_Cn to M)
Ishwardi (del PL_Is to M)

Frequency deviation (del F_M)
Area Control Error (ACE_M)
Tie-line flow deviation (del P tie_M)

Shahjibazar
Power Plant

Sirajganj (del PL_Si to S)
Kishoreganj (del PL_K:i to S)
Comilla North (del PL_Cn to S)
Ishwardi (del PL_Is to S)

Frequency deviation (del F_S)
Area Control Error (ACE_S)
Tie-line flow deviation (del P tie_S)
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The Tie line synchronizing coefficients between Ashuganj to Ghorashal (T;2), Ahuganj to
Meghnaghat (T;3), Ashuganj to Shahjibazar (T;4), Ghorashal to Ashuganj (T,;), Ghorashal to
Meghnaghat (T,3), Meghanghat to Ashuganj (T3;), Meghnaghat to Ghorashal (T3;), and
Shahjibazar to Ashuganj (T4;) is dependent on the distance between them and the reactance
of the corresponding transmission line. Ashuganj, Ghorashal, Meghnaghat and Shahjibazar
are connected according to the existing transmission line of BPS. The tie- line synchronizing
coefficients between Sirajganj to four generation rich areas (Tsi, Tsy, Ts3, Tss), between
Kishoreganj to four generation rich areas (Tg;, Tep, Te3, Tesa), between Comilla (North) to
various generation areas (T7;, T2, Tv3, T74) and Ishwardi to various generation areas (Tg;, Tgp,

Tg3, Tga) are also calculated based on equation (60).

The design parameters of the system are listed in Table A-7 [Annexure A] and the ADRC

parameters are listed in Table A-8 [Annexure A].

Figure 5.3: Dynamic model of Bangladesh Power System
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Area 1 in Figure 5.3 named Ashuganj Power Plant is modeled according to Figure 5.4. In this
area the main building blocks are governor, reheat turbine and generator. ADRC is designed
based on the transfer function Gp (s) in (20). The transfer functions of the reheat (Gpg (s))

unit is given by

2.205s + 1.05 (61)
0.21s* + 1.801s3 + 3.928s2 + 2.975s + 1.05

Gpr(s) =

According to the discussions in Chapter III, ADRC (including its ESO) for Ashuganj Power

Plant can be designed and represented by the following equations.

sZ(s) = (A—LC)Z(s) + BU(s) + LY (s) (62)
Uo(s) = ks (R(s) — Z1(5)) — k2Z5(s) — k3Z3(s) (63)
U(s) = Uo(s) ;Z4(5) (64)
where .
Zy(s) 010 0 0 4‘”3
|2 ,_fo 0o 1 of ,_|of ._ _|6wd
Z(S)_Z3(s)’A_O 0 0 1,B—b,C—[l 0 0 0]’L_4w3’
Z,(s) 0 0 0O 0 wd
kl = (l)g’,
kz = 3(1)3,
k3 = 3([)(:

ADRGC:s for the other three areas have the similar structure to ADRC for Ashuganj Power
Plant.

The modeling of other three areas are similar to Ashuganj Power Plant.
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Figure 5.4: Dynamic model of Ashuganj power plant

In Figure 5.4 the block named Sirajganj to Ashuganj corresponds to the load change from
Sirajganj to Ashuganj. The detail diagram of this subsystem is given in Figure 5.5. Here a
non-reheat turbine is used with governor and generator. A third order ADRC is applied in the
block. The output of the generator of this block is frequency deviation which is first
integrated then multiplied by tie-line synchronizing coefficients between Sirajganj to

Ashuganj (Ts;) to get the tie-line flow deviation (del P tie).

Other three blocks in Figure 5.4 named Kishoreganj to Ashuganj, Comilla_north to Ashuganj
and Ishwardi to Ashuganj are designed similar to Figure 5.5 to calculate the effect of load

change to Ashuganj from other three load rich areas.

Figure 5.5: Dynamic model of load change from Sirajganj to Ashuganj

Finally, combining all these Figures (5.3 to 5.5), the complete subsystem of Ashuganj Power
Plant is ready to calculate the effect of ACE, frequency deviation and tie-line flow deviation
if there is any load change in Sirajganj to Ashuganj or Kishoreganj to Ashuganj or Comilla

(North) to Ashuganj or Ishwardi to Ashuganj feedback connection.
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In the similar way other three blocks named Ghorashal Power Plant, Meghnaghat Power
Plant and Shahjibazar Power Plant are constructed to calculate the effects of load change

from the four load rich areas.

If the blocks Ashuganj Power Plant, Ghorashal Power Plant, Meghnaghat Power Plant and
Shahjibazar Power Plant are combined and connected with each other according to the
existing transmission line of BPS using tie-line synchronizing coefficients between any two
areas, then the outcome will be the overall power system of Bangladesh. In this way Figure

5.3 represents the dynamic model of BPS.

5.2.2 Simulation of BPS with ADRC

The simulation of BPS is done to propose proper feedback connections from four load rich
areas to four generation rich areas. During all simulation the load change is considered 0.1
p-u. in t=2 sec. The whole simulation process is divided into four cases. Figure (5.6 to 5.21)
indicates the area control error (ACE (p.u.)), frequency deviation (del F (Hz)) and tie-line
error (del P tie (p.u.)) for each simulation case. All the results from Figure (5.6 to 5.21) are

summarized in Table (5.3 to 5.6).

In all the cases area control error, frequency deviation and tie-line error from a single load
area to each generating area is compared and considered the minimum value of ACE. As
ACE is the combination of frequency deviation and tie-line error, so if we take the minimum
value of ACE for consideration, it will be possible to select proper feedback connections to

load frequency control of BPS.

Case 1: Effect of Load Change at Sirajganj

A load change of 0.1 p.u. in t=2sec. at Sirajganj is considered. The area control error,
frequency deviation and tie-line power flow deviation is presented in Figure (5.6 to 5.9). The
values of ACE, frequency deviation and tie-line power flow deviation are tabulated in Table

5.3.
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Figure 5.6: Load changes at Sirajganj and feedback to Ashuganj
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Figure 5.7: Load changes at Sirajganj and feedback to Ghorashal

42



ACE (p.u)
-

delF (Hz)
]
o w»

e
&

N

-

=]

del P tie {(p.u.)

Ashuganj
Ghorashal
Meghnaghat
Shahjibazar

-

8 10 12 14 16 18 20
Time (sec.)
Figure 5.8: Load changes at Sirajganj and feedback to Meghnaghat
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Figure 5.9: Load changes at Sirajganj and feedback to Shahjibazar

Table 5.3: Effect of 0.1 p.u. load change at Sirajganj on various generation rich areas

Feedback from
Sirajganj to

Area Control Error

at generation areas

Frequency deviation

at generation areas

Tie-line flow deviation

at generation areas

Ashuganj 2.79e-3 4.9e-5 1.88e-3
Ghorashal 3.61e-3 6.64e-5 2.22e-3
Meghnaghat 2.89¢-3 6.38e-5 1.70e-3
Shahjibazar 3.26e-3 9.05e-5 1.72e-3
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Findings:

It is seen from Table 5.3 that the lowest ACE is obtained for feedback connection between
Sirajganj and Ashuganj. So, feedback from Sirajganj to Ashuganj is proposed to minimize the

frequency deviation from the reference value.

Case 2: Effect of Load Change at Kishoreganj

A load change of 0.1 p.u. in t=2sec. at Kishoreganj is considered. The area control error,
frequency deviation and tie-line power flow deviation is presented in Figure (5.10 to 5.13).
The values of ACE, frequency deviation and tie-line power flow deviation are tabulated in

Table 5.4.
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Figure 5.10: Load changes at Kishoreganj and feedback to Ashuganj
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Figure 5.11: Load changes at Kishoreganj and feedback to Ghorashal
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Figure 5.12: Load changes at Kishoreganj and feedback to Meghnaghat
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Figure 5.13: Load changes at Kishoreganj and feedback to Shahjibazar

Table 5.4: Effect of 0.1 p.u. load change at Kishoreganj on various generation rich areas

Feedback from | Area Control Error | Frequency deviation | Tie-line flow deviation
Kishoreganj to | at generation areas at generation areas at generation areas
Ashuganj 4.08e-3 7.38e-5 2.78e-3
Ghorashal 5.01e-3 9.73e-5 3.09e-3
Meghnaghat 3.74e-3 8.36e-5 2.19e-3
Shahjibazar 4.16e-3 1.17e-4 2.17e-3
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Findings:

It is seen from Table 5.4 that the lowest ACE is obtained for feedback connection between
Kishoreganj and Meghnaghat. So, feedback from Kishoreganj to Meghnaghat is proposed to

minimize the frequency deviation from the reference value.

Case 3: Effect of Load Change at Comilla (North)

A load change of 0.1 p.u. in t=2sec. at Comilla (North) is considered. The area control error,
frequency deviation and tie-line power flow deviation is presented in Figure (5.14 to 5.17).
The values of ACE, frequency deviation and tie-line power flow deviation are tabulated in

Table 5.5.
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Figure 5.14: Load changes at Comilla (North) and feedback to Ashugan;j
-3
x10
& T
T T e _
NN N U e S _
W
< 2 : —
4 \ i I I i
T T I T I
1 _
£
To
3
-1 B —
| I I l I
T T T T T I T I Ashuganj
= 2- Ghorashal
5 Meghnaghat
EU Shahjibazar
e
%_2 - H : : -
i | I 1 I i | I 1

0 2 4 6 8 10 12 14 16 18 20
Time {sec.)

Figure 5.15: Load changes at Comilla (North) and feedback to Ghorashal
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Figure 5.16: Load changes at Comilla (North) and feedback to Meghnaghat
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Figure 5.17: Load changes at Comilla (North) and feedback to Shahjibazar

16 18 20

Table 5.5: Effect of 0.1 p.u. load change at Comilla (North) on various generation rich areas

Feedback from Area Control Error | Frequency deviation | Tie-line flow deviation
Comilla (North) to | at generation areas | at generation areas at generation areas
Ashuganj 4.65e-3 8.83e-5 3.17e-3
Ghorashal 4.49¢-3 8.58e-5 2.78e-3
Meghnaghat 12e-3 3.15e-4 6.60e-3
Shahjibazar 4.48e-3 1.27e-4 2.31e-3
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Findings:

It is seen from Table 5.5 that the lowest ACE is obtained for feedback connection between
Comilla (North) and Shahjibazar. So, feedback from Comilla (North) to Shahjibazar is

proposed to minimize the frequency deviation from the reference value.

Case 4: Effect of Load Change at Ishwardi

A load change of 0.1 p.u. in t=2sec. at Ishwardi is considered. The area control error,

frequency deviation and tie-line power flow deviation is presented in Figure (5.18 to 5.21).

The values of ACE, frequency deviation and tie-line power flow deviation are tabulated in
Table 5.6.
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Figure 5.18: Load changes at Ishwardi and feedback to Ashuganj
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Figure 5.19: Load changes at Ishwardi and feedback to Ghorashal
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Figure 5.20: Load changes at Ishwardi and feedback to Meghnaghat
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Figure 5.21: Load changes at Ishwardi and feedback to Shahjibazar
Table 5.6: Effect of 0.1 p.u. load change at Ishwardi on various generation rich areas
Feedback from | Area Control Error | Frequency deviation | Tie-line flow deviation
Ishwardi to at generation areas | at generation areas at generation areas
Ashuganj 1.34e-3 2.43e-5 8.86e-4
Ghorashal 2.16e-3 4.10e-5 1.32e-3
Meghnaghat 1.98e-3 4.30e-5 1.17e-3
Shahjibazar 1.84e-3 5.00e-5 10.00e-4
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Findings

It is seen from Table 5.6 that the lowest ACE is obtained for feedback connection between
Ishwardi and Ashuganj. So, feedback from Ishwardi to Ashuganj is proposed to minimize the

frequency deviation from the reference value.

Proposed Feedback Connections

The ADRC is applied successfully on load frequency control of Bangladesh Power System.
From the application of ADRC it is found that the feedback connections from Sirajganj to
Ashuganj, Kishoreganj to Meghnaghat, Comilla (North) to Shahjibazar and Ishwardi to
Ashuganj is needed to minimize the Area Control error as well as frequency deviation and

tie-line error. According to these findings Figure 5.22 can be constructed from Figure 5.2.

Shahjibazar
)
Comilla
Narth

Meghnaghat

Existing transmission line

—mm s Proposed feedback connections

Figure 5.22: Proposed feedback connections from the four load rich areas

In above four cases, all the generators are under ADRC control. An area control error (ACE)
for each region is defined based on frequency deviation and change in tie-line power flow in
that region. The effect of load change is investigated. Load change information at a particular
load bus is directly fed to generators one by one and the resultant deviation in ACE is
calculated. Comparing for different feedback connections an optimum feedback connection is
selected considering settling time and overshoot for the ACE and for maintaining rated
frequency during load changes. And finally, based on the above studies feedback connection

from specific load bus to specific generator bus is proposed.
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5.2.3 Simulation with Proposed Feedback Connections

Figure 5.23 is modified from Figure 5.3 based on the findings of above simulation results.
Feedback connections from Sirajganj and Ishwardi is connected to Ahuganj Power Plant,
Kishoreganj is connected to Meghnaghat Power Plant and Comilla (North) is connected to

Shahjibazar.

Figure 5.23: Dynamic model of BPS with proposed feedback connections

Figure 5.24 to 5.27 and Table 5.7 shows the ACE, frequency deviation and tie-line error
when a 0.1 p.u. load change occurs in Sirajganj, Ishwardi, Kishoreganj and Comilla (North)
respectively. From the following figures we observe that if we construct BPS according to the
model of Figure 5.23 then the ACE, frequency deviation and tie-line flow error will reduce at

a noticeable amount.
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Table 5.7: Summary of the errors for proposed feedback connections

Proposed Feedback Area Control Frequency Tie-line flow
connections Error deviation deviation
Sirajganj to Ashuganj 2.79e-3 4.9e-5 1.88e-3
Kishoreganj to 3.74e-3 8.36e-5 2.19e-3
Meghnaghat
Comilla (North) to 4.48e-3 1.27e-4 2.31e-3
Shahjibazar
Ishwardi to Ashuganj 1.34e-3 2.43e-5 8.86¢e-4
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Figure 5.24: Proposed feedback connections from Sirajganj to Ashuganj and its responses
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Figure 5.25: Proposed feedback connections from Ishwardi to Ashuganj and its responses

52




x10

4
32 -
8
3
2o
2 | | | | |
6 \ \ T \ I
4 -
o :
T2 : _
w H
z0 :
- H
2 i -
4 | | 1 | |
3 T T T T -
H Ashuganj
= 2 H ——— Ghorashal
2 1 Meghanghat
£ Shahjibazar
P
B i e T e e —
2 | 1 | 1 | | 1 | |
0 2 4 6 8 10 12 14 16 18 20
Time (sec.)

Figure 5.26: Proposed feedback connections from Kishoreganj to Meghnaghat and its

responses
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Figure 5.27: Proposed feedback connections from Comilla (North) to Shahjibazar and its

responses

Above simulation studies verified the effectiveness of ADRC on the LFC problem of BPS. If
we make feedback connections according to the above proposal then ADRC is able to cancel
the ACE to satisfy the LFC requirements of maintaining the standard frequency and keeping

the tie-line power exchange according to the schedule.
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Chapter VI

Conclusion

6.0 Conclusion

In a power system abnormal condition is created through fault or sudden load
addition/withdrawn or forced capacity outages or all at a time generates a huge loss to the
utility as to the consumers and in Bangladesh it is a common scenario. The loss reaches to an
extreme if the abnormal condition leads to a system blackout. Today’s power system
operations require more careful consideration of all forms of system instability and control

problems and to introduce more effective and robust control strategies.

This thesis successfully introduced ADRC for LFC problem of BPS. It proposed an ADRC
based decentralized load frequency controller and feedback connections from various load
rich areas to generation rich areas to minimize the area control error, frequency errors and tie-
line power errors for interconnected power systems of Bangladesh. The simulation results
show that the scheme is capable of handling abnormal condition in a power system created by

load changes.

The design approaches of ADRC have been explained in detail. Test power systems were
established and utilized to test the stability, reliability and robustness of ADRC controlled
system in the presences of power load changes and system parameter variations. The three
test systems are comparison of performance of ADRC and PID, a two-area two-different-unit
power system including reheat and non-reheat units and a large power station. ADRC was
simulated on the three types of test systems respectively. The simulation results in time-
domain verified the effectiveness of ADRC through successfully regulating the ACE outputs,
frequency errors and tie-line power errors in the presences of external disturbance and

parameter uncertainties which represents the structural or model uncertainties.

Effectiveness of ADRC on the LFC problem of BPS is verified. If we make feedback
connections according to the proposal, ADRC is able to cancel the ACE to satisfy the LFC
requirements to maintain the standard frequency and keeping the tie-line power exchange
according to the schedule. This work constructed the base to propose a modified feedback
connection from four load rich areas of BPS based on ADRC for better load frequency

control performance.
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ADRC has been applied to multiple areas including MEMS, chemical industry, and aerospace
etc. The thesis initiates the successful employment of ADRC technology for Bangladesh

Power System.

6.1 Future Work

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

conducted.

6.1.1 Improvement of the ADRC

As an increasingly popular practical control method, ADRC has the advantage of
requiring little information from the plant and notable robustness against parameter
and model uncertainties. But as a novel control technique, it could be improved in the

following aspect.

In this work, 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.
As we reduce the control effort at the initial stage with a limiter, the control performance will
be degraded. In the future, we will need to find a balance between changing the control effort
of ADRC and obtaining the optimal ACE response. Through tuning the bandwidths of the
ESO and the state feedback controller, we could possibly regulate the relationship between
the control effort and the response. But a quantitative method is needed to determine the
controller parameters of ADRC. GA and LMI could be applied to tune the parameters in
ADRC.

6.1.2 Improvement of the ESO

In real power systems, the large step load disturbances are discontinuous. The linear ESO
used in the thesis has the limitation of requiring the disturbance to change smoothly
instead of discontinuously. Thus the discontinuous disturbance cannot be accurately
estimated by the linear ESO no matter how we tune the bandwidths of the ESO and the state
feedback controller. Therefore, in the future, non-linear parts will be included in the ESO or

even the whole ADRC to obtain a more accurate approximation of the discontinuous
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load disturbance, and hence to make ADRC a more powerful control technique for the power

system.

6.1.3 Improvement of the Model and Control of the Power System

For the LFC problem, some of the plant limits such as generation rate constraints and dead
bands are disregarded in this thesis. However, in reality, they exist in power system. In the
future works, the plant limits in the model of the power system may be included to make the
model more practical. Accordingly, the ADRC will also require modification so as to

successfully apply it to the new model.
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Annexure A

ADRC and Simulation Parameters

Table A-1: System Parameters for Figure 4.1

M; (p.u. sec.)* 10 £20%
D; (p.u./Hz) 1 +20%
Tch; (sec.) 0.3 +20%
Tg; (sec.) 0.1 +20%
R, (Hz/p.u.) 0.05 + 20%
T, (p.u./rad.) 22.6 +20%

*: p.u. represents per unit.

Table A-2: ADRC and PID Parameters for Figure 4.1

ADRC PID

Order of ESO 3 Proportional 0

OB 4 Integral -0.293980028198636

W, 20 Derivative 0

b 70.0

Table A-3: System parameters for Figure 4.5
Non-reheat Reheat

M; (p.u. sec.)* 10 +20% M; (p.u. sec.) 10.0

D (p.u./Hz) 1 +20% D, (p.u./Hz) 1.0

Tch; (sec.) 03 +£20% Tch; (sec.) 0.3

Tg (sec.) 0.1 £20% Fhp 0.3

R; (Hz/p.u.) 0.05 + 20% Trh (sec.) 7.0

T, (p.u./rad.) 22.6 £ 20% Tg, (sec.) 0.2
R, (Hz/p.u.) 0.05
T, (p.u./rad.) 22.6
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Table A-4: ADRC parameters for Figure 4.5

Order of ESO W, w, b
Area 1 3 4 20 70.0
Area 2 3 4 20 10.5

Table A-5: System parameters for Figure 4.12
Parameters Generating units
MVA base 1 2 3 4 5 6 7 8
(1000 MW)
D (p.u./Hz) 0.0150 | 0.0140 | 0.0150 | 0.0160 | 0.0140 | 0.0140 | 0.0150 | 0.0160
M (p.u. sec) 0.1667 | 0.1200 | 0.2000 | 0.2017 | 0.1500 | 0.1960 | 0.1247 | 0.1667
Tch (sec.) 0.4 0.36 0.42 0.44 0.32 0.40 0.30 0.40
Tg (sec.) 0.08 0.06 0.07 0.06 0.06 0.08 0.07 0.07
R (Hz/ p.u.) 3.00 3.00 3.30 2.7273 | 2.6667 |2.50 2.8235 | 3.00
B (p.u./Hz) 0.3483 | 0.3473 | 0.3180 | 0.3827 | 0.3890 | 0.4140 | 0.3692 | 0.3493
Fhp 0.3 0.3 0.3
Trh (sec.) 7.0 7.0 7.0
T (p.u./rad.) 0.2 0.12 0.25 0.2 0.12 0.25 0.2 0.12
Table A-6: ADRC parameters for Figure 4.12

Order of ESO [oR ®, b
Unit 1 3 4 20 70.0
Unit 2 3 4 20 70.5
Unit 3 3 4 20 10.5
Unit 4 3 4 20 10.5
Unit 5 3 4 20 10.5
Unit 6 3 4 20 70.0
Unit 7 3 4 20 70.0
Unit 8 3 4 20 70.0
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Table A-7: System parameters for Figure 5.3

Parameters Generation rich area Load rich area

MVA base | Ashu | Ghora | Meghna | Sylhet | Sirajg | Kishor | Comilla | Ishwar

(1000 MW) | ganj sal ghat anj eganj North di

D (p.u./Hz) 1 1 1 1 1 1 1 1

M (p.u. sec) 10 10 10 10 10 10 10 10

Tch (sec.) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Tg (sec.) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

R (Hz/ p.u.) | 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Fhp 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Trh (sec.) 7 7 7 7 7 7 7 7

T (p.u. /rad.)

T12=77.23 T51=29.14 T53=17.19

T13=31.87 T61=52.81 T63=23.75

T14=52.81 T71=66.23 T73=169.80

T21=77.23 T81=11.03 T83=10.9302

T23=72.41 T52=25.60 T54=18.78

T31=31.87 T62=42.23 T64=26.405

T32=72.41 T72=35.66 T74=29.38

T41=52.81 T82=12.87 T84=9.27

Table A-8: ADRC parameters for Figure 5.3
Order of ESO o, ®, b

Asuganj 3 4 20 70.0
Ghorashal 3 4 20 70.0
Meghnaghat 3 4 20 70.0
Sylhet 3 4 20 70.0
Sirajganj 3 4 20 10.5
Kishoreganj 3 4 20 10.5
Comilla North 3 4 20 10.5
Ishwardi 3 4 20 10.5
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