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Abstract

Increased load demand can severely deteriorate the performance of a power

system. Building new generation and transmission facilities are not casy due to

economic and environmental constraints. As a result, power systems are operated

close to their limits. The probability of blackouts during contingencies is high when
the power system is operating under stressed conditions. The power system should be
operated in such a way that the volage limits and thermal limits of equipments are not
violated. In addition, the possibilities of voltage collapse and voltage stability
problems must be considered.

Reactive power planning is an important aspect of power system planning and

operation when a power system is highly stressed. The most important requirement of

a power system for maintaining desired performance is the existence of a sufficient

amount of reactive power reserve in the proper location of the power system.
Installing devices that supply reactive power (like capacitors, static VAR compensator
etc.) can enable the power system to be operated closer to their limits and thus make it
possible to get the *best” from the existing resources. Optimal Power Flow (OPF) is
used to optimize the power system performance.

“This thesis shows the effectiveness of reactive power supply for the performance
enhancement of power systems. The problems considered are related to maintaining

aceeptable voltage profile and ensuring adequate voltage stability margin during a



contingeney is within an acceptable level. Case studies are presented throughout the

thesis to show the effectiveness of reactive power supply. These techniques are well

known when considering a specific problem individually. However, there remains a
major challenge to determine the best locations and controls for reactive power

discuses 10 provide maximum benefit 1o the power system as a while during normal

operation as well as during contingencies.
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Chapter 1

Introduction

1.0 Background of the Research

Insufficient reactive power supply can result in voltage collapse, which has been one of the
reasons for some major blackouts. For example, the US-Canada Power System Outage Task
Force states in its report that insufficient reactive power was an issue in the August 2003
blackout, and recommended strengthening the reactive power and voltage control practice in all
North American Electric Reliability Council Regions [1]

‘The traditional solution was o install new costly transmission lines to mee the constant
increase in power demand that are often faced with environmental restrictions and economic
infeasibility. Planning of reactive power compensation has changed the way utilty industry
handles the increased load and extremely low voltages. Local reactive power compensation that
will allow a power system to safely manage a load increase is to allocate shunt reactive
‘compensation devices at locations throughout a system to provide suficient local reactive power
10 system loads. This mitigates reactive power that must be produced by generators and

transferred over the transmission infrastructure. By providing reactive power locally, load

Voltages can be regulated; voltage stbility can be enhanced; and transmission system can be



used more effectively as the negative effects of reactive power transmission are significantly
reduced [2].

This thesis presents a conventional optimization algorithm to minimize the fuel cost,
‘minimize the transmission loss, and minimize the voltage deviation once a time in a way that
meets the limitations of the equipments and other operating constraints. The goal is achieved by
proper adjustment of generators’ power output to support a particular load demand at the lowest

possible fuel cost or transmission loss. This optimization problem is known as the optimal power

flow (OPF) problem. To solve the optimization problem, a number of conventional optimization
techniques have been researched. These include Non-linear Programming (NLP), Quadratic
Programming (QP), and Linear Programming (LP). Though these  techniques have been

successfully applied for solving the OPF problem, some difficulties are still associated with them.

One of the difficulties is the multimodal characteristic of the problems to be handled.

1.1 Objectives of the Research

Reactive power planning is a sub-problem of optimal power flow (OPF), which has
objectives of improving the system voltage profile, reducing operation cost, and minimizing the
system transmission loss. This s achieved through redistribution of reactive power in the power
system through optimal settings of generator terminal voltages, reactive power outputs, and
output of other compensation devices such as capacitors, static Volt-Ampere Reactive (VAR)
compensator, synchronous condensers and 5o on. The objective behind the present study is to
explore the impact of the reactive power compensation devices on the system voltage profile and
active power transmission loss by solving cach OPF objective. The principle goals of this

research are summarized as follows:



. Review the applications of the optimization techniques in the power system engineering

field.

Discuss the constrained optimization methods for power system economic dispatch and
optimal power flow.
3. Recognize the negative impacts of the remote transmission of reactive power and how

reactive compensation can mitigate them.

Describe the general formulation of the OPF and perform case studies that demonstrate
the effectiveness of reactive power supply for the performance enhancement of power

systems.

. Investigate the effect of reactive power compensation on power system voltage stability.

1.2 Organization of the Thesis

Chapter 2 focuses on the fundamental concept of reactive power compensation. The
difficultis of remote reactive power transmission are described and illustrated using a 2-Bus
case study. The concept and benefit of shunt reactive power compensation techniques are
discussed.

Chapter 3 presents the important background of optimization problems, which covers its
definition, classification, conditions and algorithm. The classification, theories and features of

‘general optimization techniques are briefly presented. Case studies discuss and illustrate classic

it from a conventional power system optimization

economic dispatch problem by distinguishin
problem called optimal power flow (OPF). A brief review of OPF along with a case study on the

7-Bus power system is presented.



Chapter 4 starts with an observation of power system response When systems are
overloaded. The single objective optimization method is applied to solve each objective of OPF
during systems’ stressed scenario. The additional reactive power supply is applied to perform a
comparison of power system response. A stressed 6-Bus power system and a stressed 26-Bus

power systemare used to perform these case studies and to illustrate the effectiveness of reactive

po intai voltage p
Chapter 5 extends reactive power compensation study on voltage stability analysis. A 5-Bus

system and a stressed IEEE 39-Bus system are employed to illustrate the effectiveness of

power compensation on 9
Chapter 6 recaps and highlights the ey contributions of the research presented in this thesis

along with suggestions for future work.



Chapter 2

Reactive Power Transmission and Compensation

2.0 Introduction

“The remote generation and transmission of reactive power from load demand has a strong
negative impact on power system operations. This chapter presents an overview of the challenges
associated with the transmission of reactive power over a power system network. It wil first give
a brief overview of reactive power in power systems in section 2.1. The derivation of generated,
transmitted and consumed reactive power will be presented in section 2.2 based on an
elementary transmission system model. Section 2.3 will give a fundamental understanding of

shunt reactive power compensation and how it can be used to mitigate the negative effects of

po Section 2.4 chapter.

2.1 Reactive Power in Power Systems

It s recognized that the management of reactive power is fundamental to power systems [3]:

“The Source of Reactive Power

“Power" refers 10 the energy-related quantities flowing in the distribution network.
Instantancously, power is the product of voltage and current, When voltage and current
are not in phase, there are two components which s real or active power that is measured

5



in Watts. Reactive power, referred to as imaginary number, is measured in VAR. The
‘combination is complex power or apparent power. The term “power” normally refers to
active power.
The Need of Reactive Power

Reactive power is required to maintain the voltage to deliver active power (Watts)
through transmission lines. Motor loads and other loads require reactive power to convert
the flow of electrons into useful work. When there is not enough reactive power, the
Voltage sages down and it s not possible to push the power demanded by loads through
the lines.
‘The Importance of Reactive Power

Reactive power refers to cireulating power in the grid that does not do useful work.

It results from energy storage elements in the power grid (mainly inductors and
capacitors). It also has a strong effect on system volages. Besides that, it must have

balance in the grid to prevent voltage problems. Lastly, reactive power levels have an

effect on voltage.
Reactive Power Limitation
Reactive Power does not ravel very far. It i usually necessary to produce it close to

the location where it is needed. A supplier or source close to the location of the need is in

a much better position to provide reactive power versus one that s located far from the
location of the need. Reactive power supplies are closely tied to the ability to deliver real
or active power.

Implementation of Reactive Power Control



Reactive power injections regulate and control voltage 10 a desired nominal value at

the location of the injection. Reactive power control effects tend 1o be localized.

2.2 Power Transmission Using Elementary Models
The need for reactive power compensation of a transmission line can be scen by taking an

elementary model shown in Figure 2.1

Eu8 0
o |

Figure 2.1 Model of the Single Transmission Line

jgure 2.1 shows the simplified model of a power transmission system. Two buses are

connected by a transmission line which is assumed lossless and represented by the reactance X
E,28 and ¥, 20 represent the sending end and receiving end voliages with voltage phase angle &
between the two. P, and Q, represent the active power and reactive power at the load bus. The

current in the transmis

ion line i given by [2]:

Eycos8 +jEysing — ¥,

1
1 3 @n
“The apparent power at the receiving end can be calculated as:

ey [Escos8 4 JEsing = V' _ BV, [Esbycoss - 2]
S =Rt =Wl = 7 | =Ssms || @
The active power and reactive power atthe load bus are given by

EY, EyVcos8 = W
P == sing = Pugesing, Q= # @3)



Similarly, the active power and reactive power at generator bus are given by:

E;
2500 = Prassind, Qs

e A
G X

@9
Equations (2.1) through (2.4) indicate that the current flow, as well as the active and reactive
power can be regulated by controlling the voltage magnitudes, phase angles and line impedance
of the transmission system. From Equations (2.3) and (2.4), P, and P, have the same expression
under the assumption of the Tossless ransmission line; the active power flow will reach the
maximum when the phase angle & is 90°. In practice, a small angle, usually Kept below 45°, is
used to keep the system stable from the transient and dynamic oscillations [14]. For small angles,

use cosf

Quand Qs can be expressed as:

Vo (E;s — W)
. ] S @8)

Equation (2.5) states that reactive power transmission depends mainly on voltage magnitudes
and flows from the highest voltage to the lowest voltage. © and ¥ are closely coupled. To better
understand how the voltage has an impact on the reactive power, @ and @, can be calculated
using Equations for an angle of 30°. A substantial voltage gradient of 10% is between the two

ends. E can be 1.00 p.u. and ; can be 0.9 pu.

(26)

‘The amount of reactive power goes into the transmission line; none of it comes out from the line.
at the receiving end. The negative value of the Q. means that the transmission line demands %
from the load end.The transmission line becomes a drain on the transmission system. The

reactive loss through the transmission line is the sum of the reactive power going into the line,




22 p.u.. Similar to the minimization of real power loss, reactive power loss should also be

imized for the sake of economic consideration. The reactive power loss is given by:

@n

. P-jo\(P+1Q), PP+ @
arxal-Fx= i L'y

Qo =X =T-TX = (5 )( ¥ )x="07

“The derivation shows that it is possible to minimize reactive power loss by keeping the load

Voltage high. The following two case studies are analyzed in PowerWorld Simulator.

22,1 Case Study of Reactive Power Transmission

Case 1 considers the lossless two bus system with base values (500 MVA and 735 KV)
shown in Figure 2.2, It is given the values of 0.15 p.u. for the reactance of the transmission lines,
and 2.5 p.u. for the shunt changing of the transmission lines with a customer load demand (1230
MW-j404 MVAr). It is assumed that the voltage at the generator bus is 1.0 per unit at zero
degrees phase angle.

G T

Figure 2.2 One Line Diagram of the 2-Bus Power System
“The load demand (1230 MW-+j404 MVAT) is varied gradually by each step k of 0.1 starting from

010 1.0, The corresponding receiving end voltages and transferred powerare shown in Table 2.1,



Table 2.1 Active Power Transfer vs. Receiving End Voltage

K power (MW] reactive power (MVAR) Vr(p.u.]
[
01 13 04, 12
02 26 808 12
03 365 2 119
04 1616 117
05 615 . 115
06 78 w24 113
07 s 828 11
08 98 22 107
03 07 3636 104
1 1230 08 099

Receiving end voltage( p.u)

Load Power (MW)

Figure 2.3 The Receiving End Voltage vs. the Transferred Power

With a slow increase in the system demand, a voltage characteristic at the load bus looks

like the graph in Figure 2.3, PowerWorld Simuls

fon [15] results demonstrate that as load

increases, the load voltage drops.



Reactive requirement vs. Power Trans'er

Reactive Requirement (Mvar)

2000

Power Transfer (MW)

Figure 2.4 Reactive Consumption vs. Real Power Transmission

As the load gradually increases, i Y transmissic line)
and reactive power generated by the generator (the grey line) are demonstrated in Figure 2.1t
indicates that the reactive power generated by the generator cannot supply the reactive power
consumed by the transmission line. This shortage of reactive power supply is getting more severe
as more load demand is required. The remote supply and transmission of reactive power from the
generator o the load is difficult; the load voltage cannot be kept close to the nominal voltage
1,00 pau.. At the pre-set maximum power transfer of 1230 MW, the generator can only supply
half of the reactive power consumed by the transmission line. The reactive power absorbed by
the transmission line starts to increase rapidly as the voltage at the load bus begins to drop.
Figure 2.4 also reveals that if the reactive power support reaches the limit, the system will
approach the maximum loading point or voltage collapse point. Thus, the increased load demand

eventually leads to a shortage i declined voltage. This also

be scen from the plot of the voltage at the load end versus the power transferred. The plots in

Figure 2.3 are referred to as the PV curve, which will be introduced in the later of the thesis.



‘The reason that the load bus voltage level decreases as load demand increases is that the
transmission reactance has its own reactive power requirement for carrying load power demand.
“This reactive requirement comes in the form of 12X losses, which depresses system voltages. In

order ppe e the load is sill able to meet

the load demand, the shortage of reactive power needs to be compensated.

Local reactive power compensation is a convenient and common method to control reactive
power flow to meet the desired load voltage level. Most compensation devices come in the form
of switching inductor or capacitor banks that are installed in parallel to various load centers

throughout a power system. Their purpose is to supply or absorb reactive power to loads such

that the generation and transmission systems are nburdened by load reactive power demand.

‘While there are many forms of reactive power compensation devices such as shunt capacitors,

h staic reactive power g with respect
t0 loads, this thesis will focus strictly on capacitors and static VAR capacitors (SVC). The
effectiveness of reactive power compensation on voltage variation is investigated in the

following case study.

2.3 Shunt Compensation for Reactive Power Flow Control

po per support the voltage in

power systems and s provision was transitionally considered to be part of the duties of the

power. i isi power by the load
that enables them 1o inject reactive current to support the voltage locally. As shown in the
previous section, reactive power transmission has a negative impact on many aspects of power

system operations. Without the proper control of reactive power, a power system can be forced




0 operate in ways that threaten the systems volage and its efficiency. The major objectives that
the control of reactive power must satisfy 1o achieve reliable and efficient power system

operation are [16]

Bus voltages should be within an acceptable limit to ensure that all equipments connected
1o the buses are operating in the conditions for which they were designed.

minimized to reduce both active and reactive losses over

Reactive power flow

transmission systems. This will ensure existing transmission infrastructure is uilized

more efficiently.

Increase power system stability by utilizing the transmission system more effectively.

Shunt power compensation is a tand method to control reactive

power flow o meet the mentioned objectives. Voltage and reactive power based on local
operation of the voltage and reactive power control equipment are investigated in further detail in

this section.

2.3.1 Case Study of Shunt Compensation
Case 2 assumes that reactive power compensation is provided at the load bus as shown in

the diagram in Figure 2.5. The fctitious generator supplies reactive support at the load to keep

the load voltage fixed at 1,00 p.u; synchronous machines are indicated at both ends. The

transmission line has an equivalent reactance 0.15 p.u., and shunt charging 2.5 p.u..

Figure 2.5 A Ficttious Generator Used to Supply Reactive Power




In order to stress the load bus, the load demand is gradually increased by the small step k of 0.1,
from the full load 1230 MW to 3444 MW. PowerWorld Simulator determines the reactive power
demanded at the load while meeting the load demand and ensuring voltage at the desired
nominal level (1.00 p.u) The phase angle difference between these two buses & is also studied.
‘The simulation results for each load level i recorded in Table 2.2.

Table 2.2 Power System Performance vs.Reactive Power Compensation

«
1 1% o0 1 2651
15 a 106 5.9
76 25 2283
1599 sasas a0 =
m 56585 an 1104
185 06267 s 3607
1968 s o5 36185
203 71 80 st
21 152 544 aen
237 75734 1099 aasis
2160 s0a.356 257 7501
m 77 1450 5079
88919 1651 a7
22 2961 1575 sso7
25 an a0 23
3075 10045 un 7297
5198 10504 7637
= s 51 8500
v 2 %0

Itis seen in Figure 2.6 that the compensated reactive power s dramatically increased to meet the
gradually increased load demand and to maintain the voltage magnitude at a constant level of
1,00 pau.. The plot of reactive power requirement versus power transfer graphically appears as

below.




Reactve Pawer Campensation (MVAT)

2000 2500
Varous Lood Demand (MW)

Figure 2.6 Reactive Power Compensation vs. Power Transfer
“The plot indicates initally no reactive power injection at the full load. To stabilize the constant
load voliage, reactive power injection s correspondingly required to support the increased power
transfer in the system. The maximum 3444 MW can be carried by the system when the extra
4022 MVA reactive power is locally demanded. Further, the 2890.8 MVAr reactive power
produced by the generator is injected into the system to ease the transmission line requirements
for transport of the required active power as well as 1o reduce the generator's reactive power
output. The effect of this local injection of reactive power keeps load bus voltage constant as
1,00 pu. and the inereased active load demand can be met without any dramastic changes in
current generator and line configurations. Thus, reactive compensation has a direct economic and
voltage stability benefi 1o a transmission system. Additionally, the first extra Oc support the
system to carry the extra 50% active power; the second extra 500 MVAr only enables the system
o transfer 30% more active power. The reactive power injection does not linearly scale in

proportion o active power transfer.




Power Transfer (MW)

Phase Angle in Degrees

Figure 2.6 Power Transfer vs. Power Angle

The observation shows that the transmitted power can be significantly increased, the peak
point shifts from 20° t0 90%, and the maximum power transfer occurs at 90° of power angle.
Both derivation and numerical cases revealed the fact that reactive power s difficult to transmit
across large power angles even with substantial voltage magnitude gradients. High angles are
dueto long lines and high real power transfer.

“The main purpose of reactive power support s 10 increase system active power transfer
capability, while at the same time maintaining a certain desired voltage profile if it is assumed
that only power transfer capability and voltage stabilty are  concern. However, the sources of
reactive power compensation are diverse. Shunt capacitors are the simplest and most widely used

form of reactive power compensation due to the low implementation and equipment cost; it is

guarantee oaded syste



2.4 Summary

The chapter has discussed the basic foundations on the difficulties of reactive power
transmission. The study presented showed that transmitting reactive power through transmission
lines affects power system performance. It is necessary to produce it close to the location where
it i needed. It was also shown that system bus voltages through a system are negatively
impacted by remote reactive power transmission. A simple 2-Bus power system was used o
illustrate the conceps regarding reactive power.

An effctive and highly used approach to increase the efficiency of a power system was
described. The use of local reactive power compensation devices that can greatly increase the
ability of a power system to meet a wide variety of load demands while ensuring the system

‘works within a specified voltage profile. This is an attractive option o power system planners as

the costs associated are significantly lower than installing new transmission or generation

systems 10 satisfy the increasing power demand.



Chapter 3

Application of Optimization Methods in Power Systems

3.0 Introduction

Optimization s the process of determining the best results or methods from a set of

alternatives under certain given Ithas been ppl field
o define cconomical relable, secure, eflicient systems as well as to devise plans and procedures
to improve the operation of the existing systems. For example, the real and reactive power
provided by the generators can be adjusted within certain limits to meet the desired load demand

with minimum fuel cost. This is also known as Optimal Power Flow (OPF). It can be achieved

by minimizing the objective function, which the total fuel cost of the generating units, subject to
the constraints that the sum of the powers generated must equal to the sum of the transmission
loss and the power consumed by the load. Economic dispatch is a special case of OPF, which
neglects the transmission limits

‘This chapter defines the concept of engineering optimization problems and some associated

applications. Section 3.1 presents a general review of optimization methods. Section 3.2 focuses

18



atch and typical

on the economic dispatch. It starts with introducing the theory of economic di
cconomie dispatch problems. The economic dispatch of generation for minimization of the total
operating cost neglecting and including transmission loss is presented and discussed. Section 3.3
gives a fundamental understanding of OPF problems. The formulation and conventional
algorithms of OPF are introduced. OPF problems for minimizing the fuel cost and minimizing
the transmission loss are demonstrated through the 7-Bus Power System. A conclusion of this

chapter s given in section 3.4.

3.1 Optimization Formulation of Problems
311 Statement of an Optimization Problem

Optimization is defined as the process of finding the conditions that give the maximum or
‘minimum value of a function. In the simplest cases, optimization means solving problems in
which one secks to minimize or maximize an objective function by systematically choosing the
values of variables within certain constraints [27-29]. Mathematical programming techniques are

useful in finding the maximum or minimum of a function of several variables under a prescribed

Set of constraints. An optimization or 4 mathematical programming problem can be stated as

follows.
X
Find 2|, whichoptimizef (x) @an
Subject 10 the constraints
9;(6)S0j=12,...m 32)
() =0, (33)
s <E, 34




Where

xis an n-dimensional vector called the design vector.
F(x) is termed the objective function.

95(x) and hy (x) are known as inequality and equality constraints.

" and " are an upper and lower bound.

‘The number of variables n and the number of constraints m and/or p need ot be related in any

way. The problem stated in Equation (3.1) is called a constrained optimization problem. Some

optimization problems that do not involve any constraints are called unconstrained optimization

problems

3111 Design Vector

Any engineering system or component is defined by a set of quantities some of which are
viewed as variables during the design process. Certain quantities are usually fixed at the outset
and these are called pre-assigned parameters. All the other quantities arc treated as variables in
the design process and are called design o decision variables x(. The design variables are

collectively represented as a design vector x [27]. The goal s to find the ¥ value that satisfies

some criterion. IF there are several values of x that satsfy the criterion, then x; x;, %, are used

10 distinguish them [28].

3.1.1.2 Design Constraints
In many practical problems, the design variables cannot be chosen arbitrarily. They have

1o satsfy certin specified requirements. The restictions that must be satsfied to produce an



acceptable design are collectively called design constraints [27]. In a power system, constraints

that represent limitations on the behavior or performance of the system are termed behavior or
functional constraints. Optimization problems applicd in power operation systems will be

illustrated in the optimal power flow problems.

3113 Objective Function

“The conventional design procedures aim at finding an acceptable or adequate design which
satisfies the requirements of the problems. The purpose of optimization is to choose the best one
of the many acceptable designs available. Thus a criterion has to be chosen for comparing the
different alternative acceptable designs and for selecting the best one. The riterion with respect
0 which the design s optimized, when expressed as a function of the design variables, is known
as the objective function. The choice of the objective function is governed by the nature of

problem [27, 29]

3.1.2 Classification of Optimization Problems

Optimization problems can be classified in several ways based on different crterion, such
as the existence of constraints, the nature of the design variables, the physical structure of the
problem, the nature of the equations involved, the permissible values of the design valuables and
50 on. From the computational point of view, the classification based on the nature of the
quations involved is extremely useful, since there are many specific methods available for the
efficient solution of a particular class of problems [27). Classification of optimization problems

is based on the nature of expressions for the objective functions and constraints. According to



this classification, optimization problems can be classified as linear, nonlinear, and quadratic
programming problems [28].

- Linear
I the objective function and all the constraints are linear functions of the design variables, the
mathematical programming problem s called a linear programming (LP) problem. A lincar

program is often stated in the following standard form:

Find x (35)
Subject 36
@7

Where ¢, a; and byare constants.

- Quadratic
A Quadratic programming problem is a nonlinear programming problem with a quadratic

objective function and linear constraints. It is usually formulated as follows:

Find l"’l,wmcn optimize f(x) = ¢ + Tity 4 + Ther Tfer @iy (38)
Subject Tiyayx = bj=12..,m 39)
x20i=12..,n (3.10)

Where c, 4,0y, ay; and bjare constants.



- Nonlinear

IF any of the functions among the objective and constraint functions s nonlinear, the problem is
called a nonlinear programming (NLP) problem. This is the most general programming problem

and all ther problems can be considered as special cases of the NLP problem,

3.1.3 Application of Optimization in Power Systems
This section briefly summaries the application of optimization techniques in the power
system.

®  Lincar and quadraic programming methods are used to solve power systems

problems with regards to optimal power flow, load flow, reactive power

planning and active and reactive power dispatch [20, 39].

Nonlinear programming method has been applied to various areas of power
system for optimal power flow, security constrained optimal power flow and

hydrothermal scheduling [19, 51, 52].

Integer and Mixed-Integer Programming method is employed o solve power

system problems with regards 1o optimal reactive power planning, power

tem pl L and 1521

Dynamic Programming method has been applied 1o various areas of power
systems such as reactive power control, transmission planning and unit

commitment [52).



32 Optimal Dispatch of Generation

Usually the generating stations are located hundreds of Kilometers away from load centers
and their fuel cost s different. Also, under normal operating conditions, the generation capacity
is more than the total load demand and loss. Thus, there are many options for scheduling and

planning generation [18). Economical Dispatch (ED)

the most common and simple way to

optimize generation of the electricity wit ing the voltage deviation and transmis

jon

limits.

3.2.1 Operating Cost of a Thermal Plant

The majority of generators in power systems are of three types ~ nuclear, hydro, and fossil
(coal, oil, and gases). Nuclear plants tend to be operated at constant output levels and hydro
plants have essentially no variable operating cost. Thus, the components of cost that fall under
the category of dispatching procedures are the cost of the fuel burnt in the fossil plants [19]. The
factors influencing power generation at minimum cost are operating efliciencies of generators,
flel cost, and transmission loss. The most efficient generator in the system does not guarantee
‘minimum cost as it may be located in an area where fuel costis high. Also, if the plant is located
far from the load center, transmission loss may be considerably higher, which causes the plan to
operate in an uncconomic fashion. Therefore, the problem is 1o determine the generation of
different plants, such that the total operating cost is minimized. Various situations are discussed

o illustrate how important rol

In all practice cases, the fuel cost of generator ith fossil plant can be expressed in a quadratic

function form of real power generation [18, 20, 24].

Co=ag+biP + P} @11)

Where



a,b and c are cost coefficients, and i i the total number of generating units

3.2.2 Economic Dispateh Neglecting loss and No Generator Limits
The simplest cconomic dispatch problem is the case when transmission line loss is
neglected. The model in Figure 3.1 assumes that the system has only one bus and all generation

and loads are connected to it.

Figure 3.1 Plants ot o Common 35 (taken from [22])
Since transmission loss is neglected, the total demand 7 is the sum of all generation. A cost
function Cis assumed to be known for each plant. The problem is to find the real power
generation for each plant such that the total production cost s minimized. The minimun total

production cost is defined by the objective function [20]:
G * 6
DR

T5P=R (313)

X at mpcvet G12)

Subject to the constraint

Where
C;istotal production cost.

Ciis the production cost of ith plant.
Piis the generation of th plant.

Ppis the total load demand.



ngis the total number of dispatchable generating plants

A typical approach is to augment the constraints into objective function by using the Lagrange
multipliers.

£=CH APy - 5%, P) G.14)
“The minimum of this unconstrained function is found at the point where the partials of the
function to its variables are zero.

o
"

(3.15)

x
5=0 (3.16)

“The first condition given by Equation (3.15), results in

2, _
ap=A0-1

% _da

9P~ dp

‘Therefore, the condition for optimum dispatch is

ac,
Hea=1 @17

The second condition given by Equation (3.16), results in
L P=Py 3.18)

Equation (3.18) is the equality constraint that was to be imposed. In conclusion, when loss is

gl no generat , for most i all plants must operate at equal

tal production cost sty 4 i by Equation (3.18).




3:2.2.1 Economic Dispatch Case Study 1

For the 7-Bus Power System, the fuel cost for each plant in BTFLAT power system [15]:

C=761.94+2.04%(7.62%P; +0.0013
€;=831.84+2.061%(7.52+P,+0.0013

G

0.03+2.093*(7.84*P5+0.0013:

6°P,7)

407

€,=831.92+42.139%(7.57*P,+0.00131*P,%)

C=500.08+2.574(7.77*P5+0.00194%P5)

According to Equation (3.17), the minimum total operation cost occur when

de, _de, _dcy _de, _ds

an,~ap,ap, ar, " ap
Incremental production cost for each plant
15.5448+0.005304P,=2
15.4987240.00560592P,~
16.4091240.00560924P,=1
16.19223+0.00560418P,~2
19.9999840.00998712P5=2

PitPy+PytPP=T65.6

In matrix form
1 1 [
00053 0 0 o 01
0 0005 O o 01
0 0 0006 0 0 1
0 0 0 00056 0 1
0 0 0 0 0011
Solutions,

Py=337.1492(MW)

P [ 7656
P.| |-155448
P.|_|-154087
.|| 16409
P.| |-16102

-4 [-20.0000,



P=3272111(MW)

P=164.7138(MW)
Py=203.5640(MW)
P4=-267.0380(MW)

2=17.3330(MWhe)

power output of any not exceed it ra it be below that which
is necessary for stable boiler operation. The calculated negative power output of generation plant
5 is against the real power generation situation. Thus, the generations are restricted to be within

given minimum and maximur limits.

323 Economic Dispatch Including Loss and Generator Limits

‘When transmission distances are very small and load density is very high transmission loss
may be neglected and the optimal dispatch of generation is achieved with all plants operating at
equal incremental production cost. However, the common practice for including the effect of

transmission loss is to express the total transmission loss as a quadratic function of the

generation power outputs. The quadratic form can be staed as [20, 21, 26]

P=

12 B2 P8P + 202, B+ Boo .19

Where By s I licients or B-coe!

ents,
Using the Lagrange multplier and adding additional terms to include the inequlity constraints,
the equation can be generated

£= G+ 2(Po + P~ 7% P) + B, timan) (P = Pugmasy) + it Biminy (P = Prgminy) (3:20)

If the constraint is not violated, ts associated j variable is zero and the corresponding term
does ot exist, which means ;nin) =0 WhenP; > Pigniny; Higmasy=0 When Py < Pygmas). The

28



constraint only becomes active when violated. The minimum of this unconstrained function is

found at the point where the partials of the function to its variables are zero.

o
=0
a
H=0

Srgmim Tt Piins

= Pigmax)

o
Finam
“The first condition, given by Equation (3.21), results in

£+A(ﬂ+4—l)

ap, ",
Since
GG+ Gyt G,
Then
00y 2 d0e
R " an

‘Therefore, the condition for optimum dispatch is

s gom
ant A = A

ssion loss.

known as the incremental trans

“The second condition, given by Equation (3.22),results in

I P =Pyt P

@21

(322)

(323)

(324)

(325)

(326)

Equation (3.26) is the equality constraint that was to be imposed. Equation (3.25) s rearranged

as



@3271)

(328)

The effect of transmission loss is to iniroduce a penalty factor L of plant i. Equation (3.25)

shows that the minimum cost i obtained when the incremental cost of each plant multplicd by
its penalty factor s the same for all plants.
The incremental production cost is given by Equation (3.11), and the incremental

transmission loss is obtained from the loss formula Equation (3.19), which yields

o
o

)2, ByPy + Bo; (629
‘Substituting the expression for the incremental production cost and the incremental transmission

loss in Equation (3.25) results in

Bt 20+ 20508, Bypy + Boh = Aor (%4 By) P+ 2%, By, = (1-Bu =) 630)

Extending Equation (3.21) to all plants results in the following linear equations in matrix form

" o
S4By Ba v B, |y [17Fa

B 248y, Bam,  ||P2| _1| 1-B0a-2
B - o B JEED)

Buy B, 20 4 Brgng | |1 - B, — 222

o . Tt Bingny on, =5

orin shortterm

EP (332)

To find the optimal dispatch for an estimated value of A%, the simultancous linear equation
given by Equation (3.32) is solved. The iterative process is continued using the gradient method.

“To do this, from Equation (3.31), P, at the kth iteation is expressed as



® @
_ AN B -2y
W= s el 333)

‘Substituting for P, from Equation (3.32) in Equation (3.26) resuls in

W A 307

20,

=P+ B® (334

FA® = py + P® (335)
Expanding the lefthand side of the above equation in Taylor's series about an operating

point(4)®), and neglecting the higher-order terms results in

FR® + (42 20 < p, 4 5 @36
Or
it
AX ez J& ( y (337
Where
e, () = ZTJ,L%M @3
“Therefore,
20600 = 200 4 200 (339
Where
8P = Py + A - 574, B® (.40
The process is continued until AP is less than a specified accuracy. I an approximate loss

formula expressed by
P =54, BuP} @41
By; = 0, Boy = 0 and solution of the simultanous equation given by Equation (3.33) reduces to

3



the following simple expression

a0,
P (42
and Equation (3.38) reduces to
ar\®) _ oy _yitBuby
) =2t s L)

3231 Economie Dispatch Case Study 2
Consider the 6-Bus power system to llustrate optimal dispatch of generation considering
Toss and generator limits [20]. The fuel costin $/h of three thermal plants of a power system arc:
€, =200+ 7.0P, +0.008PF($/h)
C; = 180 + 6.3P, + 0.009PF($/h)
€y = 140 + 6.8P, + 0.007P} ($/h)
P, Py, and Py are in MW. Plant outputs are subject (0 the following limits a:
10(MW) < P, < 85(MW)
10(MW) < P, < BO(MW)
10(MW) < Py < T0(MW)
Assume the real power loss is given by the simplified expression as
Pugny = 0.0218P .y +0.0228P% 0 + 0.0179P3
‘The loss coeflicients are specified in per unit on a 100 MVA base. The optimal dispatch of
generation is determined when the total system load is 150 MW,
In the cost function P, is expressed in MW. Therefore, the real power loss in terms of MW

generation is



o= [oazis () + oauzs(f) + oaira (2|« ooy

Py

100, 100,

= 0.000218P} + 0.000228P} + 0.000179P (MW)

For the numerical solution using the gradient method, assume the initial value of A%)
From coordination equations, given by Equation (3.33),

80-70
» N
P = 75008 + 8o x 0.000218) ~ 03136 W)
80-63

70005 + 80 x 0.000228) ~ /0229 (W)

by

80-68
) _
"= 2007+ 80x 0000179y /11578 (MW)

‘The real power loss is
P, = 0.000218(51.3136)* + 0.000228(78.5292)? + 0.000179(71.1575)* = 2.886
Since Py = 150 MW, the error AP from (3.31) s
AP®) = 150 + 2.8864 — (513136 + 78.5292 + 71.1575) = —48.1139
From Equation (3.34)

Z(@)(‘) 0.008 +0.000218 x 7.0 0.009 +0.000228 x 6.3
)~ 2(0.008 +80x 0.000218)? * 2(0.009 + 8.0 X 0.000226)"

0007 +0.000179 x 68
2(0.007 + 8.0 x 0.000179):

= 1524924

From Equation (3.28)

-48.1139
15

o
Al 4924

Therefore, the new value of 4 is
A® =80 - 031552 = 7.6845

Continuing the process, for the second iteration,



7.6845 ~ 7.0

o TeMs-70 __
R = 2e008 + 76895 x 0.000218) o728
6845
@ i}
R e e
-68
o Tess-es
A = 5007+ 76885 x 0000179) ~ S2S015(MW)

P, = 0.000218(35.3728)? +0.000228(64.3821)? + 0.000179(52.8015)" =

717
Since Py = 150 MW, the crror 8P®) from Equation (331) is

2P

150 + 17169 - (35.3728 + 64.3821 + 52.8015) = ~0.8395

From Equation (3.34)

i(@)“’ 0,008 +0.000218 X 7.0 0,009 +0.000228 X 6.3
&\ (0.008 + 7.684  0.000216)7 ' 2(0.009  7.664 X 0.000226)"

0007 +0.000179 x 68

30.007 + 7:6645 x 00001797 o458
From Equation (3.28)
08395
@ = -
2O = Tort = 0005431

Therefore, the new value of 4 is

For the third iteration,

o0 7.679-7.0

V= Zo00+ 7679 000zm) - 0

7.679 - 63
(0,009 +7.679 X 0000228,

[ = 64.1369(MW)

P

£ 68
Mo T679-68 _____
5 = 30007+ 7679 x 0.000179) ~ >- MW

“The real power loss is



P,® = 0.000218(35.0965) + 0.000228(64.1369)? + 0.000179(52.4834)? = 1.699
Since Py = 150 MW, the error AP from Equation (3.31) is

001742

8P =150 + 16995 — (35.0965 + 64.1369 + 52.4834) =

From Equation (3.34)

< (9P = 0.008 + 0.000218 x 7.0 0.009 +0.000228 x 6.3
0007 +0.000179 x 68
+ 30007 7679 x 0.000179)7 104625
From Equation (3.28)
A = ———= = ~0.0001127

18 514
Therefore, the new value of 2 is

29 = 7.679 - 00001127 = 7.6789

1=7.6789 are

7.6789 - 7.0
@ N
R = 3008 + 7679 % 0000218 ~ 200007 MW
76789 - 63
® — = 413
B = 35009+ 7679 x o.000zzmy ~ 1MW)

Y = 52.4767(MW)

8
~ 2(0.007 + 7.679 x 0.000179)
“The real power loss is

P, = 0.000218(35.0907)? +0.000228(64.1317)? + 0.000179(52.4767)? = 1.699

‘The total fuel costis

ince A, is small the equality constraint is met in four iterations, and the optimal dispatch for



Ce = 200 +7.0(35.0907) + 0.008(35.0907)? + 180 + 6.3(64.1317) +0.009(64.1317)*
+140 + 68(52.4767) + 0.007(52.4767)* = 1,592.65($/hr)
Matlab Optimization Tool box [15] isused to simplify the calculation, determine real power

output of each generator unit,and the otal production cost i order to minimize total cost

3.3 Optimal Power Flow
Economic dispatch is a special case of the OPF, which neglects the transmission limits. In
practical utilites, power systems are subject 1o the constraints that the sum of the power

generated must equal 10 the sum of the transmission loss and the power consumed by the load.

Under normal operating conditions, the generation capacity is more than the total load demand
and loss. Thus, there are many options for scheduling and planning generation [18]. This means

that the real and reactive power provided by the generators can be adjusted within certain limits

10 meet the desired load demand with minimum fuel cost. This is also known as OPF, OPF

an
extension of the conventional conomic dispatch to determine the optimal settings for control
variables while respecting various constraints (18, 27). OPF provides a useful support to the
operatorto overcome many difficulties in the real time control and operation planning of power
systems [28-30]. It optimizes the generation while enforcing the transmission line, which

‘overcomes the drawback of the economic dispatch solution.

3.3.1 Mathematical Formulation of Optimal Power Flow Problems
\ OPF problems can be formed as a set of nonlinear equations, which can be stated as [6, 18]:

uy

ind the vectors x =




‘Which minimizing or maximizing:

A, foGe ), ) (3:44)
Subject to:

9w (345)

K <0 (346)

()™ < (o) < (x )™ (347)

It can be described as minimizing the general objective function £, (x, u) while satisfying the
constraints g (x, ) = 0 and A(x, ) < 0, where g(x,) represents nonlinear equality constraints
(power flow cquations) and h(x, ) is nonlinear inequality constraints (transmission linc limits)
on the vector x and . The vecor x contains the dependent variables including bus voltage
magnitudes and phase angles and the power output of generators designed for bus voltage control
“The vector x also includes fix parameters, such as the slack bus angle, non-controlled generators'

active power output and reactive power output, non-controlled load on fixed volage, line

on. The of control variables involving 6, 55]:

Active and reactive power generation

Phase shifter angles

Load MW and MVAR (load shedding)

DC transmission line flows

Control voltage settings

LTC transformer tap seting

Line switching




Typical goal of OPF problems are minimization of the total fuel cost, minimization of the active

power loss, and minimization of the load voltage deviation.

3.3.2 Objective Functions
‘The OPF problems capture both technique and economic aspects of power operation system.
The optimization problem of power system performance can be examined by solving the

following objective functions.

: « Minimization of the transmission loss: the active power transmission loss can be

‘ translated into the i the p

Minimization of the total fuel cost: the most efficient and low cost operation of a power

system s determined by dispatching the available electricity generation resources to

supply the load on the system.

Minimization of the load voltage deviation: the quality of power service is dircctly

related to the difference between the actual voltage profile and a desired voltage profile.

3321 Active Power Loss
The active power loss is also known as the transmission loss, which is a form of wasted

power and must be minimized for economic purposes. Transmission loss minimization can be

expressed as minimization of difference between active power outputs of generators and active

‘ power load demands. The loss expression also can be expressed as voltage polar forms. The
‘ mathematical formulation for transmission loss minimization is adopted by the more
straightforward expression as the difference between generation power and load demands, as

shown below [3, 38]:



(3.48)

Where
Py s the active power output of the generator a the th bus
Pygis the active power consumed at the ith load.

G is the generator at the ith bus.

Liisthe load at the ith bus.

Ngis the number of the generator buses.

Ny is the number of the load buses.

3322 Total Fuel Cost
The ttal ful cost of system gencrato units i derived from the fue cost of thermal plans,
which can b expressed as:
g

F= actbiPutabd (349)
Where
by and ¢ are the costcoefients ofthe ith generator
Peu s theactive power outputof the genrator a th bus,

Ng is the number of the generator buses,

3.32.3 Voltage Devi

Voltage deviation (VD) refers to the deviation of load bus voltages from their nominal value
(100 pu). Reactive power transfer s highly dependent on system bus voltage levels (as

discussed in Chapter 2). By keeping load bus voltages close to their nominal values, less reactive

39



power will be transferred to each load bus in the system. This has the effect of reducing line
currents which also reduces the power loss IR. The 2R loss as a form of wasted power has a
strong financial impact. Additionally, power systems that have their load bus voltages close to

their nominal values are more resilient to voltage instability scenarios due to unforeseen

contingencies such s a line outage. The calculation of the load bus voltage deviation, Ve, used

in this thesis s given by the following expression [4, 40]:

"
View= ) (= V) (350)

Where

Vy isthe actual voltage magnitude at the ith bus.

¥, isthe desired voltage magnitude at the ith bus,

N, is the number ofload buses contained in the system

3.3.3 Control Variables

Control variables are usually independent variables in the OPF problems, which have an
impact on the system performance and objective functions, such as active and reactive power
outpus of generation units and generator. Dependent variables known as state variables include

load voltage magnitudes and phase angles.

334 Operational Constraints

Constraints contained within the OPF are put in place to ensure that the solutions obtained
by solving the OPF are feasible for practical power system operations. This section discusses
typical operational constraints used in the OPF. System operating constraints include equality

and inequality constraints.




3.3.4.1 Equality Constraints

The equalty constraints are represented by power flow equations seen in Equation (3.51)

and (3.52). These equations define the physical link between scheduled generation and load

demand and cannot be violated as they define the conditions of state variables for a given system

operation point.

Poi—

= . WG yleos(0y - 8,+8) =0 &
&

Qui=Qu+ Qu+ ) IRIFIIYfsin(oy 5.+ 8) =0

Where

351)

Ny (3.52)

Peg and Qg are the active and reactive power produced by the generator power at the ith bus.

Py and Qy are the active and reactive power demand at the th bus,

N s the number of buses except the slack bus.

Ng is the number of the generator buses.
Ny i the number of the load buses,

¥,y is the ad

ince of the ijth transmission line.
|71 is the voltage magnitudes of the generator.

|7 is the voltage magitudes of the load.

The equality constraints are included using power flow  equations.

The output power of

‘generators and generator terminal bus voltages are the control variables and are selfrestricted by

the non-linear optimization algorithi.



3.3.42 Inequality Constraints

Inequality constraints define the tolerable fimit on both state variables and equipment usage.
Load bus voltages, reactive power generation of generator and line flow limit are state variables,
whose limits are satisfied by adding penalty terms in the objective function. These constraints arc
stated as:

- Generator limits

PN < Poy S PE™ (353)
Q™ < Qo s QG @54
- Voltage limits
V| = Constant (355)
Vi) < Wl < g (356)
- Transmission line limits
Sy S SrmasVij 1 # ] 357)
Where
PI™and P2 are the minimum and maximum active power output of the ith generation unit

QEi™and Q™ are the minimum and maximum reactive power output of the ith generation unit

VZ1™and V2 are lower and upper bounds on the voltage magnitude at the ith load bus,

Srmas i the maximum transmitted apparent power through transmission lines.

Bus voltage magnitudes must be held between cerain ranges to ensure that equipment is
operating under design specifications. Allowable bus voliage levels depend on the normal
Voltages that are applied to the bus. As an example, a typical tolerable voltage range for a 138kV

s within 5% of this value, while buses with 345 kV and over should be within £10% [14].



Equation (3.56) clarifies the upper and lower bounds on the voltage magnitude within the
acceptable range. Equation (3.53) and (3.54) define the upper and lower limits of active and
reactive power outputs, which are design characteristics of thermal generators, and directly taken
from their capability curves to ensure that the system is operated safely. Equation (3.57) defines

power transmission capability of the lines.

3.3.5 The Solution of Optimal Power Flow

Optimal power flow algorithms are designed to find an AC power flow solution which
optimizes a performance function, such as fuel cost or network loss, while at the same time
enforcing the loading limits imposed by the system equipment, such as voltage and transmission

loading limits. For example, when system loss are minimized, an optimal schedule of generator

active power outputs, transformer tap settings and controllable voltage settings are determined
which produce the minimum operating costs while at the same avoiding any violations [36].

OPF problems can be mathematically formed as nonlinear constrained optimization

problems. System size and the number of unknown variables significantly affect the difficulty of
solving OPF. As the size of the system increasing, solving OPF problem is more diffcult
Matlab Optimization Toolbox [43] is used to implement OPF minimizing loss algorithm.

inear functions in the main

“The command *finincon’ is used to call and solve constrained non
program. Objective functions and constraints equations are written in different *m’ files to be the

function files. PowerWorld Simulator [15] is used for studying cost minimization.




3.3.6 Optimal Power Flow: Cost Minimization

Minimizing generation cost is o reduce the total fuel cost, which is primarily an operational

planning problem. The objective i to minimize the fuel cost, Based on previous research of OPF

problems, iz i problem can formed as:
Poy 13 o
Find the vectors Py = [ 722 (,v = [ V2|6 = | % (358)
P Vol Lo,

Which minimizing:

>t bira+ard (359)
t

f(Pe,V,0)

Where
£(P.V,0) s the total fuel cost in dollar per hour ($/hr),
i the number of generator buses.

m is the number of buses.

Equation (3.58) establishes the objective function. Equation (3.51) and (3.52) defines the
equalty constraints (power flow equations). Equations (3.53) ~ (3.57) are inequality constrints,
which clarify the upper and lower bounds on generating units, voltage magnitudes and
transmission lines. Active power outputs of dispatchable generation units are control variables
need to be solved to achieve the optimal operation of the minimum fuel cost.

The case study is discussed to illustrate the constrained optimization method for OPF. The
study uses the Optimization Toolbox available in Matlab. For some aspects of the studies,
PowerWorld Simulator is also used. The fuel costs of all the generating units are represented

using cubic cost models.




3.3.6.1 Case Study of Cost Minimization

“The goal of OPF for the 7-Bus system is to minimize the total fuel cost while adhering to
power flow equations, specified branch flow through transmission lines, bus volage magnitudes,
slack generator active power limits. It contains § generators, 5 loads, 7 buses and 11 transmission
lines, and bus 7 is the slack bus. The limits, fuel cost coeflicients and the system parameters are
found in Appendix A. Figure 3.2 shows the one line diagram of the 7-Bus power system. The
total loads are 759.4 MW and 130 MVAr. For the base case, the total fuel cost is $16,939/hr and

the transmission loss is 8.6 MW.

@),
Figure 3.2 One Line Diagram of the 7-Bus Power System

PowerWorld Simulator is applicd to achieve the main goal of minimizing the generation cost.
“Table 3.1 summarizes the results of OPF, Power and loss are in MW, volage is in per unit (p.u.)
and costis in $/hr. The total hourly cost is $16,371/hr and the loss s 10.6 MW. The cconomic

dispatch results are also obtained. Table 3.1 illustrates that the economic dispatch has the lowest

cost and the base case has the highest cost. With the dispatch patier obtained by economic

dispatch, transmission line 2-5 and line 4-5

Figure 3.2) are violated by 124% and 189%,
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respectively. The cost of OPF is less than that of the base case, but it is more expensive than that
of economic dispatch. With the operation pattern obtained from OPF, none of transmission lines
is overloaded. The power flow on Line 2-5 and line 4-S reaches the maximur limits. The bus
Voltage magnitudes maintain a relisble level at approximate 1 pv.. The total fuel cost in

economic dispatch is lower than that in OPF, because OPF considers the impact of the

transmission system.

Table 3.1 OPF Cost Minimization of the 7-Bus Power System

Economic
} Number | Name | Base case | |G | o
T 19
| 2 s 288
3 [ us 128
| 4 [Bus 160
| 5| Bus 0

| I—
Total Generation (MW)

al w)
Total Loss (MW)
| Hourl (5

Total Cost ($/hr)

3.3.7 Optimal Power Flow: Loss Minimization

Minimizing the power loss is to minimize the transmission loss, which is another primary

application of OPF. The expression for the overall transmission loss accumulated in a power

system is defined in Equation (3.48). The transmission loss minimization problem can be

mathematically formulated as:

oy
Find the vectors g = | 762 [, v (3.60)
Pan.
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“The equality const

s and inequality constraints are as same s those used in the total fuel cost

‘minimization problem.

3.3.7.1 Case Study of Loss Minimization

Case study 33.7.1 repeats the same power system examined in case study 3.3.6.1, except
that the objective is to minimize the transmission loss. The base case of the 7-Bus power system
i displayed in Figure 3.2. The goal is to minimizing generator fuel cost while adhering to power
flow equations, specified branch flow through transmission lines, bus voltage magnitudes,
generator power limits. The limits, fuel cost coefficients and the system parameters are found in
Appendix A. The total loads are 760 MW and 130 MVAr. For the base case, the transmission loss
5 7.9 MW and the total fuel cost i $16, 939/hr.

The formulation OPF regarding minimizing loss for the 7-Bus system is established using
Equations (3.60) ~ (3.61). The formulation of OPF s constrained by Equations (3.53) ~ (3.57).
Matlab_Optimization Toolbox is applied to provide the scheme of the generating units.
PowerWorld Simulator is further used to achieve the main goal (minimizing the transmission
Toss).

‘Table 3.2 summarizes the results of OPF with considering the transmission line limits. The
total transmission loss is reduced to 3.25 MW with hourly cost $17,150/hr. Table 3.2 illustrates

that the operation patter obtained from OPF with minimum loss has the lowest loss, but it is the

cost. The bus in a reliable level (approximate 1.00 p.u)

and vice versa. OPF with minimum cost has the lowest cost, but trades off the highest



transmission loss.

Table 3.2 OPF Loss Minimization of the 7-Bus Power System

Number | Name | Base case G orr
(Minimizing Loss) | (Minimizing Cost)

[ w51 100 100 1

us2 | 170 150 230

| usa |95 109 1

us6 | 200 150 201

us7 | 201 254 2

Total Loss (MW) 86 325 106
Total Hourly Cost ($/hr) 16,939 17,150 16371

The goal of OPF is to provide the electric utlity with suggestions to optimize the current power
system state online with respect to various objectives under various constraints. Most general
formulation of OPF is a single objective, large scale, non-convex optimization problem. It can be
achieved by minimizing or maximizing the general objective functions while satisfying the
constraints. The specified variables are real and reactive power at load buses, power outputs of
‘generating units and voltage magnitudes at generation buses, and voltages and angles at slack
buses. In mathematical terms, OPF problems can be formed as a set of nonlinear equations
Typical goals of OPF problems under normal power system operations are illustrated in the
previous two case studies of the total fuel cost minimization and the transmission loss

minimization. Minimization of the voltage deviation as another OPF optimi:

ion goal especially

is discussed in the stressed systems.



3.4 Conclusion

‘This chapter provides an overview of key economic dispatch concepts along with the
benefits of using it for solving optimal dispatch problems. The transmission loss, the operating
efficiency of generators and fuel cost are major factors influencing optimal dispatch of power
‘generation. By using the cconomic dispatch, the generators’ power output can be varied within
certain limits to support a particular load demand at the lowest possible fuel cost. Economic
dispatch has one significant shortcoming. It ignores the limits imposed by the devices in the
transmission system. With the worldwide trend toward deregulation of the clectric utility
industry, the transmission system is becoming increasingly constrained. OPF provides the
solution for the concerns of economie dispatch. OPF is a functionally combined power flow with
economic dispateh to redispatch generating units while enforcing the transmission lines. A seen

from the case studies, the fuel cost of a power system at OPF setting is higher than that of a

power system at cconomic dispatch setting. This is because that the transmission line limits and
other limits may be violated in cconomic dispatch.
The study presented in this chapter shows that the nonlinear programming based

optimization techniques can handle OPF efficently. For heavily loaded power systems, the

add

nal reactive power supply will be considered to deal with the system violation due o
increased load demand. The study concentrates benefits obtained from the additional reactive

power supply rather than the cost of additional reactive power supply 1o the system.



Chapter 4

Reactive Power Compensation and Voltage Profile

40 Introduction

Chapter 2 has illustrated that local reactive power compensation s an efficient approach to

frastructure. A

maintain a proper voltage profile with no need to change the power system’
proper voltage profile helps power systems to avoid many failures due to volage instability [33-
37). Providing reactive power sources at all the load centers can be expensive. This chapter
shows that by providing reactive power at selected locations, the overall volage profile can be

maintained at an acceptable level.

Optimal Power Flow (OPF

a well established technique implemented by utilities. The
common objectives of minimization of the total fuel cost, minimization of the transmission loss

and minimization of load voltage deviation have been formulated in Chapter 3. The inequality

constraints ensure that the limits (ke generating units” capability, transmission line ratings, bus
Voltage) are not violated. The equality constraints are the basic power flow equations that are
normally expressed in terms of bus voltage magnitude and angles as well as system bus
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admitiance matrx. The equi

‘The use of reactive power compensation devices has become a practical solution in controling
the flow of reactive power and 1o increase the reactive power reserves of the system. In most
instances these devices are looked as a solution to increase system voltage and decrease active

power loss over a stressed system. The stressed system is caused by a prediction of load growth

that s known 1o p i Although OPF can achig i
of loss or cost minimization, the stressed load leads to an unexpected low voltage profile. The
additional reactive power supply is able to bring the low voltage profile back to an acceptable
voltage fevel

“The optimal placement of reactive sources throughout a power system is not a simple task.

As there are no widely accepted tools to plan for reactive power installation, many planning
procedures resort o a trial and error approach in order to determine the best site locations and
allocation of reactive power devices to meet a variety of objectives and constraints [3]. In this
thesis, the locations for placing new reactive power sources are based on voltage observation;

eritical load buses (load voltage less than 0.95 p.u.) are evenly considered the candidates for the

placement of ipply. The additional reactive p ipply is employed in each of

selected load independently

Section 4.Ipresents an overview of two sample power systems and the tools used for the

different studics. In scction 4.2 by applying the additional reactive power supply in each stressed
system, a voltage profile comparison will be performed between the OPF solution and the
solution of the additional reactive power supply; the numerical comparison is used to explore the
effectiveness of reactive power supply on mainiaining an acceptable volage profile. The

canclusion is given in section 4.3,

constraints ensure that the net complex power is zero at all buses.



4.1 Test Power Systems and Tools for Studies

Two sample power systems are used for different case studies presented in this chapter. The
-Bus power system is the example in [23]. The 26-Bus power system is the example from [20].
“The single line diagrams of the 6-Bus power systemand the 26-Bus power system are shown in
Figure 4.1 and Figure 4.2 respectively. As an alternative to real lfe voltage collapse situations, a

ufficient reactive power systems. In

Tow voltage profile is required to perform case studies i
order 10 stress the normal operation systems, the loads and generations (except the slack bus) are
scaled up by 1.5 uniformly, turning the system network as an adequate candidate for reactive
power compensation. The distinctive load demand and generator schedule of two stressed

systems used for case studies have been listed in Table 4.1 and Table 4.2

Figure 4.1 One Line Diagram of the 6- Bus Power System “taken from [23]"



Figure 4.2 One Line Diagram of the 26-Bus Power System (taken from [20])

Table 4.1 Operational Constraints for the Stressed 6-Bus System

Generator Reactive Power Limits (MVAD)
B 1 2 3

Vi 150 150 150
o 0 [ -is
Generator Active Power Limits (MW)

Bus [ 1 2
B | 300 25| 210
i 5625 | 675
Load Bus Voltage Limits (p.ui)
Vius™ Viin
1.00 095

Total Load Deman:

a
‘Active Power Load (MW) | Reactive Power Load (MVAr)
315 315




Table 4.2 Operational Constraints for the Stressed 26-Bus System

Power L
Bus | I [ 2 3] 4 26

op= [ 90 [ 375 (35| 0 | a0 | 75

Q™ [ 375 | 60 | 60 | 375 | 60 | 225

Generator Active Power Limits (MW)
12 [ 3] 4

B [ 1 ] T T 26
B[ 750 | 300 [ 450 | 225 | 300 | 180
B 150 |75 7
Toud Bus
i
| 1.00

Total Load Demand

[
‘Active Power Load (MW) | Reactive Power Load (MVAT)
18945 9555

Matlab and PowerWorld Simulator are the main tools used for the different case studies. These

tools are fairly easy to use and PowerWorld Simulator provides very useful features for power
system studies. Cost minimization can be directly implemented via PowerWorld Simulator, The
codification of loss minimization studies has been implemented in Matlab Optimization Tool
Box available [15]. The command “fimincon’ is used to call and solve constrained nonlinear

functions in the main program. Objective function and constraint equations are writien in

different ‘m files for the function files. PowerWorld Simulator is again used for verification of
optimal results obtained from Matlab. In the following sections, details about the case studies

and results are given. Along with this,  discussion on the obtained results is also provided.




4.2 Case Studies

The following important assumptions are made, with respect to-performing the cach

objective in OPF and supplying the additional reactive power source:

‘OPF solution i the present position with the stressed load, without the additional reactive

power supply.

Additional reactive power supply is the new position, with respect to OPF solution and

the stressed load situation can be released by this additional reactive power supply.

For brevity of presentation, only 50% overloading scenario is considered in different
power operation  systems to demonstrate the effectiveness of reactive power
compensation on voltage profile enhancement. However, in practice, multiple unstressed

and stressed conditions should be studied.

A predefined power generation schedule will be accordingly scaled up by 50% to meet
the 50% increased load demand. The only variabiliy to the total generator active power

outputis from the system’s slack bus.

The insufficient reactive power support in stressed systems leads to the low voltage

profiles which attempts to cause voltage collapse and system instability

1 buses) for

Load buses with low voltages wil be considered as candidate buses (crii

installation of reactive power compensation devices.

 The generators associated power operation systems in this thesis are all thermal plants,
thus the operation cost is considered only the fuel cost

«The study concentrates benefits obtained from the additional reactive power supply rather

than the cost of additional reactive power supply to the system.



42,1 Case Study 1: the Stressed 6-Bus Power System

In this section, the case study is performed where the goal of optimization is to minimize

the total active power loss, total fuel cost, and load bus voltage deviation for a scheduled load
demand. These objectives were discussed in detail in Chapter 3. The objective functions wil be:
treated independently instead of augmenting the objective together.

“The stressed 6-Bus power system (shown in Figure 4.1) consists of 3 generators, 3 loads,

and 11 ransmission lines. Note that bus 1 is the slack bus. All system parameters along with the

tal load demand and generation schedule are available in Appendix B using an apparent
power base of 100 MVA. Before beginning with the planning of a reactive power supply scheme,
itis important to first verify that the system cannot be operated with the increased load demand.
A base case power flow is performed o get an idea of the severity of the constraint violations.
For the base case power flow, Table 4.3 lists the important system response of this stressed 6-
Bus system. Power and transmission loss are in mega watt (MW), Volage is in per unit (p.u.),
and Cost is in dollars per hour (§/hr). The total hourly cost is $4,669/hr and the loss is 21.46 MW.
Tt should be noted that even afer increasing the generator scheme by 1.5 to meet the increased
load demand, the voltage violations of load buses are stll apparent; all load bus voltage
magnitudes are below the normal operation voliage (0.95 p.u.). In order to enhance the voltage
profile and remove the voltage violation, all three load buses are considered as possible locations
for the additional reactive power supply. The stressed system s reconstructed by applying

additional reactive power supplyat the load centers. The system responses of cach objective in

this 4 6B discussed sequentially in subsection as follows.



Table 4.3 Base Case

ummary for the Siressed 6-Bus System

Stressed 6-Bus system | Base Case | Values
Generation (MW) [ 17698

[0 75

[0 %0

Voltage (pu) V4 [093313

V5 [091112

V6| 093969

Transmission loss (MW) | _Ploss | 2698
Operation cost (§/hr) F 4744

42,11 Minimum Loss

“This section performs the objective of minimizing transmission power loss, while adhering
to power flow equations and other system and equipment constrains defined in section 4.1.3. The
OPF solution minimizing the total loss is obtained by PowerWorld Simulator. Matisb
optimization tool box is used to implement the scheme to minimize the total transmission loss,
“The results from Matlab are used in PowerWorld Simulator for further power system studies.

‘The optimization results for the transmi

ion loss are presented in Table 4.4, OPF not only helps

the system to reduce the total power transmission loss, but also to lower the operation cost;

however the voltage violation stil exists need to add local 2
support to the overloaded system, allowing the stressed system to operate within desired voltage

specifications.



Table 4.4 Summary of Minimum Loss for the Stressed 6-Bus System

Minimum Loss Base case | OPF solution | Additional VAR suppl
PI_| 17698 | 7037 10483
Generation (MW) | P 75 88.72 11684
[J 9 17341 10532
[va | 093313 09391 X
Voltage (pu) | V5 | 091112] 09178 I
V6 | 093969 09485 X
Transmission loss (MW) | Ploss | 26.98 17.45 1.8
Operation cost(S/h) | 744 4,589 4485
Voltage Profiles.
3 I 0P soluton
£ Ry r——
H supply
2
H
K]
s
Bus Number

Figure 4.3 Voltage Profiles of the 6-Bus Power System (Minimum Loss)

“The reactive power supply is allocated on the basis that each of the system’s load significant
amount of reactive power that can be met with local reactive power support. The system
response after the additional reactive power supply is also listed in Table 4.4 and the allocated
reactive power support at each load bus is listed in Table 4.5. The size of additional reactive
power supply obtained is more than sufficient to meet load reactive power demand as cach load

W

demand; meanwhile, the load voltage profile can be enhanced. Figure 4.3 provides an over

of imi. d the additional reacti iply-

of the



The additional reactive power support in the stressed system perfectly brings the voltage
magnitudes back to the nominal level, which releases the load’s stress and reduces the risk of

power system instability occurring in the stressed system. Meanwhile, the transmission loss can

be imized, canbe as well

Table 4.5 VAR Allocation of Minimum Loss for the Stressed 6-Bus System

[ Busa ]| 7623

[Buss 1 o2 |
[CBuse T 6583 |

4.2.1.2 Minimum Cost

ization are used to minimize the

“The same equality and inequality constraints of loss mini
total fuel cost for the same specified loading conditionin the stressed 6-Bus power system. All
the generating units are assumed to be thermal with the fuel cost expressed s a cubic function of
the output of the generating units. Each thermal generator features its own the generation
capacity with respect (o the cost coefficients shown in Table 4.6,

Table 4.6 Cost Coeffcients of the 6-Bus Thermal Plants

Generators | From (MW) [ To (MW) ch coeflicients
. [ B <

T 30 200 | 215.1 | 11.669 | 000533
2 375 150
3 a5 185 2400 0.00741

“The scheme to minimize the total transmission cost can be directly determined by OPF function

of PowerWorld Simulator. Table 4.7 summarizes the OPF results of m g cost and the
results with the additional reactive power supply at load buses. With the additional reactive

power supply, the system operation cost can be optimized o $4,441hr; more importanly, the
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undesirable low voltage magnitudes at load buses are enhanced to 1.00 p.u.. The significant

enhancement of the load voltages can be clearly illustrated in Figure 4.4.

Table 4.7 Summary of Minimun Cost for the Stressed 6-Bus System

um Cost Base case | OPF solution | Additional VAR suppl,
PI_| 17698 | 7946 8.
Generation (MW) [ P2 |75 150 7
3 11599 114.82
0.93995
Voltage (pu) 091643
0.94567
Transmission oss (MW) | Ploss | 26.98 18.47
‘Operation cost($hr) | F_| 4,744 4,564 X
0PF soluton

"~ Additonal VAR,
supply

Voltage Magnitude (p.u.)

s
Bus Number

Figure 4.4 Voltage Profles of the 6-Bus Power System (Minimum Cost)
Compared to the OPF results, the additional reactive power supply can achieve more additional
reduction in total active power loss, providing upto 52% more reduction. Although additional
reactive power supply has offered only 2.7% additional reduction in cost, this lile improvement
would be significant in terms of MW loss reduction and the revenue saving per anoum, The

allocation of reactive power compensation has been specified in Table 4.8 along with the



minimization of thermal fuel cost during OPF. The optimal reactive power support is sufficient
10 enhance the unacceptable load voltage profile.

Table 4.8 VAR Allocation of Minimum Cost for the Stressed 6-Bus System

The previous two sections show that by providing reactive power at selected locations, the
overall load voltage profile can be improved, which ensures the stressed system (o operate

without any violation; meanwhile, the transmission loss can be minimized. Reduction in

transmission loss tuns into the direct economic benefit, which partially compensates the cost of

reactive power supply.

42.1.3 Minimum Voltage Deviation

Voltage deviation minimization is coded in Matlab Optimization Tool box according to
optimization objective function in Equation (3.50). The optimization results shown in Tables 4.9
indicate that the voltage deviation minimization is able to keep the load voltage magnitudes
closer 1o their nominal values. The overall voltage profile enhancement is illustrated in Figure

45,

Table 4.9 Base Case Summary for the Stressed 6-Bus System

Minimum Voltage Deviation | Base case | OPF solution |
L[ 17698 | 7946
Generation (MW) [ P2

Voltage (p.u.) Vs

Transmission loss (MW) | Ploss
Operation cost (Shr) [ F




Voltage Profiles

Voltage Magnitude (p.u.)

5
Bus Number

Figure 4.5 Voltage Profiles of the 6-Bus Power System (Minimun Voltage Deviation)
Similarly to the effect of supplying additional reactive power support at stressed load,

minimizing voltage violation can also enhance the load voltage profile without injecting reactive

power in the load. In addition to relieving the voltage violation, voltage deviation minimization

also reduces the transmi

Toss and lowers the operation cost, Technically, it is an efficient
‘method to maintain the desired load voltage without compensating extra reactive power (o the
increased load demand; nevertheless, the practical application may be infeasible due 10 the

difficult implementation.

4.2.2 Case Study 2: the Stressed 26-Bus Power System

In this section, the case study is performed where the goal of optimization s to minimize
the real power transmission loss, total fuel cost and load bus voliage deviation. These three
objectives are identical o the objectives used in the stressed 6-Bus case study. The 26-Bus power
system in Figure 4.2 consists of 26 buses, 46 transmission lines, 6 generators, 9 shunt capacitors

and 23 loads. The system generators arc located at bus 1, 2, 3,4, 5 and 26. Bus 1 is the slack bus.

&



Al system parameters along with the inital load demand and generation schedule are attached in
Appendix C using an apparent power base of 100 MVA. Table 4.10 gives rescheduled parameter
values used as the base case for this case study. The base case power flow presented here is
performed to get an idea of the severity of the operational voltage violation. Table 4.10
‘summarizes the system response for ths base case power flow. Due to the stressed load demand
asignificant portion of the system’s constraints are being violated. Many of the load bus voltages
are well below the specified voltage level 0.95 p.u.. In the following subsections, the detailed
discussion of each OPF objective will be given. A discussion on the results obtained by OPF and
the additional reactive power will be provided.

Table 4.10 Base Case Summary for the Stressed 26-Bus System

Stressed 26-Bus system | Base Case | Values
Generation (MW) 1092.46
118.50

30

150

450

P26
Transmission foss (VW) | Ploss | 36.46
Operation cost ($/hr) Cop | 28,191

42.2.1 Minimum Loss.

For the purpose of this test case, Matlab Optimization Tool box is used to determine the
optimal scheme of generator units to minimize the total transmission loss. The results from
Matlab are used in PowerWorld Simulator for further power system studies. From the OPF
solution for the stressed 26-Bus power system, it is noticed that the voltages at some load buses
are extremely low, especially from bus 20 to bus 25. By providing additional reactive power

supply at these critical buses, it s possible to improve the voltage profile. Table 4.1 presents a

&



summary of different power responses with respect to the base case, OPF loss minimization and

the additional reactive power. Figure 4.6 illustrates that the voliage profile has been enhanced

d at the selected load buses.

once the additional reactive power support s provi

Table 4.11 Summary of Minimun Loss for the Stressed 26-Bus System

B | OPF solution ‘Additional VAR
Minimum Loss il PP supply
S )| CPowerWorld) | poyerWorld)
713.99

Generation (MW) 1092.46 | 7169499 | 71848
}“’* 11850 | 2524517 | 2524517 749711
30 | 3262747 | 3262747 199711
150 | 225,000 | 225,000 104.3585
450

27; i
128.5505 180.0289
9. 2533

Transmission loss | Ploss | 36.46

(MW)
Operation cost (Sh) || 28,191 | 25817 25762 25,608

Table 4.12 VAR Allocation of Minimum Loss for the Stressed 26-Bus System

Bus number (MVAT

Voltage Profiles

Voltage Magnitude (p.u.)
g8 .
[
m
: [
Lo

P soluton

" Additonal VAR
supply

Bus Number

Figure 4.6 Voltage Profiles of the 26-Bus Power System (Minimun Loss)



4222 Minimum Cost

Similarly to minimizing the total fuel cost for the stressed 6-Bus system, all the generating
units are assumed to be thermal plants with the fuel cost expressed as  cubic function of the
output of the generating units. The generator units of 26-Bus system are featured in Table 4.13.

For the stressed 26-Bus power system, the OPF solution of mini

g the total fuel cost is
dircetly obtained by PowerWorld Simulator. The total fuel cost is decreased by $2,429/hr with
OPF simulation. It is noticed that the voltage violations at certain load buses (from bus 20 to bus

25) still exist. By providing additional reactive power at those buses, the voltage profile can be

improved. Table 4. izes th ponse wi case, OPF and the
additional local reactive power supply. The voltage enhancement due to the sufficient reactive

power support at the stressed load can be clearly demonstrated in Figure 4.7,

Table 4.13 Cost Coefficients of the 26-Bus Thermal Plants

Generators | From (MW) [ To (MW)

100




Table 4.14 Summary of Minimum Cost for the Stressed 26-Bus System

Minimum Cost Basecase | poweriona) |
109246 | 799
11350
30
150

28191

Transmission loss (MW) | Ploss | 36.46
i Sho) | F

Voltage Profiles

0PF solution

= Additonal VAR
supply

Voltage Magnitude (p.u.)

Bus Number

Figure 4.7 Voltage Profiles of the 26-Bus Power System (Minimum Cost)

Table 4.15 VAR Allocation of M Cost for the Stressed 26-B:
‘Bus number | Reactive power (MVAr)
us 102.
us 44
us 8.0
us 18
us 54
us 31

Itis apparent that OPF simulation can help the system reduce the transmission loss and the
total fuel cost, but it cannot prevent the voltage profile to avoid the unexpected low level. By

injecting the additional reactive power into the buses with low voltage magnitudes, the
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transmission loss and fuel cost can be further

inimized. This test case again confirms that the
local reactive power supply can optimize the performance of stressed systems, in both technical
and cconomic aspects.

By placing the reactive power supply at predefined load buses, OPF has been run to
determine the optimal setting of control variables for both cost minimization and loss
minimization objectives under the same heavily loading system. With the help of reactive power
supply, the voltage profile can be dramatically enhanced; meanwhile, the system can be operated
in the normal operation mode. The voltages are no longer violated, and the load is no longer

suffering from the overloading stress.

4.22.3 Minimum Voltage Deviation

Instead of feeding additional reactive power supply 1o critical load buses, Matlab
Optimization Toolbox handles the voltage improvement problem with. objective function of
optimizing voltage deviation. The simulation results are available in Table 4.16. The
optimization algorithm for voltage deviation minimization can keep load bus voltages close to

their nominal values, and at the same time meeting all the constraints. D

ing the minimization

of voltage deviation, the voltage profile s within the acceptable voltage range shown in Figure
4.8; however, the transmission loss becomes more severe and hourly operation cost is higher.

Technically, it is an efficient method to maintain the desired load voltage because no additional

ive power is invested in the power system; nevertheless, the practical application may be

infeasible with the consideration of the extremely high annual operational cost and increased

transmission oss. Figure 4.8 illustrates the voltage difference before and after voltage devi

minimization.



Table 4.16 Summary of Minimun Voltage Deviation for the Stressed 26-Bus System

Generation (MW)
P26
Transmission loss (MW) | Ploss | 37.54 i
eration cost ($hr) | F_| 28215 32,600
_ Voltage Profiles ——
Volage
deviation
miimization

Bus Number

Figure 4.8 Voltage Profiles of the 26-Bus Power System (Minimum Voltage Deviation)

43 Conelusion

Reactive power compensation is introduced to overloaded power systems for sake of
maintaining the desired voltage profile along with different optimization objectives. The idea
behind reactive power compensation is to spot optimum bus location for reactive power sources
and improve the voltage profile due to the increase in the load. To simplify the optimization
algorithm, all Toad buses with low voltage magnitudes (less than 0.95 p.u) are assumed as

possible candidates for reactive power installation. Conventional OPF is demonstrated on the

68



stressed 6-Bus and 26-Bus power systems with promising results. The results confirm the
capabiliy of reactive power compensation to enhance the overall load voltage profile and show
its effectiveness and superiority.

The essential advantages of reactive power compensation have been illustrated during case
studies on the stressed 6-Bus and the stressed 26-Bus systems. It is shown that the objective of
Voltage deviation minimization can improve the voltage profile, reduce the power transmission

Toss, and deerease the total fuel cost by certain degree. The following conclusions can be made.
1) In this work, load buses having top priority ranked according to their voltage magnitudes
corresponding to the load suffering from the stress, which can be selected for optimal

placement of reactive power sources.

Conventional OPF under the stressed power systems can reduce the total power loss and
the total fuel cost in stressed systems, but it cannot improve the voltage profile. It may
improve the voltage in some cases if it is included in the inequality constraints

3) With the additional reactive power supply, additional reduction in both the total active
power loss and the fel cost can be effectively achieved; the voltage profile is also
improved.

ficant in terms of MW loss reduction

4) The lttle improvement of hourly cost would be s

and the revenue saving per annum.
5) Without the method of additional reactive power supply at certain load buses, a flatter
Voltage profile can also be achieved by minimizing voltage deviation of the ertical load

buses.
The feasible operation of reactive power compensation has been emphasized as observing the
voltage profile 1o ensure that the stressed system is acceptable for the normal and post-

6



overloaded conditions. Although reactive power compensation generally provides plenty of

the heavy use of reactive power compensation sources may lead to

benefits to system operatio
cconomic infeasibiliy. Cost considerations generally limit the extent to which these benefits can
be applied. The expense of reactive power should cover the capital investments, in the form of

installing capacitors at load buses, and marginal cost of reactive power generation. The reactive

power price, power supply size and i need be f w©

ensure that both investment and operating costs are recovered in a manner equitable to utility and
1o the customers,

“The additional reactive power supply requires the planner to perform many power flow
studies while varying reactive power compensation settings and other pertinent system controls
in order o ensure that the planned installations meet desired operation requirements. The trial

and error method is cumbersome and does not guarantee that the proposed solution is optimal. A

further research of the optimal allocation of reactive power compensation (for example, an
investigation of multi-objective optimization problems for the reactive power planning and

system stability problem) s a challenging task.



Chapter 5

Voltage Stability Margin and Reactive Power Compensation

5.0 Introduction

With the increased loading of transmission lines, voltage stability has become a very critical
issue for most power system planners and operators. Voltage stability refers to the ability of a

power system 1o maintai

steady volage at all buses in the system after being subjected to a
disturbance from a given initial operating condition [44]. Case studies in Chapter 4 have
illustrated that inadequate local reactive power supply is characterized by continuous and slow
reduction of the voltage magnitude at one or more load, which occurs when the system is heavily
Toaded. A possible result of voltage instability is the loss of load in an area, or tripping of
transmission lines and other element by their protective systems leading to cascading outages.
Local reactive power compensation is a solution o the system instability problem and it is able
to maintain a desired load voltage profile under the overloading system phenomenon. However,
voltage profile is a poor indicator of proximity to the limits of stability under normal or post-
contingency power system. Voltage stability margin analysis supplements this deficiency and

7



determines how close the system is away from instability limits. Thus, the additional reactive
‘power supply has become essential.
In general, the analysis of voliage stability of a given power system should cover the

examination of following aspects:

To show the voltage collapse point of buses in the system
- To study the maximum transfer of power between buses before voltage collapse point
- To size the reactive power compensation devices required at relevant buses to improve
Voltage stabilty margin and prevent voltage collapse:
- To study the influence of reactive power compensation devices on the maximum transfer
power to meet increased load demand
‘The voltage stability analysis can be achieved using several different techniques. Basically they
can be divided into methods that give an indication (index [45] or margin [46]) of the proximity
of voltage instability and methods that analyze with more detail the mechanism of voltage
instability [44]. For this study, voltage stability margin is analyzed by means of PV curve
analysis [20]. PV curves provide a graphic hint of how close the system is away 1o the voltage

stability limit under spe

ific operation conditions.
The chapter is organized as follows: section 5.1 presents the basic concept of voltage
stability margin. The introduction of PV curve analysis is illustrated using a 2-Bus power system.
Section 5.3 presents two sample power systems and the tool applied for case studies. Section 5.4
proposes two different reactive power compensation devices to illustrate the effectiveness of

VAR sources in improving the volta

stability margin. Section 5.5 provides concluding remarks.



5.1 Voltage Stability Margin
Voltage stability margin in this thesis is defined as the amount of additional load in a
specific patter of load increase that would cause volage instability [52]. Contingencies such as

unexpected component outages in an electric power system often reduce the volage stability

margin. Computation of voltage stability margin is an option to keep adequate voltage stability
on system operation and planning, which is defined as the distance between the actual operation

point and the point of collapse, measured in megawatts or percentage of the base case loading.

I this study, voltage stability margin is obtained by implementing PoweWorld adds-on PV-
curve function [15]. PV curves are constructed by considering load increase for all the system
load buses in a proportional way to the base case loading. System generation level is also
increased (in proportion to the base case injections) in order to match the increased load. The set

of equilibrium points obtained by solving the power flow problem at each load defines the PV

curve. An example of PV curve construction is demonstrated using a 2-Bus system in section 5.2.

52 PV Curves

The PV curve is illustrated for a 2-Bus power system shown in Figure 5.1. This may be
considered as a model of a generating station connected to a load center through the parallel
transmission lines. The generating station voltage is kept at 1.0 p.u.. For different loadings the
voltage at 2-Bus is calculated (note that there are two solutions for the voltage). In an actual
power system, the load volage will be equal 1o the higher voltage. The two solutions for the

Voltage come together at the nose of the PV curve.



Figure 5.1 One Line Diagram of the 2-Bus Power System

ot o s )

Figure 5.2 PV Curves for Three Different Cases

Figure 5.2 shows PV curves for the 2-Bus power system. Three different operating

conditions are considered: load power factor un

Toad power factor lagging; load power fuctor
unity, but line impedance high simulating the effect of a line outage. In all three cases, the

Voltage stability margins are different, The convergence points of the graph are referred as the

voltage stability limits and indicate the points where voltage collapse s imminent. The upper

part of the curve corresponds to the normal operational state of the system. The lower part



represents the state that required high curent and low voltage and are not operationally
acceptable. Voltage instability margin is mainly associated with reactive power imbalance. Unity
load power factor is equivalent to no reactive power load demand; lagging load power factor is
equivalent to some reactive power load demand. The operating system with lagging load power
factor has the smallest voltage stability margin (38 MW); when the load power factor becomes
unity, the voltage stability margin is increased to be 176 MW; the unexpected high transmission
line impedance deteriorates the voltage stability margin dramatically; the vohage stability margin
now is reduced to be 68 MW. Thus, the voltage stability margin highly depends on the reactive

power at load buses, which can be expressed in terms of load power factor. Hence, the way to

prove the voltage stability margin is to reduce the reactive power load or add additional
reactive power prior to reaching the point of voltage collapse. Numerous reactive power devices
have been considered to supply reactive power. Static VAR capacitors (SVC) and capacitors are

used in the present work.

5.3 Test Power Systems and Tools for Studies

Two sample power systems are used for the different case studies presented in this chapter.
The single line diagram of the S-Bus power system [18] is shown in Figure 5.3. The initial
parameter is available in Appendix D. The goal of the base case study for 5-Bus power system is
o indicate the effectiveness of reactive power supply on the volage stability margin under the
normal power operation system. The load and generation schemes remain the same. The single

line diagram of the 39-Bus power system [48] is shown in

igure 5.4, The inital parameter is

available in Appendix E. The goal of this system study is o illustrate how the reactive power




supply improves the voltage stbility margin when the system is overloaded. For the study
presented in the stressed 39-Bus system, the load and generation (except in slack bus) are scaled
by 14 uniformly. The main features of both power systems are summarized in Table 5.1.
PowerWorld add-on function, PV curve is the main tool used for determining the voltage

stability margin.

Figure 5.4 One Line Diagram for the 39-Bus Power System




Table 5.1 Summary of the 5-Bus and Siressed 39-Bus Power System

Load Demand Generation Schedule
Power [ Xgiive power | Reactive power | Active power |  Reactive power
Systems (MW) (MVAr) (MW) (MVAr)
5 Bus 1450 300 1489 115
39 Bus 8608.74 197246 8.706.1 30475
5.4 Case Studies

Usually, placing adequate reactive power support at the appropriate location improves

Voltage instability margin. There are many reactive power compensation devices adapted by the

utilites for this purpose, each of which has its own characteristies and limitations. Constant
reactive power supply devices (SVC, STATCOM etc.) and conventional capacitors are the most
ommonly reactive power compensation devices. Capacitors and constant reactive power supply
devices are considered one at a time in two sample power systems to compare their effects on
Voltage stability margin improvement. Reactive power output of capacitors is proportional to the
square of the voliage magnitude, which makes the provided reactive power decrease rapidly
when voltage decreases, thus reducing its stability. To investigate their effects on voltage
stability margin in detail, the 5-Bus and stressed 39-Bus power systems are examined along with

the discussion and comparison. SVC represents the constant reactive power device in the

following case studies. The selected bus locations for considering additional VAR sources are

tion).

1 load buses (voltage magnitude is less than 0.95 p.u. in OPF with cost minimi;

the cr
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5.4.1 Case Study 1 the 5-Bus Power System

In order to illustrate the effectiveness of local reactive power supply on the voltage stability
‘margin, the case study starts with applying an additional 55 MVAT reactive power supply at bus

5 with a normal 5-Bus power system. Since the voltage profile s not violated under the system

normal condition, bus 5 is arbitrarily selected for observing the effectiveness of the additional
reactive power supply on the power system. Figure 5.5 provides the results of this study. The
margin is lower (547.7 MW) when capaciors are used to supply reactive power. This is due o
the fact that the reactive power supplied by capacitors i reduced as the voltage drops due o

increase in the load. The margin is higher (578.7 MW) when constant reach power (SVC) is

supplied at the load bus 5.

Voltage Stability Margin
£ s
T
I
D

550
¥ =
g s0 ~
§ 0
E=
2 s
| £ o |
32 Base case. Capacitor at selected  Constant reactive |

buses power atselected
buses

Figure 5.5 Comparison of Voltage Stability Margins for the S-Bus System

The study shows that the local reactive power supply improves voltage stability margin;

switching in more reactive power helps the system to deliver more active power under the




normal operation system. SVC is modeled by using a generator with constant reactive power

output.

5.4.2 Case Study 2 the Stressed 39-Bus Power System

In this section, the effectiveness of reactive power supply on the voltage stability margin is
studied on 40% overloaded 39-Bus power system. Table 5.2 lsts the bus violations during OPF
of the fuel cost minimization. These listed load buses are the possible location of considering
reactive power sources. Capacitors and SVC (constant reactive power supply) are examined at

these selected buses on the stressed 39-Bus system one at a time. PowerWorld Simulator

d he allocation of reactis ol these Toad buses. It s noted that not all
Toad buses are involved in reactive power supply. A snap shot of the maximum power transfer in
Figure 5.6 indicates that reactive power compensation would be able to enhance the voltage
stability margin; especially constant reactive power supply dramatically improves the voltage
stability margin. Figure 5.6 also reveals that 4,784 MW of additional power can be transferred
when constant reactive power sources are connected to selected load buses of the 39-Bus power
system. The scheme of the local reactive power compensation shown in Table 5.2 is obtained by
implementing OPF cost minimization in PowerWorld Simulator.
Table 5.2 Summary of VAR Allocation at Selected Buses

BuNe [ & [ 5 [ 6 [ 7 [ & [ &7 [ B [ [ 15
Bt 0% s | oo o | oss | asers | ao [omn o |

[msn] -~ | - | [mw s | - | - Jww]

VAR
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‘Additional transferred power (MW)

Base case

Voltage Stability Margin

ottt sectsd Contanrexcte s
wses ‘atselected buses.

Figure 5.6 Comparison of Voltage Stability Margins for the Stressed 39-Bus System

‘Table 5.3 provides a summary of this study. The margin is lower when capacitors are used to

supply reactive power. Tt

is due to the fact that the reactive power supplied by capacitors is

reduced as the voltage drops due o increase in the load. The margin is improved when SVC

(constant e

can be transferred when constant reactive power supply is connected to the selected load buses.

Table 5.3 Summary of Voltage Stability Margin Analysis

ctive power supply) is supplied at the load buses. An additional 4,784 MW power

“Three different | Maximum allowable Minimum VAR Voltage Stbility
cases compensation (MVAR) ‘margin (MW)
12,6699 B 70
127580 5 a7
129634 s a7

In addition 1o the voltage stability margin, PV curves also provide extra information of the

reactive power effect on the power system performance, such as voltage profile. Consider the

80




example of PV curve analysis at bus 8 shown in Figure 5.7. At the beginning that system

experiences light load, the voliage profile of this bus with SVC and capacitors are almost the

same. When the load of the system s increased, the effect of SVC in improving the voltage is

more adequate than capacitors. Both SVC and capacitors significantly affect the shape of the PV

curve, which improves the critcal point without masking the nose point by only shifting out the

PV curve; however, SVC provides a better voltage profile at the voliage collapse point.

+ Buss
with Cap
© wihsve

50 1000 1500 2000 2500 3000 3500 4000 4500
Power Tansfer (MW)

Figure 5.7 PV Curves of Bus § (the 39-Bus Power System)



5 Conclusion

Voltage instabiliy is mainly associated with reactive power imbalance. The loadability of a
bus in the power system depends on the reactive power support that the bus can receive from the

system. As the system approaches the maximum loading point or voltage collapse point, both

real and I Therefore, reactive p pports have to be local
and adequate. The power flow transfer slowly occurs in the power system that eventually leads to
a shortage of reactive power and declining voliage. This phenomenon can be graphically
described in PV curves. PV curve analysis is widely used in the industry for investigating voltage
stability problems. As the power transfer increases, the voltage at the load end decreases.
Eventually, the critical (nose) point, the power at which the system reactive power is short in
supply, is reached where any further increase in active power transfer will lead to very rapid
decrease in voltage magnitudes. Before reaching the critical point, the large voliage drop due to
heavy reactive power loss can be observed. The only way to save the system from voltage
collapse is to reduce the reactive power load or add additional reactive power prior to reaching
the point of voltage collapse

The study presented in this study has not considered the cost of reactive power at the best
location o install these devices considering volage stability margin. Model analysis [45] and
voltage stability margin index [46] are two of the methods to identify weak location in power
systems and implement suitable devices (SVC, STATCOM et) to improve voltage stability

‘margin.



Chapter 6

Conclusion and Future Work

6.0 Reeap of the Thesis
As a result of the expanded electricity demand, power systems are operated close their

limits. Power systems should be operated in such a way that voltage limits and thermal fimits of

equipments are not being violated. Building new generation and transmission facilites are not
casy due to economic and environmental constraints. Reactive power compensation can enable
power systems to be operated closer (o their limits and thus make it possible to maximize the use
of the existing resources. A dilemma with reactive power s that a sufficient quanity of it s

needed to provide the load and loss in the power system, but having 100 much reactive power

flowing around in the power system causes excessive heating and undesirable voltage drop. A

solution to this problem is to provide reactive power sources exactly at the location where it is
consumed. This thesis shows the eflectiveness of reactive power compensation on the system
performance, especially on maintaining acceptable voltage profile and adequate voltage stability

margin.




The solution of the economic dispatch by the equal incremental cost method was a

precursor of Optimal Power Flow (OPF). Economic dispatch, however, only considers real
power generations, and represents the electrical networks by a single equality constraint (the
power balance equation). The OPF method functionally combines the economic dispatch with
power flow studies, which features practical applications in power systems.

“The conventional OPF method is used to achieve the economic system operation. However,
reliable and secure aspects of power operation systems face challenging when the system is
overloaded. The results of the work presented in the thesis show that the additional reactive
power can be effectively applied in power transmission systems to solve the problems of load

growth, voltage regulation and voltage stability. Many case studies are presented throughout the

thesis using sample p show poy for power

system performance enhancement.

6.1 Summary of the Research and Contribution of the Thesis

‘The main contribution of this thesis can be summarized as follows:

A complete analysis on the negative effects of reactive power transmission and the use of
reactive power compensation devices to mitigate these effects,
2. Conventional optimization methods including their application to power system  is

investigated.

A deailed study on OPF problems, including economic dispatch, OPF objectives and
required operational constraints are studied for different objectives. Matlab Optimization

‘Toolbox and PowerWorld Simulator are used to handle the case studies of OPF problems.



4. An investigation into the effect of reactive power compensation on the voltage profile in

stressed power systems.

An overview of the voltage stability analysis based on the PV-curve method, exploring the

effect of po ion devices on voltage

6. Publication of a technical paper [54] related to this thesis.

6.2 Recommendations for Future Work

This thesis has considered three key problems for power systems: economy, transmission
Toss and security. Following three areas are proposed for future research in regard to the reactive:

power compensation problem.

1 An investigation of multi-objective optimization problems for the reactive power

planning and system stability problem.

2. A further rescarch for the cost of the reactive power sources, feasibility of their location

as well as the effect of contingencies must be considered.

This thesis has presented the effectiveness of reactive power supply on power system
performance. Case studies are presented 1o show the performance improvement in terms of
voltage profile and voltage stability margin. However, those two. problems are focused
individually. An integrated approach to deciding VAR sources based on optimization methods

s should based on a

will be useful. The final selection of specific reactive power supply d
‘complete technical and economic analysis [49, 50]. Deciding the optimal location and control of

reactive power sources o provide maximum benefits 1o the power as a whole during normal

operation and under potential contingencies in a challenging are of research 51, 52],



Reactive power planning is shown to be an exceedingly difficult optimization problem as its

formul

ion is multi-objective, partally discrete, non-linear, highly constrained and of large scale.
As power systems rely on reactive compensation as a means to overcome operational constraint
violations due to_increased load demand, tools that rise above the limitations of classical
optimization techniques must be developed in order to allocate compensation in an optimal way.

In frther research, a multi-objective reactive power planning problem is addressed along with

three objective functions together. A single objective optimization algorithm only provides a

ique optimal solution; there that the soluti from one objective i the
one for another objective. Additionally, multi-objective optimization techniques need be
researched to reveal the relationships among these objectives.

Although multi-objective optimization algorithms are proposed to optimize reactive power
planning problems, there remains a major challenge to determine the best locations and controls
for reactive power devices to provide maximum benefit to the power system as a whole during
normal operation and contingent circumstance [28, 53]. Besides, the cost of the reactive power

sources, feasibility of their location as well as the effect of contingencies must also be considered.
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Appendix A: 7-Bus Power System Data

Appendix A contains the information about the 7-Bus Power system [15] discussed in the
thesis. The one line diagram is shown in FigureA. 1. The generations, loads and generation fuel

cost coefficients are presented in TableA. 1, A.2, andA 3respectively.

Figured. 1 One Line Diagram of the 7-Bus Power System

Table A. 1 Generation Schedule and Generator Limitsfor the 7-Bus Power System

Maximum | Minimum

o Real POWEr | peal Power | Real Power
us | Generation | Kol Pon
N | Generation | Generator
MW MW

T 102 400
2 170 500
4 95 200
6 200 500
g 201 600




Table A. 2 Load Demand for the 7-Bus Power System

Bus ReatPover Load (w) | Reoeiie oerLosd

0

110

80

130

200

200

Table 4.3 Generator Fuel Cost Coeficients for the 7-Bus Power System

Bus Iy <
373 002
403, 0014
‘ 253, 0013
388 0013
194, 0019

: Coi = @+ Py + (P, i represents the ith generator.




Appendix B: 6-Bus Power System Data
Appendix B contains the information about the 6-Bus Power system [23] discussed in the
thesis. The one line diagram s shown in Figure B.1. The generations, loads and generation fuel

cost coeflicients are presented in Table B.1, B.2 and B.3 respectively.

Figure B.1 One Line Diagram of the 5-Bus Power System

Table B.1: Initial Generation Schedule and Generator Limits for the 6-Bus System
upur | Maximum | Minimum | Maximun | Minimum
Vohage | QMR | Active Adive | Reactive | Reactive
Bus | magnide | e | Power Power Powe Power
o) | gy | Gener Generation | Generation | Generation
MW) MW) (MVAD | (MVAR)
i 1.05 - 200 50 100 0
2 105 50 150 37.5 100 0
3 107 [ T s 100 -0




Table B.2: Initial Active and Reactive Load Demand for the 6-Bus System
Bus

Active Power Load (MW) Reactive Power Load
(MVA)
3 70 T
5 70 T 70 |
3 0 T 0 1
Table B.3 Generator Fuel Cost Coefficients for the 6-Bus Power System
[ Bus T a T b T ry
[ 1 [ IE] [ 1167 I
[ 2 [ 200 [ 1033 |~ 00089
[ 3 [ 240 1 1083 [ o007

“The total el cost: G = a + byP, + (P, i represents the ith generator.




Appendix C: 26-Bus Power System Data

Appendix C gives the pertinent information about the 26-Bus Power system [20] discussed
i the thesis. The one line diagram s shown in Figure C. 1. Thegenerations, loads and generation

fuel cost coeflicients are presented in Table C.1, C.2, and C.3 respectively.

Figure C.1 One Line Diagram of the 26-Bus Power System




Table C. 1 Generation Schedule and Generator Limits for the 26-Bus Power System

Aeatpower | MaRmum | Ninimum
Real Power | Real Power
Bus Generation
owy " | Generation | Generator
(Mw)
720 500 100
50 200
15 300
75 150

Table C. 2 Load Demand for the 26-Bus Power System

Bus Real Power Load (w) | Reaeie Foneroad
3825 307
16.5
48
8.3 T
375 3
57 2
0 o
0 [0
%15 375
o 0
8.5 T35
75 36
235 T3
§ 5
b
pI¥T 3
0 Bl
11475 3
T
bl
i
6.
5
3035
575
is




Table C.3 Generator Fuel Cost Coefficients for the 26-Bus Power System

Bus @

“The total fuel cost: Cor = a + biP + ¢(PE, i represents the ith generator.




Appendix D:5-Bus Power System Data

Appendix D contains the information about the 5-Bus Power system [39] discussed in the

thesis. The one line diagram is shown in Fig. D.1. Thegenerations, loads and generation fuel cost

Figure D.1 One Line Diagram of the 5-Bus Power System

‘ Table D. I Generation Schedule and Generator Limi

Sfor the 5-Bus Power System

‘ Real Power
Bus | Generation
MW)

T 5879 400
2 120 500
3 60 1000




Table D.2 Load Demand for the 5-Bus Power System

Real Power Load (MW)

Reactive Power Load
(MVAR)

Bus
2 196 8
3 196 7
4 49 294
5 588 392

Table D.3 Generator Fuel Cost Coefficients for the 5-Bus Power System

[ Bus T n I b I <
[ T [ 3735 [ 10 [ 0016
[ 2 I 1036 i s I 0018
[ 3 [ 2532 [ 17 [ 0018

“The total fuel cost: G

a; + beP; + c;P?, i represents the ith generator.



Appendix E: IEEE 39-Bus Power System Data

Appendix E gives the pertinent information about the IEEE 39-Bus Power system [9]
discussed in the thesis. The one line diagram is shown in Figure E.1. The genrations, loads and

‘generation fuel cost coefficients are presented in Tables E.I, E.2and E.3 respectively.

Figure E.1 One Line Diagram of the IEEE 39-Bus Power System



Table E.1 Generation Schedule and Generator Limits for the IEEE 39-Bus Power System

Real Power.
Generation

MW)

Maximum
Real Power

Minimum

Real Power

Generator
(MW)

340

6588

Table E.2 Load Demand for the IEEE 39-Bus Power System

Bus Real Power Load (W) | Reeeefonerond
7} 24
500 isd
2538 8
B3] 176
85 5
320 is3
329 3.3
158 30
o0 103
270 15
2075 36
3086 2.
1] W12
139 7
281 755
206 276
335 %9
02 X3
1104 250

101



Table E.3 Generator Fuel Cost Coefficients for the IEEE 39-Bus Power System

—r— I :
— — o 69 | 0w |
i 0 37 ool |
o | 28 .

- - 47

- X3

.7

8

s

7

5

The total fuel cost: Cg; = a; + biP, + &P, i represents the ith generator.
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