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I.I. GENERAL' . 
The demand for electric power is ever increasing due to rapid1-'industrialization 

and population growth. Perhaps: on India, the total power generation requirement has 

been 'tremmendo.usly increased during the past decades. And hence power systems became.  

more complex and have -grown - very , large. It is now important to design and operate 

systems with high degree of practical efficiency, security and reliability. In recent years, 

active power optimization has gained more importance due to exploitation' of power 

generating sources at remote places and inclusion of long. EHAVC-  aswell -as long DC 

:. transmission networks. in' the system. The optimal.. power flow (OPF) problem can be 

formulated as a constrained non-linear optimization problem. The solution of an OPF 

problem determines the optimal settings for control variables in a. power network 

observing various constraints. In the last few year development, many different solution 

approaches have been proposed to solve the OPF problems. AC transmission systems 

could not, be controlled practically and . fast. when traditional controllers are used. 

Traditional controllers that. used before, like series' and shunt compensators, voltage 

regulators, phase shifting and tap changing transformers could not realize the required. 

level of-control of these transmission systems. Recent developments, in power electronics 

have opened a new- world in power systems control: Several control devices are being 

developed tinder this new -concept, known as FACTS (Flexible AC Transmission. 

System). FACTS devices- are integrated in power system to control power flow, increase 

transmission, line stability limit and improve the security of transmission systems FACTS 

controllers are used to enhance system flexibility and increase system loadability. In 

addition to controlling the power flow in specific lines, it is also used to, minimize the 

total generator fuel cost in optimal power: flow (OPF) problem. 

1.2 OPTIMAL POWER FLOWS 

Conventionally, the optimal operations of the power system networks have been 

based on economic criterion. However, recent, concerns about power quality has forced 
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the system -engineers to incorporate other criteria such as improving _ system voltage, 
transmission loss minimization etc. 

The optimal power flow optimizes a power system operating .ob)ective function 
(such as the "operating cost of thermal resources) while satisfying a set of system 
operating constraints._ OPF has been widely used in power system operation and planning. 
The 'OPF problem can , be ' formulated as a . static constrained nonlinear - ,.optimization 
problem. The solution- of an OPF, problem determines the optimal . settings for control 
variables. in a power network observing various constraints. 

2.3 ,FLEXIBLE AC TRANSMISSION: SYSTEMS 
It is attractive for electrical utilities to have a way of permitting a more efficient 

use of the transmission lines by controlling the powerflows. Such a means 'could be also 
interesting for the independent system operator. (ISO) in a deregulated system, in order to 
assure a maximum level. of.competition among producers. 'Until. a-few years ago, the only 
means of carrying out this _ function were electromechanical devices such as switched 
inductors or capacitors, banks and phase-shifting transformers. However, specific 

problems 'related to these devices make them- not very efficient- on some . situations. They 
are not only relatively slow, but they also cannot be switched frequently, because they 

.tend to wear quickly. 
In recent . years;  the fast . progress - in the field of power electronics and 

microelectronics has resulted into new opportunity for more flexible operation of power 
_systems suppressing these°,  drawbacks. The . FACTS . program was launched by EPRI to 
develop a ;number of controllers for this purpose. These new devices have made the 
present transmission and .distribution of electricity more reliable, more controllable and 
more efficient. Power system, around the - world, has been. forced to operate in almost 

y: -their fiil.1 capacities due to the environmental and/or economical constraints to build new 
generation centers and transmission lines. Due to these problems it is necessary to change 
in the traditional concepts and practices of power system and .which also 'provides the 

needed correction on transmission line parameters so-  that the .existing 'transmission 
system be fully utilized within, the thermal limit of the line. Hence for the better 
utilization of -transmission line, the concept of FACTS were introduced. It opens new 



opportunities for 'controlling, power and enhancing . the usable capacity-  of existing. 
transmission line. 

FACTS is a technology states that how the parameter of line should change to 

improve the performance of line by using the series and shunt compensation principle. .A 

FACTS technology development has - been an area of interest for many research 

organizations. These 'organizations recognized the potential benefits of inverter-based 

FACTS devices to allow utilities to operate their transmission system at higher capacities, 

more efficiently, and with improved reliability. 

1.4 OPTIMAL LOCATION OF FACTS DEVICES 

High speed switching capability of FACTS devices provides a mechanism for 

controlling line power flows, which permits increased loading of existing transmission 

lines, and allows for rapid -  readjustment of line power flow in. response to various 

contingencies. The FACTS also can regulate steady-state power flow within its rating 

limits. The, fast acting FACTS can provide a means of rapidly increasing power transfer 

upon _detection, of the critical contingencies, a resulting in increased transient stability.- 

FACTS devices having the ability to simultaneously control all three parameters 

of power flow: voltage, line impedance and phase angle, there by controlling two -

quantities such as active and reactive power flows of lines. Power system planers design 

their system,, so that they can operate securely in the case of unexpected. line or 

transformer outage. A secure system - is defined as one where none of the system's 

operating constraints is violated under any of the considered line. FACTS. devices can be 

used effectively in maintaining system's security by eliminating or alleviating overloads 

along the selected transmission line.. Again after getting power flow solution of 

transmission network incorporating FACTS, question arises that in which line the 

FACTS should be placed i.e. optimal solution of FACTS devices in a given 

transmission network. Placement of FACTS devices is decided based on different factors 

such as generation-  cost. reduction, loss reduction, improvement in stability margin etc., 

due to high cost of these FACTS devices, it is important to- decide their optimal 

placement to meet the desired objective. 
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1.5 LITERATURE REVIEW 

In :.1999,   Jason Yuryevich et al [ 1 ] presented evolutionary programming algorithm 
to solve OPF. The objective of this algorithm is to minimize the total generation cost. 
Authors have developed EP-based. load flow incorporates a Jacobian acceleration stage. 

Steepest -descent method was,  also used to - improve the speed of convergence of the EP-
OPF algorithm: This method was tested on IEEE 30 bus system. Three sets generator cost 
cover were used to illustrate the robustness of this technique, these are quadratic cost 
curves, piecewise quadratic curves," quadratic curve with sine curve. 

• -In 2002, A. G. Bakirtzis et - al. [21 presented a simple genetic algorithm and 
enhanced genetic algorithm: to solve- OPF. The ,objective of this algorithm is to optimize 

• the operating cost, of thermal resources. .GA is based on the mechanics of natural 
selection, and-genetics. Advanced and problem-specific operators are introduced in order 

to enhance the genetic algorithm's efficiency and accuracy. Numerical results on IEEE 
30 bus system and IEEE 3-AREA RTS, 96 systems are presented and compared with 
results of other approach. 	k, 

• In 1999, James:A.Momoh et al. [3] offered a survey of literature on optimal 
power .flow-upto 1993.That part treats Newton-Based, Linear Programming and Interior 

Point Methods of solution.. In that review, Papers were selected to emphasize the 

diversity of formulation and the breadth of the scope of pr hlems considered. Authors 
• have concluded that Linear Programming -has fast 'speed and reasonable accuracy, 

• suitable for large systems. An interior point method features good starting point and fast 
convergence. 

.,In 2000, H.C.Leung et al t  [4] presented Genetic Algorithm method to solve OPF 
incorporating Flexible AC Transmission System ' (FACTS). A _powerful and versatile 

FACTS device, UPFC (unified power flow controller) is considered in this paper. The 
proposed method was tested on IEEE-14 bus system. Author concluded that the FACTS 
device cannot reduce the generation cost compared with normal system OPF.. However, it 
can provide ,wider operating margin and higher 'voltage stability with 'higher reserve 
capacity. 



In 2001,. T.S.Chung et al [5] presented a hybrid genetic algorithm (GA) method to 

solve optimal power flow (OPF) in a power system- incorporating Flexible AC 
Transmission System (FACTS). In the . solution process _ GA is integrated . with '. 

conventional OPF to select the best control parameters to .minimize the total generation 

fuel cost and keep the power flows within the security limits. The optimal control 

parameter selection of two types of FACTS devices, namely TCPS (Thyristor control 
phase shifter), and TCSC (Thyristor control series. capacitor), using the integrated_ GA 

approach are demonstrated on IEEE 14-bus system. 

In 2002, P.Bhasaputra and W.Ongsakul [6] proposed hybrid tabu search and 

simulated annealing (TS/SA) approach to minimize:the generator fuel cost in OPF control 

with multi-type of Flexible AC Transmission System (FACTS) devices. Four types -of 

FACTS devices are used in this work; they are TCSC, TCPS,'UPFC and SVC. Algorithm 

is tested on the modified IEEE 30 bus system. Author concluded that proposed hybrid 

TS/SA approach can obtain better solutions and require less CPU times than genetic 

algorithm, SA, or TS alone and also multi type of FACTS devices results in less total. 

generator fuel cost than, using individual FACTS device. 

In 2000, H.Ambriz-Perez et . al [7] presented advanced load -flow models- - 

incorporating existing load -flow (LF) and optimal power flow (OPF) Newton algorithm 

for the static VAR compensator (SVC). Comprehensive SVC' models suitable for 

conventional and optimal power flow analysis have been presented in this paper, namely 

SVC  total susceptance model and SVC firing angle model. A Newton-Raphson load flow 

and a Newton's OPF algorithm have been upgraded to incorporate the new SVC models. 

Author obtained conventional and optimal solutions in less than 6 iterations. 

In 2001, Stephane Gerbex et al [8] presented genetic algorithm to seek the optimal 

location of multi-type FACTS devices in a power system: The optimizations are based on . 

branch loading and voltage. levels. The FACTS devices -are used in order to maximize 'the 

power transmitted by the. network by controlling the power flows. 

In 1997, C.R.Fuerte-Esquiavel and E.Acha [9] have discussed thesteady- state 

response of'FACTS devices on the -network wide basis. They have proposed the Newton-

Raphson load flow program incorporating the variable series capacitor.'  
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In 1998,,  Y'H.Song et al [10] Presented an optimal multiplier; based Newton-
Raphson power _ flow algorithm , for :realize . efficiently handling power systems with 
embedded FACTS devices. A steady state UPFC models has been proposed and its power 
injection 'transformation has been :described in rectangular form. The, optimal multiplier 
_power flow method has been applied to implement the UPFC model. The „proposed UPFC 
model of power flow algorithm has been tested, which illustrate the effectiveness of the 

proposed algorithm. 
In 1995, L. Gyugi et al:  [ 11 ] . proposed-  UPFC for real time - control and dynamic 

compensation of as transmission systems. It has been shown that UPFC-  is able to control 
both the transmitted real , power and independently, the reactive power flows at the 

sending and receiving of transmission line. Author also compared UPFC to other power 

flow controllers such as TCSC and TCPAR. 
In 2002, Xing Xiao et al [ 12] developed an approach to steady state power flow 

control of FACTS-  device equipped power systems. , A novel .versatile power flow control 
approach has been formulated based on a power injection model of FACTS devices and 
an optimal power flow model. Numerical results on a practical' system. with various 

FACTS device have been presented to illustrate the vigourness of the proposed approach. 

In 2003, M.H.Haque et al , [13] proposed a'simple method to solve the load flow 

problem. of a power system in the presence of UPFC. Author has proposed a new static 
model of The UPFC to control the power flow. This static model of UPFC can be easily 
incorporated into any standard flow program, without modifying Jacobian matrix. This 
proposed method converged successfully for all cases, but required a few more iterations 

to converge. 
In 1995, L.L. Lai .,et al [14] presented the use of an EP"to solve OPF problems in 

FACTS. `UPFC has been used to 'regulate -both angle and magnitude of, branch voltages. 

Author concluded that, when EP 'Coupled with power flow, selects the best regulation to 
minimize the real power loss and keep the power flows in their secure limits. 

In 1968,, Dommel.H.W .et al [16] proposed a practical method to solve power flow 

problem. with control variables such as real and reactive power to minimize cost or losses,. 

This _proposed method is based on power flow solution by Newton's method, a gradient - 
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adjustment algorithm for obtaining the minimum and penalty function to account for 

dependent constraints. 
The book written by -D.EGoldberg [22] explains genetic algorithm`. 'It also.  

explains about the operators used in the genetic algorithm along with some examples. 

1.6 OBJECTIVE OF THE THESIS 
As reviewed from the background information, FACTS is a concept. covering a 

widespread of application of power electronics technology by which loading limit of 

existing power system can be increased. It can also give flexible and effective power flow 

control in . power system. "Their modeling and incorporation in load flow and optimal 
power flow is very much required. In this dissertation work following points has been 

analyzed using FACTS devices on optimal power flow. 

From the literature it is found that N-R method is used for AC power flow, 

.calculation in system with FACTS devices. Therefore, in the existing FACTS Newton-: 

Raphson load flow algorithm UPFC model has been incorporated. Based 'on the injection. 

model of UPFC to 'control active and reactive powers and voltage magnitude in any 

combination, the modified`Jacobian matrix and power mismatch equations are derived 

A steady state model, of FACTS devices has been used and introduced in the 

optimal power flow algorithm. Optimization has been performed with the system 

operating constraints such as power balance constraints, real and reactive power 

generation limits and FACTS devices parameters limit. 

Evolutionary programming has been proposed to solve the OPF with FACTS 

devices. Optimal generation schedule and optimal setting 'of.their parameters has been,, 

obtained. Performance of the proposed algorithm has been validated on test systems.' 

1.7 ORGANIZATION OF THE THESIS 
'The present Chapter 1'. introduces some problems of power -systems,.presents the 

importance of FACTS devices and sets motivations behind the work carried out in this 

thesis 

In Chapter 2, a detail review of various FACTS controllers, which exist around 

the world, discusses, along, with their model. structure and operating mechanism. It also 
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presents the development of suitable static model of FACTS devices such as TCSC, SVC 

and UPFC. Based on the location of UPFC, the power flow equations are solved using 

modified N-R method. 

Chapter 3 presents the algorithm of Load flow analysis using Newton-Raphson 

method 
Chapter 4 presents the algorithm of steepest descent method to Optimal Power 

flow. 

Chapter 5 presents the algorithm of proposed Evolutionary Programming to 

Optimal Power flow and its results has been compared with classical technique. 

Chapter 6 presents proposed Evolutionary Programming 'to OPF incorporating 

Multi type FACTS 'devices. 

Chapter 7 highlights the main finding and significant contributions of the thesis 

and identifies the scope for future research in the area of FACTS devices. 



Chapter — 2 

FLEXIBLE AC TRANSMISSION SYSTEMS (FACTS) 

• 2.1 INTRODUCTION 
The FACTS is a concept based on power electronic controllers, which enhance the 

value of transmission networks by increasing the use of their capacity. As these 
controllers operate very fast, they enlarge the safe operating limits of a transmission 
system without risking stability. Today, it is expected that within the operating 

constraints of the current-carrying thermal limits of conductors, the voltage limits of 
electrical insulating devices, and the structural limits of the supporting infrastructure, an 
operator should be able to control 'power flows on lines to secure the highest safety 
,margin as well as transmit electrical power at a minimum of operating cost. 

In this work, three types of FACTS controllers have been considered: 

• Series controller 

• Shunt controller 

• Combined series-shunt controller 

2.2 THYRISTOR CONTROLLED SERIES CAPACITOR (TCSC) AS SERIES 
CONTROLLER - 

Series-capacitors are. used-to partially offset the effects of the series inductances of 
• lines. Series compensation results in the improvement of the 'maximum power-

transmission capacity of , the line. The net effect is a lower load angle for given power 

transmission level and, therefore, a higher stability margin. The reactive power-
absorption of a line depends on the, transmission current, so when series capacitors are 
employed,"` automatically the resulting - reactive power compensation is adjusted 
proportionately. Also, - because the series compensation effectively reduces the overall 
line reactance, it is expected that the net line voltage drop would become less susceptible 



2.2.1 Operating principle of TCSC 

TCSC consist of the series - compensating capacitor• shunted- by -a- - Tohyristor 

controlled: reactor.' The basic idea behind the TCSC scheme is to provide a continuously 

variable capacitor by means of partially canceling the effective compensating capacitance 

by the TCR. TCR att,the fundamental system frequency is continuously variable reactive 

impedance, controllable by delay angle o, the steady state impedance of the TCSC is that 

of a parallel LC•-circuit, consisting of a fixed capacitive impedance, X. , and a variable 

inductive impedance, XL (a) . Let consider TCSC as shown in Figure 2.1. 

60 

nductivie region 	 R ~ ~' ~~ 

yj 

L 
.1J./ 

X11 

w 
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Figure 2.2 Schematic of TCSC- 

Let the capacitive reactance of capacitor bank 
1  

Xc = coC  

• And reactance of Thyristor controlled shunt arm is given by 

• X L  = o L 

XL (a)  _ 	7L'XL  

7c — 2a — sin(a) . 

XXXt  (a) 
X TCSC  —J 

X L(a)—XC  

Where 

XL  =reactance of the inductor 

a = firing angle of Thyristor 

• X, (a) = reactance of the Thyristor controlled- inductor arm 

rg„ = supply frequency of power 

From eqn 2.4, we see that • 



If .V, (a)>X then TCSC shows capacitive characteristics 

It X, (a)<Xe. then TCSC shows inductive characteristics 

If X, (a) = X. then the impedance of the. TCSC will be infinite and this is the condition 

o,f resonance in parallel, inductive and capacitive circuit. Therefore in this `region 

operation of. TCSC is not allowed. The TCSC. must operate either in capacitive region or 

in inductive region. Normally it operates in capacitive region. 

2.2.2 Modeling of TCSC for Power flow studies. 

The effect of -FACTS devices like TCSC on the network can be seen as a. 

controllable reactance inserted in the related transmission line The model of the network 

with TCSC is shown in figure 2:2. During steady state the TCSC can be considered as a 

static capacitor/reactor offering impedance j X,,~ . The controllable reactance X, is 

directly used as a control variable to be implemented in the power flow 'equations.- The 

real power and reactive power flow equations of the branch K flowing from bus i to j can 

be expressed as, 

	

PJ = V G~. -V~V J (G cosS~ +B~ sing) 	 (2.5) 

= — 2 (B + Bslh) + V(V1 ( B. cos.S,, —G sin5~) 	 (2.6) 

R.. 	 X..—Xtcsc 
Where G.. - 	`' 	2 , B1. = Z 	 2 	' ' (2.7) 

R; +(X~ —Xt csc) 	R; +(X —Xt csc) 	. 0 

Similarly, the real power and reactive power flow from bus j to bus i can be 

expressed as, 

= V 2 G --V;VV (G;-- cos8;~ --B1 sin 8) 	 (2:8) 

Qj1 - -Vi2 (B-. +B51)+'V,VJ( Btu cosS;f +G;~ sin c5) 	(2.9) 

Here the only difference between normal line .power flow equation and the TCSC .line 

power flow equation is thecontrollable reactance XTCSC • _ 



The TCSC may have one of the two possible characteristic capacitive or• 
inductive,, respectively to decrease or increase the reactance of the line: It is modeled with 
two ideal switched elements in parallel: a capacitance and an inductance. The capacitance 
and the iiiductance are variable and their values are function of the reactance of the line 
in which the device is located. In order to avoid resonance, the a value must be 
properly adjusted.. 

2.3 STATIC VAR COMPENSATOR (SVC) AS °A SHUNT CONTROLLER 
Steady state transmittable power can be increased and the voltage profile along 

the line controlled by appropriate reactive shunt compensation. The purpose of this 
reactive compensation is to change the natural electrical characteristics of the 

transmission line to make it more compatible with the prevailing load demand. Thus, 
shunt connected reactors are applied to .minimize line overvoltages under light load 

conditions, and shunt connected capacitors are applied to maintain voltage levels under 
heavy load conditions. The ultimate objective of applying reactive shunt compensation in 

a transmission system is to increase the transmittable power. 

2.3.1 Operating principle of -SVC 
The SVC consists of a group of shunt connected capacitors and reactors banks 

• with fast control action by means of Thyristor switching. From the operational point of 

view, the SVC can be seen as a variable shunt reactance that.  adjusts automatically in 

response to changing system operative conditions. Depending on the nature of the 

equivalent SVC's reactance.i.e, capacitive or inductive; -the SVC draws either capacitive 

or inductive current from the network. Suitable control of this equivalent reactance 
allows voltage magnitude regulation at the SVC point of connection. 

SVC's normally include a combination of mechanically controlled and Thyristor 

• controlled shunt capacitors and reactors. The most popular configuration for continuously--
controlled SVC's is the combination of either fix capacitor and Thyristor controlled 

reactor. The SVC structure shown in Figure 2.3 is used to derive a SVC model that 

considers the TCR firing angle a as state variable. 
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frequency as function of firing angle, corresponding to a capacitive reactance of 15 ohm.. 
and a variable inductive reactance of 2.56 ohm. 

so 
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Figure 2.4: SVC equivalent reactance as a function of firing angle 

The SVC equivalent susceptance is given by its profile, as function of firing 
angle, is given in Figure 2.5 

Beq  = [ X L  — X. * (2( — a) + sin(2a)) / Yr] l(Xc  * X L ) 	 ( 2.12) 

It is shown in Figure 2.5 that the SVC equivalent susceptance profile, as function 

of firing angles, does not present discontinuities, i.e., Beg  varies in a continuous, smooth 

fashion in both operative regions. Hence, linearization of the SVC power flow equations, 

based on Beq  with respect to firing angle, will exhibit a ,  better numerical behavior than 

the linearized model based on X gq  . 
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Figure 2.5: SVC equivalent susceptance as a function of firing angle 

2.3.2 Modeling of SVC for Power flow studies 
The SVC models in these studies should - represent , the fundamental frequency, 

steady state, and balanced performance of the SVC. It may be necessary to model the 

SVC in terms of its three individual phases- when an unbalanced operation of the SVC is 

considered, such as during load compensation or voltage .balancing. The features of 

conventional load flow programs are described as follows. 

'If the slope of the- SVC is neglected, then the SVC is modeled as a PV bus, with 

P=O and V=Vref However; if the slope is considered (. as in the analysis OS weak ac 

systems), the same is modeled by connecting the high voltage side of the SVC bus to a 

fictitious_auxiliary bus by. means of a reactance equal to the slope expressed in per units 

on the SVC base. Such a model is shown in Figure 2.6. 

•16  



High-Voltage-Si de 
Bus (PQ) 

w lien 
Bus (P' 

High `,fdte-Side 
Bus (PQ) 

Regulated Bus 

(XT XSI) 

Medium-Voltage 
Bus(PVvAh 
remote control) 

H c  
Figure 2.6 SVC models using conventional power flow PV buses 

It may become necessary to model the coupling transformer should the SVC be 

connected to the tertiary winding. When the transformer is represented explicitly, the -
susceptance range of the SVC must be appropriately adjusted to represent the correct 

reactive power rating as seen at the high voltage bus. The corresponding load flow model 
is illustrated in Figure2.6. 

The voltage control action of the SVC can be explained through a simplified block 
representation of the SVC and the power system. 



Xs 

Bsvc 

Figure 2.7 -A simplified block diagram of power system and SVC. 

The -power system is modeled as an. equivalent voltage source- Vs, behind 

equivalent system-  .impedance Xs, as viewed from the SVC -terminal is illustrated in • 
Figure 2.7. The system impedance Xs indeed corresponds to the short. circuit MVA at the 
SVC bus and is obtained as 
Xs = (Vb*Vb)*MVAb/ Sc p.0 	 (2.13), 
Where Sc = the 3 phase short circuit MVA at the SVC Bus 
Vb = the base line to line voltage 

MVAb = the base MVA. of the system 
If the SVC graws a reactive current Isvc, then in the absence of the SVC regulator, the 
SVC bus voltage is given by,_ 

• Vs = Vsvc + Isvc * Xs 	 (2:14) 	V  - 

	

The - SVC current thus results in a voltage drop of Isvc*Xs in phase with the 	V 

system voltage Vs: The SVC bus voltage decreases withthe inductive SVC .current and 
increases with the capacitive current. The equation Vs = Vsvc + Isvc *Xs represents the 
.power system.. characteristics or system load line. An implication of this equation is that 
the SVC is more effective in controlling the voltage in weak ac system (high Xs) and less 

effective in. strong. ac system (low Xs). 
The Dynamic characteristics of the -SVC describe the reactive  power 

compensation provided by the svc in response to a variation in the SVC terminal voltage,:- 
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The intersection of the SVCD dynamic- characteristics and the system load -line provides 
the quiescent operating point of the SVC as shown in the Figure 2.8. 

X XIs.i 

xistics 

Figure 2.8 - Characteristic of SVC'and-connected Power system. 

The voltage control action in the linear range is described below 

Vsvc = Vref + Xsl * Isvc 	 (2.15) 
Where .Isvc is positive if inductive, negative if capacitive. 

2.4 UNIFIED POWER FLOW CONTROLLER (UPFC) AS A COMBINED 
SERIES-SHUNT CONTROLLER 
Series or shunt controllers are either reactive compensators (i.e., SVC and TCSC) 

which are unable to exchange real power with the AC system or regulators (i.e., TCVR 
and ' TCPAR) which can exchange real and reactive power, but are unable to generate -
reactive power and thus cannot provide reactivecompensation. Combined series-shunt 

controller has the inherent capability, like a synchronous-  machine, to exchange both real 

and reactive power with the AC system. Furthermore this - controller 'automatically 

generates or absorbs the reactive power exchanged and thus provides compensation 
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without AC capacitors or reactors. However, the real power exchanged must be supplied 
to them or absorbed from them by the AC system. 

2.4.1 Operating principle of UPFC. 

The UPFC is the most versatile FACTS controller developed so far, with all 

encompassing capabilities of voltage regulation, series compensation, and phase shifting. 
• It can independently and- very rapidly- control both real  and -reactive power flows, in a 

transmission line. It is configured as shown in Figure 2.9 and comprises two VSCs 

• coupled through a common. dc terminal. One VSC-converter 1-is connected in shunt with 

the line through a coupling transformer: the ' other VSC-converter 2- is inserted in .series 

with the transmission line, through a interface transformer. The dc voltage for both 

converters is provided by a common capacitor bank. The series converter is controlled- to: 

• inject a voltage phasor, Vpq in series with the line, which can be varied from O tol V pq 

max. Moreover, the phase angle of VPq can be independently varied from 0 to 360. In this 

process, the series converter exchanges both real and reactive power • with the•

transmission line. Although the reactive.' power is . internally generated /absorbed by the 

series converter, the real power generation/absorption is made feasible by the dc-energy-

storage device-that is, the capacitor: 

IT . 
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The shunt-connected. converter-  I is used mainly to supply the real power demand 

o f converter 2, which it' derives from the transmission line itself. The shunt converter 

maintains constant voltage of the-  dc bus. Thus the net real power drawn from the ac 
system is equal to, the losses of the two converters and - their coupling transformers. In, 

addition, the, shunt converter independently regulates the terminal voltage of the 

interconnected bus by generating/absorbing a requisite amount of reactive-  power (refer 
Figure 2.10). 

Figure 2.10 Vector Diagram of UPFC 

2.4.2 Modeling of UPFC for Power flow studies 

The equivalent circuit of UPFC placed in line connected between bus — i and bus-

j . is shown in Figure2.11. UPFC has three controllable parameters, namely- the 

magnitude and the angle of inserted voltage (V , q,.) and the magnitude of the 

current (1? ) . 

Based on the principle of'UPFC and the vector diagram, the basic mathematical 

relations can be given as 
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V. =V.+V., , 

Arg(l(,) = Arg(V; ).± ir / 2, 

,rirg (l,) =Arg (V) and 
Re1VTli I 

17. = (2.16) V 

The power flow equations from bus — i to bus- j and from bus - j to bus- i can 

be written as 

S11 =P,+JQ;; =V;l;, =V(jV,bs,1 /2+l +lq +l,.) 	 (2.17) 

S,, = p,, +jQ.;; =V1f , = Vi(jVb51, /2-1;') 	 (2.18) 

UPFC 
Bus - i r, + jX, 
I.

; 	V  

	

.'i 
._-_---_.---o_..-e - -- 	 1 
I,l lIT 	. V 

- j bs1,. /2 	1 	 jbsA /. 2 

Figure 2.11 - Equivalent -circuit of UPFC 

Active and .reactive power. flows in the line -having UPFC can -be written, with 

above equations (2.16) —(2.18), as 

P =(V2 +v)  g1, +,2V.Vrgicos(OT —of) — V,V [gi cos(cbr —8 )+b,, sin(br `Si)] 
V V (g;, cos 9.. + b sin S~) 	 (2.19) 

V'~..  p.11 = 	—V V [gii COs(¢ —S —b.. sin(Or —Si )]—V.V (g. cos S.. —by sins..) 
1 i 	i t 	r 	 i 	~i 	>>  

Q;, = —V,l -V 2 (b,, -i- ba,, /2) — VY T Lg~ sin(cbT —o,)+bll.cos(gr — o)] 	 (2.20) 
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—UV,.(g sins;, —b,1 cosy.. ) 

 —V( b11 +`s,, /2!—Y J VT (g~ $ n(7 — Sj ) — b~j cos(7'T —`.' j )) 

(2.21) 
+ V V (b ; sin (5?1 + b cos 

From basic circuit theory, the injected equivalent circuit of Figure , 2.12 can be 

obtained: The injected active power at bus-i(P,S )- and bus- j(P jj, and reactive powers 

(Q1 and Q,) of a line having a UPFC are 

r11 + ix;l 

Bus- i 	 Bus-j 

Figure2.12 Injection Model of UPFC 

P S = —VT'g1, —2V,,Vg6 cos(çbz. —S;_)+V jVT [g,j cos(gT —Sj)+b j sin(Or —o )] .(2.22) 

Ps = V1VT Ig,, cos(cbT —5,)— b sin(cT _15j)] 	 (2.23) 

V 1q + V VT ~g~j sin(cb1 — Si )+ b fj cos(bT — Si !J 	 (2.24) 

Q,S = —V1Vjg,, sin(OT —o)--b  j cos. — Sj )j 	 (2.25) 

2.4.3 Modified non-linear power flow equation for UPFC 

The effect of UPFC on 'power system can be modeled- by injected real and reactive 
power flows at two related -buses as shown in fig,2.12 thus they have no effect on the, 
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admittance matrix. The load flow equation at bus i for having n buses in the system and 

without UPFC, can be expressed as below 

	

Pc,, —Pr, = 	V V! (g,, cos 8~ + b sin 8~ ) 	 (2.26) 
=/ 

	

QG, — 0„ = 	VV;(g~ coso0 —b~ sin5) 	 (2.27) 

J =1,2..........,n. 

Where n is the total numbers of buses in the power system. Pc, and Q are the 

active and reactive power injected to bus i by generator respectively. V is the magnitude 

of voltage of bus i. PL; and QL; is the active and reactive power extracted from bus i by 

load respectively. V is the magnitude of voltage of bus i. 8U = S, — S j , is the phase 

angle difference between bus i and j. g j, + jbU Denotes the element ' 1, of admittance 

matrix of system'network. 

The load flow equations' with UPFC, can then be obtained and referred directly as 

for a generic case, it is assumed that UPFC is ,-embedded in a transmission line with 

connected between node —1 and. node- m : Therefore, , for the UPFC embedded 

transmission line, the load flow power mismatch equations can be expressed as below. 

	

PGi — Pu = 	V V; (g,; cos 8~ +b sin o) 	 (2.28) 

QG,. - Q„ _ 	V V (gq cos 5~ — b~ sin 8~ } 	For i =1,2, ........, n; but i ~ 1, m 

Thus four mismatch equations are 

PGl — Pu = 	V V (g,1 cos 5~ + b sin S;, ),± Pls , 	 (2:29) 

Ir 

	

Q / — Q L! 	_ = 	V.V ( 9 sin 5.. —b cos S..) + QI 	 (2.30) G 	 j J l J J S 
j=1 

:. _ 	 24' 



11 	 . 

— P,-, _ 	V „ V, (g, , cos 6„,; + b„rl sin b,,,l )"+ f';,_, - 	 (2.31) 

• — Q,.,,  	V V i (g , i cos nri — b,ni S in s,,, )+ Qn,, 	 (2.32) 

Where it is the total number of buses.. P ;, ,Qi,;, ,Pl; .and Q Lr are the respective real and 

reactive power of generator and load of node— i and-the values of, P,.S ,Q, ,P, .-& Q for 

UPFC will be 

—V 	— 2V, Vg,,,, COS(Y'"l. — s,, )± v m V 'r [glur Cos(OT — Srrr )+ /n, Sin( — m )J 

P,r> = V„V7. [g,», cos( —8,,,)—b,,  sin((T —81 

oil = V.11 + '1'r [ b,, Sin(0, —15, )+ bin, cos(bT — J , )J 

Qm, 	 — CS,,)+b,,, cos ØT — 5,,)] 	 (2.33) 

Thus, the relationship are obtained for small variations_ in V and 5, by forming the 

total differentials, 

	

dP = JI S +J:? ~I 	 (2.34) 
dQj [dV] [dV 

• J=J;+J, • 

Where J, the normal N-R power is flow Jacobian Matrix and J. is the partial. 

derivative matrixes of injected power with respect to the variables. When bus- l and bus-

in are PQ buses, the matrix J, may have 10 nonzero elements as if bus-1 is a PV 

corresponding elements of row and column will not exist. When more than one UPFC are 

installed in the network their effects are added to matrix J, . In this situation the non-zero 

elements may be more than 10. Now we can see that the power flow can be solved by N-

R method in .the normal way except the small differences in J matrix and power mismatch. 

.equations. 

The elements of J. FOR UPFC are given below 

2V 	sn 	 2.35 
G~rS~ 	

1V r~lr„ i ~ —~T 	~~ 	• 	 ( 	) 
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[ 	 (/b, — 	-' /,n 	( T ;Vr Vin» sir 	, 	b 	b 	cos 	—~ 	~ )J ,,) 	 n, (2.36) 
('('„ 

= V ! V.: [z hn sin(( 	— 6)+ b 	cos((' — 6 )] ' 	L 	 h 	T  ,n 	 nr (2:37) 

_ —V, V,. [— g1, cos(, —8, ) + b,,,, sin (O, — g, )] (2.38) 

_ —'tirr g, cos(, — c7,) (2.39) 
c f"' 
(P 

_ V1 [ ajrr, cos(~i — 5 ) + h 	sin( 	,. —8; )]. (2.40) 

= V
I [ 	cos(gil ..- S )+ b/ur sin((5 — 8 )] L~ahu 	nr 	 T 	! , 	 , (2.41) 

DO

~ 

___ _ _V V . 	a 	cos( 	-- 	l+ b 	sin r~j = 	ll 	V (2.42) 

U0, _ I, + V [ 	sin( 	. — b ) + b „ 	r cos(T — 8 ) ] r 	g l,r, 	r 	I 	rr 	 r (2.43) 

DO ,rrs _ 	r 	 1 

	

V [g,,,, sin( q$r — b„, ) + b,,,, cos(gl — 5r„ )1 	V (2-44-) 
Gym .  

aP,1lS = 0 	 I,. = 0 (2.45) 
cb~ • CV I 

r Q, `0 , c'0,,,., 	0; aQis 	O 1115 _ 0 (2.46) 
V,,, a8; 	aS„ 	av, 

With help of equations (2.35-2.46) the -power flow Jacobian "Matrix is modifies 

and we 	can see that the power flow solution, is obtained by N-R-method in the normal 

ways except the small differences in J. matrix and power mismatch. 
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Chapter-3 

LOAD FLOWS 

3.1 INTRODUCTION 
Load-  flow solution is solution of the network under steady state condition subject 

to certain inequality constraints under which the system operates. These constraints can 

be in the form of load nodal voltages, reactive power generation of the generators, the tap. 

settings of a tap changing under load transformer etc. 

The. load flow solution gives the nodal voltages and phase angles and hence the 

power injection at all the buses and power flows through inter-connecting (power channels 

(transmission lines). Load flow solution is essential for designing a new power system 

and for planning extension of the existing one for increased load demand. These analyses 

require the -calculation of numerous load flows under both normal and abnormal (outage 

of transmission lines, or outage of some generating source) operating conditions. Load 

flow solution also gives the initial conditions of the system when the transient behaviour 

of the system is to be studied. 

3.2 BUS CLASSIFICATION. 

In a power system each bus or node is associated with four quantities, real and 

reactive powers, bus voltage magnitude and its phase angle. In a load flow solution two 

out of the four quantities are specified and the remaining two are required to be obtained 

through the solution of the equations. Depending• upon which quantities have been 

specified, the buses are classified in the following three categories: 

1. Load bus: 	At this bus the real and reactive components of power are specified. It is 

desired to find out the voltage magnitude• and phase angles through the load flow 

solution. It is required to specify only Po  and QD at such a bus at a load bus voltage can 

be allowed to vary within the permissible values: Also phase angle of the voltage is not 

very important for the load. 

2. Generator Bus: Here the voltage magnitude corresponding to the generation voltage 

and real power PG  corresponding to its ratings are specified. It is required to find out the 
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reactive poer generations Q and the phase angle of the bus voltage. - 

3..' lack bus: In a power system there are mainly two types of buses: load and generator 

buses. For these buses we have specified the real power P injections.. Now 	P, = real 

power loss Pf  where P,. is the power injection atthe buses, which is taken as positive for 

generator buses and is negative-  for load buses. The losses remain unknown until the load 

flow solution is-  complete. It is for this reason that generally one of the generator buses is 

made to take the additional real and reactive power to supply transmission losses. That is 

why this type of bus is also known as the slack or swing.  bus.- At this bus, the voltage 

magnitude V and phase angle S are specified whereas real and reactive powers P(, and 

U,;  ai-e, obtained through the load flow solution.- The following table summarizes the 

above discussion: 

Bus Type Quantities specified Quantities to be obtained 

Load bus P, Q IVI, S 

Generator Bus P. 	IVI Q, S 

.Slack Bus IVI, 5 P, Q _ 



3.3 STEP BY STEP PROCEDURE OF NEWTON-RAPHSON ALGORITHM FOR 

	

LOAD FLOW SOLUTION 	 V 

Read Bus and Line. Data and Form Y,,,,, 

2. 	Assume initial values of bus voltages V; " and phase angles 8 for i = 2,3,....n 

for load buses and phase angles for. PV buses. Normally we set the assumed bus 

voltage magnitude and its phase angle equal to slack. bus quantities. 

1V1 =1.0,8,=00 . 

3.V Compute P; and Q,. for each load bus form the following equations: 

P; _ 	V,. VV Y,4. cos(S; - 84. — 0 ) 	V 	 _ 	 (3.1) 

Q; = 	V, Vk Y;4. sin(S; —5 — 8;k) V 	(3.2) 

4. Compute the scheduled errors AP; and AQ1 for each load from the following 

relations 	 V 

	

=Prs~, — Pi.(Cal) - . 	i=2,3.......n 	 - 	V (3.3) 

AQi =Qrs,, — Qrc«r) 	i =2,3,.....,n 	 (3.4) 

For PV buses, the exact value of Q; is not specified, but its limits are known. If the 

calculated value of Q; is within limits, only OP; is calculated. If the calculated value of 

Q; is beyond the limits, then an appropriate limit is imposed and AQ; is also calculated 

	

by subtracting the calculated value of V Q; from V the appropriate limit. The bus under 	. 

consideration is now treated as a load (PQ) bus. 

5. Compute the elements of the Jacobian matrix 
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aP ap 
as ajvj 

aQ - aQ 

_  as a~vI 

Using the estimated I V; I- and S; from step 2. 

ap aP OS 
6 	 alvl _ as 	nv 

AQ OQ 
. as a I v I . 

(3.5) 

. 	- 7. 	Using the values of OS; and 0 I V1 I calculated in step 6, modify the voltage 

magnitude and phase angle at all load buses by the equations. 

Iv+' 1=1 1=1 V. 	I +o I V 	 (3.6)- 

S ( r+l) +S~(
P) +Ls,'

) 	
(37) 

8. Start the next iteration cycle at step 2 with these modified I V; I and 8.. 

9. ' Continue until scheduled errors AP,(r)̀ and DQ(r) for all load buses are within a 

specified tolerance, that is, 

iip(r) 
<c AQ r) < 

• 10. 	where s denotes the tolerance level for load buses. 

1-l. 	Calculate. line flows and power at the slack bus exactly in the same manner as in 

• the GS method. 
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- 	 ~ Start 

Read Line & Bus data 

Form Y Bus 

Assume initial values of bus voltages 
Vi(0) for i =2,3,...,n. 

Set iteration count i=0 

Calculatewll from Eq.(3.1)for all 
busses except slack bus. 

Calcuiatei3 from Eq.(3..2) for 
all PQ bus. 

acu ate the power 
mismatches 

fromE s.3.3 and (3.4)  

CalculateNP, and AQ~, 

• Yes 	Calculate line flows 
Are P' a 	and power at slack • and eO• <_ c 	

bus 

No 

Print results 	Stop- 
Calculate elements of 
Jacobian HAM and L. 

Update bus voltages 
Solve Eq.(3.5) 	and phase angles using 

• Egs.(3.6) and (3.7) 

• Advanced iteration count 
from r to (r+1). 

Figure: 3.1.. Flowchart for Newton-Raphson method for load flow solution 



3.4 LOAD FLOW RESULTS OBTAINED FOR IEEE 30 BUS TEST CASES 

T9hle! 3.1 Load flow Result for IEEE 30 Bus Data 
Bus. 
No 

Bus 
Voltage (pu)  

Bus 	phase 
angle (deg) 

P(Pc; -Pi:) 
( pu ) 

Q(QG -Q, ) 
(pu ) 

1.0600 	. .0.0 
2 

2.6099 -0.1711 
1.0430 -5.4965. 0.1830 0.3587 
1.02,17 	. -8.0054 -0.0240 -0.0120. 

4 1.0131 -9.6630 -0.0760 -0.01.60 
5 1.0100 -14.3799 -0.9420 0.1686 
6 1.0123 -11.4010 -0.0000 0.0000 
7 1.0036 =13.1506 -0.2280 -0.1090 
8 1.0100 	. -1-2.1144 -0.3000 0.0019. 
9 1.0520 -14.4412 0.0000 	. 0.0000 
10 1.0464 -16.0310 -0.0580-  -0.0200 - 

11 1.0820 -14.4412 0.0000 0.1558 
12 1.0580 -15.2876 -0.1120 	. -0.0750' 
13 1.0710. -15.2876 0.0000 0.0995 
14 1.0433 -16.1765: -0.0620 -0.0160 
15 1.0388. -16.2684 	. -0.0820' . -0.0250 
16 1.0459 -15.8752 -0.0350 -0.0180 
17 1.0409 -16.1912  -0.0900 -0.0580 
18 1.0293 -16.8778 -0.0320 -0.0090 
19 .1.0268 -17.0490 	. -0.0950 -0.0340 
20 1.0309 -16.8518 -0.0220 	. -0.0070 
21 1.0341 -16.4738 -0.1750 -0.1120 
22 1.0346 -16.4600. -0.0000 -0.0000 
23 1.0285 -16.6578 =0.0320 -0.0160 
24 1.0233 -16.8332. -0.0870 -0.0670 
25 - 1.0201 , - 16.41-87 0.0000 0.0000W 
26 1.0024 -166836-1 -0.0350 -00230 
27 1.0266 -15.9033 0.0000 0.0000 
28 1.0110 -12.0597 -0.0000 -0.0000. 
29 .1.00681 -17.1251 -0.0240 -0.0090 
30 - 0.9954 -18.0018 -0.1060 -0.0190 
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Line 
No 

From 
Bus 

To 
Bus 

Line flow from 
lth to  jrh Bus 

Line flow from 
. jlh to  ith  Bus 

-1 1 2 1.7777-02066i -1.7230+03410k 
2 	- 1 3 0.8322+0.06181 -0.8042+0.03121 
3 2 4 0.4570 + 0.03591 -0.4460 , 0.02161 
4 ` 3 4 . 0.7802 - 0.0303i -0:7725 + 0.0481 i 
5. 2 5 0.8298 + 0.02841 -0.7999 + 0.07541 
6 	:2 . 6. 	. .0.6192-0.0007i '-05987+0.0430i 
7 	. 6 	. 0.7021 -0:17331 -0.6961+0.18971 - 
8 5 7 -01421+01091i 01436-01157i 
9 6. 7 0.3753 - 0.01341• -0.3716 + 0.0161 i 
10 	. '6 8 0.2952 -'0.0301 i -0.2941 +0.02911 
•1 I 6 •9 0.2715 - 0..18641 -0.2715 + 0:20841 
12 6 10 	_ 0.1538 --0.05591 . -0.1538 + 0;0704i 
13 9 l l -0.0000-' O.1 S 151 0.0000+0.15581 
14 9 10 0.2777 +0.05821 . -0.2777 - 0.05021 
15 4 12 	. 	: 0.4104-0.15771 -0.4104+0.20591 
16 12 13 0.0000-0.09831 -0.0000+0.09951. 
17 	. 12 14 0.0784+0.0238i . 	"-0.0776-0.0222i 

118 	. - 12 15 0.1782+'0.0.669i -0.I761 - 0.0627i 
.19 12 16 	- 0.0717+0.03071 -0.0712 - 0.0296i 
20 -14 	' 15 0.0156+0.00621 -  -0.0156-0.00621 
21 	... 16". '17' 0.0362+0.01161 -0.0361-00114i 
.22 15 18 0.0598 + 0.01591 -0.0594 - 0.01511 
23 - .18. 	'. 19 0.0274 + 0.0061 i '-0.0274 - 0.00601 
24. '19 20 -0.0676 - 0.02801 	- 0.0678 + 0.02841 
25 .1.0 	" 20 0.0906 + 0.03721 -0.0898 - 0.0354i 
26 10 .17 '0.0541 + 0:04701 -0.0539 - 0.04661 
27 1.0 21. 0.1577+.0.0990i -0.15.66-0.0967i 
28 	- 10 	' 22 0.0760+0.04531 	 " -0.0755 - 0.04421 

. 29 21 22 -00184-00153i 00185+00153i 
30 15. 23 0.0498 + 0,02801 -0.0495 - -0.02741 
31 	.. 22 	'. 24 . 0.0571+0.02891' -0.0566-0.02821 
32 23 24 0.0.175+0.01141 -0.0175-0.01131 
33 24 25 -Q.0129+0.01751 0.0130-0.01741 
34' 25 26 0.0354 + 0.02371 -0.0350 - 0.02301 
35 25. 27 '-0.0484-0.00631 	- ; .0.0487 + 0.0068i 
36 : 28 	.' 27 01757-00340 -01757+00464i 
'37' 37 29 	.. 0.061.9.+.00'167i.'. -0.0610-0.01511 
38 27 30 	. 0.0709 +'0.0166i. 	. =0.0693 -.'0.01361 
39 29 30 00370+00061i -00367-00054i 
40 8 	, ' 28 -00059-00140i 0.0059-000791 
-41- 6. 28 0.1879-00634i -0.1873 - 0.001 Oi 



3.5 CONCLUSION 

In this chapter, need for the load flow has been discussed. A Newton-Raphson 

based algorithm has been applied to solve the load flow equations. Step by Step 

procedure for the above method has been given. It has been validated on IEEE 30 bus test 

case system and the results are displayed: 
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Chapter-4 	 V 

OPTIMAL POWER FLOW 

4.1 INTRODUCTION 	 , 

Optimal power flow (OPF) has been widely used in power system operation and 

planning. In deregulated environment of power sector, it is of increasing importance, for 

determination of electricity prices and also for congestion management. The OPF 

optimizes a power system-  operating objective function, while satisfying a -set of system 

constraints.- 	 V 

Today any problem that involves the -determination of the instantaneous optimal 

steady state of a power system is a OPF problem. The optimal steady state is obtained by 

adjusting the available controls to 'minimize an objective function subject, to specified 

linear or nonlinear operating constraints. Many different solution approaches have been 

developed to solve the problem. Based on the optimization techniques applied, the 

classical OPF method may be classified into the following two main categories 

(i) Linear programming (LP) based methods 

(ii) Non-linear programming (NLP) based methods 

Linear programming has been recognized for many years as a reliable and robust. 

technique for solving a large 'subset .of OPF problems with linearalized relationship. LP 

based OPF methods have been widely used in solving active and reactive power OPF 

problems. 

Non-linear programming methods based OPF methods are a class V  of methods 

with very wide range, which include the steepest descent method, Newton's method and 

quadratic programming methods. 

In this chapter, well known basic classical technique gradient steepest descent 

method has been validated for the proposed approach. This method has been applied to 

IEEE-30 bus system andtheir results.. are displayed. . 

35 



4.2 OPTIMAL POWER FLOW PROBLEM FORMULATION 

Let the objective function to be minimized,- is given below. 

f =>F(Pg,) (4.1) 

This is the sum'of operating cost over all controllable power sources. 

F, (Pg, ).= Generation cost function for Pg, generation at bus i 

The costis optimized- with the following constraints 

The inequality constraint on real power generation at bus i 
Pgmi" ~ Pg, 	Pg (4.2) 

Where 

Pg" and Pg 	are respectively minimum and maximum values of real power 

generation allowed at generator bus i. 

The power flow equation of the power network. 

(4.3) 

Where 

For each PQ bus i — 
• g(V,0)= .Q,(V,0) 	Q7eI (4.4) 

"e 
P. (V, 0) = P, ' 	} For each PV bus m, not 

including the ref.. bus, 
Where; 

P, and Q, are respectively calculated real and reactive power for PQ bus i. 

P,"" and Q;""' are respectively specified real and reactive power for PQ bus i. 

P,,, and P,,ne' are respectively calculated and specified real power for PV bus m. 

• V and q - are voltage magnitude and phase angles at different buses..  

The inequality constraint on reactive power generation Qg; at each PV bus 

36 



Qg;flin < Qg, ~ Qginax 
	

(4.5) 

where Qg mm and Qg/nax are respectively minimum and maximum value of reactive. 

power at PV bus i . 	. 

4.3 STEEPEST DESCENT METHOD 
This is the most basic classical optimization method. The main features of this 

method are gradient procedure for finding the optimum and use of penalty functions to 

.handle functional inequality constraints. This 'method provides, bus increment cost 

directly, which is quite useful for cost analysis of power system under deregulated 

environment. 

Let the objective be 

Min f(x,u) 	 (4.6). 

Subject to equality constraints corresponding to power flow equations 

[g(x,u,P)J = 0 	 (4.7)- 

where 

x = unknown or state vector (such as voltage magnitude and its angle at load bus, voltage 

angle at PV bus).  

u = constant parameters or independent variables (such as generator output -and generator 

bus voltage). 	 - 

p = fixed. parameters (such as real and reactive power at load buses). 

This is equivalent to minimization of unconstrained Lagrangian function . 

L(x,u, p) = f(x,u) +[ 2 ] f •[g(x,u, p)] 	 (4.8) 

The %. in [2j are called Lagrangian multipliers 

From above equation (4.8) follows the set of necessary conditions for a minimum: 

aL. = 	+.ag ('11=0 	 (4.9) 
ax ax ax 

a 	 ' 
= ]+[ 09 1 

	

[A 1= 0 	a 	 (4.10). 



a.Z 	 1 	 _ 	 (4.11) 

Equations (4.9) (4.10) and (4.1 1) are non-linear algebraic equations.- , and can only be 

solved by- iterations. A. simple yet efficient iteration scheme that canbe employed is the•

steepest descent method. The basic technique is-.to. adjust the control vector u-, so as, to 

move from one feasible solution point, in the direction of steepest descent (negative 

gradient) to a new feasible. solution point with a lower value of objective function. By 

repeating these ,moves" in the .direction of negative gradient, the minimum will finally be 

reached.. 

4.3.1. Inequality Constraints on, control variables 

Let the control variable u (such as Pg, voltage magnitude at PV buses, tap: ratio 

for the tap setting transformers) has _its minimum and maximum constraints... 

u'min ~ u ~ u;nax 	 (4.12) 

If during optimization the correction; iu -causes u.; to exceed- one of limits, u, is set 

equal to the corresponding limit. 

U1 Max 	if u; old + Lu; > u imax 

~rnew — u;min 	`J 	u;rdd-+/ U, <Uimin 	 (4.13) 

	

+ Du ; - 	othe'rwiser 

In accordance with Kuhn-Tucker theorem,: the " necessary - conditions for 

minimization of L under constraint are  

aL 

 

=o. •.. 	u; < u; maz• 

au, 
aL' 	o: 	 f _u; = u;.max 	 (414) 
au; 

aL > 0 , If u; U.min au; .. 

4.3.2 Inequality Constraints on the Dependent Variables  

The - upper and lower limit on dependent variables such as voltage - V at P-Q 

buses, MVA limit on transmission lines. 

xmin ~ x ~ xmax 	
(4.15) 

Such inequality constraints: are handled by the penalty function method. 
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The penalty method calls for augmentation of the objective function so. that the new 

objective function becomes 

= f (x, u) +  W, 	 (4.16) 

Where the penalty W`  is introduced for each violated inequality constraint. A suitable. 

penalty function is defined as 

= r1i (x, — xi.m< )2 
	whenever" x, > xj.maX 	 (4.17) 

W1. = i ( x, — x1 ,, )- 	whenever x j  <X1, 	 . 

Where 17, is penalty factor for violated inequality constraint j. 	. 

The: necessary conditions (2.12) and (2.13) would now be modified as given below, 

while the condition (2.14), i.e. power flow equation, remain unchanged. 
T 

(4.18) 
L ax] ax 	; Ox j  LOx]  

f  

(4.19) 
au 	- au 	all J. LOu] . 

This section • has shown that Newton- Raphson method of power flow can be 

extended to yield the optimal load flow solution that is feasible with respect. to all 

relevant inequality constraints. 

4.3.3. Step by Step Procedure for SD —OPF method 

The computational procedure for the -steepest descent based optimal .power- flow 
(SD-OPF) method with relevant details is given below: 	. 

Step 1. Make an initial guess for u, the control variables. 

Step 2. Find a feasible power flow solution by Newton-Raphson method. This yields the 

Jacobian matrix J for the. solution point of x. 

Step 3. Solve (4.9) for 121 after replacing function f by f' as per equation- (4.16), in 

order to include inequality constraints on dependent variables. 	 . 

[2]=— [ - i 	*  of 	 (4.20) 
ax 	ax 
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Step 4. Insert [2,J form (4.20). into (4.10)-after. replacing f by f' as per equation (4.16). 

and compute the gradient 

4.21) 
au 	_u 	L 

Step 5. If OL is within prescribed; tolerance as per equation (4 14), the minimum,  has been 

reached, otherwise go to next step: 

Step 6. Find a new set of control variables 

ii,l,%% = u oId  + Du 	 - 	 (4.22) 

where Au = =S * IOL J . 	 (423) 

Return to step ..2;:  

Here Au is a. step- in the -negative direction of the gradient The step size is 

adjusted by the positive scalar S 

4.3.4 Simulation Results 
The above explained algorithm for OPF'-  is - applied to . IEEE-30 bus test system, 

whose data has been: -given in Appendix-A. For this• analysis the quadratic cost 

characteristic of generators has been taken as per following equation.  

F(Pg,)=a+b*Pg,+c*Pg2 	 (4.24) 

Where the values of cost coefficients has been given in Appendix-A. the simulation 

results are given in. table 4.1. 

Table.  4.1 Simulation results of SD-OPF 

Generator Bus Number Power Generation 
(M 

G 1. 1(Reference) 176.3177 -,- 

02 - 	.. 	- 2. 	' 	. ' 48.7980 - 

G3 5 ,. :: 	21_;5015: 	_ 

00 	22.3,196.: 

G5 11 0 0 . 1-2.2708 

G6 
1,3 

12.0000. 

Total Generation Cost 0  803.5495 $/hr 



Table 4.2: Load. flow Results of SD-OPF 
Bus. No Bus,Voltage 

(pu) 
Bus phase 
angle (deg) 

p(P, -F,) 
(pu) - 

Q(Q~, 	Q,) 
(pu) 

1 1.0600 0 1.7632 -0.0137 
2 1.0430 -3.5528 0.2710 0.1647 
3 1.0256 -5.4981 -0.0240 -0.0120 
4 1.0174 -6.6033 -0.0760 -0.0160 
5 1.0100 -10.2494 -0.7270 0.0702 
6 1.0150 -7.7388 0.0000 0.0000. 
7:. 1.0052 -9.2964 -0.2280 =0.1090 
8 1.01-00 	- -7.9103 -0.0768 -0.1416 
9 1.0541 -9.7724 0.0000 0.0000 
10 1.0489 -11.5361 -0.0580 -0.0200 
11 1.0820 -8.4901 0.1227 0.1466 
12 1.0606 -10.7465 -0.1120 -0.0750 
13 1.0710 -9.8991 0.1200 0.0804 
I4 1.0459 -11.6454 -0.0620 -0.0160 
15 1.0413 -11.7511 -00820 -0.0250 
16 1.0484 -11.3520 -0.0350 -0.0180 
17 1.0434 -11.6867 -0.0900 -0.0580 .  

18 1.0319 -12.3650 -0.0320 -0.0090 
19 1.0294 -12.5398 -00950 	. -0.0340 
20 1.0335 , -12.3459 -0.0220 -0.0070 
21 1:0366 -11.9941 -0.1750 -0.1120 
22 . 	1.0371 -11.9859 1 -0.0000 0:0000 
23 1.0310 - -1-2.1888 -0.0320 -'0.0160 
24 1.0256 -12.4315 -0.0870 -0.0670 
25 1.0217 -12.2376 -0.0000 0.0000 
26 1..0041 -12.6536 -0.0350 -0.0230 
27 1.0278 -11.8601 0.0000 0.0000 
28- 1.0131 . -8.2451 -0.0000 .  0.0000 
29 1-.0080 -13.0789 -0.0240 -0.0090 
30 0.9966 . -13.9536 -0.1060 -0.0190 
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Line 	'From 
No Bus 

To: 
BUS 

Line flow from 
1ih to j ,h  BUS' ' 

Line flow from 
. 	 j ,h  to i'" 	Bus 

1 2 1.1772 -0.05761, -1.1535 + 0.09941- 
2 1 3.  '.0.5824+0.07011. -0.5684 - 0.03-53i 
3 2 4 = 	0.3416 + 0.0403i .-0.3354 - 0.04081 

• 4 3. 4 0.5444+0.0363i . 	-0.5407 - 0.02991 
5 .2 5 0.6335+0.04771 -0.6160+0.0041i 
6' 2 6 0.4494 + 0:02331 -0.4385 - 0.01021 
7 4 6. . 0.4733 - 0.07531 . 	-0.4707.+ 0.0799i 
8 5 7 -0.1110+0.08191 0.1119-0.09001 
9 6 7 ` 	0.3430 + 0.01 03 i -03399 - 0.00961 
10 6 8 0.0996 + 0.0907i -0.0994 - 0:0946i 
l 1 6 9 01825-01873L -01825+02011i 
12 6 : 10 0.1268-0.05761 ... 	.. -0.1268 -+ 0.0681i.- 
13 9 1 	l 	. -0.1227-0.14011 0.1227+0.146.61 
14 9 	. '10 0.3093. + 0.05461- -0.3093-00449i 
15 '4 12 ..0.3045-0.16071 -0.3045+0.19001 
16 .12. 13 -0.1200-0.07791 0.1200 ± 0.0804'1 
17 12. 14 00793+00234i . -00785-00218i 
18 1-2 15 : 01820+00660i -01798-00616i 
19 12 16 . 00735+00302i -00730-00291i 
20. 14 	• 15 0!0165+0.00581 • -0.0164-0.0058 
21 16. 17 .0.0380+0.01 1:1 i -0.0379-.0.0109i 
22 	. .15 18 0.0604+00I56 -0.0600-0.01481 
23 18 19 0.0280 + 0 00581- . 	. -0.0279 - 0.00571 
24 19 20 .'.-0.0671_-0.02831 .. 	0.0672 + 0.02861 
25 10 20 .0.0901+0.0374i . -0.0892-0.0356i 
26 10 17 '00523+.0.0475i -0.0521-0.0471i 
27 10 21. '0.1614+0.09771 . ,.-0.1603-0;0952i 
28 -10 22 00785+00444i -00780-00433i 
29 21 22 =0.0147 - 0.01681 0.0147+0.01681 
30 1-5 23 00538+00268i -00535-00261i 
31. 22 ' 24 	.'. . 	.0.0632+0.02651 '-0.0627-0.0257.1 
32 ' 23 24- 00215+00101' -00214-00099i 
33 24• 25 .-0.0028+0.01391 ' ',00029-.0.0138i   
.34 .. 	25 _ 26 . 0.0354.+ 0.0237.1 ..'-0.0350-0.02301 

35 25 27 -00383-0_0099' 00385+00102i 

36 28 27 0.1658-0.03231.'  . ' 	.-0.1658+0.04331. 

37 27- 29 -, 00619+00167i . -00610-00151i 

38 27 .30 	- . 0_0709_+0_01 66i -0__0693-0_01 36i 

39 29 30-  0.0370+0.0061i - 	-0.0367 - 0.00541. 

40 8 28 ''0.0226 -0.03381 '-0.0226 +0.01,211. 

41 6 _'28__.'  -0..1487 - 0.02291 
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4.4 CONCLUSION 

In this chapter many classical methods to OPF have been given. A well known 

basic classical technique, Steepest Descent has been discussed. Steepest Descent Based 

OPF Algorithm has been developed and applied to IEEE-30 bus test system and their 

results are displayed. 



Chapter-5 

EVOLUTIONARY PROGRAMMING BASED . . 

OPTIMAL POWER FLOW 

5.1 INTRODUCTION 
In general, OPF problem is a large dimension non-linear, non-convex and highly 

constrained optimization problem. It is non- convex due-  to existence of nonlinear AC 
power flow equality constraints, non-convex unit operating cost functions and. units with 

prohibited operating zones. This non-convexity is further increased when valve point 

loading effects of the thermal generators have to be included in the network. 
Classical techniques suffer from the difficulty in handling inequality constraints. 

Moreover these techniques rely on convexity to obtain the global optimum solution and 

as . such are forced to simplify relationships in order to ensure_ convexity. These 

techniques are not guaranteed to converge to the global optimum of the general non-

convex OPF problem., These days, genetic algorithm (GA) and evolutionary 

programming techniques has been suggested to overcome the above mentioned 
difficulties of classical methods. 

In this work, an evolutionary programming approach has been used to solve OPF 

for the proposed model. In this chapter, EP based. OPF has been applied to IEEE-30 bus 

test system and the results are compared with steepest descent method based OPF. 

Evolutionary programming, search for the optimal solution by evolving a 

population of candidate solutions, over a number of generations or iterations.. The 

evolution of solutionl is carried out through mutation and competitive selection. 

5.1.1_ Difference between Evolutionary -programming and other traditional methods 

In order for EPs to surpass the traditional methods in the quest for robustness, EPs 

must differ in some very fundamental ways. EPs are different-  from more normal 

optimization and research procedures in four ways: . 
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(1) EP search from . a population of points, not a single point.. The population can 

move over hills and across valleys: EP can therefore discover a globally or near globally 

optimal. point. Because each individual in the population is, computed independently, EP 

has inherent parallel computation ability.. 

(2) EP use payoff (fitness or objective "functions) information _directly for the 

search direction, neither derivatives not other auxiliary knowledge. EP therefore can deal 

with non smooth, non .continuous and non differentiable functions that are the real-life 

optimization problem. This property also relieves EP is of the approximate assumptions 

for many practical optimization problems, which are quite. often required in traditional 

optimization methods. 

(3) EP use probabilistic transition rules to select generations,`` not -deterministic 

rules, so they area kind of stochastic optimization algorithm which_ can. search . a 

complicated and uncertain- area to 'find the global' optimum. EP is more flexible and 

robust than conventional methods. s  

These features _ make EP robust : and parallel algorithm: which' can adaptively 

search the globally, optimal point' EP offer new tools for the optimization of complex 

system problems. 

5.1.2 Difference_ between Evolutionary programming and Genetic Algorithm 

EP is different from GA in the following respects 

(1) EP uses the control parameters, not their codings; the generation selection 

procedure- of EP is mutation and competition, not reproduction, mutation and crossover. 

(2) GA emphasis '. models- of genetic operators, ". while. - EP` emphasis mutational 

transformations that maintain behavioral linkage. 

5.1,3 Evolutionary Programming Operation: :. 

While applying a Evolutionary programming for any optimization problem, the 

following steps are usually followed: 

" 	
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1. Initial population: 

The initial population of control variables is selected randomly from the set of 
uniformly distributed control variablesranging over their upper and lower limits. The 

fitness score f,. is obtained according to the objective function. 

2. Fitness function: 

The next step. is to specify a function that can assign a. score to any possible. 

solution or structure. The score is. a numerical value that. indicates.how well the particular 
solution solves the problem. Using a biological metaphor, the score is the fitness of the 

individual solution. It represents how well the individual adapts to the environment. In 
case of optimization, the 'environment is the search space. The task of the GA is to 
discover solutions that have fitness values among the set of all possible solutions 

3. Mutation: . 

Each . selected parent, for example P, , is mutated and added to its population 

following the rule: 

P+,!l..i = i..i + N(0, 6Z ) , j= l , 2... n, 

N(p, 62 ) Represents a Gaussian random variable with mean u and variance Q.' 

If any mutated value exceeds its limit, it will be given the limit value. The mutation 
process allows an individual with larger fitness to produce more offspring for the next 
generation. 

4. Competition: 

Several individuals which have the best fitness are kept as the parents for the next 

generation. Other individual in the combined population have to compete with each other, 
to get their chances for the next generation 

5. Convergence test: 

If the convergence condition is not met, the mutation and' the competition 

processes will run. again. The maximum generation number can be used for convergence 
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5.2 STEP BY STEP ALGORITHM OF EVOLUTIONARY PROGRAMMING 

BASED OPF 

I. Prepare the database for the system including line data, bus data, generator data 

and tap setting of the transformers. Line data includes the information of the lines 

such as resistance, reactance and shunt admittance. Bus data includes the 

information of the generators, loads connected at each and every bus. 

2. Generate parent vector population for power generated by the generators. 

3. Formation of Y bus using line resistance, reactance, shunt elements, tap changing 

ratio 

4. Assume suitable values of voltage magnitude at all the buses excluding. swing bus 

and. its angle for all the buses, also set the error for calculated active andreactive 

power. 

5. Calculate the real and reactive power using the formula for all buses. 

P=~I V IIIVj If Y;cos(B;; +S;—S;) 
JeN 

Q;=~IT;IIIVj II Y.sin(B;l +i5j —S,) 
- 	jeN 

6. Calculate error for real and reactive power between specified and calculated for 

load buses and only real power for voltage control buses. If it is with in tolerable 

limit go to step no: 10.else'continue the next steps. 

7. Calculate Jacobian matrix using the formula 

ap aP 

= as a l l'I 
as aQ 

as alvl 
8. Calculate voltage magnitude and angle 

reference bus). 

09 _ AP 

~I vl 	
[jr,

- 	~Q 

increment using . formula (except 
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generator data 

Generate parent vector population 
For power generation 

Evaluate load flow 

.Check limit for Pg ? 
	 No 

Yes 

Compute the cost of 
generation for parent 

vectors 

Create the off spring vector 

L by Mutate operators 

No 
heck limit for Pg and 
the control parameters 

Yes 

Compute the cost of 
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L. 	vectors 

Select the Best population from 
the competition among parent 

and offspring for the new 
parents 

No 

Terminate? 

Yes 

Stop 

Figure 5.2 Flowchart of EP-OPF 
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9. Calculate new bus magnitude and its angle on all buses (except reference bus) 

P;k». = "(Id +Av 

°fltw = e(r(r + A0 

10. Go to step no: 5 

11. Compute the total cost of generation for all the generators 

12. Create off spring vector for all the control variables by adding Gaussian random 

variable to it. 

13. Check for the limits for the off spring vector. If it violates go to step 12 

14. Compute the total cost of generations. 

15. If the convergence condition satisfied go to next step else go to step:12 

16. Find the optimal solution among all population groups. 

(Aom No sri1214 

r !2notzt~~~ 
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5.3 SIMULATION RESULTS 

This EP-OPF algorithm is applied 'to IEEE-30 bus test system whose data, has been 

given in Appendix-A. EP parameters as shown in table5.I have been taken for this 

analysis.. The convergence of this algorithm is shown in figure 5.3 , 

Table 5.1 EP parameters 

S.No' . EP Parameter, 	_ ' Value,  

1 Population Size  10. 

2 Maximum generation 30 

The simulation results are given in the following table . 

Table 5.2 Simulation results of EP based OPF . 

Generator Bus Number Power Generation 

(MW) 

GI 	. 1(Reference) .. 	1.66.6512 

G2'. 2 49.5479 

G3 5- 23.0744 

G4 8. 27.6360 

'G5. 11 . 10.5680.. 

G6 13, 	- 1,4.6984 

Total Generation Cost 803.8613$/hr. 



Table -5.3: Load flow results for EP-OPF 
Bus. 
No - 

Bus 
Voltage 
(pu) 

Bus 	phase 
angle (deg) 

P(P.;  - P, ). 
(pu) 

Q(Qa;  - Q,. ) 
(pu) 

1' 1.0600 0 1.6665 0.0058 
2 1.0430  -3-.3443 0.2785 0.1483 
3 1.0260. -5.2063 -0.0240 -0.0120 
4 1.0178 -6.2475 -0.0760 -0.0160 
5 1.0-100: -98391 -0.7113. 0.0637 
6 1.0152 -7.3145 '-00000 -0-.0000 
7 1.0053 -8.8778 -0.2280 -0.1090 
8 1.0.100 -7.3671 '-0.0236 -0.1611 
9 1.0541 -9.4145. 0.0000. -0.0000 
10 1.0487 -11.1162 -0.0580 	_ -0.0200 
11 1.0820 -8.3101 0.1057 0.1464 
12 . 	1.061.0 -10.1844 -0.11-20 -0.0750 
13 1.0710 ` 	-9.1468 0.1470 0.0778 
14 1.0463 -11.0997 	. -0.0.620 -0.0160. 
15 1.0415 -11.2217 -0.0820 -0.0250 
16 1.0486 -10.8491 -0.0350 -0.0180-  
17 1.0433 -11.2417 -0.0900 =0.0580 
18 1.0319 -11.8739 -0.0320 -0.0090 
19 - 1.0294 -12.0718 -0.0950.. -0.0340 
20 .1.0334 -11.8900' -0.0220 ' . -0.0070 
21 1.0364 -11.5677 -0.1750 -0.1120-- 
22 1.0370. -11.5575 0.0000, 0.0000 
23 1:0311- 	. -11.6904 -0.0320 -0.0160 
24 1.0256 -11.9752 -00870- ' -0.0670 
25 . 	1.0217 -1.1.7833 -0.0000 -0.0000 
26 1.0041 -12.1993 -0.0350 -0.0230. 
27 :1.0279,'. -11.4070, 0.0000 0.0000 
28. -1.0132 -7.7934 - 0.0000 0.0000 
29 1.0081 -12.6257 -0.0240. -0.0090 
30 	` 0.9967 '-13.5002 -0.1060 -0.0190 
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-Line. 
No 

From 	.. 
Bus 

-To 
Bus 

'Line flow from 
~i. 	►~~ i 	to j 	Bus . 

Line flow from: 
,~~ 	,ti j 	to i : 	Bus 

1 • 2 	. 1.1-131 - 0.0404i -1.09.19+ 0.07461 
2 1 3 - . " . . 0.5533± 0.07251 ` -05407 = 0.04301 
3 2 	- 4 . '. 0.3266•±00420i'   -0.3209- 0.04411 
4 	_ 3 4 	' . 0.5167± 0.0440i ' -0.5134- 0.03871 
5 2 5 .0.6155+0.04981 ; -0.5989 -- 00021 i 

• 6 2 6 _ 0.4283 -+ 0.0277i .-0.4184 - 0.0.1761 
7 4 6 0.4475 - 0.06231 -0.4452 + 0.0658i . 

• 8 5 . 7" -0.1124 + 0;08171 , ` '0.1133 - 0.0898'i 
9 6 7 0.3444 + 0.0106i- - .. -0.3413 - 0.00981. 

• 10 -6 	' ., 	8. 0.0537 + 0.1073i 	 . 	. -0.0536-0.11131 
11 6 ' 9. 10.1885-0.18631,  A1885 + 0:20051 
12 6 10, 01270-00570t  -01270+00674i 
13. 9 11 -0.1057 - 0.1:406i . 0.1057+0.14641 
14 9 10. -'0.2984+0.05581 -0.2984-0.0467i 
15 4 	. 12. =0.2896.-: 0.1618i 	. '-0.2896 + 0.18901 
16 12 13 '-0.1470-'0.0745i 0.1470+0.07781 
17 12 : 	' 14 	- 	" 0.0804±0:02301 -0.0796-0.02141 

' 

18 12 15 '.: 0:1865 ± 00652'1. 	_ 	. . -0.1842-0:06061'. 
19 12 16. 0.0789+ 0.0293i' -0.0783 -0.02811. 
20 14: 15 0.0176+0..0054i -0.0175-0.00531 
21 ..16 11 • 0.0433±0.01011 -0.0431-0.00971 
22 15 18-. 0.0633±0.01491 -0.0629-0.0141i- - 
23 18 1.9 . 	0.0309 + 0.00511 -0.0309 - 0.00501. 	. 
24 19 	: 20 -0.0641 - 0.02901 .0.0643 + 0.0294i 
25 10 	' 20 	-. 0.0871+0.03811 -0.0863-0:03641 
26 10 17 0.0470 + 0:0486i -0.0469 - 0.04831 
27 10 21, 0.1599 + 0.0980i- -0.1588 -.0.09561 	. 
28 10 22 0.0775+0.04461 	• -00770-0.04351' 
29 21 22' -0.0162-001'64i ''0.0162+0.01641 
30 15 23 0.0564±0.02601. -0.0560-0;02531 
31 22 24 . 0.0607 + 0.0271 i -0.0603.- 0.02641 
32 23 24, '0.0240 -+ 0.00931 -0.0239 - 0.00921 
33 24 '25: -0.0028 ±.0.0137i_ 0.0028 -- 0.01371'. 
34 25 .. 26; , 	- _ .0.0354 + 0.02371 -0.0350 = 0.02301 
35 25- . 27. :'-0.0383 -.0.0100i 00384+00103i 
36. 28 27 0.1658 - 0.03221' -0.1658 +0:04321 
37:. 27 - 29... . - . 0.0619:+ 0.01671 -0.0610' - 0;0151i 
38 27 	" ` 30 , 	0.07.09 + 0:0166i . -0.0693-0.01361 
39 29 	• 30 	' ' .0.0370 +"0.0061 1': , -0.0367 - 0.0054i . 
40': 8 28 	' 0.0299 .- 003651 -0.0298+0.01501 

-41. 6: - 28 0.1417-0.03981 	. -0.1414-0.02591 	' 
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Figure 5.3 Convergence of EP-OPF (Cost of Generation) 

5.4 COMPARISON OF RESULTS 

Comparison of the optimum solution for the above two methods has been given in 
the table 5.4. These methods are applied to same IEEE 30-bus test system. 

Table 5.4 Comparison of OPF methods 

S.No Approach Minimum generation cost 
I Steepest Descent-OPF 803.549568 $/hr 
2 EP-OPF 	 . 803.8613$/hr 





Chapter-6 

EVOLUTIONARY PROGRAMMING BASED OPTIMAL 

POWERFLOW -INCORPORATING MULTI TYPE FACTS DEVICES - 

6.1 BASIC OUTLINE 

This work proposes an application of Evolutionary Programming to Optimal 

Power Flow incorporating, Multi-Type FACTS Devices. EP is a search algorithm based 
on the simulated evolutionary process of natural selection and natural genetics-. EAs are 
randomized search algorithms, which, however, .do not necessarily mean directionless. 
random walk. 

Non-convexity of the nonlinear AC power.flow equality constraints is increased 

when FACTS devices have to be included in the network.. So, an evolutionary 

programming approach has been used to solve OPF incorporating Multi Type FACTS -
devices 

The objective function is built in order to panelize theconfiguration of FACTS, 
leading to overloaded transmission lines and over or under voltages at busses. Only 

technical benefits of the FACTS controller are taken into account. Other- criteria such as 

costs of installing and maintaining devices are not taken into consideration at this stage of 

work, 

6.2 STEP BY STEP ALGORITHM OF EVOLUTIONARY PROGRAMMING 

BASED OPF 

1. Prepare the database for the system including line data, bus data, generator data 

and tap setting of the transformers. Line data includes- the .informations  of the lines . 
such as resistance, reactance and shunt admittance. Bus - data . includes , the 
information ofthe generators, loads connected' at each and every bus. 

2. Generate parent vector population for power generated by the generators. - 
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12. Create off spring vector for all the control variables by adding Gaussian random 

variable to it. 

13. Check for the limits for. the off spring vector. If it violates go to step 12 

14. Compute the total cost of generations. 

15. If the convergence condition satisfied go to next step else go to. step:12 	. 

16. Find the optimal solution among all population groups. 

17. Input the location for the FACTS devices such as TCSC, SVC and UPFC 

18. Set the firing angle for TCSC to increase the real power flow in the line 

19. Set the voltage profile foe SVC to increase the voltage profile of the bus. 

20.. Set the series injected voltage and angle and shunt reactive current to increase the real 

and reactive power in the line independently and voltage profile. 

21. Run the NR power .flow for the optimal solution obtained using" EP, incorporating 

FACTS devices. 

- 22. Print the results. 

6.3 OBSERVED RESULTS-. 

The proposed model as explained in section 6.2 has been implemented on IEEE 

30 bus system. The results obtained have been found-  satisfactory. The IEEE 30 bus test 

case system data was given in appendix A. the index of different cases done in this work. 

is listed in table 6.1. A Newton = Raphson load flow solution of IEEE 30 bus system are 

tabulated in table 3.1-. 	 = 

EP based OPF without FACTS devices as also been solved and optimal solutions 	" 

are tabulated in table 5.2.to compare with results obtained. from EP based OPF with 

FACTS devices. 

Objective function taken from equation 4.1 is solved by locating multi type 

multiple FACTS devices in the line. In this approach EP based OPF incorporating 

FACTS devices such as TCSC, SVC, and UPFC as shown in figure 6.1 - is implemented. 
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Here we can observe that EP based OPF with multi type multiple FACTS devices give 
better power.flow' and voltage control over the EP based OPFwithout FACTS devices. 

It has been observed in table 6.2 that objective attained (to minimize the Cost of 
generation) by EP-OPF incorporating. Multi.. type FACTS devices is. very Close to that 
obtained by EP-OPF' and it has better control over the power flow.' 

Table 6.1— Index for the cases done in. this work.. . 
EP-OPF with One TCSC Case I 

EP-OPF with One SVC Case II -  

EP-O.PF with One UPFC Case 111 

= 	EP-OPF with Two TCSC Case IV 

EP-OPF with Two SVC Case V 

EP-OPF with Two UPFC Case VI 

EP-OPF with TCSC and SVC • Case VII 

EP-OPF.with TCSC and, UPFC Case VIII 

EP-OPF with.SVC and UPFC ' Case IX 

• EP-OPF with One-TCSC,SVC and,UPFC Case X 

• EP-OPF with Two TCSC,SVC.and UPFC • Case XI 



Table 6.2 — The Minimum cost of Generation obtained for different cases. 

• Minimum Cost of Generation. 

Case I 803.9708 S/hr 

Case . U . 804.9847 $/hr 

Case- Ill 806.7000 $/hr 

Case IV 803.9766 $/hr 

Case V 804.9861 $/hr 

Case V1 806.7380 $/hr. 

Case. VII. 805:3837 $/hr 

Case VIII 807.0539 $/hr 

Case IX 806.5719 $/hr 

Case X 806.9269 $/hr 

Case XI 807.1614 $/hr. 





Bus. No Bus Voltage- 
(pu) 

Bus phase 
angle (deg) 

P(PC; -P1 .) 
(pu) 

Q(QQ;,) 
(pu) 

1 1.0600 0 1.6675 .0-0014 
2. 1-:0430-  -3.4289 0.2785 01520 
3 ' 10262 -_• . = -4.9543 -0.0240 -0.0120- 
4 1.0180  -5.9403.: -0.0.760 ,  -0.0160 
5 ° 	1.0100 -9.7789 -0.7113 0.0.636' 
6 1.0.153 -7::0998 0.0000. 0.0000 
7 1:0054 -8.7259 -0.2280 -0.1090 
8 1.0100 -7.1499... -0.0236: -0.1649 
9 1.0541; -9.1837 0.0000 - -0.-.0000 
10 1.0487 -10.8771 -0.0580 " -0.0200 
11 1.0820 -8.0793 	. 0.1057 0.1461 
12 1.0611 -9.9106. -0.1120 -0.0750: 
13 1.;.0710 - 	. . -8.8731. 0.1470 0.0768 
14 1.0464 -10.8301 -0.0620. -0.0.160 
15 1.04-16 -10.9565 -0.0820: -0.0250 
16 1.0486 -10.5896 -0.0350 -0.01.80 
17 1.0434 -10.9964 -0.0900 -0.0580 
18 1.0320 -1.1.61.78 -0.0320 . -0.0090 
19 1-.0294 -11.8211 -0.0950 - -0.0340. 
20 1.0335 -11.6423. -0.0220 -0.0070 
2-1 1.0365 -11.3279 -01.750 -0.1120' 
22 - 1.0370_ -11.3173 0.0000 - -00000 
23 1.03.12 . -11.4345- -0.0320 --0.0160 
24 1.0256 -11.7320 -0.0870 -00670 
25. 1.0217 . -11..5502 ' 0.0000 -00000' 
26 - -.1.0041_ -11.9662 -0.0350 -0.0230. 
27 1.0279. -11.1803: 0.0000 0000.0 
28 1.0133 ` .-7.5768 00000 -00000 
29 1.0082 . = 	-123989 _ -00240 -0`.0090 - 

30 0.9967 -13:2734 -0.1060 -0:0190 



Line _ 
No 

_ 

From'. .. 	: 
Bus 	f 

;;To 
Bus 	:. 

Line flow from. 
lth: to . rr 	Bus ,J 

Line flow from 
,~, 	..°  

J 	t ' 1'b 	BUS I _' 	2 
1.1391-00474i  -1.1169+ 0.08471 

2 l:': 3'. 	_ 0.5284.+0,0751 i` . 	= 	-0.5168. - QOSOIi 
2 4 	; 

.. 	
03937+00274i -O3855-00292i 

4 . 3 _ 4 -. 0.4928 +.0 05 l 0i` -04897-00466i 
5 2 - ' 5.: 0.6025 +00514L -O5866-00065i 
6 2 6; 0.3993+00344, ':-0.3906-0.02811 
7 4 6 	= 04857.-..007001 -0.4830+ 0.07501 
8 5  7- -0.1247 + 0.08601; 

- 
= 0 1258 - 0.09371 

9 6_ : 7 :  03571+00074t -03538-00059i 
10 6: 8 00536+01107i -00535-0 1147i 
11 . 6. . = 9 	- : 01871-0 1860t -01871 ±02000i  
12 6-: 10 0.1262 :- 0 O569i :' 	-01262+00672i 
13 9. 11 -01057-0 1403i 0-1057.+ 0.1461 i; 
14 9:" 10 02970.-+,0.05601 -02970 -00469i 
15 - 	:, 4 l,2 0:2922.- O.lb.l3i -0.2922 + 01888i. 
16- 12,. - 13 	v ' -0.1470-0:07351 0:1470+0:0768i 
17 121.. ° 14 00806±00229i -00799-00213i 
18 12 	. ::. 	15 0.[877+00649i -0.l853-00603i 
19 12`. 16 	 ; 00802+00290i -00796-00277t 
20 14 	: 15. 	'. 00179+00053i = 	-00178-00052i 
21. .16 ;" 	17:'; .0.0446±0.00971.  - 	. -00444-0.0094i 
22 15,' . 	18, 	. 	.. 0.0640+0.01471 : ;-0.0636.-0.0139i 
23 	' - 	18. 1.9 . . . 	0.0316 +.: 0.0049i-. .~ 	" -0.0315 -- 0.0047i 
24 . 19- .20.'' -0.0635: - 0.02931, - 	" 0.0636.± 0.02961 
25 10, 20 0.0864--+,0.03831 ':.: 	-00856 - 00366i 
26 1 0 : 17 , - 00457±00490 -.0.0456 -.0.04861 

. . ,27 - 10 . 	2l- 	: 0.1597 ± 009801, : 	-0.1586 - 0..09561 
28. 10 '.22.. 00774 -± 0.04461 -0.0769 - 0.04351 

29 21.. -2.2 _ - = ' -00164- 00164i -_. 	00164+00164i  

30 1.5 23 00571±00258i ̀ -00568-00251i 
31 .- 	22 -24 " 00604+00271i -0.0600 - 0.0264i 
32 _23 24. 0.0248+-:0.0091i_ -00247-00089i 
33 ; 

24 . : 25: -00024+00135i 00024-00135i 
34.- 25 .26_ 	. 00354+00237i -00350-00230i 
35 :. 	25;  27: -00378-00102i 00380+00105i 
36 28:'  27 0.1653-0 0321 i  ` 	: -0:1653 :+ 0:04301: 
37 27 : 29 _ 00619±00167i -00610-00151i 
38 27:° 30 . 00709+00166i '-00693-00136i', 
39 29 30 ° 00370+0006h -00367-00054i . 
40 	,. 8 28 0.0298 - 0.03701 -00297 + 0.01551 
41 6: ' 28 0.!414-00392t -0.1411 -00265' 



T.~1.1.. i A. I 	Ti hw Pnculte Fnr (Mown 11 

Bus. No Bus 'Voltage 
(pu) 

Bus phase 
angle (deg) 

P(P; - Pi_) 

(pu) 
Q(Q - Q, 

(pu) 

1.0600 	- 0 _ 1.6706 0.0498 

2 1.0430 -3.3731 0.2785 0.2408 
3 1.0179 -5.0900 -0.0240 -0.0120 
4 1.0080 =6.106 l -0.0760 . -0-.0160 
5 1.0100 .-9.9219 -0.71.13 0.0928 
6 :1.0096 . -7.3187 -0,0000. =00000:.- 
7 1.0019 ' -8.9161 . -0.2280 -0.1090 
8 1.0100 --7.4696 -0.0236 0.0026 
9 1.0399, -9.6225 - - . -0.0000 -0.0000 

• 10. 1.0228. -11.4783. 	- -O.0580. -0.0200 
11 L0.820 -8.5032 0.1057. 0.2198 
12 1.0000 -9.8990- _ . -0.1120 -0.5719 - 
13 1.0324 -8.7569 0.1470 0.2400 
14 0.9892 -10.9400 -0.0620 -0.0-160.- 
15 0.9887 . -11.1994 -0.0820 -0.0250 

• 16 11.0019 -10.8974, -00350 . -0.0180 - 
17 -,1.0110° -11.5344 -0.0900 -0.0580 
18 0.988-1 -12.0524 -0.0320 : -0.0090 
19 0.9910 -12.3480 -0.0950 	• '-0.0340 
20 0.9981 -12.1955 -0.0220 -0.0070 
21 1.0093 	• -11.9347 -0.1750 • -0.11.20 
22 1.0096 -11.9174 	• - 0.0000 • -0.0000 
23 0.9872 -11:8135 -0.0320 -0.0160 
24 • 09941: -12.2473 - -0.0870 -0.0670 

• 25 0.9997 	• -12.1084 0.-0000- 0.0000. 
26 	• 0.9817 -12.5433 -0.0350 -0.0230 
27 1.011.9 ' -11.7438 -0.0000 -0.0000 
28. 1.0075 -7.8289 0.0000 -0.0000 
29 0.9919. -13.0019 -0.0240 -0.0090 
30 0.9802 -13.9057 -0.1060 -0:0190 



Line- 
No 

From; 
Bus 	

.... 
To 
Bus` : 

Line flow from ; 
1n 	,h. i 	to j 	Bus 

Line"flow from. 
~h 	,n ~- . to i 	Bus 

1 1 2 	. _ 	1.1220-0.0428i -1.1004±0.07801 
• 2 l 3 ' 0.5487+0.11881 -0.5359 - 0.08841. 3. .2 4 0;3249.+0;10061 -0.3187-0.101 Ii 4 3 4 0.5119±0.08921 -0.5084-0.08361. 5 2. 	• 5 0.6203 ±.0.04921 -0.6034 - 0.00041 6 2 ` 6 . 0.4337-+ 0.05891 -0.4234 - 0.04731 7 ' 4 . 6 	"  04717-017th i -0.4687 + 0.1768 i . 8 5 `. 7. . -0.1078..0.1091i . 0J089'-0.11661 9 6 7 03400-00163i -0.3369-.+ 0.0170i 10 6 - 8'= '0.0564-- 0.02881 ' . 	-0.0563 +. 0:02431 

• .11 6. _': 	9 02029- 0.14341 : ` 	-02029'+ 0:1.5591 
 0.1347-0.01921 -0.1347+0.0293i 

13 9. 	- 11: --01057-02093i   . 0.1057 + 0.2198i, 
10.: 10..' 14  

0.3131 + 0.16681 -0.31.31 - 0.15401' 
15 . 12 	. 0.2605 + 0.0400i : 	. 	-0.2605 - 0.0225V 
16 13' -0.1470-0.22961 0.1470-±0.24001 
17 l4- 0.0738±0:00741 : 	-0.0731 -0.0060i 
18  . 15 0:1725+0.00091- : ' 	0.1705+0.0030i 
19 16 	- 00681-004141 

. 

15 
-00675+004271

20. -0.01001 -0.011'1.+0.01001' 
21 . 17. 0.035 -0.06071 -0.0322+ 0.0616i 
22 18 - 	0.0550 - 0.02361 -00546 + 0.0244i 
23.- -. 	_ 19 . 	0.0226-0.03341 ;` 	-0.0225 +0.03361 
24 - 20 	." 0.0725 -,0.0676i . 	0:0728.-+-0:0682i 
25 20 0.0962'+0.0783i -` 	-0.0.948 - 0.07521 

- 26 10 	" 17. 0.0584+0.1211i - 	-0578-0:.11961 
27 10" 21: 	- 0.1612 + 0.1=1051: : 	-0.199 - 0.10781 
28 10. - 22 

. 

0.0784+0.05281: -0.0778-0.05151. 
29 - 21" 22 -0.0151 - 0.00421 0.015:1 +0.00421. 
30` ';15 -- 23 004460.01451 -0.0444+0.01501 
3'1 22 - " 24: 0.0626 +0:04731' ' 	-0.0620 --0.04621 
32 .. 23-. 	° 24 0.0.124-0.031Oi_ , 	_'-0.0122+0.03-131
33 24 	:. 25 -0:0128"-0.00961. 0.01'29+0.00971. 

25-. 26 0.0355+002371 -00350-0:02301 
35 25 27- -0.0483--0.03341 _ 	0.0487 + 0.0341i
36 27 -0.1-758-0.0053i. 0.1758±O.Ol74i 
37 27 29 	- ,00619+00167i -00610-00151 
38 = 	- 27°' 30. 0.0710 -,+0.01671 -0.0693-0.01361 
39- .29... 30 0:0370+0:00611 -0.0367-0.00541 
40-.  8" 28 	'. 0.0327 - 0.00851 :. 	-0.0326 - 0.01301 
41 6: 28 0:1494 -.0:03961 -0.1490 - 0.02521 



Case Study No.3 

The primary objective of UPFC is to control both  real and reactive power 

independently and bus voltage. From the Table 5.3, if was found that line 10-22 is less 

loaded and bus voltages are shoots. up. It shows that 7.749 MW and 4.46, Mvar flows in it 

It has been shown in Table 6.6 that real and reactive power flow in the line has been 

increased . to 10.83 MW and 11.1149 Mvar from the initial value after incorporating 

UPFC. The shunt converter of UPFC is used to control the bus voltage to which it is 

connected. From the table 6.5 it is clear that voltage of bus 10 is decreased to 1.023 pu 

from 1.04869 pu which is 2.44% drop: 

UPFC injects a series .voltage in the line. There by controlling real and reactive 

power independently.. By absorbing or injecting shunt reactive current, it maintains the 

voltage of the bus to which shunt converter is connected. The magnitude and angle of 

series injected voltage is 0:038 pu-and 3.10 radian. The shunt converter absorbs inductive 

current of 0.24 pu 

UPFC Parameters Values 

k (  pu) 0.038 

q7. (radian) 3.10 

Iq  (pu) -0.24 



Bus. No -Bus Voltage ., 
- (pu) 	- - 

 Bus phase 
angle _(deg) 

P(P. - Pi ) 
 (pu); . _ 

Q(Qcf .-Q1) . . 
:,:. (pu) 

.1 1.0600:. 	" .: - 0: 1.6759 	" ..:: 0.0168 
2  -.1.0430. , -3.3658 0.2785 0.1828 
3 1.0236... 	= : -5.2153 -00240 	„ . -0.0120. 
4   1.0149 , . -6.2587 ... -0.0760 -00160' 
5 1.0100 ' -98809 -0.:7113," 0.0786 
6 1-.0123 -7.3082- - -0.0000,. 0.060.0. 	;. 

7 1.0036 	.. _ -8.8921 ; : -0.2280 -0:1090 
8 1.0100_ : 	. -7.4125 -0.0236~:~~. .-0.0744 
9 :.1.0409 -; -9:3407 -0.0000. -0..0000 
10 10232 -11:0535 - 	. 	_ 	:. 0.0291 -0.0508 
11 ` :1.0820 -82224 0.1057. 0.2148 
12 10525 -10.4294 . A. 1120' -0.0750 
13 :. 	1.0710: ': 	-9.3,834 '0.1470 01425 
14 1.0350,.- -11.3542 - -0.0620 -00160 

15  10277 -114133 -0.0820  --0.0250 
16 =1.0328 -1.0:9601. 0.0350 -0.0180 
17 - 1.0207 -1.1.2359 .-0.0900 -00580 

18 =, .1.0138 -12.0006 . -0.0320 -00090 
19 1.0087 -12.1542 -0.0950. -0.0340 
20 . 1..0115 -11 9369 -0.0220 -0.0070 
21 -1'.0015 -115272 -0.1750  -0:1120- 
22 _ 0.9.992 -1.1.5109 -0.090.9 -  -0.2092 
23 1.01-11 -11..8.526 -0.0320 . 	- -0.0160 
24 09976- -12.0915 ` -0.0870 -00670 
25 . 1`.0026. ; 	:. -11:9902 -0.0000 	:_ 0.0000. 
26= . - 09847 	" = -1-24225 -0.035.0 -0.0230_ 
27 1.0145;. 	., -11:6507 ' -0.00.00 00000 
.28 :1.0097. -7801-.8 	:: -00000.. .0.0000. 
29 09945 -12.9023 -0.0240' - . -0.0090 
30 0.9829 :-13.8012 ' -0:1.060 -0.0190 	_: . 



Line 
No 

From 
Bus 

To 	I 

BUS ;  
Line flow from 

- 	i''' to j'h Bus 
Line flow, from 
j'" to i`''-. Bus 

1 2 1.1197 - 0.04221 -1.0983 + 0.07721. 
2 I 3 05562+00853i -05433-00549i 
3 2 4 , 03299- + 0:05801' -0.3239.- 0.05931 
4 3 4' V 	0.5193+0.05581 -0.5159-0.0503i 
5 2 5 0.6-173 + 0.04961 -0.6006 - 0.00151 
6 2 '6 0.4296+0.04401 -0.4196-0.0334 
7 4 6 0.4382-0.05941 -0.4359 -+-0.0626i 
8 5 7 	- -0.1107+0.09601 0.11.17-0.10371 
9 6 	V 	V 7 	V 	- 0.3428-0.00341 -0.3397:+ 0.00421' 
10 6 .8 V 0.0556+0.03741 V 	-0.0556-0.04181 
11. V 	6: 9, - 0.1797 = 0.,13601 -0.1797+0.14631 
12 6 10 0.1217-0.0.1581 -0.1217+0:02391 
13 V 	9 11 	' V 	-0.1057-0.20471 V 0.1057±0.2148i 
14 V 9 10 - 	0.2894+0.1723i V 	 -0.2894 - 0.16071 
15 	- 4 V VV 	12 	' 	: 	V 0.3035 - 0.13801 V . 	-0.3035+0.1656i' 
16 12 	V V 	13 V -0.1470-0.13741 0.1470+0.14251 
17 	. 12 ' 	14 , V 	.0.0842 +' 0.0321 i -0.0833-0.03021 

.18 12- . 	15 0.1945+0.10261-  -0.1917-0.09691 
19 V 12. V  16 '.: 	0.0819 + 0.06571 -0.0810-0.06371 
20 - 	14 	- 15 0.0213 + 0.0.142 i -0.0211:-0.0141i 
21 16 17 0.0460 + 0.04571 ' -0.0457 _0.04501 
22 15 18 00654+00337i -00649-00326i 

- 23 18 19 0.0329 + 0.02361 -0.0328-0.02341 
24 19 	- . 	20 -0.0622 - 0:01061 0.0623+0.0109i 
25 10 20 0.0850 + 0.01941 

VV  

-0.0843 -0.01791 
26 - 10 17 _ 	, 	0.0444 + 0.01321 -0.0443' - 0.01301 
27 10 	. 21 V 	0.2063 ± 0.20061. -0.2036-0.19471 
28 10 22 0.1083 + 0.1111i -0i067..0.10771 
29 21 22 00286+00827i -00285-00825i 
30 15 23 0.0653±0.05231 -0.0647-0.05101 
31 . 	22 VV V  24'____. 0.0442 - 0.01901 -0.0440 + 00194i 
32 23 24 0.0327-+ 0.03501 - 	-0.0324 - 0.03431 
33 - 24 25 .-0.0107-0.00921   . .0.0107±0.00931   - 
34 25 26 . 0.0355 ± 0.02371 -0.0350-0.0230i 
35 25 27 -0.0462 - 0.03301 0.0465+0.03371 

- 36 28 27 01736 - 0.0065i -01736+00182i 
37 27 29 00619+00167i -0.0610 - 0.015 l i 
38- 27 30 0.0710-+.0:0167 -00693_-0_0136i 
39 29 30 00370+00061i -00367-00054i . 
40 V 8. V V28. 0.0319-0.01941 V 	 -0.0319-0.00221 

'41_
V 

, 6
V  

:28' 0.1479-0.03021 V OI47500349l 





TnhIP (_(,! load Flow Results for Case IV 
Bus. No Bus Voltage 

(pu) 
Bus phase 
angle (deg) 

P(P(; -P,,) 
(pu) 

Q(Q~; 	Q,) 
(pu) 

1 1.0600 0 1.6675 '0.0014 
2 1.0430 -3.4289 . 	0.2785 0.1520. 
3 1.0262 -4.9.546 -0.0240 -0.0120 
4 1.0180 -5.9406 -0.0760 -0.0160 

5 1.0100 -9.7786 -0.7113 0.0636 
6 1.0153 -7.0993 0.0000. .0.0000 
7 1.0054 -8.7255 -0.2280 -0.1090 
8 1.0100 -7.1494 -0.0236 . 	-0.1649 
9 1.0541 -9.1815 0.0000 -0.0000 
10 1.0487 -10.8740 -0.0580 -0.0200 
11 1.0820 -8.0772 0.1057 0.1461 
12 1.0611 -9.9156 -0.1120 -0.0750 
13 1.0710 -8.8782 0.1470 0.0768 
14 1.0464 -10.8848 -0.0620 -0.0160 
15 1.0416 -10.9411 -0.0820 -0.0250 
16 1.0486 -10.5913 -0.0350 -0.0180 
17 1.0434 -10.9947 -0.0900 -0.0580 
18 1.0320 -11.6067 -0.0320 -0.0090 
1.9 1.0294 -11.8126 -0.0950 -0.0340 
20 1.0335 -11.6351 -0.0220 -0.0070 
21 1.0364 -11.3242 -0.1750 -0.1120 
22 1.0370 -11.3135 -0.0000 -0.0000 
23 1.0312 -11.4229 -00320 -0.0160 
24 1.0257 -11.7257 -0.0870 -0.0670 
25 1.0217 -11.5461 -0.0000 -0.0000 
26 1.0041 -11.9621 -0.0350. -0.0230 
27 1.0279 .  -11.1775 0.0000 0.0000 
28 1.0.133 -7.5761 -0.0000 -0.0000. 
29 1.0081 -1.2.3961 -0.0240 -0.0090 
30. 0.9967 	. -13.2706 -0.1060-- -0.0190. 



Line- 
No 

From 
Bus 

To 
Bus 

Line flow from 
i re' to j" Bus 

Line flow from- 
to i'" 	Bus 

l 1 2 '1.1391.-0.0474i      -1:1169+0.08471 
2 1 3 0.5284+0.0751i -0.51.69-0.05011 
3 4 0.3937 + 0.02741. -03855 -0.02921 

• 4 3 4 0.4929+ 0.051-01 -0.4898 - 0.0466i 
5 2 5_ 0.6025 + 0.05141 -0.5865 - 0.00651 
6' 2 6. 0.3992 + 0.03441- -0.3906 - 0.028 ii 
7 4 6 0.4854 - 0.07001 -0.4827 + 0.07501 
8 5 7 -0.1247+0.08601 0.1258-0.09371 
9 .6 . 7 0.3571 + 0.00741 -0.3538 - 0.00591 
10 6 8 . 	0.0536+0.1107i'  -0.0534-0.11471 
1 	1 6 9. - 	0.1869.-0.1860i = 	-0:1869±0.20001 
12 6 10 0.1261- 0.05691 -0.1261+0.06721 
13 9 11 -0.1057-0.14041 0.1057+0.1461i 
14 9 10. 0.2968±0.0560i -0.2968-0.0470i 
15 4.. 12 0.2925-0.16131 -0.2925+0.18891 
16 1.2 13 '.-0.1470-0.07341 0.1470+0.07681 
17 12. 14 0.0837+0.02151 - 	-0.0829 - 0.01981 
18 - 12__ . 15  0.1852+0.06601 '___. -0.1829-0.06151 
19 12 16 . 	0.0799 ± 0.02921 .-0.0793-0.02791 

-20 14 '15 0.0209+ 0.00381 .-0.0208-0.0038i 
21 16 17 . 	00443 +'0.0099i . 	-0.0441 - 0.00951 
22 	. -1.5 18 '.0.0643+0.01461 ..-0.0639-0.01381    
23 18 19 0.03.19+0.00481 . -0.0318-0.00461 
24 19 20 -0.0632 -0.02941 ` 	0.063-3 + 0.02971 
25 10 20 00861+00384i -O0853-00367i 
26 '10 ,  . 	17- 0.0460+0.04881 . -0.0459-0.0485i 
27 10 21 " 0.1596+0.09811 -0.1585-0.09571, 
28'  . 	10 . 22 0.0773 +- 0.04471 . -0.0768 -0.04361    
29'  21 22 -0.0165. - 001631 . .0.0165+0.01631    
30 15 23. '0.0574±0.02571 -0.0571 - 0.02491'. 
31 22 24 	 : 00602+00272i .:. 	: -00598-00265t 
32 23- 24 - 00251+00089i -00250-00088i 
33 	. 24 • 25 -0.0023+0.01351 0.0023-0.01341 
34 25 26 00354+00237i -00350-00230i 
35 ' 25 - . 27 -00377-00102i 00379+00105i 
36 	- . - . 28 --27 	. 01652-00321i -01652+00430i 
37 .27. 	'  29 0.-0619+0.01671 -00610-001511 
-38 - 27 30 00709+00166i - -00693-00136i 
39 29 30 	. 00370+00061i -00367-00054i 
40 = 8 28 .0_0298__-0_0370i -0_0297+0_01 55 i 
41 6 28 01413-00392i -01410-00265i 



Tahle 6.7: Load Flow Results for Came V 
Bus. No Bus Voltage 

(pu) 
Bus phase 
angle (deg) 

P(P(;  -P,) 
(pu) 

Q(Q.;  -Q,.). 
(pu) 

l 1:0600 0 1.67.06 - 	0.0675 
2 1.0430 

• 

-3.3753. 0.2785 0.2979 
3 1.0147 -5.0558 -0.0240 -0.0120 
4 1.0042 -6.0645 -0.0760 -0.0160 
5 1.0100 -9.9410 -0.7113 0.1236 
6 1.0037 -7.2098 0.0000 -0.0000' 
7 0.9984 -8.8618 -0.2280 -0.1090 
8 1.0075 -7.4198 -0.0236 0.1000 
9 1.0000 -9.4285 0.0000 -0.3223 
10 0.9976 -11.3034 -0.0580 -0.0200 
11 1.0474 -8.2261- 0.1057 0.2400' 
12 1.0000 -10.1190 -0.1120 -0.4536 .  
13- 1.0324 -8.9768 0.1470 0.2400 
14 0.9862 -11.1487 -0.0620 . '-0.0160 
15 ' 	0.9829 -11.3268 -0.0820. -0.0250 
16 0.'9913 -10.9314 -0.0350 -0.0180 
17 0.9900 -11.4232 -0.0900. -0.0580 
18 0.9752 -12.0898 -0.0320 -0.0090 
19 .0.9740 	' -12.3302 -0.0950 -0.0340 

• 20 0.9791 -12.1377 -0.0220 -0.0070' 
21- 0.9853 . -11.7974-  -0.1750 -0.1120 
22 0.9860 -11.7846 0.0000 -0.0000 
23 .0.9764 -11.8847 -0.0320 -0.01,60 
24. 0.9768 =12.2436 -0.0870 -0.0670 
25 0.9864 -12.1465 0.0000 . -0.0000 
26 0.9682 -12.5934. 	. -0;0350 -0.0230 
27 1.0014 -11.7957 - 	=0.0000 0.0000 
28 1.0017 -7.7373 0.0000 =0.000.0: 
29 0.9811 	. -13.0811 -0.0240 -0.0090 

• 30 0.9893 -14.0051 -0.1060 -0:0190 



Line 
No 

From 
Bus 

To 	.• 
Bus 

Line flow from 1 
1,l, to j"  Bus 

Line flow from 
j" to 	Bus 

1 	.. 	- 	. '".2 1.1226-0.04301 . 	-1.1011 + 0.0783i 
2 1 3 0.5480 +0.13671' ' -0:5350 - 0.1056i 
3 2 _4 0.3265+0i2281 -0.3200 - 0.1222i 
4 .- 	3 4 . 	0.5110+0.1062i .. 	-0.5075 - 0.1005* 
5 2 5 , 0.6218+0.04901 -0.6049+0.00011 
6 . 	2,  6 0.4313 + 0.09371 -0.4208 - 0.0814i 
7 4 	. .6 0.4539-0.11601 . ' 	. 	-0.4513 + 0.1204i 
8 5 7 -0.1064+0.13941 0.1078-0.14601 
9 6 7 	. 03389-00454i -03358+00463i 
10` 6 8. 0.0576 - 0.10961 -0.0574 + 0.1057i- 
11 6- 9 0.1868+0.0213i -01868-0.0140* 
1 2  6 = 	-10 0.1285+0.01561 -0.i285:-0.00641. 
13 9- .11 -0.1057-0.22701 :0.1057+0.24001    
14 -, 9 10 0.2967 + 0.027-1 i -02967-00173i 
15 4 12 0.2773 +00261i  -02773-00064i 
16 12 . 	- 	13 - -0.1470-0.22961 . 	0.1470+0.24001 
17 12 14 0.0776 + 0.0174* -00768-0.0158i 
18 .12 15 0.,1800+0.0416i -011778 - 0.0372* 
19 . 	12-. 16'. 0.0749+0.00881 -0.0744'0.00771 
20 . 	14' 15 0.0148 - 0.00021 -0.0148 + 0.00031 
21 16 17 0.0394-0.01031 5 	-0.0392+0.0106* 
22 ' 	15 18 0.0609+'0.0050i -0.0604-0.0041i 
23 18 - 	'19 '. 0.0284 - 0.0049* -0.02,84 + 0.00501 
24 19 . 	.20. -0.0666-0.03901 - 	.0.0668 + 0.03941 
25 10 	-. 20 	" 0.0898 + 0.0486* -0.0888-0.04641  
26 10 . 17 00510+00693i -00508-00686i 
27 10 21 0.1558 + 0.0918* -0:1546 - 0.0893i 
28 . 10 - 2.2 00748_+00405i -00742-00395i 
29 21` 	.. 22 . , '-0.0204__0.02271    00204+0.02271 
30 '15 ' . 	23 ,0.0497+0.006.9i . 	-0.0494 - 0.00641 
31 22 24 . 	:. '0.0539+0.01681 .. 	-0.0535 - 0.0162* 
32 23 24 0.0174 - 0.0096L _'-0.0174+0.00971 
33 24 ` 	25. - 	._ 	-0.01.61-- 0.0195i' , 	0:0163 + 0.01971 
34 25 26 00355+00237k -00350-00230i 
35-  . 25. 27 -00517-00434i 00522+00444i 
36,  = 28 27 01793+00072i -01793+00055i 
37 27 29. 00620+00168i -00611-00151i 
38 27 ° 30  00710+00168i -00693-00136t 
39. 29- 	- 	-: 30 00371+00061i :: 	-00367-00054i 
40 - 8 28 00338+00075i -00337-00288i 
41 6 	= - 28 01519-00422i -01515-00218i 



Case Study No.6 

From the Table 5.3, it was found that line 10-22 and 25-26 are .less.  loaded and 

bus voltages are shoots up. It shows that 7.749 MW and 4.46 Mvar flows in the line 1.0-

22 and 3.54 MW.and 2.37 Mvar flows in the line 25-26. 

It has been shown in' Table 6.8 that in the line 10-22 real and reactive power flow 

in the line has been increased to 10.83 MW and 11.1149 Mvar- from the initial value 

after incorporating UPFC. The : shunt converter of UPFC is used to control the bus 

voltage to which it is connected. It is clear that voltage of bus 10 is decreased to 1.0285 

pu from 1.0487 pu which is 1.93% drop. 

It has been shown in Table 6.8 that in the.  line 25-26 real and reactive power flow 

in the line has been increased to 10.52 MW and 3.57 Mvar from the initial value after 

incorporating UPFC. The shunt converter of UPFC is used to control the bus. voltage to 

which it is connected. From the table 6.8 it is clear that voltage of bus 25 is decreased to 

1.0120 pu from 1.021.7 pu which is 0.95% drop. 

UPFC injects a series voltage in the line. There by controlling real and reactive 

power independently. By absorbing or injecting shunt reactive current, it maintainsthe 

voltage of the bus to which shunt converter is connected. 

UPFC Parameters. .UPFC I UPFC II 

V, (pu) 0.038 0.031 

O,. (radian) 3.10 4.0 

•ly  (pu) -0.24 -0.11 
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Bus. No Bus Voltage 
(pu) 

Bus..phase 
angle (deg) 

P(P;  -P,,) ' . 
(pu) 

Q(Q(; -Q1,) 
(pu) 

1 1.0600 0 - 1.6791 0.0110 
2 1.0430 -33720`   . 0.2785 0.1695 
3 10245 -5.2363 -0.0240 -0.0120 
4 1.0160 -6.2842. -0.0760 -00160 - 

5 1.0100 -9.8884 -0.7113 0.0721 
6 1.0135 -73476 0:0000 : ; 0.0000 
7 1.0043. -8.9180 - -0.2280 -0:1090 
8 10100 -7.4356 -0.0236 -0.1196 
9 1.0438 -9.3523 0.0000 0.0000 

-10 1.0285, -1.1:0409 0.0291 -0.0508 
11 1.0820. -8.2371 0:1057 0.1995. 
12 1.0552 -103894 -0.1120 -0.0750 
13 1.0710 -9.3460. :0..1470 0'.1223 
14-  1.0388 -11.3180 -0.0620 -0.0160 
15 1.0325 . -11.4094 -0.0820 -0.0250: 

• 16 1.0366 -10,9316 -0.0350 -0.0180 
17  1-:0256 -11.2172 -0.0900. -0.0580 

• 18 1.0188 " -11.9867 _0.0320= : -0.0090- 
1-9 1.0139 -12.1361 -00950 -00340,  
20 	. L0168 -1-1.9197 - _ -0.0220. 	. -0.0070 
21 1.0085 -1 1.5361 ' -0 1750 -0.1.120 
22 L0067. ' -11.5294 -0.0909 , 	.. M.202: 
23 -1.0197 ': - -11.9225 -0.0320- . 	- -00160 - 
24-  " 	-1.0112. -12.2630. -00870 -0.0670 
25 1.0120. -125649 0.0661 0.1083 
.26 1.0031--: .44.2895 -0.1023 -0.0313.- 
27.. , 	1..0361-. -1 18578 _ 00000- ,-,. 	-: : 0:0000 
28 1 0127: -7.8972 ,.0.0000 00000 
29 1..0165  -13..0567,  -0.0240 -0.0090 
30 10052.. -13.9167 -0.1060 -0.0190. 



Line 
No 

From 
Bus 

To i 
Bus 

Line flow from 
i" to j"' Bus 

Line flow from 
j''' to i''' 	Bus 

1 1 2 1.1216-0.04271 -1.1001 +0.07791 
2 1 3 0.5575 + 0.08001 -0.5446 - 0.04961 
3 2 4 . 	- 0.3301 + 0.05151 -0.3242 = 0.05301 
4 3 4 .0.5206 + 0.0505i -0.5172 - 0.04501 
5 2 5 06174+0.0496i -0.6007-0.00141 
6 2 6 0.4311 + 0.03641 -0.4210 - 0.0258i 
7 4 6 0.4437 - 0.06461 -0.4414 + 0.0680i 
8 5 7 -0.1106+0.0894i 0.1115-0.09741 
9 6 7 0.3426 + 0.00291 -0.3395.- 0.00221 

1.0. 6 8. 0.0572+0.06691 -0.0571-0.07121 
11 6 9 0.1779-0.14451 -0.1779+0.15521 
12 6 10 0.1208 - 0.0234i -0.1208 + 0.03161 
13 9 Al -0.l057-0.1904i 0.1057+0.19951 
14 9 10 0.2876+0.14961 -0.2876-0.13901 
15 4 12 0.2998-0.1446i -0.2998+0.17211 
16 12 '13 -0.1470-0.11791 0.1470±0.12231 
17 	- 12 14 0.0830 + 0.02821 -0.0822 - 0.02651 
18 12 15 O1929+00870 -0.1902-0.08181 
19 - 12 16 0.0808-+.0.06031 -0.0799-0.05851 
20 	- 14 15 0.0202+0.0105i -0.0200-0.01041 
21 . 	16 17 0.0449 + 0,04051 -0.0446 - 0.03981 
22 15 18 	. 0.0647 + 0.03301 -0.0642 - 0.03201 
23 18 19 0.0322+0.02301 -0.0321-0.0228i 
24 19 20 -0.0629 - 0.01121 0.0630 -+ 0.01151 
25 10 20 0.0857 + 0.02001 -0.0850 -.0.01851 
26 10 17 0.0455+0.01841 -0.0454-0.01821 
27 10 21 0.2037+0.1808i -0.2012-0.17551 
28 10 22- 0.1065 + 0.0982i -0.1051. - 0.0952i 
29 21 22 	. 0.0262±0.06351 . 	-0.0262-0.06341 
30 15 23 0.0636 + 0.0341 i -0.0631 - 0-.03311 
31 22 24 0.0404 - 0.05051 -0.0399 + 0.05131 
32 23 24 0.0311.+0.0171i -0.0309-0.0168i 
33 24 25 -0.0162- 0.05751 0.0169 + 0.0586i 
34 25 26 0.1052±0.03511 -0.1023-0.03131 
35 25 27 -0.0560. + 0.01401 .0.0563-0.0 1331 
36 .28. 27 0.1830 - 0.05351 -0.1830+0..0675i 
37 27 29 . .0.0619+0.0166i.    ..-0.06.10-0.01501 
38 27 30 ..0M709+0.01661 -00693-.0.0136i 
39 29 30 0.0370+0.00601 -0.0367-0;0054i 
40 8 28 0.0335 _0.03521 -0.0334+0.01 36i 
41 6 . 	28 0.1561-0.06271 -0.1557-0.00251 
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Case Study No.7 

Froni. Table 5.3, it was found that the line 2-4 is less loaded. It shows that 32.66 

MW of 'real power flows. It is desired to increase the real power in line 2-4-  by 20% of its 

initial value.' TCSC used had capacitive' impedance and inductive impedance equal to 

6.3662ohm and 0.0314ohm. 

It has been shown in Table 6-.9 that real power flow in the line, 2-4 has been-

increased to 39.65 MW from .32 .6 MW which is 20% increase after incorporating. TCSC.. 

TCSC reduces line reactance there - by increasing real power flow. Line reactance is 

reduced from 0.1737pu to 0 12366p. The above results were obtained with no variation 

or practically very less,  variation of bus voltages. The firing angle.  of TCSC obtained is 

2.12 radian or .121.53 degree. The reactance offered by TCSC is j0.0501. TCSC is 

operating in the capacitive region in this case: 
From Table 5.3, it was, found that bus. no. 12 voltage shoots up. It shows that 

voltage magnitude of bus 12 is 1.06I pu. _ it is desired to, regulate: voltage of bus 12 at 

1.00pu under all conditions. 

It has been shown in.  Table 6.9 that voltage of bus 12 is reduced from .I.061pu to 

1.Opu,. which is 5.6%o drop after incorporating SVC. SVC absorbs reactive power of 50.2 

Mvar, there by maintaining the voltage profile 

7.7 	 _ 



Table 6.9: Load Flow Results for Case VII 
Bus. No Bus Voltage 

(pu) 
Bus phase 
angle (deg) 

P(P( ; - PI ) 
(pu) 

Q(QQ;  - Q,) 
(pu) 

1 1.0600 0 1.6718 0.0421 
2 1.0430 -3.4629 0.2785 0.2604 
3 1.0186 -4.8263 -0.0240 -0.0120 
4 1.0089 -5.7840 -0.0760 -0.0160 
5 1.0100 -9.8555 -0.7113 0.0915 
6 1.0099 -7.0904 -0.0000 -0.0000 
7 1.0022 -8.7537 -0.2280 -0.1090 
8 1.0100 -7.2348 -0.0236 -0.0080 
9 1.0401 -9.3784 0.0000 0.0000 
10 1.0229 -11.2260 -0.0580 -0.0200 
11 1.0820 -8.2592 0.1057 0.2191 
12 1.0000 -9.6072 -0.1120 -0.5770 
13 1.0324 -8.4651 0.1470 0.2400 
14 0.9892 -10.6531 -0.0620 -0.0160 
15 0.9887 -10.9179 -0.0820 -0.0250 
16 1.0020 -10.6225 -0.0350 -0.0180. 
17 1.0110 -11.2754 -0.0900 -0.0580 
18 0.9881 -11.7813 -0.0320 -0.0090 
19 0.9910 -12.0830 -0.0950 -0.0340 
20 0.9982 -11.9338 -0.0220 -0.0070 
21 1.0094 -11.6815 -0.1750 -0.1120 
22 1.0097 -11.6639 0.0000 -0.0000 
23 0.9873 -11.5424 -0.0320 -0.0160 
24 0.9942 -11.9900 -0.0870 -0.0670 
25 0.9998 -11.8615 0.0000 -0.0000 
26 0.9818 -12.2963 -0.0350 -0.0230 
27 1.0121 -11.5033 -0.0000 -0.0000 
28 1.0078 -7.5978 -0.0000 0.0000 
29 0.9920 -12.7610 -0.0240 -0.0090 
30 0.9804 -13.6644 -0.1060 -0.0190 
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Line 
No 

From = 
Bus 

To. 
Bus - 

Line flow from  " -1,h  to j 	Bus 
Line flow from , ,h 	a, j 	to i 	Bus 

1 2 : 1,1496.-00502i -1.1270+00887i 
2 1 	_ 	.. 3 05223+0 1186i '` 	-05106-00929i 
3 - 2 _ 4 03965+01021i -0.3876 - 01021 i 
4 3 4 . , 04866+00937i .---04835-00890i 
5 2  5 0.6063 + 0.05091 -0.5902- 0.0052i 
6. 2- 6 0.4027± 0.06471 -0.3937 - 0.05721 
7 4 	. .. 	6 	. 0.5131 -0.1693i -0.5097+0.17651 
8 5 7 	. -0.1211+0.11261 . 	0.1224-01197i 
9 . 	6 7 03536-0.0186i :.' .. 	-03504±0.02001 
10 •6 . 	8. ' 0.05.62 -.0.0196i -0.0562 + 0.0152i 
11 6 - 9 0.2016 -'0.1423i -0.2016 + 0.1548i 
12 6 . 	10 	: 	... 0.1340 - 0:0187i -0.1340+0.02871 
13 9 11 -0.1057-0:20861 0.1.057+0.21911 
14 9 10 03118+01673i -03118-01546i 

.15 4 - 12 0.2628 + 0.0438i -0.2628 - 00259i 
16 12 13 -0.1' 470 - 0.2296 i 0..1470 + 0.24001 
17 12 	. 14 0.0740 +0.00721 -0.0734 - 0.00581 
18 :12 . 15 . 	0.1736±0.0003i -0.1716±0.00371 
19 12- ' 16 O0693-00421t -00687+00434i 
20 14 	: 15 0.0114-0.0102i: -0.0113+0.0102i 
21" 16 17.. 0.0337-0.0614i... . 	-0.0333+0.06231 

. 22 1-5 	" 18 .0.0556 - 0.02391 -00552+ 0.02481 
23 18 19 0.0232-0.0338i -0.0231+0.0340i 
24 1-9 20 -  -0.0719:- 006801 0.0722 + 0.06871 
25 .10 20 	_ 0.0956 + 0.07871 = 	-0.0942 - 0.0757i 
26 .10 	- 	. 17 00573+01218i -00567-01203t 

-27 .10. H 	21 0.1610;+0.1106i -0.1597-0.1079i 
28 10 ." 	22 0.0783±0.05281 -0.0777-0.05151 
29 . 21 22 	: _ -00153-00041t 00153+00041i 
30. 15 23 0.0.453-0.0150i -0.0450±0.0154i. 
31 22 	. 24... 0.0624±0.04741 -0.0617 - 0,04631 
32 	. ' 	23 24 H 	0.0.130.-0.03141 -0.0129+0.0318i 
33 -24 25 -00125-00099i 0.0125 + 00100i 
34 25 26 00355+00237i -00350-00230i 
35 25 27 -00480-00337i 00483+00344i 
36 28 27 : 0:1754-00051i . " 	- -0:1754+00171i 
37 27 29 - 00619+00167i . -0.0610,- 0.0151i 
38 27 30. 0.0110+ 0.0.1671 -0.0693 - 0.0136i 
39 29 30 0.0370 + 0.0061 i -00367 - 0.00541. 
40 8 28 0.0326 - 0:00991 .-0.0325 = 0.01161 

-4-1 .6. . 28 01491--003801 -0.1487 - 0.0268i 



Case Study No.8 

From Table 5.3, it was found that the line 2-4 is less loaded. It shows that 32.66 

MW of real power flows. It is desired. to increase the real power in line 2-4 by 20% of its 

initial value. TCSC used had capacitive impedance and inductive impedance equal to 

6.3662ohm and 0.0314ohm. 	 . 

It has been shown in Table 6.10 that real power flow in the line 2-4 has been 

increased to 39.88 MW from 32.6 MW which is 20% increase after incorporating TCSC... 

TCSC reduces line reactance there by increasing real power flow. Line reactance is 

reduced from 0.1737pu to 0.12366pu. The above results were obtained with no variation 

or -practically very less variation of bus voltages. The firing angle of TCSC obtained is 

2.12 radian or 121.53 degree. The reactance offered by TCSC is 30.0501. TCSC is _, 

operating in the capacitive region in this case. 	 _ 

From the Table 5.3, it was found that line 10-22 is less loaded and bus voltages 

are shoots up. It shows that 7.749 MW. and 4.46.Mvar flows in it. 	. 

It has been shown in Table 6.10 that real and reactive power flow in the line 10-

22 has been increased to 10.82 MW and 11.12 Mvar from the initial value after 

incorporating UPFC. The shunt converter of UPFC is used to control the bus voltage to 

which it is connected. From the Table 6.10 it is clear that voltage of bus 10 is decreased 

to 1.0232 pu from 1.04869 pu which is 2.44% drop. 

UPFC injects a series voltage in the line. There by controlling real and reactive 

power independently. By absorbing or injecting shunt reactive current, it maintains the 

voltage of the bus to-which shunt converter is connected. The magnitude and angle of 

series injected voltage is 0.038 pu and-  3.10 radian. The shunt converter absorbs inductive 

current of 0.24 pu 

UPFC Parameters Values 

Vi• (Pu) . 0.038 

4r(radian) 3.10 

ry (Pu) -0.24. 
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Table 6.10 Load. Flow for Case VIII 
Bus. No Bus.Voltage 

(pu) 
Bus phase • 

angle (deg) 
P(Pc;  -P1 ) 

(pu) 
Q(Qc  -Q, ) 

(pu) 
1:0600 0 , 	1.6770:.. :0M115 

2 : 1-.0430 -3.4527. 	: 02785' 6.1905 
3 : 	1.0240 .. -49574..... -0.0240' :.. -0.0120 

.4 ,.:1.0154 -5.9441. ,-0.0760- -0.0160 
-5 	•' 1.0100 -9.8183 ° 	-0.7113 	. , 0.0781. 
6 1.0.125. 	' . -7:0874 -0.0000 0.0000 
7 1 -.0037 -8.7357 -0.2280. -0.1090 
8 . 1.0100 	. -7.1879 
9 

-0.02361 	. . -00803 
1.0410 -9.1-032 -0.0000 -0:0000 .  

10 1.0232 -10.8072. 	-., 029l'.:'' 	 : 	- =0.0508. 
11. 1.0820.. -7.9850 0.1057 	'_ ;'0.2l43 

• 12 	. 	„ 1.05.28 ` -10.1474 -0.1.120 . -0.0750 
13 1.1.0710 -9.1017 -  ' 1.:' 	0.1470: 0.1.409 

. 14 . 	11.0352  -11.0764. -0.0620. -0.0160 - 

15 1.0279- 	• .--11.1400 '-0.0820, -0.0250 
16 .1.0330 -10.6928 	: . 	-0.0350 4.0.180 
17 - 	1.0208 - 	-10.9832 	, . ' -0.0900 -0.0580 
18. 1.0139 	• -1.1.7365 -0.0320 : 	- - -0.0090 
19 • 1.0088. -118957 ` 	. -0:0950• 	: 	; 	• -0.0340. 
20,  1.0117 -11.6814 -0.0220 -0.0070 
21. .. 	L0016 -11.2800 -0.1750 -0;1120 
22 ` 	0.9993 -11.2635 -0.0909. -0.2092 
23 	. -1.0113 -11.5887 -0.0320 	- . 	-0.0160 
24 	. . 	09977 '-11.8406 -0.0870' -0.0670. 
25 	- 1.0027 -1.1.7500 -0:0000. 0.0000 
26... '. 	. -0.9848 -12..1822 -0.0350 - -0.0230: 
27 	' 	- - :1.0146 	. -11.4170 -0.0000 0.0000 
2.8 1:0099 -7.5788 : -0.0000 0.0000 
29 	1 	- 0.9946 - -126684 -0.0240 .  • -0.0090•  
30 0.9830 	• -13.5671 . 	-0.1060 -0.0190 



Line 
No 	_ 

from 
Bus 

To 
Bus 

Line flow. from 
- 	to j'" Bus 

Line flow from 
j" to I" Bus 

1 1 2 1.1464-0.04941 -1.11240±0.08751 
•2 1 3 0.5305+0.08711 -0.5188-0.06131 
3 2 4 0.3988 + 0.04721 -0.3903 - 0.04831- 
4. 3 4 0.4948+ 0.0622i -0.49.17 - 0.0575i 
5 2 5 	' 0.6039 + 0.05121 -0.5879-0.006 i i' 
6 2 6 0.3997+0.05051 -0.3910-0.04381 
7. 4 6. 0.4776 - 0.06451 -0.4749.± 0.06921 
8 . 5 7 -0.1234 + 0. l 001 i 0.1246-0.1074i 
9 6 7 0.3559 - 0.0063i -0.3526 + 0.00781 
10 6 8' . 0.0555 + 0.04261. -0.0555 -.0.04691 
11 6 9 0.1783-0:13551 -0.1783+0i4571 
12 6. 10 0.1209-0.01561 -0.1209'+ 0.0237i 
13 9 11 	' -0.1057-0.20411 0.1057±0.21431 
I4 9 10 -0.2879 + 0.17241 -0.2879 - 0.16091 
15 4 12 0.3061 - 061370i -0.3061 + 0.1649i 
16 12 13 . -0.1470-0.13591 0;1470±0.1409i 
17 12 14 0.0844 + 0.03201 -0.0835 - 0.0301 i 
1.8 12 15 	' '0.1957+0.10241 -0.1928 = 0.0966i 
19 12 16 00832 + 0.06541 -0.0823 - 0.0634i 
20 14 l 5. 0.0215 -+ 0.0141 i -0.0214 - 0.01401 
21 16 17 ' 1  0.0473 + 0.04541 -0.0469 - 0.0447i 
22 15 18 0.0661 + 0.03361 -0.0656 - 0.0324i 
23 ' 	18 	' 19 0.0336+0.02341 -0.0335 - 0.02321 
24 19' 20. -0.0615-0.01081. , 	.0.0617±0.0111  i 
25 10 20 '0.0843+0.01961 .-0.0837-0.0181 
26 10 17 0.0431+0.01351 -0.0431-0.01331 
27 10 	- 21 0.2061 	- 0.20071 -0.2034 - 0..1947i 
28 10 22 0.1082+0.1112i " -0A066 -03077i    
29 21 22 0-.0284 + 0.08271 '-0.0283 - 0.08261 
30 15 23 0.0661-+ 0.0520i -0.0654 - 0.05071 
31 22 " 24 0.0439 - 0.0189i -0.0437 + 0.01931 
32 23 24 0.0334 + 0.0347i -0.0331 - 0.0341 i 
33 24 25 -0.01.02 - 0.00941 0.0103 + 0.00951 
34 25 26 0.0355 + 0.02371 -0.0350 - 0.0230i 
35 25 27 -0.0457 - 0.03321 0.046.1 + 0.03391 
36 	. 28 27 . 	0.1732-0.0064i . 	. 	-0.1732+0.01811 
37 27 .29 0.0619+001671 -0.0610-0.01511 
38 27 	' 30: 0.0709.+0.016T -0.0693-0.0361 
39 29 30 0.0370 +. 0.0061 i . 	-00367 - 0.0054i 
40: 8 28 0.0318-0.02021 -0.0318-0.00141 
41 6 28 0.1475-0.02931 . 	-0.1472-0.0359i 
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Case Study No.9 ... ; 

From Table 5.3, it was found that. bus-no.30 voltage drops. It shows that voltage. 
magnitude of bus 30 is 0,9.967pu.. it is desired to regulate voltage of bus 30 at 1.00pu 

under all conditions: 

It has been shown in Table 6.11 that voltage of bus 30 is increased from 0.9967pu. 

to 1.0pu, ,which is „0.3%0. increase; after incorporating SVC. SVC generates reactive power 

of 2.5 Mvar there by maintaining the voltage profile. 

From the Table 5.3, it was found that line 1`0-22-is less loaded and bus voltages are shoots. 

up. It shows that 7.749 MW and 4.46 Mvar flows in it. 

It has been .shown in Table 6.l 1 that real and reactive power flow in the line 10-

22 has been. increased to 10.75 MW and .10.89 Mvar from the initial value after 

incorporating UPFC. The shunt converter of UPFC is used to control the bus voltage to 

which it is connected. From. the Table 6.11 it is clear that voltage of bus 10 is. decreased 

to 1.0242 pu from,1.04869 pu which is 2.33% drop. : - 

The magnitude and angle of series "injected voltage is.0.038 pu and 3.10 radian. The shunt 

converter absorbs' inductive current of 0.24 pu °" 

UPFC Parameters . Values.. 

U,. (pu) 	" 	. 0.038. 

0;.. (radian).. 3.10. 

y  (pu) " -0.24" 



Table 6.11 Load Flow Results for Case IX 
Bus. No Bus Voltage 

(pu) 
Bus phase- 
angle (deg) 

.P(P(;  - Pr ) 
(pu) 

Q(QG  - Q,, ) 
(pu) 

1 1.0600 0 1.6755 0.0155 
2 1.0430 -3.3648 0.2785 0.1789 
3 1.0239 -5.2165 -0.0240 -0.0120 
4 1.0152 -6.2601 -0.0760 -0.0160 
5 1.0100 -9.8784 -0.7113 0.0767 
6- - 1.0127  -7.3131 -0.0000 0.0000. 
7 1.0038. -8.8938 -0.2280 -0.1090 
8 1.0100 -7.4125 -0.0236 -0.0886 
9 	• 1.0415 -9.3315 . 	-0.0000 -0.0000 
10 1.0242 -11.0352 0.0291 -0.0508 
11 1.0820 -8.2139 0.1057 0.2117 
12 1.0531 -10.4087 - -0.1120 -0.0750 
13 1.0710 -9.3632 - 0.1470 . 	0.1386 
14 1.0358 -11.3321 -0.0620 -0.0160 
15 L0287. -11.3953 -0.0820 -0.0250 
16 1.0336 -.10.9404. -0.0350 . -0.0180 
17 1.0216 -11.2169 -0.0900 -0.0580 
18 1.0148 -11.9811 -0.0320 -0.0090 
19 . 	1.0097 -12.1342 -0.0950 -0.0340 
20 1.0126. -11.9172 -0.0220 -0.0070 
21 1.0028 -11.5091 -0.175.0 -0.1120 
22 1.0006 -1.1.4934 -0.0909 -0.2092 
23 1.0128 . 	-11-.8401 -0.0320 -0.0160 
24 1.0002 -12.0867 -0.0870 -0.0670 
25 1.0085 -12.0200 	- 0.00.00 -0.0000 
26 0.9906 -12.4472 -0.0350 -0.0230 
27 . 1.0224 -11.7013 .0.0000 0.0000 
28 1.0107 -7.825.6 -0.0000 0.0000 
29. 1.0068 -13.0530 , -0.0240 . 	-0.0090 
30 1.0000 -14.0650 -0.1060 0.0060 



Line . 
No 

From 	.. 
Bus 

. To 
.Bus 

Line flow from 
,~, i 	to j r,~ Bus 

Line flow from 
,~, 	n j 	to 1's' 	Bus  

1-` U.1.194 = 0.0421 i.. -.1'.0980 + 00771 i. 
2 1 3 0.5561 + 0.0839i -0.5433 -' 0.0536i 
3 2 4 0'.3297,± 0.05631 -03237-00577i 
4 3 - 4 0.5193' + 0:0545 i -0:515 8. - 0:04901 
5 2  5 0.61.71 ± 0.0496i -0.6005- 00015i 
6 - .2 . 6 0.4297 + 0.0419i - -0.4197 - 0.03131 
7 4 6 -0.4394 - 0.06141. - ' 	-0.4371+0.06461 
8 .",5-. 	̀  	: 7 	. _ -0.11.08+_.0.0941i- 0.1l18-0.1019i 
9 ' , ' 	6 7" •. 0.3429' - 00016i 	:• '-0.3398+0.00231  
10 6 8 .0.0561+0.04621 -00560-0.0505i 
11 '-6 9 .0.1786-0.13721  . -0.1786+0.14751 
12 6 10 	' . 	0.12-11 - 0'.01701 -0.12.11+0.02521 
13 9 11 -0.1057-0.2017i 0'.1057+02117i' 
14.;. - 9 10 02883±0.16821 -0.2883-0.15691 
15 4 ':''' 12 " . 	. 0.3021 - 013901 -0.3021 + 0.16651 
16 12 13 -0.1470, - 0:-1336i 0.1470+0.13861 
17 • " 	12 14 "0.0838+0.03141  -0.0829 -'0.0296i 

- 18 12' . 	15 0.1937-+ 0.0.9981 .-0.1909 - 0.09421. 
19 ... 	12'. 16 " 0.081' 6+0.0647i -0.0807.0.0628i 
20• . 14 ' 	' 15' 0.0209.+0i01361 -0.0208-0.01351 
21 1.6 = 1-7 - 0.0457 +00448i -00454-00440i 
22 15 	' 18 . 	0.0653 + 0.03361 " -0.0648 -'0.0325i 
23 .18 19 0.0328+0.02351.' -0.0327-0.02331 
24 ' 	19- ' . 	20 ''-0.0623-0.01071    ' 	0.0624+0.0110i 
25 -10 , . 20 0.0851+ 0.01.951 -0.0844 - 0.01801'. 
26. 10 	' ' 	17 	- - 	. 0.0447 + 00141 i `'-0.0446-0.01401 
27 <- -10 . 	'21 0.2051 +0.1972i- -0.2024-0.19141 
28 . , 10` 	' -22,  01075+01089i -01059-01056i 
29 21 22 00274+00794i -00273-00793i 
30 IS 23- . 0.0643±0-.0491i: 	S ' -0.0637 - 0.04791.' 
31 22 24 0:0423 -002431  -0.0420 +' 0.0247 i 
32 .23 24 

 
0:0317 ± 0:03191 -0'.0315-00313i 

33 24 ' 	-" 25 -00135-00174i 00136+00176i 
34 . 25 26 .0.0355 + 0.0237i -00350-00230i 
35 .25 .27 -0.04.91 -00413i 0.0495 +00421i  
36 - 28 27 01764-00237i  -01764+00359t 
37 27 . 29- 00618+00063i -0.0610.-=0.0048i 
38 27 	:. - 30 .00709+00017L -00693. +00012i 
39 29 30 00370- 000421 -0.0367+0.00481 
40 8. 	 = 	' 28 00324-00248i -00323+00032i 
41 , 6 : 28 01503-00424i 	. -01499-00228i 



Case Study No.10 
From Table 5.3, it was found that the line 2-4 is less loaded. It shows that 32.66 

MW-  of real power flows. It is desired to increase the real power in line 2-4 by 20% of its 

initial value. 

It has been shown, in Table 6.12. that real power flow in the line 2-4 has been 

increased to 39.85' MW from 32.6 MW which- is 20% increase after incorporating TCSC. 

TCSC reduces line reactance there by increasing real power flow. Line reactance is 
reduced from- 0..1737pu to 0.12366pu.. The firing angle of TCSC obtained- is 2.12 radian. 

or 121.53 degree. The reactance offered by TCSC is j0.0501. TCSC' is operating in the 

capacitive region in this case. 

From Table 5.3, it was found that bus no.30 voltage- drops. It shows that voltage 

magnitude of bus 30 is 0.9967pu. it is desired to regulate voltage of bus 30 at 1.00pu 
under all conditions. 

It has been shown in Table 6.12 that voltage of bus 30 is increased from 0.9967pu 

to 1.Opu,which is 0.3% increase after incorporating SVC. SVC generates reactive power 

of 2.49 Mvar, there by maintaining the voltage profile. 

From the Table 5.3, it was found that line-  10-22 is less loaded and bus voltages 

are shoots up. It shows that 7.749 MW and 4.46 Mvar flows in it. 

It has been shown in Table 6.12 that real and reactive power flow in the line 10-

22 has been increased to 10.74- MW and 10.90 Mvar from the initial value 'after 

incorporating UPFC. It is clear that voltage of bus 10 is decreased to 1.0243 pu from 

1-.04869 pu which is 2.33% drop. 

UPFC Parameters Values 

VT. (pu) 0.038 

fir. (radian) 3.10 

1q  (Pu) -0.24' 
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Bus. No Bus. Voltage  
(pu) 

Bus -phase 
angle '(deg) 

P 	..- P ( c 	P1 ) 
 (pu) ' 

~ Q(Qc -Qi.) 

(pu). 

l 1.0600 = 	0 1.6766 0.0103 
2 1.0430 3.451.5 	. 0.2785. 	. - 01862 
3 .1 .0242 -4.9591: -0.0240. -0.0120. 
4 - 1.0157 -5.9461 , . 	-0.0760 -0.0160 
5. l .0100 	` . -9.8160 -0.7113 0.0763 
6 1.0129.. -7.0928 V '0.0000 0.0000, 
7 1.0039` -- -8.7378 -0.2280 -0:1090 
-8. 1.0100 -71,886: -0.0236 -0.0942. 
9 1.0416 -0948 -0.0000. _ -00000 
10. 1.0243: - `-10.7896. 0.0291... -0.0508 
II 1.0820 -79772 0.1057 ' 0.2112 

•12 	1.0533 -1.0:1275 . -0.1120 -0.0750 
13 .1 .0710 -90823 	-- 0.1470 0.1370 
14 1.0360. -1,1.0552 -00620 	- -00160.- - 
15 1.0288 =11.1229 --0.0820, -0.0250 
16 1.0337- 	:: -10.6738 -0.0350 -0.0180 

-17 1.0217 -10.9649 . -0.0900 - . -0.0580 
18 1.0149 	, 41:71.79 -0.0320 : -0.0090- 
19 	, 1.0098 -11.8765 -0.0950 . -0.0340:. 
20 	° 1.0127 -1 I.6626 -0.0220 -0.0070 
21 1.0029. -11 2627  -0.1750. -0.1120 
22 .1.0007 1,1.2467 	- .. -0.0909 , ' -0.2092 	: 
23 11.0129V.. -1,1.5770 -0.0320 -00160 . 
24 1-.0003 4.1.8366 -0.0870 -0.0670 
25 1.0085. -11.7803 0.0000 -0.0000 
26 0.9907 -12.2075 -0.0350 -0.0230 
27 1.0224 -11.4680 0.0000 	; . --00000 
28- 1.0109:  -7.6030 -0.0000. 0.0000 
29 - 1.0068:. -128188 ' -0.0240 -0.0090 
30 1.0000 -13.8299 -0.1060 = 	0.0059 



Line 
No 

From 
Bus 

To' 
Bus 

Line flow from 
i" to ]" Bus 

Line'flow. from 
j" to  :1d,. 	Bus 

1 2; 1.1461 -0.04931 	. -1.1236±0.08731, 
2 1 3 •  0.5305'+0'.0858i' ` -0.51.88 - 0.0600i, 
3 2 4 03985+00451i -03900-00462i 
4 3 4 0.4948- + 0.0609i -0.4917:- 0.05631- 
5 2. 5.' '0.6038+'00512i  -0.5878-0.00.611 

-6 2 6 0.3999 + 0:0484i -0.3911 - 0.04171 
7 4 6 04787-00668i -04760+00715i 
8 5  7 -0.1235 + 0.0982i 01246-0 1056i 
9 6 7 0.3559 - 0.00461 -0.3526+'00060i 
10 6 8 	.. 0.0560.+0.0511i 	.. -Q.059-00554i 
1 "1 6 9 0.1772-.0.1368i -0.1772+0.1470! 
12 6'. 10 0.1203-0.01691 . -0.1203+0.02491 
13 9 11 '-0.1057- 0.20131 0.1057 +0.21121 
14 9 10 ,0.2869+0.1684T -0.2869-- 0.1571 i 
15 4 ' 	12 0.3047-0.1-3.81i -0.3047+0.1658i r_ 

16' 12 '13 -0.1470-0.13211 0.1470+0.1370i 
17 12 14 00841 + 0.03131 -0.0832-0.0295i 
18 12. 15 0.1949.+ 0.0996i -0.1920'- 0.0939i 
19. 12 16' 0.0829+0.06441. -0.O820-.0.0625i" 
20 1-4 15 00212+00135i -0.0211. -00133i 
21 16' 17 	,0.0470.+0.0445i -0.0466-0.0437! 
22 	. 15' 18 0.0660+0.0334! .. 	. '-0.0655-0.0323!  
23 18 19 0.0335 + 0.0233!,  -0.0334 - 0.0231 i 
24 19 20 -0.0616-0.0109i 0.0618+0.01121. 
25 	- :10' 	' 20 0.0844+0.01971 -0.0838-0.01821 
26 10 17 0.0434+0.01451 -0.0434 - 0.0143 i 
27 10 21 -0.2049 + 0.1973i -0.2022 -0 19151  
28 10 . 22 	" 0.1074 + 0.10901 -0.1058 - 0:1056i. 
29 21 22 0.0272 +0.07951  -0.0271- 0.0793i 
30 . 	15-  23.. 0.0651 + 0.0489i- -0.0645 - 0.0476i 
31 22 - 24 00420-00243i -00417+00247i 
32 23. 24 0.0325+0.03161'   -0.0322-0.03111 
33- 24 ' 	25. -0.0131 - 0.0-176i 00132'+ 0.01771 
34 25 26 00355+00237i -00350-00230i 
35 25 27. -0.0486 = 0.04141 0.0491 + 0.0423i 
36 28 27' 0.1759-0.0234i" -0.,1759+0'.03561' 
37. 27 29 .0 ,0618 + 0.00641 .. -0.06.10 - 0.0049i 
38 27 30 - 00709 + 0.00181 -0.0693 + 0:00I'l i 
39 29 -- ' 30 00370-00041i . " 4'0567+ 0.0048i 
40 8 	" 28 00323-00256i -00322+00040i 
41 6 - 28 01499-00415i -01496-00237i 
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	 From Table 5'.3, it was found that the lines 2-4 and 14-15 are less loaded. It shows 
that 32.66 MW ,  and 1`:75868,' MW of real power. flows. It is desired to increasethe real 
power in line 2-4 and 14-15 by20%of its initial` value. 

It has been shown , in Table 6.13 that real power flow in the . line 2-4 has been. 
increased to 40.36 MW from 32.6 MW, and power flow in 14-15 has been increased to 
2.83 MW from.. 1 7586 MW which is 20% increase after. incorporating TCSC. 

TCSC reduces- line reactance there 'by, increasing' real power flow.- Line reactance 
is reduced from. 0..1737pu to 0 12366p in line 2-4. and 0 199p to 0 098pu in line 14-15. 
The firing angles of TCSC's-obtained are 2.12 radian (121 53 degree), and 1.55`;radian 

(88.9). The TCSC is operating in the capacitiveregion- in this case. 

Parameters TCSC -1  TCSC II. 

Firing. Angle 

(radian) 

'' 	2:12, 	: 1.55- 

X7CS(" jO.050I.-  ,. j0.101.. 

From Table 5.3, it was found that bus_ no 30 and'9 voltage shoots' up. It shows that 

voltage` magnitude of bus 30' is 0.9967 pu and ̀ 9 -is-1.05405.pu. it is desired to regulate 

voltage of bus 30 and 9 at 1.00pu under all conditions: 

It has been shown in Table 6.13 that after incorporating SVC's, voltage of bus 30 

is increased from 0.9967 pu to 1.0 pd,. which is. 0:3% . increase and voltage of bus '9 is 

reduced from l .05405pu- to 1.Opu, which is 5.1 % drop. .SVC generates reactive power of 

-2.49 Mvar from -, buses 30 and absorbs 32.23,Mvar from 9, ,  there by maintaining . the 

voltage profile. 

From. the Table 5.3, it was found that line 10-22 and 25-26' are less loaded and 

bus voltages are shootsup.' It shows that 7.749 MW and 4.46 Mvar flows in the line 10-

22 and 3.54 MW and. 2.3.7 Mvar flows- in the -line '25-26.::  
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It has been shown in table 6.13 that in the line 10-22 real and reactive power flow 
in the -line has been increased• to 10.83 'MW and 111149 Mvar from the initial . value 
after incorporating UPFC. The shunt converter of UPFC is used to control the bus 
voltage to which it is connected. From the Table 6.13.it is clear that voltage of bus 10 is. 
decreased to 1.0285 pu from 1.0487 pu which is .1.93% . drop. 

It has been shown: in Table 6.13. that in the line.  25-26 real and reactive power 
flow in the line has been increased to 10.52 MW and 3.57 Mvar from the initial value. 
after incorporating UPFC. The shunt converter`. of . UPFC is used to control.. the bus 

voltage to. which it is connected. From-the Table 613 it is.clear that voltage of bus- 25 is 
decreased to 1.0120 pu from 1.0217 pu which is.0.95% drop. 

UPFC Parameters UPFC I UPFC It 

V. (pu) 0.038 0.031 

O7. (radian) •3.10 4.0 

I (  pu) - -0.24. 	. -0:11 



Table 6.13: Load Flow Results for (9s& Xi 
Bus. No Bus Voltage 

(pu) 
Bus phase 
angle (deg) 

P(P(;  - P,) 

(pu) 

Q(QQ;  -Q,. ) 
(pu) 

1 1.0600 0 1.6850 0.0249 
2 1.0430 -3.4754 0.2785 02435 
3 1.0212 -4.9441 -0.0240 -0.0120 
4 1.0121 -5.9278 -0.0760 -0.0160 
5 1.0100 -9.8617 -0.7113 0.1005 
6 1.0082 -7.0470 -0.0000 0.0000 
7 1.0011 -8.7314 -0.2280 -0.1090 
8 1.0100 -7.2271 -0.0236 0.0322 
9 1.0000 -8.9650 0.0000 -0.3532 
10 1.0285 -10.6798 0.0291 -0.0508 
11 1.0474 -7.7626 0.1057 0.2400 
12 1.0461 -10.3276 -0.1120 -0.0750 
13 1.0710 -9.2751 0.1470 0.1920 
14 1.0267 -11.3386 -0.0620 -0.0160 
15 1.0189 -11.2762 ' -0.0820 -0.0250 
16 1.0185 -10.7399 -0.0350 -0.0180 
17 0.9989 -10.9134 -0.0900 -0.0580. 
18 0.9991 -11.8026 -0.0320 -0.0090 
19 0.9906 -11.9153 -0.0950 -0.0340 
20 0.9917 -11.6647 -0.0220 -0.0070 
21 0.9793 -11.2160 -0.1750 -0.1120 
22 0.9780 -11.2132 -0.0909 -0.2092 
23 1.0025 -11.7732 -0.0320 -0.0160 
24 0.9894 -12.0848 -0.0870 -0.0670 
25 1.0120 -12.4799 0.0661 0.1083 
26 1.0029 -14.2533 -0.1023 -0.0313 
27 1.0273 -11.7961 0.0000 0.0000 
28 1.0080 -7.6305 -0.0000 0.0000 
29 1.0094 -13.0674 -0.0240 -0.0090 
30 1.0000 -13.9979 -0.1060 -0.0082 
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Line 
No 

From . 
Bus• 

To 
Bus 

Line flow from 
I ds to  jrh Bus 

Line flow from 
j" to I" Bus 

1 1 2 1.1534-0.05121 . -1.1307 + 0.0902i . 

2 1 3 0.5315+0.10241 -05197-0.0758i. 
3 2 4 0.4036 + 0.0728i -0.3947 - 0.0730i 
4 3 4 04957+00766i -04925-00718i 
5 2 	. 5 0.6057 + 0.05101 . 	- -0.5897 - 0.00541 
6 2 6 0.3998 + 0.0754i -0.3909 - 0.0680i 
7 4 6. 0.4708 - 0.0393i -0.4682 + 0.0437i -  
8 .5 7 -0.1216+0.1218i ". 	0.1230-`0.1286i 
9 6. 7 0.3543 - 0.02741 -0.3510 + 0.0290i 
10 6 • 8 0.0592 - 0.0617i . 	-0.0591 + 0.05741 
11. 6 9 0.1.622 + 0.04261 -0.1622 - 0.03681 
12 6. 10 0.1147+0.0216i -0.1147-0.01421 
13 9 11 	. 	- -01057-02270i 01057+02400t 
14 9 10 0.2.716+0.0195i -0.2716-0.01141 
15 4 12 0.3173-0.12231 -03173+0.1512i 

.16 1 -2 13 -0.1470-01848i .0.14.70-1-0.19201 
17 11.2 14 0;0914+0.031i -0.0903-0.03381 
18 12 . 15 0.1962 + 0.1199i -0.1930-0. 	1.361 
19 12 16 0.0878+0.'1034i' -0.0862-0. 0011.  
20 14 15 0.0283+0.01781 -0.0281 ' 0.01771 
21 16 17 0.0512 +0.08211  -0,0504- 0.08041 
22 15 18 0.0710+0.05751 -0.0702 - 0.0557i 
23 18 19 0.0382 + 0.04671 -0.0379 -0.04631 
24 19 20 -0.0571+0.0123i 00572 - 0.0120i 
25 10 20 0.0798__-0.0037i -0.0792+0.0050i 
26 10 17 0.0396.- 0.02221. -0.03.96+0.02241 
27 10 21 0.1974+0.16191 -0.1951 -0.15701 
28 10 22 0.1083+0.11111 -0.1051-0.09521 
'29 21 22 0.0201 + 0.0450i, -0.0201- 0.04491 
30 15 ' . 	23 0.0681 +0.04891 -00674 - 00475 i 
31 22 24 0301-0.0811i -0.0292+0.08251 
32 	. : 23 .24. 0.0354+0.03151 -0.03.51 -0.03091 
33 24. 25 -0.0227.- 0:07651 0.0239 + 0.0786i 
34 25 26 0.1053 + 0.03581 -0.1023,0.03131:  
35 25 27 -0.0631- 0.006 -1 i . 0.0635 + 0.0070i 
36 28 27 0.1899-0:04221 -0.1899H-0.0570i 
37 ' - 27 29' 0.0618+0.01221 -0.0610-0.01061 - 
38 27 30 0.0709. + 0.0101 i -0.0693-0.00721 
39 - -29 . 30 .0.0370+0.00161 -00367-0.0010i. 
40 8 28. 00355-00120k -00354-00096i 
41 6 - 28 01613-0 0739i -0.1608 + 0.00941 



6.4 CONCLUSION 

In this chapter, an application of Evolutionary Programming to Optimal Power 

Flow incorporating Multi-Type FACTS Devices has been developed. It has been 

observed that - objective attained (to minimize the Cost . of generation) by EP-OPF 

incorporating Multi type FACTS devices is very Close to that obtained by. EP-OPF and 

gives better control over the power flow and the voltage.. To validate the performance of 

the proposed algorithm-, IEEE 30 bus system with multiple devices has been used. The 

algorithm is found to be robust and independent of number and type .of devices. 



CONCLUSIONS 

The algorithm for optimal power flowincorporating Multi, type FACTS devices has been 
proposed'. in this thesis. - The proposed model used non classical techniques for better 
results. Decision for optimal placement and selection of control parameter of FACTS 
devices has been carried' out using evolutionary programming. The following conclusions 
have been derived from the proposed model, 

• With the above proposal it is possible for utility to place multiple FACTS devices 
in the transmission line such that optimal power flow can be achieved with. 
minimum total cost of generation. 

• OPF without'FACTS devices reduces the cost of -generation..By including. FACTS 
devices in the complete OPF problem, additional reduction in the total : cost of 
generation have been achieved as compared to the OPF without FACTS devices. 

• It has also been observed that proposed algorithm is also suitable for large . 

systems with multiple FACTS devices, and the results so obtained are found to be 
encouraging 

FUTURE SCOPE OF WORK 

Research and development isa continuous process Each end of a research project opens 
many avenues for further work. As a consequences of the investigations carried our in 

this thesis on location of FACTS devices, power flow, optimization of total cost of. 
generation with and without' FACTS devices, following aspects are identified for future . 

research work in this area. 

• Present study has 'considered .the placement of FACTS devices from static point of 

view: Dynamic consideration of these devices can also be explored. 

• In regulated-  market,. FACTS devices are mainly used to improve ° the dynamic:. 

performance of the system. Some of the series devices are also used to control the 

power in. the transmission lines. In on-going deregulation of electric supply 

industries,. due to the unplanned exchanges/transactions, lines  located-- on 
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particular paths may become overloaded (known as congestion) and control of the 

power flows by reallocating production seems not to be possible any more. 

FACTS devices can play an important role in mitigating the congestion along 

with the dynamic performances. This may be another area of study. 

The objective functions considered' in this model include minimization of cost of 

generation considering FACTS devices. It can. be"further extended by considering 

other criteria such as costs of installation, real and reactive power losses and 

maintaining devices 

• The work presented in this thesis has been restricted to AC systems. The studies 

may be extended to HVDC systems as well, considering the detailed models of 

the converters and HVDC line operation with FACTS equipped deregulated 

power system 
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• APPENDIX A 

DATA FOR IEEE-30 BUS SYSTEM (AT 100 MVA BASE) 

The IEEE 30-bus system data is taken from the refernce 30. The relevant data are 

provided in the following tables 

Table Al 

Generator Power Data 

Bus no. Real Power 
Generation 

Reactive Power 
• limits 

Specified 
Voltage 
(p.u.) Max 

(MW) 
Min 

(MW) 
Max 

(MVAR) 
Min 

(MAR 
1 50 200 -20 250 1.060 
2 20 80 -20 .100 1.043 
5 15 50 -15 80 1.010 
8. 10 . 	35 -15 60 1.010 
I1 10 30 • -10 50 1.082. 
13 12 40 -15 60 1.071 

Table A.2 

Reactor / Capacitor data 

Bus No. Impedance(pu) 
Resistance Reactance 

10 	. " 0.00 -0.019 
24 0.00 -0.43 



Bus No. Load. 
Real(MW). '. Reactive(MVAR) 

3. 2.4 1.2. 
4 7.6 1.6 
6 0.0- 0.0 
7 .22.8. 	. 10.9 
9 0.0 0.0 

10* 5.8 2.0 
12. 11.2 7.5 
14 6.2 1.6 . 

15. 8.2 	. 2.5 
• 6• 3.5 : 1.8 

1-7 	. 	. ' 	. 9.0- 	: 5.8 
l8 3.2 0.9. 
19 9.5 3.4 . . 

20 	.. 2.2 0.7' 
• 21 : 	17.5 11.2 

22 0.0 0.0 
23 3.2 1.6 
24 .. 	8.7 6.7 

• 25 0.0 0.0 
26: • 3.5 , 2.3- 
27 . ..0.0 0.0 
28 0.0 0.0' 
29. 2.4 0.9 
30 10.6 1.9 

Line No. 	' From Bus To Bus Series_ Im edance(p.u.) Taps 
Resistance Reactance 

ii 6 9 0.0 02080 .. 0978 
.12 -.. 6 10 0 - ' 	0.5560- . 	0.969 
15 	• 	• 4 12 0 0.2560 0.932 
36 28.. 17 0 0.3960 0.968 



Table A:5, 
_ 	Line Data:.: 

Line 
no 

Bus 
nl 

Bus, 
Nr 

R 
P.u.. 

X 
.u. 

1/2 B. 
:u. 

I 1 2 .00192 0.0575 0.02640 
2 'I;   3 0.0452 0.1852. 0.02040 
3 2'. 4. 0.0570. 0.1737 .01840 
4 " 	3 4'• 0.0132 0.0379 0.00420 

2 5 0.0472 , 0.1983 - ' 	. . 0.02090 
6 2' •' 	-6_' 	. 0.0581- '. 	0.1763- '0.0'I870- 
7-  ' 	4 ' 6' . 0.0119 0.0414' 	- 0.0.0450 
8 ' 	5 7" 0.0460 0.1160 0.01020 
9 6 ̀  7 .'0.0267 0.0820 0-.00850• 

10 "6 ' S ''0.0120 0.0420 ' 0.00450 
3:.' 9 .'II 0 	'. 	' 0.2080 ' 0 

14 . 	9 ".1.0 0 	• 	' 0.1.100 0 
16 12 13. 0 .01.400. 0 
17 12. 14 0.1231 0.2559, " 0 
18 12 15'- 0.0662 01304. 0 
19 12 16 0.0945 0.1987. 0 
20 14 "15" 0.2210 0.1997 0 
21 16 ' 	17 .00824'  ..0.1923 - .0'  
22 "'15; . 	-18 	. : 	= 	0.1073 0.2185 0 

- 23 18 19 '.0.0639 0:1292. . 	0 
24 19: '20' 0.0340 0.0680 _0 
25 10 20 .0.0936 0.2090 ` 	• 	. 

26: 10 17, 	- 0.0324' 0.0845: 0 
27 10 21 0.0348 0.0749 0 
28 . 	10 22 0.0727 0.1499 '0 
29' .. 	21 _ ' 	22 	.. .. 	0.0116 0.0236. :.'Ø 

30 15 23 0.1000 ' . 0.2020' 0 
31 22 24 0.1150 0.1790_. '..'. 0 
32 23 24_. 0.1320 0.2700 . 	0 - 

-33 24 25 : . 0.1,885-  . 0.3292 0 '. 
34. .25 26 02544 03800 0. 
35 . 25 - 	27 01093 02087 0 
37 27 '29' 0.2198. 0:4153 0 

'38  .. 	27 30 	' " . 03202 0.6027 0 
39 29 30 '0.2399___. .0.4533. 0 
40 8 28. 0.0636. 0.2000 0.0214 
41 6 28 0.0169 0.599. 0.065 



Table A.6 

Generator Cost Characteristics 

Bus. No Cost Coefficients 
a b c 

1 0.0 2.00 0.00375 
2- 0.0 1.75 - 0.01750 
5 0.0 11.00 0.06250 
8 0.0 - 3.25 0.00834 

11 0.0 3.00. 0.02500 
13 0.0 3.00 0.02500 

Generator input/output function-  C, = a, +b,P,. +C,.P,.2 , 
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