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SYNOPSIS 

And God said-'let there;he light and there was light'in' the 

dark world.-God saw Lhat:!the light was good and he - separated the 

light from darkness. But . only is since' - Thomas-  Edison mankind is 

taking care- o€.. ihis,  heavenly.' ,job religious'ly:, and. 'a'' vigor of :a 

stickler. 

Any product is marked by its cost(economy)',reliability,and of 

course quality. So is with Power;- System•.One 'of 	the 	main 

responsibility of power system planner is to 'design the system 

with an eye on 	and econom 	Even today operator 

maintain reliable performance using their past experience and on 

the spot assessment of network conditions. 

But today as the power network are becoming titanic and more 

involved, the increased number of possible operating r`{ 

scenarios can lead to exigencies beyond the ken of the 

operator.Power system operation become more complex under 

emergency conditions due to scheduled or random events.These 

conditions may be of voltage limit violations or overloading of 

the circuits. 

This tudy is directed' towards:alleviation of voltage limit 

violati - ns, 	the method developed the techn i_gtie 	of 	'Local  

solution' using Gauss Siedel, is caxfied out for few.buses: in the 

vicinity of the outage line, and a mathematical mode], is developed 

for this selecticii of buses for local solution. 
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The solution so obtainedis..improyed,by using the Jacobian at 

the base case and improving the right hand side (RHS) vector for 

outaged line admittance. This adjustment on the RHS is 

incorporated by injecting the suitable power sources at the 

terminal buses to the 	outaged line, and is 	.called as 	Source 

Compensation. An acceleration factor is used to 	expedite 	.the 

process of convergence. 

In the literature available, many methods have been developed 

which are normally of the form of optimally load flow, using. 

optimization techniques. All these methods are. quite complicated 

and consume more time from computational point of. view, especially 

for large systems.An emergency condition warrants a quick decision, 

on the part of the operator without caring much for the optimality 

of the operating point. 

Here a direct and efficient method has been developed for.. 

alleviation of voltage limit violation. 

In this method the concept of local optimization is extended 

and a direct method is developed to obtain emergency adjustment to 

VAR control variables to alleviate the voltage limit violation. 

A few buses in the vicinity of the. buses suffering with 

voltage limit violation are processed for the local optimization 

and 'Conjugate Gradient' technique is used for optimization. 

This method fficiently, the sparsity of.• matrices to 

educe the computational effort and memory requirement. 
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' CHAPTER I 

INTRODUCTION 

1.1 OVERVIEW 

A power system i's ''an interconnected system composed of 

generation, transmission' arid' distribution systems. The 

transmission subsystem is a highly meshed network of high 

voltage transmission 1'in~s' 'which car'ry'' electric power from the 

generators tothe distr'ibut'ion" substations.' The distribution 

subsystem receives power from a substation and distributes it to 

the consumers through a radial lower = voltage network.:' In 'order 

to study interconnected systems, the distribution subsystem is 

treated as an aggregate load'' demand' at the substation. The 

interconnected generation -'''transmission system with aggregate 

load demands is 'commonly called a'bulk!power system. 

In steady -'' state 'operation the power generated by the 

generators and the"•load'demands'of the consume:rs'must be balanced. 

The system'must'be operated so that there is'no overload on the.' 

equipment and no abnormal voltages throughout the systems. In 

other words, "the operating'objective ofi'a - power system is to. 

serve the load demand econoinically and reliably, with all the 

constraints satisfied". 

The failure to satisfy tho'operating constraints may lead to 

load curtailment '(foss' of''load)''or system collapse. Fig. 1.1 shoias 
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the major system failure sequences. The initiating events of 

system failure are the outage of a generator or a transmission 

line. The system failure events are the. loss of load and system 

collapse. 

System failure events can be roughly divided into two cases 

one due to violation of steady - state constraints (Fig. 1.2) and 

the other due to violation of dynamic constraints (Fig. 1.3). 

Work reported in this thesis is mainly, related to the system 

failure events due to.the,v,io,lation of steady - state constraints. 

1 .2 . PRESENT STATE - OF - ART 

In plannin.g and operation,. one-is concerned wit1,the ability 

of the system to. serve load demand in 	the 	presence 	of 

disturbances, In the planning context this is called reliability, 
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and in the operation context this Is called . security. This 

double-line:of defense is necessary, because for planning, a much 

longer time :period,.., a,. large number of 	possible 	operating 

conditions and disturbances, have to be considered; whereas for 

operation only the current. .situation- and imminent disturbances are 

of concern-and more information, about, them is available. However, 

the methods for the analysi,sof the reliability and security are 

intimately related [18] 	In the past operators maintained 

reliable performance using their experience and on -- the - spot 

assessment of system.conditions.As,powe_r system networks are now 

.large and more.complex, the increased number of possible operating 



Genera-~ 
Loss of  Insu£f.  Loss 

Generating ------ 	Generation 	 of 
unit  ticn  Load 

Failure 
Generat-
ing Bus 
Isolated 

K ine O.L. 
nsatisf-

actory Bus 
r--~ Voltage 

X Mission 	Load 	 ----' 	 ' 
Failure  Isolated  *Overload  ysteM 

Reduced  Cascadin  c1lap- 
Load Supp-  *Instabilg  se 

Capacity  #Val.tyCol 

.  Z 

SYSTEM FAILURE EVENTS (Fi . 1.r 

Generating 
Un't 

Failure 

Loss 

Generati-
on 

ns f-
ioient 
enera- 
tion 

Loss 

Load 

Generating 
us 

Isolated 

*Line Over- 
load 

*Unsatis. 
Bus Voltage 

Ymission  Load 

Failure  Isolated 

Reduced 
fl  Load 

Supplying 
Capability 

SYSTEM FAILURE DUE TO VIOLATrH OF STEADY STATE CONSTRAINTS  F1
d_ . 1^.2 



Generating 
Unit 

Failure 

Loss of 
Generat- 

ion 

Generat- 

Bus 
Isolated 

3Over1oad 
Cascadin 
*Instabi1-  

ity System 
*Voltage Collap- 
Collapse e 

Xrnission 
Line 
Failure 

Reduced 
Load 

Suppivin 
Capability 

SYSTEM FAOLURE DUE TO VIOLATION OF DYNAMIC CONSTRAINTS (, F•i~.• 1,3 ) 



scenarios can 'lead to problems' beyond the operator's analytical 

ability:' Power` system operation becomes more complex 	under 

emergency conditions due'to the': occurrence of scheduled or random 

events. 

The continuing interconnection of bulk power system,. brought 

about by economic and environment pressures has .led to and 

increasingly complex, system that,may operate even closer to its 

limits of stability. Although this -work mainly relates to the 

system failure due to violation of steady state constraints, 

however : t is .imperative, to , add some prefatory about Dynamic 

criterion. 

In their 'paper Chiang et-al [ 2 1 ' put it this way, one type of 

system instability which occuxs'when'the system is heavily loaded 

is voltage collapse. This event is characterized by a slow 

variation in the system operating point due to increase in loads, 

in ;such a' way' that the voltage magnitude gradually decreases until 

a sharp accelerated change occurs. 

It is interesting to kfow that prior to the sharp change in 
voltage magnitude;' bus angle and 'frequency 	remains 	fairly 

constant, a condition observed in several collapses.Du.ring a 

collapse; voltage controlling 'devices such as tap 	changing 

transformer, may not be activated' if the voltage magnitude prior 
to undergoing the 'sharp chancje .l ie. ih a ' permissible range' and, 

after the change occurs, the ' `fast ' 'raise' 'of change trips. under 

vol'cage relays, before the transformer can respond to it. 
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Furthermore, control center operator observes none of the 

classical advance warning signals since the bus angle., frequency 

and voltage magnitudes may remain normal until „large changes in 

the system state cause protective equipment to begin dismantle the 

network. 

1.2.1 	Bifurcation 

Consider the following system model,' 

where 	x ' : state 'vector (d ,ca , v ) 
? : parameter vector that includes both real real 

and reactive power demand at each local bus. 

The parameter at (1.1) are subject to variation and as a 

result., changes may ,occur in i he the qualitative . structure of 

solution static eq. associated,with (1.1 ), i..e. F(x, ). = 0 •for. 

certain' values of . X . 

Bifurcation theory is, ,concerned with branching of static' 

solution of (1.1), and in particular, it. is,. interested, in how 

solutions x(X) branch as X varies. These changes; when they occur, 

are called Bifurcati.on .; and the , parameter values at which a 

Bifurcation .occurs' a.re  called bifurcation values. 

The result of changes shown„above; ; clearly depict a slowly 

increasing reacting ,power defnan. may; . cause - a .. voltage collapse. 

This contrasts ,with the con jer~turethat it is ; protection system. 

that causes the abrupt change in trajectory. 
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Overview, of i 'OL ;,^ge ,Cai:1apse,criteria 

As shown in fig.(1.4), the methods can be divided into either 

steady state (static) or dynamic methods.The steady state method 

imply,that a steadystate'model (,such as power flow model ) or a 

linear dynamic model (about the the steady, state operation) has 

been use, while the dynamic methods imply the •use of model 

characterized by ; nonlinear .differential --w 	.=G<a:a nd algebraic 

equations. 

1.2.3 Cascaded Voltage Collapse 

Tn order to minimize the area of blackout caused by the the 

voltage,collapse, it is necessary to halt the process of voltage 

collapse. 

A beautifu paper in this regard is published by `,Yasugi 

Sekine &.,Hiroshi Ohtsuki' - [5]. They ignore !  transient, phenomena 

of generator as they state it to be negligible. Only the transient 

phenomenon of loads are considered. 

The essence of their toil 's as follows, 

1. Uneven loading of parallel connected induction motor loads 

(small., capacity,, more load) weaken the voltage stability. 

2. If nodes located far from a power source have a heavier loads, 

voltage collapse occurs. 

3: !The dynamic mechanism ̀ of voltage collapse starts locally from 

vulnerable points of power system and voltagecollapAse spreads 
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gradually from one node to other. The final area of blackout' 

caused by the voltage collapse is dependent upon the power 

system. 

It is time now we move to steady state area. Much work has 

been done in it since its inception, to mention a few, 

In one good work presented by 'Mari.ja T.L:iic' 	'William 

Stobart' of M.I.T. [13] , have presented an algorithm for very 

effective monitoring and control of system wide control. In 

addition to its applicability to large outages and independence on 

power system size, it,has a nature of a rule based. algorithm. They 

have defined a vector 'D'; which takes the brunt of all changes in 

the network and its computation' requires no inversion. After a 

fault a shortage in reactive power is recognized thru the 'D' 

vector and the algorithm makes use of the numerical system data to 

suggest action. 

Chang,Marks'and Kenkoto. [1l presented an algorithm for real 

time application , the,algorithm pre assigns priority sequence to 

the control objective. The priorities are, 

1. Voltage limit violation. 

2. Minimize those violation that can't be eliminated. 

3. Minimize. system active transmission losses. 

Provisions have been made to allow the selection of control 

variables and to limit their movement for the Eollowing reasons 

1. To avoid perturbing the power system greatly from the 

current state. 
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2. To provide a ,;leeway; ; for ;  , corrective 

contingencies. 

rescheduling under. 

3. To achieve the fast solution time required for the real time 

application. 

However it may result in a suboptimal solution, but since the 

program is executed periodically as a part of real time sequence 

of programs, over a time the state of system will move towards the 

optimal point. 

Girotti'et. al. [171 have developed a program called CAPCON in ' 

SCADA mode in which every 15 minutes SCADA provides data to CAPCON 

which decides whether the Capacitor banks on low side bus of the 

transformer which was scanned for, should be on or off line, based 

on VAR and voltage needs. It is a real time practical system and 

is working in Virginia Power and has resulted in more efficiency 

and cost saving. 

Deeb et. al. [161 in their paper have presented a mathematical 

framework for optimization problem which is decomposed into 

several subproblems corresponding to specific areas in power 

systems. The decomposition is suggested for Reactive power 

optimization because in most large power system the Reactive power 

devices are remotely located and they posses localized control. 
• err 	;, 

characteristics. The Dantzigwolfe decomposition method is used to 

solve this problem. 
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1.3 	LINE 'AND TRANSFORMER OUTAGE SIMULATION 

In the present practice, after selection of critical 

contingencies full AC load flow is performed to evaluate the 

effects of each critical contingency. For the present day large 

and complex power system, the critical contingencie are ery large 

in number and to perform the full AC load flow for all of them 

demands large computational burden as network. configuration. 

changes with the outage of a transmission line. Although a large 

number of methods for line outage simulation have been reported in 

literature; since most of them given the approximate solution a 

full AC load flow is to be performed for the exact solution. In 

the following paragraphs a brief account of state -.of - art in. 

line outage simulation is given. 

Baughman et al [12] used the concept of DC load flow for 

contingency evaluation. Though, this method is fast and simple but 

it is inaccurate as only real power flows are considered. Denial 

et al [3] developed the method for line outage simulation in which 

they used the real power injections at the terminal buses of the 

outaged line. This method is also inaccurate as only real powers 

are injected. Stagg and Phadke modified the Jacobian matrix of 

power flow equation and used the bus power mismatches to simulate 

the line outages. But, this method is not computationally 

efficient as it requires the same computational efforts as the 

constant Jacobian N-R load flow approach. 
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Peternoson et: a.1 [18.1 developed!an iterative linear AC power 

• flow technique for.fast; approximate outage studies. In this method 

line outage is simulated using matrix inverse lemma. It has over 

all good performance but it requires the processing of the basic 

state-data prior to outage simulation. Each simulation, takes time 

equivalent to about,.one: -.half :the,time for. a N. :-: . R load flow 

iteration. 	 ;, 

Many compensation methods I have been developed for the line 

outage simulation. In these methods matrix inverse lemma is used 

to modify the sensitivity matrix and hence refactorization of 

Jacob ian is not required. Single element outages are simulated 

efficiently by these methods, but their accuracy is very poor. 

Sachdev and Ibrahim 	[151 have developed a fast . and 

approximate technique for line and transformer • outage. In • this 

paper they developed a novel mathematical model for line outage 

simulation which restores the system configuration to the 

preoutaged state by injecting suitable power sources at the 

terminal buses of the outaged line i.e. source compensation 

technique. There after large number of methods have been reported 

for line outage simulation using the source compensation technique 

of [15] along with different load flow techniques and different 

methods for estimation of amount of source compensation. In these 

methods - 

* 	For calculating the amount of source compensation, element of 

the sensitivity matrix of the columns corresponding to the 

15 



terminal buses of, the outaged line are used. This does not 

give the accurate results if the changes due to line outacge 

are large. 

It is assumed that after line outage load and generation - _. 

remains unchanged. This may not be true in case of isolation 

of any of the buses due to line outage, which is most likely 

in case of radial and multiple line outages. 
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1. 4. AUTHOR' S Cc;;"a I Bu x i ON 

The objective of this study is to develop efficient and 

reliable algorithm for identification of system emergency 

conditions due to violation of steady state voltage constraint, 

i.e., the voltage limit violations and alleviation of such 

emergencies in Power System operations. 

The author's contribution in this area of work is summarized 

as follows 

- The concept of Local Solution in the vicinity of the 

Outaged line has been used", buses for Local Solution are selected 

on the basis of level of distu.rhance. The constra:Ln1-.s over the 

controls are introduced. Thus the controls suggested for the 

alleviation of voltage limit violation are more realistic. 

-- Based on the sensitivity analysis , less sensitive controls 

are ignored . SO the number of adjustments are reduced. 

- Multivariable optimization used for solving local voltage 

alleviation problem gives the best possible control combination in 

the vicinity of the voltage problem. 

Base case Jacobian has been used for the simulation of line 

outages and no refactorization is required and .hence the method is 

efficient. 
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LINE , TRANS1ORER OUTAGE SIMULATION AND LOCAL SOLUTION 

2.1 INTFODUCTION. 

A power system continuously experiences changes in its 

operating state these changes can either be due to load demand 

variations, planed rschsv.lxng of power generation, 

.sconnecting lines ,.nc. tr 	oners for maintenance or as a 

consequence of system fadts. The effect of these disturbances is 

investigated both d.L:ing system planning . and operation. Quite 

often a faulty element is automatically disconhecteci from the 

system, by . the 	protec:ive,r devices, therefore, 	the 	stem 

configuration changes. It is rquired to know whether (or not) the 

modified system would betablefrom steady state considerations. 

Also, before the lines and repairs, it is essential to ensure that 

the modified system would be stable. In addition, line outage 

studies are a desirable part. o, a: comprehensive system security 

monitoring .process. 	 .1 

• The effect of. load chanas and generation rescheduling can be 

easily evaluated but, the outage simulation of . a 	line . or 

transformer is moie complex because these contingencies change the 

system configuration One of the obvious  obv,ioupisolutions is the use of 

well known load .fiow .echniguc. i. though high, speed computers and 

fast AC load flow soiutontechnques are ava:.Jah.te,the analysis 

Of hundreds, or even thousands of system outages has, become very 

tcdious and unaconomjcl. In order to overcome the computational 
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burden involved in contingency analysis, considerable effort has 

been devoted to develop fast and approximate solution techniques. 

Normally, a sacrifice.  in accuracy for speed has become a basic 

feature of all the developed methods and hence, full AC load flow 

is required for the exact solution.. 

Initial approach for the line outage simulation was the use 

of DC load flow . This is the S imp l.ost and f stost mc't..hod, bill t.hf' 

most inaccurate as only real power flows are considered. Same is 

the case with the method suggested by Denial and Chen [31, which. 

uses the injection of real power at the terminal buses of the 

outaged line. Stagg and Phadke C3) modified the Jacobian matrix of 

the Newton - Raphson (N - R) load flow technique and used the bus 

power mismatches to simulate the' line outage. This method requires 

the same computational effort as the constant Jacobian N - R _load 

flow approach. 

In this chapter, an efficient and accurate method is 

developed for line'. outage simulation which is free from above 

deficiencies . In this method first the local solution using Gauss 

- Seidel technique is carried out'fol- few selected buses in the 

vicinity of the outaged 'line. The buses for local solution are 

selected on the basis of the effect of line outage on 	the bus,... 

voltages. The solution so "obtained' 'is improved by pe•rforminq 

global solution using ''the Jacobian at the base and 'adjusting the. 

right hand side vector for the oiit..aged 11ne admittance. This 

adjustment in the right hand side vector is incorporated by 

injecting the suitable power sources at the buses to which the. 
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outaged line was connected. The method is very efficient as the 

Jacob.ian at the base 'case ha s;• been used for au. the outagees. and no 

refactorization is carried out for determining the solution for, 

various' line outages. 

2.2 Local S,1 uti on 

Outage of line in any network causes large disturbance in bus 

voltages and in line flows in the vicinity. As we move away from 

the -terminal buses of the outaged line the disturbances wane away. 

If a local solution 1.s carried out. for a). .1. the buses which have a 

percept able and significant effect due to the line outage, a 

fairly accurate accurate of final outage steady state operating 

condition can be accrued. 

It is very imperative to decide -for the buses to be 

considered for the local solution. A mathematical model has been 

developed to determine the length of local area for the 'local 

solution., 

Complex power injected into bus `m' is equal to net power 

flow in the elements connected to the bus, 

SGm 	SLm 	Vm 	Ymk Vlt 	
..,..(2.1) 

k.e Am 

assuming Vk  be constant,  and. equal to (1.0 + j 0.0), 

GSA 	m  = AV 	
Xmk  

k-eAm 

AV = L1S / 	y M 	
mink  

;c,c Am 
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For a change in voltage Vm by 	bVm from (2.3), ASa is 

calculated . This value represents the level o.t disturbance on 

this bus clue to Vm. Particular level of disturbance is used to 

decide the area for local solution. This is achieved by specifying 

the value of ASm from which 	Vm is calculated and used as 

terminating criterion for further inclusion of buses for local 

solution. It is observed that 0.2 is suitable value of 	Sm)from 

the point of view of speed and accuracy. 

An optimum length of local area is also beyond which 	buss 

need not to be considered. It is concluded that 	enlargement Qf 

local area beyond three steps does pay it back. 

So the final .scheme is like that, it starts with the the 

terminal buses of the outaged line. In the successive iterations 

of Gauss-Siedel method for solving local area selected so far, 

change in the bus voltages from the base case values are compared 

with the l:i_mits are determined above. If the change in bus voltage 

is greater than the limits, the local area in extended to extended 

all the buses connected to it, and again the process .i.s repeated 

till all the buses are included for local solution causing change' 

in bus voltage greater than the limit determined '(2.3), with a 

limit of three step length for enlarging local area. After local 

solution is completed, the amount of source compensation is 

calculated at the terminal bus using (2.4) & (2.5), 

LP 1k
+ -j L41k 	Pkm+  j Qkm 	Vk [ (Vk- V  m  ) Ykm + Vlc Ykm /21 

----(2.4) 
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AP Im+ j~.Q lm = Pzm +7 Qmlc = Vmk [ (Vm - Vk ) Ymlc +V in '1 	/2] 

(2.5) 

Special care has to be taken when "simulating radial lines. 

Outage of radial line isolates one terminal bus and as such local 

solution doesn't provide correct solution. So the cure Is to make 

the power injection for the isolated bus as zero and to isolated 

bus voltage equal to other terminal bus voltage of isolated line 

after local solution is obtained. 

2.3 SOLUTION ALGORITHM 

The self explanatory flow chart of the method developed is 

shown as P'ig. 2.3. Detailed, step wise procedure fo.r line or La<jr, 

simulation is explained as under 

Step 1 	Perfrom the load flow solution using specified loads and 

generations. Retain the base case Jacobian. 

Step 2. 

	

	Identify the terminal buses of the lines to be outaged. 

Treat isolated buses, if any present due to outaged 

line. 

Ste-p 3. 	Perfrom the local solution-using Gauss-Seidel technique. 

Step 4. 	Adjusted the isolated bus voltages, if any and modify 

the source compensation amount. 

Step 5. 

	

	Carry out one iteration of global solution with the base 

case Jacobian, and bus power injections for outage 

simulation. 
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Step 6. 	Check for convergence. If solution is obtained go to 

Step 7, otherwise set i = i +1, and go to Step 4. 

An efficient and accurate method is used for simulation of 

line outage simulation, introducing local solution concept.Buses 

for iocaJ solution are. properly selected based on the level of 

disturbance. This computational efforts depends on the level of 

disturbance due to the  line outage. Solution of. line outage 

simulation to a prespecified accuracy is obtained by using the 

base case Jacobian and no refactorization is required. Accuracy of 

the solution is so high that the need of full AC load flow is 

eliminated.. This method will find extensive application in 

planning, operational planning, security andL reliability 

calculations. 
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Chapter III 

ALLEVIATION OF VOLTAGE LIMIT VIOLATIONS 

3.1 INTRODUCTION AND STATE OF ART 

Emergency state may develop . in a power system resulting in 

loss of line or a transformer, this may cause over-voltages or 

under-voltages, the system operator must take appropriate actions 

quickly to alleviate these problems. 

Loose coupling exists between the magnitude and angle of the 

bus voltage and is precisely that was used in the past to develop 

control methods have been developed for preventive/corrective 

control computations for active and reactive power constraints. 

Reactive power flow subproblem has been extensively investigated 

for voltage and reactive power constraints [4,5,7,8,11,16]. 

Some papers have been reported in literature where-in 

algorithms for corrective control computations have been developed 

for alleviation of voltage limit violations [7,11,16).  

Mamndur [ii) developed a direct method for emergency 

adjustments to VAR control variables to alleviate voltage limits 

(over and under limits) as well as generator VAR limits 	that 

are violated. The method minimizes the overall control actionsa to 

be performed by the system operator. The method has made use of 

Linear Programming to minimise the control. variables.Formulation 

of Jacobian matrix and it's factorization in each iteration is 
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required. Hence, the computation time for large systems will. he 

very large and therefore this method becomes unsuitable for 

emergency operation of large systems. 

Lachs has covered almost every area of reactive power and 

voltage control in system emergencies. 	But majority of work 

reported is in form of preventive controli.e., scheduling of 

reactive power, generator bus voltages, transformer taps. etc. to 

optimize the system performance However they employ different 

optimization techniques. these methods are complex and require 

significant computational efforts to find the required adjustments 

be made in the control variables. As they attempted to minimize 

real power losses, the VAR control adjustments determined by these 

methods are not the easiest to perform during emergency 

situations. 

A Real time corrective process was reported by Zhang et al 

[12] , they have also developed a direct method for real time 

corrective power control that attempts to keep within permissible 

limits the bus voltages and branch reactive power flows. They 

have used a dual relaxation LP technique to minimize the 

adjustments to the control variables. They have developed the 

increlucntal .r.eacti.vee current models for reactive cont:.ro.l devices. 

In continuaton with Real time work Chang,Marks and Kenkoto. 

[1] presented an algorithm for real time application 	the 

algorithm pre assigns priority sequence to the control objective. 

The priorities are,Voltage limit violation, minimize those 



violation that can't be eliminated and minimize system .  active 

transmission losses.Provisions have been made to allow the 

selection of control variables and to limit their movement for 

the following reasons 

1. To avoid perturbing the power system greatly from the 

current state. 

2. To provide a leeway for corrective rescheduling under 

contingencies. 

3. To achieve the fast solution time required for the real time 

application. 

However it may result in a suboptimal solution, but since the 

program is executed periodically as a part of real time sequence 

of programs, over a time the state of system will move towards the 

optimal point. 

Girotti et al. [17] have developed a program called CAPCON in,  

SCADA mode in which every 15 minutes SCADA provides data to CAPCON 

which decides whether the Capacitor banks on low side bus of the 

transformer which was scanned for, should be on or off line, based 

on VAR and voltage needs. 

Kirschen et al [7] modified the LP based optimal power flow, 

which allows the rescheduling of active power controls to correct 

the voltage magnitude constraints violations. 

In this chapter, a direct method is developed for alleviation 

of voltage limit violations. The vothage profiles are corrected 

locally and the accent is on efficient controls ,rather that 

overall optimal operation .concept of local optimization 	has 
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been used to develop the method for alleviation of voltage limit 

violations [6]. The objective function to be minimized is formed 

as a square of 1imit.violations. Conjugate gradient technique have 

been used for local optimization. In order to limit the corrective 

actions.The controls which are less sensitive with respect to 

current contingency are. ignored and this reduces the overall 

control adjustments. A limit is also set on control variables. To 

minimise the computational time base case Jacobian is used for 

global solution. To power sources without modifying base case 

Jacobian, source compensation technique have been employed to 

model them as equivalent reactive power injections at 

corresponding buses. 

3.2 TAP CHANGING TRANSFORMER AND SWITCHABLE R17ACTI VE SOURCE 

MODELLING. 

3. 2. 1 TAP CHANGING TRANSFORMER 

Most commonly used control device for controlling voltage 

profile is the tap changing transformers. Change in.. tap position 

modifies the transformers ratio and hence corresponding elements 

of Jacobian are to be modified. Modification of elements of 

Jacobean requires large computational burden. In this section a 

simple model is developed for tap changing transformer, based on 

the concept of source compensation. It provides the proper 

adjustments in right hand side vector to incorporate the changes 

in transformer admittance. 



In local optimization procedure very small step size is 

assumed for transformer taps, so that continuous variation in 

transformer ratio is all'dwed. In global solution., tap position is 

adjusted to'the next available discrete value. 

in global solution, the change in tap position (transformer 

ratio), for the transformer between the buses i & j, is simulated 

by way of source compensation, so that base case Jacobian can be 

used. Fig. 3.1 illustrates the same. Reactive power flows through 

the transformer, corresponding to the base case tap position (To.) 

and the new tap position, as calculated after local optimization 

(T1 ) are calculated using equation (3.1) through (3.4). 

2 
Q° _ -[G. 	V.V. T° Sine. 	+ B. (V? T° - V.V.T° Co,, . )l 
i j 	lj x J 1 j 	lj 	.13 . i_j 	z 3 13 	1j 

.... 	(3.1) 

Q
3
. = -[G.. V.V. T°. j Sine.. - Bi.(V

3 
- V.V.T. Cos.3 

....(3.2) 

Q.._ -1G.. V.V. T. 	Sinei . + B. .(V? T 	. - V.V.Tij Cos~i,)J
3 	13 

....(3.3) 

Q.. = 	[G- 	V V . T 	Sine 	- B. (V? - V VT 	Cosa 	) ] 31 	.
J J 

	T. Sine. 
	

~
3 j 	7 

i i
J 	

~
J 

..... (3.,4) 

0 
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Amount of source compensation LQ1  and 	is calculated using 

equation (3.5) and (3.6) 

©Q Ii. 	= 	- Q j 	 .....(3.5) 

LQ Ij 	= 	Qji  = Sii 	.....(3.6) 

3. 2. 2 	SWI TCHA 3LE REACTIVE POWER. SOURCE 

Switchable reactors and capacitors are normally used to 

absorb the excessive, reactive power or supply the ..reactive power 

to maintain the system voltage profile. They are modelled as 

reactive power source,' at 	 buses, where they are connected. 

In local optimiza'Yncedure, switchable reactive sources 

are assumed as varyin nuous.ly. In. global. solution, the 

reactive power sources. tied off to the nearest permissible 

discrete value. 

Since the voltage p. of:i.les are controlled locally, efficient 

control are important than ove.ral.] optimal operation during 

emergencies, hence concept 	f local optimization is used to 

develop an algorithm to alle,fate voltage limit. violation. The 

objective function is taken to be minimized, hence selected as 

square of .limit violation. Conjugate gradient technique is used 

for locally optimizing. 
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Amount of source compensation AQIi and AQIj is calculated using 

equation (3.5) and (3.6) 

3. . 2  	SWI TCHABLE .REACTI VE-POWER 

Switchable reactors\and+ capac 

absorb the excessive r\eac ive power, 

ors are normally used to 

or supply the reactive, power 

to maintain the system voltage/'profile. They are modelled as 

reactive power sources at the, buses, where they are connected. 

r 

In local optimization procedure, switchablereact]_ve sources 

• \ / are assumed as varying continuously;. In global solution, the 

A 	 / 
reactive power sources s rounded off to the nearest permissible 

discrete value.  ( \ 

Since the voltage prof Iles are,icontrolled locally, efficient 

control are important tha~h overall optimal operation during 

emergencies, hence concept of ;local optimization is used to 

develop an algorithm to alleviate voltage limit violation. The 

objective function is taken to,•be \minimized, hence selected as 

square of limit violation. Conjugate gradient technique is used 

for locally optimizing.• 	
• 	 \ 

In order tit the corrective,actions, less sensitive 

controls are neglected. To improve the computational efficiency 

the base case Jacobian is used for global solution. To. incorporate 

the changes in transformer and switchable reactive •power sources 
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without modifying the base case jacobian the source compensation. 

technique is employed to model them as equivalent reactive power 

injections at corresponding buses. 

3.3 Problem formulation 

The objective is taken :as pan optimizing problem. 	The 

objective function is the sum of square of voltage limit 

violations, of course to take care of both the upper and the lower 

limit violations, 

minimize, 	f(X,U) = E (v.)2  .__.(3.8) 
i.e Lv 

V. - V max ; if V. > V .max 
where V. = 	1 	l 	 1 	1 	----(3.9) 

	

V . _ Vl 	; min 	if V. <. V. 

subject to 	g(X,U) = 0 	 ----(3.10) 

Xmin 	< Xmax 	
---- (3..11 ) 

Umin < U  : Umax 	
----- (3.12 ) 

where, X ; state vector (dependent variable), consisting 
of, 

a) Bus voltage for load (P-Q) buses, 

b) Reactive power generation for generator buses 

V 	vector of control (independent) variables 

available to the operator, or the control system and consisting 
of, 

a) Bus voltage of generator bus 

b) Reactive power generation of switchable reactor 

/capacitor banks 

c) Transformer ratio of tap changing transformers. 
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3-4  Solution Method 

Reactive power balance atbds  is expressed 

as , 

g (B -  B )V2+ [ E( G sir(  -  )  + B cos  -  )V J\' 
jAi 13 
 I 	3  13 	3. 	J 3 

+ 
 GI  

Q) = 0 ---(3.13) 

i = 1 ..NLO 
or, 

 

g. = M½. V.  BB V. + CC = 0  ----(3.14) 
1 	1 	1 

where  AA= B1  
. -  B.  
 . 13 

j.A 1 

BB =  (G. . sin(. -  .) 4-  3. . cos(. - c.) -----(3.16) 
13  1 	3  13  1 

CC = (Q 	- QLI 	 (3.17)
GI 

for which, 

V = (-BB - (BB2  - 4 M.CC) 2)/(2.M)  

This equation (3.10) is used to derive the objective 

function for local optimization. 

expanding 'g', i.e., eq. (3.10) for small variation in 

AX at point (U0,X0 ), 

dg/aXjO &x + ag/aUjO = 0 

 

= - [ (âg/ôx)'. Og/OU I  AU  ---- (3.20) 

the quantity inside the bracket is known as the 

Sensitivity Matrix.  

The Lagrangian function of  L he  optimization  problem, 

considering only equality constraints is, 

L(X,U,X) = f(XrU 	+ X 	 g(XU) 	 (3.21) 
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where X is selected such that, 

at/aX0 + xt ag/aX0 = 0  -----(3.22) 

i.e. 1 = - of/a(0.[ag/aX0 ]-1  -----(3.23) 

expanding Lagra.ngian function,  eq.(3.21')  for  small 

variation A.0 and OX at point (U°, X0 ), 

GLUT = (af/OU 0 + It ag/au0 ) AU + (af/aX0 + ~t+ag/axO •i AX --(3.24) 

substituting the value of 1~t from (3.23) into (3,24), 

LUi = aL/aU = of/aUO.'- Of/OX0 [(ag/aX )-1 ag/aU)  ---(3.25) 

3.5 STEPWISE ALGORITHM ' 

Flow chart for the solution method for the solution method of 

alleviation of voltage limit violations is given in fig : 3.2. 't'h 

complete stepwise solution procedure is explained as under 

Step 1  Perform the base case load flow. 

Step 2  Check for voltage limit violations. If at no bus 

voltage limit is violated or P
s 

> Pmax stop. 
 s 

Step 3 	Determine the number of buses to be processed for 

local optimization, depending on the p,respecified 

step length .and identity the set of cunt:ro.[ buses 

/variable available in the control area. 

Step 4 	Calculate the objective function using present: 

operating point values of variables and equations 

(3.14) and.' (3.15). Set iteration count i = 1. 

Step 5  Calculate ..using equation (3.22) and calculate 

ag/aU using equations (6-25), (13-27) 7) and (6-20). 
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Step 6 	: 	Calculate the sensitivity matrix Calculate the AL 

using equation (3.24). Ignore the les sensit:Lve 

controls. 

Step 7 	Calculate the conjugate search direction S 

Step B 	Calculate the projection of the gradient on the 

bounds of independent variables such that 

Step 9 	Calculate maximum step length t: max 
SUCh that 

r max ifU. 	-U.=0 ands, >0 
0 

S. 	if 	U, 	-U 
mm 	

0 and s. 	< 	0 3 	 3 3 3 

s other wise 
3, 

Step 10 	Calculate maximum step length t < 	LX such bhat 

- max min 
t min miii 

- j 
* 

I S. 	> 	0 1 S. 	<0 1 3 

Where x 	x'+AX and AX is calculated, such that 

constraints are satisfied and U 	tS1 and U' 	U'+AU. 

Elements of AU which are less then prespecified values make 

them equal to zero. Constraints over control variables are 

exercised. 

Step 11 	Check for convergence. If 	 i+1 	U')~To.l or 

[f(X' 1 	 ]'~Tol  to 	step 	16. 

Otherwise i <--- i + 1 and goto step 7. 

Step 12 modify the discrete variables 	to nearest 

permissible values, perform the load flow for the compleLe. 

system. 

= P +1 go to step 23 
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xecution of Step 7 _through Step 14 constitutes one iteration 

of local optimization, and execution of Steps 2 through Step 1.6 

constitutes one pass of alleviation of voltage limit violations. 
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Flaw C~1art of the Alleviation Technique e F16i 3.2 
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STOP 	 Li iit 
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Yes 
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IN THE LOCAL AREA 

I 	CALCULATE FUNCTION f((.U), i = i 	I 

CALCULATE x 

CALCULATE p LU 

CALCULATE CONJUGATE SEARCH DIR. S=-A LU I 

CALCULATE PROJECTION OF GRADIENT ON THE 
BOUNDS OF INDEPENDENT VARIABLES 

I 	CALCULATE t max 

CALCULATE t < t Max SUCH THAT 
£(X i+s , U'") ( f(XI,U I ), USING (QX,AU) STEPS 

i=i+1 
CHEC}S FOR 

CONVERGENCE 

ODIFY CONTROL ADJUSTMENTS IN ULTC TRAIISFORMERS AND SMITCHABLE 
L/C TO THE NEAREST DISCRETE VALUE, P = P t A 

r. 



CHAPTER IV 

RESULTS AND CONCLUSION 

4..1 	RESULTS 

Voltage limit violation resulting due to contingencies (line 

outage/transformeroutage) in the 14 bus, 24 bus, 26 bus, 57 bus, 

model are studied and successfully alleviated, and a new secure 

point is obtained. The system data is referred to [6]. 

For global solution a step size of 10 MVAR (0.1 pu) for 

switchable capacitor/..reactor is assumed. 

From the study of table [ 5 . 1_ ] it is observed • t.hat the for all 

cases of voltage limit violation, the new, and secure operating 

point is-obtained in one pass only. For most of the cases the 

solution is obtained in within three iteration of local 

optimization. an explaination of the results presented in the 

table [5.11 is givem below. 

CASE STUDY 

1. Line :3 C)ut.ageci iri t he 24. b .s system : 

- Reactive source installed and their respective capacities, 

1. 0.444 	3. 	0.124 	5. 	0.8972 	7.. 0.4321 

9. 0.0099 	14. -0.134 16. 0.284 

- 	Load Flow - no limit violation detected 
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- 	Local Solution 	Iteration 

l 

2 

3 

4 

Bus no. 

23,3 	terminal buses 

23,3,22,7 

23,3,22,7,4,2,9,B,5 

23,3,22,7,4,2,9,8,5,6,24, 

20,19 

The of the Local Area from the terminal buses 	and with an 

accent on the level of disturbance is dmmoStcated in the figure 

(4^I) iteration of the local solution. 

- 	Voltage vinlmti4n after local solution 

3 	1.1041 

7 	1.1302 

4 	1.1626 

- 	Outage Simulation : Total iteration = 2 

Power in Reconnected line 3 after local solution with 14 bus 

is (188.77034, -154.0252), (-175^985, 148.497) 

- 	Alleviation of Voltage limit Violation - Tolerance limit on 

voltage mismatch = 0.00I 

Control Area 

l. 	Bus ] : 	3,7,9,8,5,4 

2. Dos 4 : 	4,7,22,0,8,5,3,2,23 

3. Bus 7 	7,9,8,5,4,3,24,2O,5,I9,2I,22 

Total control buses: (3,7,9,8,5,22,20,2l) 

The control area for voltage violation in buses 3,4,7 is 
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demostrated in figure (4.2). 

Full 	iteration of optimization program ='2 

Control MVA (AU) 

1. 	10.000 2. 10.000 3. 10.000 4. 10.000 

5. 	89.720 6. 10.000 97. 10.000 8. 34.250 

9. 	0.987 10. 10.000 11. 10.000 12. 10.000 

13. 	10.000 14. -13.400 15. 16.680 16. 28.400 

From the result removal of 3rd  line, in 24 bus system, 

resulted in voltage limit violation at three buses, viz. 3,4,7. 

The same has been corrected by 3 iteration of Local optimization 

for which eight buses were considered, using a two step limit from 

the affected bus formula. For the post adjustment local flow few 

iteration were required and less sensitive controls is for 

capacitor/inductor less than 0.01. pu are neglected. This resulted 

in minimum controls without damaging the efficiency. The controls 

at bus no. 5 th being most sensitive and. with the highest 

sensitivity of 0.5879 tributed 89.7 MVA which is well within the 

supplying limits set and bus 8 is next most sensitive and, it 

contributed 34.25 M.V.1. • 

3. Line 5 outagecl in the 24 bus system : 

Similar results are reported on outage of line 5 th , 24 bus 

system where an area of 15 buses was selected for local solution 

which resulted in a violation at 4th  and 7 	bus. The control 

buses for the violated buses were 7 in number and the solution was 

ob'ta:i_ned in one iteration of local optimization. 
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- Reactive source installed and their respective capacities, 

1. 0.444 	8. 	0.3425 	5. 	0.8972 
	

7. 0.4321 

9. 0.0099 	14. -0.134 	16. 0.284 
	

is. 0.168 

- 	Local Flow - no limit violation detected 

- 	Local Solution - Iteration 

1 

2 

3 

4 

Bus no. 

24.4 	terminal buses 

24,4,2,23,7 

24,4, ,7,4,2,9, 8,5 

22,4,23,7,9,8,5,24,20,6,19 

,21 

- 	Voiticje vio],aL:i.on after local solution 

7 	1.2082 

4 	1.11.99 

- Outage Simulation 	Total iteration = 2 

Power in Reconnected line 5 after local solution with 12 

buses (74.48 ,-123.90:1.), (-64.734,148.778) 

 of Voltage I inijL VLo.Uu1jon - Toe.once limiL on 

vol age mismatch 	0.001 

Control Area 

I. 	Bus 4 	4,7,9,8,5,3 

3. 	Bus 7 	7,9,8,5,4,3,24,20,6,19,21,23 

Total control buses ; (4,7,9,8,5,20,23) 



Full iteration of optimization program = 2 

Control MVA (AU) 

5. 60.000 6. 1.0.000 

9. 0.987 8. 10.000 

7. 	43.21 	8. 	30.000 

From the result removal of 5th line in 24 bus system, 

resulted in vo1age limit violation at two buses, viz. 4,7. 

The same has been corrected by 2 iteration of Local optimization 

for which seven buses were considered, using a two step limit; from 

the affected bus formula. For the post adjustment local flow few 

iteration were required and less sensitive controls is for 

capacitor/inductor less than 0.01 pu are neglected. This resulted 

in minimum controls without damaging the efficiency. The controls 

at bus no. 5 th being mo s t sensitive and with the highest 

sensitivity of 0.6929 tributed 60.0 MVA which is well within the 

supplying limits set and bus 7 is next most sensitive and it 

contributed 43.21 M.V.A. . 

3. Lirie 17 c ut i ge d i n the 24 bus y t ciii 

Reactive source installed and their respective capacities, 

	

1. 0.444 	3. 	0.124 	5. 	0.8972 
	

7. 0.4321 

	

12. -0.231 	1.4. -0.134 	9. 0.0098 



-  Local. U'low - no .limib violation detected 

-  Local. Solution  Iteration 

2 

3 

Bus no. 

7,9  terminal buses 

7,9,8,5,4,3,24,20,6 

7,9,8,5,4,:,20,6,19,21,22, 

23,2 

-  Voltage violation after local solution 

7  1.1.358 

4  1.1677 

- Outage,  Simulation : Total iteration = 2 

Power in Reconnected line 5 after local solution with 14 

buses 3l2.325. -121.61)  and (-309.8, 213.74) 

-  Alleviation of VoiLtcje limit Violation - Tolerance limit on 

voltage mismatch = 0.001 

Control. Arc 

1.  Bus 7 : 7,B,5,4,3,19,20',6,23 

Total control buses  (4,7,9,8,5,20,23) 

Full iteration of optimization program = 1 

Control MVA (AU) 

 

9.  0.987  20.  12.330 

 



resulted In voltage limit violation at one buse, i.e. 7 

after local solution and one iteration of global load flow. 

The same has been corrected by 1 iteration of Local optimization 

for which seven buses were considered, using a two step limit from 

the affected bus formula.. 

A. Line 3 outag d, in the 2f bus system 

Results are reported on outage of line 3 rd , 26 bus 

system where an area of 15 buses was selected for local solution 

which resulted In a violation at 4 	and 7t ~1 bus. The control 

buses for the violated buses were 7 in number and the solution was 

obtained in one iteration of local optimization. 

- Reactive source installed and their respective capacities, 

13. 0.112  10. -0.129  9.  0.00987  1.4 -0.134 

12 - 0.231 .11.  0.234  16. 0.284  15. 0.168 

1 0.434 

Local Flow - no limit violation detected 

- 	Local Solution - Iteration 

1. 

2 

3 

4  

Bus no. 

13,26 	terminal buses 

23,2 

13,2,25,10 

13,2,10,9 



-  Outage Simulation : Total :iteration = 2 

Power in Reconnected line 3 after local solution 

is (8.912 ,31.85), (-8.92, -23.62) 

-  Alleviation of Voltage limit Violation  Tolerance limit on 

voltage mismatch = 0.001 

Voltage violated after Global Solution 

2.  1.2319  9.  1.1187  10. 1.2072  13. 1.361 

Control Area  

1.  Bus 2 

2.  Bus 9 

3.  Bus10. 

4.  Busl3 . 

2,25,13,10,9 

9,1.4,1.2,10,11, 26, 2 

10,9,2,14,12,25,13 

13,2,25,10 

Total control buses : (9,11,12,13,10,14,25) 

Full iteration. of optimization program = .1. 

10. 10.000 11. 10.000 12. 10.000 13. 10.000 

9.  0.907 

From the result removal of 3 rd line in 26 bus system, 

resulted in voltage limit violation at 4 buses;  viz.  2,9,10,13 

The same has been corrected by 1 iteration of :Local optimization 

for which seven buses were considered, using a two step limit from 

the affect:ed bus .fo.imula. For the post .:adjustment. local flow few 



iteration were required and, less sensitive controls is for 

capacitor/inductor less than 0.01. pu are neglected. 

5. Line 5 outaqed in the 24 bus ytrn 

At 57 bus system the contingency is created in the system data 

itself by deleting the line 3rd from the system data , as a result. 

the voltage contingency at bus number 24 is detected which is 

alleviated  by the alleviation program. 

- Reactive source installed and their respective capacities, 

1. 0.444  8.  0.3425  5.  0.8972 
 

7. 0.4321 

9. 0.0099  14. -0.134  16, 0.284 
 

15. 0.168 

-  Local Flow -  violtion detected 

Voltage violated at 

 

24.  0.850 

-  Alleviation of Voltage limit Violation - Tolerance limit on 

voltage mismatch = 0.003. 

Control Area : 

1.  Bus 24  24,25,23,27,26,18 

Full iteration of optimization program = 2 



- 	_ -. 1 	RI7 	/ 	ti \ 

24 	30.000 	25. 	23.4 	27. 	30.0 	26. 	23.1 

18. 12.37 

A. 3 CONCLUSION 

The problem of Voltage Limit Violation :in Power System 
--WI 

Emergencies has has beer, inye•sti:aLed .A concept of Local Optimization 

has been i.nJ.r-odncad and- direct method -i. - 	Lrodc-- to alleviate 

system ernerqencies due to Voltage Limit Violation. The method is 

cçu.ite efficient and the results are analysed in 24 bus system 	26 

L.; system and also in 57 bus system 

As cleat' from the table (4.1) the results are obtained in one 

or two iteration and very few buses need to he analysed for the 

local. optimization. 7 maximum and minimum limit has been assigned 

to the controls and He now operating point is obtained by minimum 

controls as less sensitive controls are neglected . An extra 

adjustments has been put in the program to Lake care any violation 

that can he put by system data , in this case-  the line outage 

simulation and local simulation part: is bypass(:,- and straight away 

the vol Loge vi.olatin is treated for, 
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TAU 4.1 

ALLEYiA?iG„ OF BUS VOL .''.IG9 Li1IT VIOLATIONNS BY LOCAf OPTIMIZATION 

Sr. Particulars of Pass Details of the bases at. which Local Controls 

No. test systems 
--- 

limit violated optimization 
-------_- -____---- __------- 

Bus Violated 

-.--------T--------------- 

Bus  voltage 

------  ------- 
No.  of 

-----.----- 

No,  of Type At 	Bus. Adjust- 
No, limit ----------- ----------- Busses iteration ments 

Pre- Post- Proce. U 

Adjustment Adjustment 

1 -  2 3 4 5 6 7 8 9 10 11 12 

1, 24/3 1 3 1,100 1.1041 1.0853 8 1 Llc 3 10.0 
4 1.100 1.1302 1.0591 1 10.0 
7 1,100 1,1626 1.0986 9 0.987 

8 34,25 
xer 5 89.72 

16 0.01 
14 13.9 

2, 24/17 1 4 1.100 1.208 1.10139 7 1 L/C 5 60.0 
7 1.100 1,1199 1.0959 6 10.0 

7 43.21 
8 30.0 
9 0.987 

14 13.40 
15 16.80 
16 28.4' 

xer 17 
23 

0.02 
0.10 

3. 24/17 1 7 1.100 1.1080 1.10 6 2 L/C 7 10.00 
8 10.00 

5 16,80 
14 -13.4 

9 0.981 

4. 26/3 1 2 .1.100 1.232 1.104 7 3 	. L/C 1 10.0 
9 1.119 1.031 2 10.0 

10 1.201 1.109 3 10..0 
13 1.361 1.003 4 10,0 

9 0.997 
1.3 13.4 

5. 57 1 24 0.9 0,8499 0.395 6 2 LIC 24 30.00 
25 23.40 

• 26 23.10 
29 30.00 
18 12,30 
12 -23.10 



CHAPTER V 

CONCLUSI ON AND SUGGEST I ON FOR FURTHER WORK 

The problem of alleviation of voltage, limit violation in the power 

network has been studied. The method presented is based 	on .iocl 

optimization which adjusts the power system parameters in 	the 

vicinity of voltage limit violation. It may possible that the 

alleviation of voltage limit violation at one may cause the 

volatage violation elsewhere in an interconnected large system. 

Voltage problem is solved in the iterative mannar however the 

system studied in thesis, such phenomena is riot observed. 

The method take care of practical constraints over the values 

of capcitors, rectors and 	changing transformers Nethod is 

tested under the severe conditions by creating lIne and 

transformer contingencies which causes voltage limit violation. 

Thus the robustnes i the method is established. In order to 

minimise tber control actions the less sensitive adjustments ar 

neglected. 

The source compensation is used to model the various changes 

in the network cof iguration and Parameters from the base case 

values. Since the Jacobian is not changed hence the the 

refactorization of Jaccbian is avoided which makes the method 

efficient. 

It is expected that the investigation in this thesis will 

find its application in power system operation and inJ?lant. 

The work in the thesis may 	he 	extended 	for 	Real 	Time 

application of power system. 



APPENDIX - A  

• SOFT-WARE DESCRIPTION• IN BRIEF 

The 1 Software package °cal, led - "OUT11" written; .in FORTRAN IV and 

tested on a 486 based machine, UNI) System 5 Release IV at Roorkee- 

University, O.I.D.B. Lab, Department of Metallurgical Engineering 

and Department of Electrical Engineering, for allf the methods 

-developed in Chapters II - IV is described in brief in this 

appendix. `Byl assigning 'the"proper ;value 'to the variable ISTUDY as 

given below, desired analysis is performed, 

ISTUDY = 1 : Load flow solution,., 

2 	Line outage:simulation" 

= 3 : Alleviation of voltage limit violations 

For each ca8e.,anal' si~"tstarts `with thy' base case load flow. 

This analysis may be from line No. NLFF to Line No. NLFT. or for 

total NLFTTL' lines, /line !Nos: of , which are specified in an array 

The software is developed to solve''for large. size networks, 

exploiting lthe' , Sparsity ,of the network. •Fig . 'A-1, ' with the arrows 

emanating rom calling program and leading to' called subroutines, 

highlights the overall' organization of the'1 program. 	Brief 

description of different't'fabbreviated ; program names are given 

below. 



MASTER PROGRAM 

OUT11 	This !'pis the .:ma-in : program. It 	calls 	various 

subroutines listed below, and performs the desired 

analysis using. selected technique and prints the. 

results. 

SUBROUTINES CALLED 

LFIN,,., .READS and if ,desired 	PRINTS 	input 	data 	of 	the 

system. 

LINK Scans the network and stores the information 	about 

the networks topology. 

NETINJ Models 	the 	buses, and 	determine 	the 	net 	power 

injections., 

YBUS Models transmission lines, 	the lines, 	transformers 

and 	phasei shifters 	and 	determines 	and 	stores 

elements of Y-matrix. 	. 

ISSLE Prepares the data as required by SSLERN 

SSLERN Solves a system of sparse linear equations based on 

Zollenkopfs algorithm. 	It 	calls 	SORDRN, 	REDURN, 

DATARN, 	DATBRN., 

SORDRN 	. . 	Simulates . and .orders coefficient. , matr ix for Gauss - 

ellmi.naLion. , 

REDURN 	Performs the reduction, of the coefficient matrix. 

DATARN 	,;: ;; ., r.Calcul,ate5 .telementsof~larrays r ; to ::)be..,:used 	in !I,u 

decomposition. 	. 
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SELECT 

LOCSOL 

AVQOPT 

MATIN 

Reorders elements of each column.i.f necessary, and 

calculates elements row - wise. 

Solves linear equationsby 	a 	sequence 	of 	matrix 

multiplications. 

Calculates real-and reactive power at a given bus. 

Calculates the power mismatches at buses. 

Updates voltage angles of buses. 

Updates voltage magnitudes of buses. 

Calculates the power distributions.(MW, MVAR, MVA) 

from each bus to the buses connected, to 	it, using' 

subroutine LINFLW. 

Calculates the line flow. 

Calculates reactive power- generation at P--V 

buses. 

Calculates slack bus power. 

Identifies the radial line and adial end bus No. 

Identifies the buses to be processed for local. 

optimization. 

Compares the change in bus voltage and selects the. 

buses to be included in local area for step by step 

enlargement of local area for local solution. 

Performs load flow solution for local area using 

Gauss - Seidel technique. 

Calculates increments in control variables for 

•alleviation of voltage limit violations, using 

local optimization technique. 

Calculates matrix inverse. 

DATBRN 

SOLVRN 

CALPOR 

MISMAT 

UPDBVA 

UPDBVM 

LINEFL 

LINFLW 

REACTV 

SLACK 

REDIAL 

LOCAL 

4 



MATMUL 	Performs matrix multiplication. 

POWER 	For outage studies the specified power is locally 

matched. 

DEVOLT 	Voltage limit checking subroutine. 
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LFIN 	DATA FILE - 

LINX 

NETINJ 

YBUS  
SORDRN 

ISSLE  REDURN 

OUTii  SSLERN  DATARN 
(MAIN PROGRAM) 

CALPQR  DATBRN 

MISMAT 

UPBUA  SOLURN 

UPB V M -----T-~--- S OL UR N 

LINER -------- L I N E FL W 

REACTV  LINEFLU 

SLACK  LIHEFLN 

RADIAL 

SELECT 

LOCSOL  
MATIN 

AVQOPT  MATMUL 

LOCAL 

Fig A-i  Overall Organization of the Package 



APPENDIX .:-' ' B 

Equation for calculation of elements ag/OX, dg/U, i9f/aX arid' 

.O,.f/,aU in local optim-i7zati'on j procedure for alleviation of voltage 

limit viol'ations'are- derived in this appendix. 

B.1 Equility constraints are given by equation. [3.13] and the 

same is reproduced'-as equation. (B-1) below 

gi = (B. - E B. .)V  + [  (G. Sin(O.-e.) + B. Cos(e.-o.)V.1V
i 

ja-A(i).  
j~A(i) •

+ 	Gi 	 Li) - 0 	i = 1,...,NLO 	....(B-1) 

Independent (control)variables [U] and dependent variables [Xl are 

defined as 

Independent CControl Variables : (ti] 
(, 	i 	. 	,. 	. 

1) For Generator buses  V: 

2) 

 

For switehable reactive-:  . 
power source buses  

QGi' 

3) . For top changing trans- 
formers 	 TR 

Dependent Variables : [XI 	•- 

1) • For all .P,--Q buses 	 V .• 

2) For Generator buses 	QGi 

4) 



H. i.1 	Differentiating equation .(B-1f)- w.r.t X, we obtain, the 

following (B-2) and (B-3) experssions, 

2.0(B. - 	B.. )V. +, [, 	(Gi,.Sin( 1 e3. ) + B..Cos(O. -O. )V j j 
jE A(i) 

a l 	1.0  
7GA(i) if 

,X =QGi 
 

.if Xi - vi 

1,....,NLO 

 

 ....(B-2). 

If 
(G Sin (e  -ea ) + B Cos (e -~ ) )V 	, if X = V ij .Sin(.-.) B. 	i j i 	j  V . 

09.  
1 	1.0 	 if X 	Q 

c7xi  
i = 1,....,NLO  j = 1.....,NLO  i = j Gi 	....(B-3) 

In the desired final solution, it may be assumed that 

v.v. 	= 	1.0 
1, 	? 

Cos(. -0.) 	1.0 
1  ] 

and 	G. .Sin(.-.) 	B.. 
13  13  13 

and the equation (B-2) and (B-3) are reduced to (B-4) and 

(B-5) respectively. 

2.013.
1 -  B. 

	

J. 	 jeA(i) 

 

~x1  1.0  , if X. = 
 QGi i 

i= 1,....,NLO 

, if Xi = Vi 

B.. 	 if X. =V. 
13  3  3 

0g. 

c3x.= 	0 	,if X j 	QGj 

i = 1,....,NLO; j = 1,....NLO, a  Z4 83 g 

....(B-4). 

1=j  
1 



Equations (B-4) 'and • (.B-5) , are -used to calculate ag 
ax 

B.1.2 	Differentiating equation (B-1) w.r.t. U, we obtain the 

following :expressions , , (B-6) ! (B-7) and (B-10) 	. 

2.0(Bi - E B. ) Vi + [ 	E 	G. Siri(O-0.) + B. Cos(' -e.)V.]. 

• ag.  jeA(i) 
13 1 	3  

i 	
7  13  133 

= V 
r3Xl = 1.0 	 if Uk 	QG.. , if Uk 	i 

i  i - 1,....,NLO, k=1,....,NC  ....(B-6) 

(G. Sin(a -et.) + B. Cos(sa -e ) )V'.' 	if 0.= V. 1 
i7  1 J  iJ  i ~ 1 	7 ~ 

agi 	t. 
x = 1.0 	,. 	if Uk 	QGi 

i = 1,....,NLO; k = 1,....,NLO; jeA(i)  

If line i-j is the transformer line, of kthtransformer with 

off-nominal tap ratio TRk and the buses i and j are tap side and•

impedance side buses respectively, the variable TRk appears in the 

equation; .(B-1) .-: For ;simplicity,; abbreviated terms.:, AA -: . and BB as 

defined in equations [3.15] and [3.16] are used for derivation of 

•expressions-.:w . r . t . TRk .. 'Thes contribution of .!TRk in. BB . and AA is 

.given' by equations • (B-8) and • (.B-9 )..: ' 

BB = BB°+[G. .Sjn(Oi-e.)/Trk+B. .Cos(ei-e.)/TR )~IV.  

AAo + Bij 	,if i is the tap side bus 	• 

AA 	= 	 TR IC 	 i =t 
'i 

TR -2 
+ 	Bij 	, if .i is the impedance side bus 

	

TRk 	 ....(B-9) 
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Where AA°arid ' BB°• are 'the;':cont.ribution of all the elements 

except transformer i-j. 

Now, d.ifferentiating•equation (B-1) w.r.t,.tap ratio- for tap 

changing transformers in local area, equation (B-10) is obtained. 

as under: 

'fig 

aU
NC+K 

B.  2  1 

TR3 V  
[G..Sin(e.-c)+BCos(c~.-0)]ViVj 

I TR2  
j 13  j 

, 
]c• 	 ]c 	, 

if i = TTAP ]( 

	

2B. 	2 
- 	V -• 	[G .Sin(.-G.)+B. Cos(e.-e.)]V.V. 

	

TR 2 	i 	TR 2 	i j 	z 	:1 3 	i 	:i.Jr 

	

k 	k 
if i = TTMP ]c 

K = 1, .....NTR 

,,,,(B-10) 

Equation (B-6) ,' (B-7) and' ('B-10) .are used to calculate Og/aU . • 

B. 	Theobjective• function •f(X,U), is expressed as equations 

through [3.8], [3,9J and [3.18]•.`• Same` is reproduced as equation 

(B-il) through (B-13). 

f(X,U) _ z (V.) 
ieLV 

min 

 

(Vi .  - Vi ) 

Where AV = 

(V. -- max V. 
+'-  1  1 

..... (B-11 ) 

•if V.< V. 
1 1 

if V 	> VmG 	 ...,,,(B-12) 

 



V= - BB - (BB2-4A.CC) 2  
4 AA 

y 	 I 

Variables AA, BB and CC are defined in equations [3.151  

through [317] and are reproduced as equation (-4) 	ough 

(B-16) 

AA B. 	+ 	B.  
jEA(i) 

•1J 	1 	J 	1] 	.1 jGA W j•J 

CC Q Gi 	Li ....(B-16) 

/ 	 - 

DERIVATIVES OF OBJECTIVE FUNCTION w..rt. 	X 

On differentiating 	equation 	(B-11) w.r.t. 	X and 	using 

equation (B-12) 	through 	(B-16), 

•ifX 	Vi  

LL'2'O (AV 1}(I 	 11QG1 	U andV1  > max Vi  
af 
ax ay. 

2.0(iW 	)( 	)if X and V> V max 
Ox. 	i G1 

i E LV I. (B-17) 

  • Where, 	ov.,x. 	is 	obtained 	as 	equation 	 (B-17) on 

differentiating 

1 	1 

equation w.r.t. x 	Q. and using equation (B-14) 

through (B-16) 

j;-'.), 	 •• 
av: 1 2  4AA.cc)112  8B 	 , 	if X. 	Q 2 	 1 Gi 	....(B-18) 

J 1 



Using equation 	(B-18) In (8-17)' equation 	(B-1~ 

as 

2•.0(G 	 X. V 	) 	if X i . , Vi 

AV1 if X.- QGi and V1>Vmax 
of 

= 	(BB2 ~ 2 -' 4AA.CC)~ 	• 	 + 
1 

('6Vi) if Xi 
 QGi 

and V~<V
max 

i LV ....(B-19) 

Similarly 
6V. 

2.0 	(AV.) ( ' )•, 	if" X .=V~ 	and 	Vi >Vmax 

i G A 	(j) 
6X 

j 3 1 

j  = i 

axe - 2.0  (AV.) (-  ),  if  X~=V~  and V.>V ~XI 
i A 	(j) 3 11 

if X j = QGi 0.0 

Where, OVi/OX, is obtained on diferentiating equation (B-13) 

w, r , t. 	X= 	. V~ 	and '"'using equations 	'(B-14) - .. through' (B-16) 	as 

follows, 	, ,  

ay . 	_ 1 	d'BB 	2 	 dBB 
(BB  - 9AA.CC)

1 / 2 
.BB.a-  }  

Where, 

eBB= 
 C. ,Sin(  + B.  ,Cos(.-.) ....(B-22) 

aX. 
i-0~) 

13 



- BB - (BB2-4AA.CC) 2  V .  
1 	 4 AA 

Variables AA, BB and CC are defined in equations [3.151 

through [3,17] and are reproduced as equation ,.(B-14) thbugh 

(B-16)  

AA  =  B.  +  B.. 
1 

jc-A(i) 

BBH 

 

(G..Sjn(.-0j)•  ±B. .Cos.(:.-.))V. 
1J 	1 	1J 	1 3 J 

CC=  L1  
....(B-16) 

B.2.1 	DERIVATIVES OF OBJECTIVE FUNCTION w.r.t, X.  

On differentiating equation (B-11) w.r.t. X and using 

equation (B-12) through (B-16), 

. 	1 2O (AV 1  if X, 1 V.. if 

 

;Q .. and  
max 

Y1   

2.O(AV  1  ,± X. = Q  and  . > max 
Ox.  

X. 
 1 1 

1 LV  (B-17) 

Where, 6V./,&X. is obtained as equation (B-17) on 

differentiating equation w.r.t. X i= QGi  and using equation (B-14) 

through (.B-16) 

= 1  BB - 4AA.cc)h/2,  if X.  
....(B-18) I 	Gi 



Using equation  (B--18) in  (B-17),  equation  (B-19)  is  obtained 

as 

2•. 0 (LV .) 	, if 	Xi = Vi 

V. 
if Xi = QGi and Vi>V

max 

of  (BB2. -' 4AA.CC)1/2 , aX 

i if  
X.=QGi 

and V.<V. 

(1313 - 	4AA.CC)1/ 

i _ LV ....(B-19) 

Similarly 
6V . . ; 	~. 2. 0 	(V.) (— 	),, 	if" X . =V . 	and Vi >Vmax 

iA (j) j 
J  = l 

ci f 

OX. E 2.0 	(LV.) 
6V. 

(- ~ X1 	), 	if X.=V. 	and V.>Vm_tn 
i A  (j) j  J  J 

0.0 if X. 	= QGi 

j = 1,...,NLO 

Where, OVi/OX.  is obtained on diferentiating equation  (B-13) 

w . r . t . 	X.=' 	. V . 	and 	''using equations 	` (B-14). through 	(B-16) 	as 

follows, • 

i  
- 5T 

1  aBB 
+ 	(BB 4AA I OX , 

2  1/2  aBB ~- 	4AA . CC) 	. BB . a 	} 	....(8-21)  

where, 

dBB = G. ,Sin(.-) 	+ B. 	.Cos(.-L-).) 	 ....(B-22) 
OX. 13 	1 	3 13 	1 	3 

Sti 



Using equation (B-2i) and .B22)::in (B-20), equation (B-23) 

is obtained as, 

:1- 	1 j 	1J 	1J 	iJ i€A(j) 

2 (1 BB - 4AA.CC).BB)], 	if X. = V. and 
3 	.3 

I 	A(j)  
1 	2 (1+(BB - 4AA.CC).BE)}, 	if X. = V. and V.<Vmin  

Ovo -  1  ,, }-- i X.Gi 

Equations (6-1.9) and-(B-23) are used- •to- calculate the 

derivatiatives of objective function w.r.t. X. 



 APPENDIX - C 

Cl POWER SYSTEM REPRESENTATION : 

An electric power system consists of three principal 

components 	the generating stations, the transmission lines, and 

the distribution systems. The transmission lines are the 

connecting link between all the generating stations and the 

distribution, systems; The 'essential features of power system 

operation can be explained by means of a simple two - bus system 

shown in.Fig. C.1.1. Each bus is being fed from generation units 

SG1 & SG2. Fig. C.1.l shows the equivalent circuit of two bus 

system. The transmission line is represented by a rr circuit. 

An off-nominal transformer representation is described in 

Fig. C.1.3 and its equivalent circuit in Fig. C.1.4 . Note that, 

if the transformer ratio is a:lfrom bus p to q then transformer. 

admittance Y is replaced by Y /a., a shunt admittance of  
t 	t 	 2 

Yt} is added at bus p and, a shunt admittance of 	is 

added

is  

added at bus q. 
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