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ABSTRACT

Guided by the experience that real power is more
sensitive to nodal phase angles and reactive power to
voltage magnitudes,; a new formulation of power flow op—
timization is developed which exploits this decoupling
and consequently reduces problem size, computer memory
and solution time. The decomposition of the variables
and the load flow equations results in the formation of
two subproblems— one corresponding to the reactive power
equations (@-Optimization) and the other to the real po-
wer equations (P-Optimization). The two subproblems are
alternatively solved until the desired accuracy is at-
tained.

The method has considerable potantiel for real time
applications and the solution of only one problem, if
desired. Approximate models are preferred for both mod-—
ules. The errors induced by ignored set of power flow
equations, which are the major limitations common to all
approximate models, are overcome by the proposed formu-—
lations.

G-optimization subproblem is devoted to the minimi-
zation of the real power transmission losses (RPTL) and
the improvement of voltage profiles by adjusting the con—
trol variables of the module, i.e. generator voltage mag-—
nitudes, VAR injection values of the shunt capacitor/reac-—
tors and tap values of the tap changing transformers.
P-optimization module is used to minimize the hourly fuel
costs (HFC) of the thermal generating units. It is also
possible to eliminate an unfavourable increase in the
RFTL throughout the latter module.

The proposed formulations are programed and the ef-
ficiency is tested by solving several test systems. The
results are discussed and compared with those reported in
the literature.

—-iii-



UZET

YAKLASIK AYRISTIRMA YONTEME ILE ETKIN VE TEPKIN GUG
OPT1 Ml ZASYONU

Bir enerji sisteminde optimal ylik akisij sistem
degiskenlerinin, glic akisini ve fiziksel kisitlamalara
saglayacak ve belirli bir ama¢ élgitinit en iyi kilacak
sekilde belirlenmesidir.

1930°1u yallarda Ureteglerin verimliliklerd4 oran-
ninda sirayla ylklenmeleri ile kabaca ¢dziilmeye galisilan
bu problem, zamanla gelisen ve bilyillyen enerji sistemle-
rinde, matematiksel olarak ele alinms ve gesitli ¢dzim
yéntemleri gelistirilmistir. Enerji iletim kayiplari gé-
zardr edilerek ortaya atilan Esit Birim Maliyet Ydntemi
CEqual Incremental Cost Method) bu alandaki galismalarain
ilk Urinldir. Enerji iletim kayiplarinin farkli godsteri-
limlerine dayanan c¢alismalar bugilinkii B-Katsayilari yén-
teminin (B-Coefficients Method) ilk temellerini olustur-
maktadair.

1950°1i yillaran ortalarinda yilk akisi probleminin
bilgisayarlarda ¢éziilmesinin gindeme gelmesi, sistem e-
sitlik/esitsizliklerinin ve optimizasyon isleminin bir-
likte ele alindigi, daha kapsamli gdésterilimlerin kurul -
masina olanak saglamistir. 1868 yilinda Dommel ve Tinney
tarafindan verilen matematiksel gdsterilim bu yéndeki ca-
lismalarin en dnemlisi olarak bilinmekte ve glintimiiz ya-
yinlarinda temel referans olarak vurgulanmaktadir. Séz-"
konusu gésterilim;j

f = fCx,ud

bigiminde verilen belirli bir amag¢ &lg¢itini,

gCax,ud 0]

h(x,u> =2 0O

esitlik ve esitsizliklerini de saglayacak sekilde, en iyi
kilan kontrol degiskenlerinin belirlenmesi olarak tanim-—
lanir. Burada u kontrol degiskenleri vektérinii, x du-
rum dediskenleri vektériniti, f yakit giderleri vb. bir
amag &lgltiini, @ sistem esitliklerini Cyilk akisi esitlik-
lerid> ve h da fiziksel kaisitlamalari gdéstermektedir.

Optimal kontrol teorisinden bilinecegi ilizere, opti-
mal galisma ncktasa

—_iv—



#Cx,u,A> = fCx,ud + AT glx,ud

genisletilmis amag S&lgiutiniin tiim kontrol, durum ve A
Lagrange Qarpanlarina gére kismi tirevlerinin sifira e-
sitlenmesi ile olusan

0¥

-a-x=ng,u)=0
2% _ of og 17
a=5;*[3;]"‘=°
3% _ af l'ag"
3u &t '5u‘]"*=°

denklem takiminin ¢éziilmesi ile bulunur. h sistem esit-—
sizliklerinin saglanmas: ise ¢&ézim yé&ntemine gére degi-
sir.

Problemin bu sekilde ortaya konmasindan sonra, a-—
rastirmalar yukarida verilen, lineer olmayan denklem ta-
kiminmin ¢&éziimli dogrultusunda yogQunlasms ve gesitli sayi-
sal yéntemler gelistirilmistir. Bu arada, elektrik sebe-
kesindeki blylme sonucu, enerji iletim kayiplarinin azal-
tilmasi ve bara gerilim genliklerinin kontrolu sorunu or-—
taya cikmis ve bu amagla tepkin Creaktifd gi¢ akisindan
yararlanma olay:r glindeme gelmistir.

Genis bir birlesik (enterkonnekte) sebekede optimi-
zasyon islemi oldukga karmasik ve zaman alici bir oclay-
dir. Bu nedenle 1970°1i yillarin sonlarinda optimizasyo-
nun, etkin (P) ve tepkin () glic optimizasyonu seklinde
iki alt optimizasyon siirecine ayristirilmasi fikri ortaya
atilmstar. Béyle bir ayraistirma, ¢dézimi kolaylastirmasa
ve hizlandirmasina ek olarak, alt birimlerin farkla amag-
lara uygun oclarak modellenmesi kolayligini da saflamis-—
tar.

Son yillarda konuyla ilgili yapilan galismalarain
amaci daha hizli sonug veren ve daha az bilgisayar bel-
legi gerektiren yéntemlerin arastirilmasi dogrultusunda
yogunlasmaktadar. Bu calismalaris

ad) Amac¢ &lqgituniln ve/veya sistem esitlik ve esitsiz-
liklerinin gésterilimi konusunda yapilan galis-—
mal ar,

b Sayisal ydntemlerin gelistirilmesi veya probleme
uyarlanmasi konusunda yapilan galismalar

seklinde iki ana gurupta toparlayabiliriz.

—_—\—



Bu galismada alt optimizasyon birimlerinin herbiri
i¢in birer farkli gésterilim dnerilmis, &nerilen gbsteri-—
limler programlanmis ve gesitli &érnek sistemlere uygula-
narak Ustinliikleri arastirilmstar. Gikan sayisal sonug-—
lar irdelenmis ve konuyla ilgili yayinlanan sonuglarla
karsilastirilmstar.

Daha hizli sonug alabilmek amaciyla gerek yilk akisa
ve gerekse diger optimizasyon esitliklerinde, fiziksel
gergeklerden yararlanarak, bazi yaklasikliklar yapilmis-—
tir. Bu yaklasiklaiklar sonucunda, esitliklerde sikga
karsilasilan matrislerin simetrik olmalari saglanmstar.

Elektrik ener ji sistemlerinde bir takim degiskenler
arasindaki yakin iliskiden (kuplaj) yararlanarak, sistem
kontrol degiskenleri alt optimizasych birimleri arasinda
paylastirilmstir. Yine bilinen etkin gl¢-bara gerilim
agis1r (P-&) ve tepkin glig—bara gerilim genligi C(@-VD
iliskisinden hareketle, alt birimlerde gegerli durum de-
giskenleri ve dolayisiyla da sistem esitlikleri belir-
lenmistir.

Tepkin gii¢ optimizasyonu alt biriminde enerji ile-
tim kayiplarinin olasi en kiglk degere indirilmesi ve ba-
ra gerilim genliklerinin belirli sinirlar igerisinde tu-
tulmasi amaglanmistair. Bu birim,

f = £ Cx ,u?
q qQ a9 9q

bi¢iminde tanimlanan enerji iletim kayiplarini minimum
yapan ve

= (x ,ud> =0
gq gq Q g

esitliklerini ve

esitsizliklerini saglayan uq kontrol degiskenlerinin be-

lirlenmesi clarak tanimlanir. Kontrol degiskenleri cla-
rak tirete¢ bagli baralarin bara gerilim genlikleri, tep-
kin glig lireteglerinin tepkin giligleri ve kademe degistiri-
ci transformatérlerin kademe ayarlarij durum degiskenleri
oclarak ylk baralarinim-bara gerilim genlikleri ve lreteg
tepkin gii¢ gikislarai alinmstar. gq sistem esitliklerin-

den hq ise durum degiskenleri tizerindeki kisitlamalardan

olusan vektérel esitlik ve esitsizliklerdir. Diger opti-
mizasyon birimine iliskin kontrol degiskenleri ve durum
degiskenleri sabit alinms ve etkin gic akisi esitlikleri
dikkate alinmamistair. Bu durum, salinim lreteci etkin



gliciniin ama¢ &lgitd clarak alinabilme clanaQini saglar.
Diger taraftan etkin giic esitliklerinin dikkate alinma-
masli sonucu,

_ oP P
AP= 'a—u- - Auq"" &' - qu
q q
seklinde bir artik terim oclusur. Bu artik terimlerin

toplam: dogdrudan etkin gii¢ kaybini etkiler. Bu nedenle
bu artik terimlerin yokedilmesi veya en kigiik degere
indirilmesi gerekir. Bu amagla, etkin giig esitlikleri-
ne iliskin Lagrange Carpanlarindan sabit biyiliklikler
olarak yararlanilmistar.

Etkin glic cptimizasyonu alt biriminde,

NG

f=fc'x,u3=§ f CP D
P P P P Pi' Gi

i=1

seklinde NG adet iretecin etkin giliglerinin bir fonksi-
yonu olarak verilen isil Unitelerin saatlik yakit gider-
lerini minimum yapan ve

h=hd{x ,u> 20
P P

esilsizliklerini saglayan up kontrol degiskenléri he-

saplanir. Kontrol degiskenleri olarak salinim Uretecinin
disindaki Uretecglerin etkin giglerij; durum dedgiskenleri
clarak da bara gerilim agilari alinmmstair. qp sistem

esitlikleri olarak etkin gli¢ akislara ve hq esitsizlikle-

ri olarak da enerji iletim hatlarinin yilklenme sinirlara
alinmistar. Bu siregte, diger siirece iliskin kontrol ve
durum degdiskenleri sabit alinmis ve tepkin giqg esitlikle-
ri dikkate alinmamistir. Buradaki en biiyitk sikainti ener-
ji iletim kaybindaki belirsizliktir. Diger birimde, ya-~
k1t giderleri de etkin glic kaybiyla birlikte bir azalma
géstermesine karsin, bu birimde enerji iletim kabindaki
degisim artma veya azalma yéniinde olabilmektedir. Ener-—
ji kaybindaki bu artisa izin verilemeyecek bazi durumla-
rin olabilecedi de dikkate alinarak, bu birim birden faz-
la secenede olanak saglayacak sekilde tasarlanmistar. Bu
amagla toplam yakit giderleri, salinim barasi yakit gide-
rine bélinerek, normalize edilmis birimlér arasainda

-vii-—-



Lagrange Qarpanlari agisindan bir karsililik saglanmis-—
tair. Hatta bu birimin, ek bir matematiksel isleme gerek
kalmaksizin, kayip cptimizasyonu ig¢in de kullanilmasa
olasidar.

Optimizasycna iliskin akis diyagrami Sekil 1°'de ve-
rilmistir.

BARA ADMI TANS MATRISINI OLUSTUR

Y

BASLANGIG DEGERLERINI SEC
o] [ o]
u , u
P q

7 u®

1LK YUK AKISI j

i=o

Y i i
u .x

4

Q-OPT1MI ZASYONU

ui=sabit
P
*
i * u
u=u q
i=i+a !
'y P-OPT1 MI ZASYONU

u'=sabit
q
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CHAPTER 1
INTRODUCTION

Optimal dispatch or economic dispatch is a computa-
tional process whereby the total generation required is
allocated among the generating units available so that
the constraints imposed are satisfied and the operating
costs, system losses or some other appropriate objective
functions are minimized. The idea of optimal dispatch
had started from the time that two or more generating
units were committed to take on load on a power system

whose total capacities exceeded the generation required.

Prior to 1930 it was preferred to load the most
efficient unit to its maximum capacity, than the second
most efficient one and so on [1-Z]. Afterwards Equal
Incremental Cost Method was developed [2,3]. In this
simplest method the sum of the hourly fuel costs (HFC)
of the generating units was minimized under the eguality
constraint of meeting the total demand. That was a
static, separable, nonlinear programming problem and the
optimal loading corresponded to the equal incremental
cost point off all the generators. The method is now
only used for some special cases but it is still assigned

to be the starting point of the problem [4-6].

The only variables considered in Equal Incremental
Cost Method were the generator active powers, but the
presence of the transmission network and so thus the real
power transmission losses (RFTL) were ignored. It was,
however, unrealistic to neglect the RPTL, particularly
when long distance transmission of power was involved.
This difficulty was overcome by augmenting the system
constraints in such a way to include the system RPTL.

However, in case the formulation of the RPTL as a



function of generator real power outputs were required.
It was done via B-coefficients, which is still widely
used. The treatment of the RPTL was first introduced by
Ward [7] and then extended by Kron [8-%2] and Kirchmayer
and Stag [10,11]1. The following works aimed to improve
the RFTL formulation [12,13].

The principle advantages of the foregoing methods
are related to the simplicity of them. Memory require-
ments were low and programming was not difficult. How-
ever, many types of costraints were inconvenient to
handle since the optimization process was carried out
independently from the system equations (load flow cal-
culations). In'effett, the load flow equationé must

appear as equality costraints.

In the late 1950°s the load flow problem made its
appereance in digital computers [14]. The object of a
load flow is to determine the voltages and angles at all
appropriate buses of the network from which all other
gquantities can be calculated. An optimal load flow (OLF)
is a load flow in which some objective functions are mi-

nimized, with the ordinary load flow costraints.

The general problem of OLF, subject to equality
constraints, based upon the Kuhn—-Tucker conditions of
nonlinear programming (See Appendix A) was first formu-
lated by Carpentier [153] and later extended by other
pioneers [16-192]. His work was depended on the formation
af the incremental loss terms or penalty factors from a
converged load flow. The solution procedure employed for

the load calculations was Gauss—Seidel Method.

The method introduced by Dommel and Tinney, which
was based on load flow solutions by Newton—Raphson method
[19] can be ranked as one of the most important one that

has sa far been developed. A number of approaches to the



solution of the nonlinear programming problem introduced
by them were investigated by mathematicians [20-23] and
these techniques together with the improved load flow
solution algorithms [24-30] were applied towards the OLF
problem [31-33].

In addition, it was recognized that the redistribu-—
tion of reactive power is necessary to improve the system
voltage profiles and to minimize the RPTL [36—43]. Due
to the size and the complexity of the problem, recent de—
velopments propose the decomposition of the optimization
process into active (P) and reactive (@) power sub—optimi-
zation problems [44-49]. This decomposition simplifies
the formulation, improves the computation time and permits

a certain flexibility in the types of calculations desired.

Following the decomposition idea, much effort has
been devoted to the improvement of the convergence and the
reduction of the computation time and the computer storage
requirements. Further studies were greatly made use of
the developments in numerical techniques in optimization
and their applications in power system studies [30-5%].

A number of articles devoted to the Q-optimization problem
waere based on lineer programming techniques [60-68]1. Var-
ious formulations based on linear programming or gradiént
type nonlinear programming methods were introduced for
P-optimization problem [67-75]. Improved second order
methods, based on Hessian Matrix approximation, were deve-

loped to handle very large scale problems [76-83].

The security of power system operations is an addi-
tional and an important element that has arisen in the
last decade and has had a profound influence especially on
P—optimization problems. The problem was included in the

optimization process by recent pioneers [84-88B].

The foreqgoing formulations of the OLF assume that



the data provided are absolutely precise. However, the
information available is somehow stochastic in nature.
In addition, in case of hydro-termal systems the water
availability constraint for hydro—generation plants must
also taken into account. Optimal stochastic load flows
and optimal operation of hydro—termal systems were di-

scussed in recent papers [89-92].

Load flow optimization methods can be classified in
one of two categories, one providing exact solutions and
the other approximate solutions. Exact methods take in-
to account both the real and the reactive power flows in
obtaining the solution. Approximate methods achieve sim—
plified representations by ignoring either the real or
the reactive power flows. Generally, the latter ones are

preferred to handle the large scale problems.

In this thesis, two new formulations are introduced
for sub—optimization modules. Approximate optimization
methods, which are more adequate for sparse matrix imple-—
mentitations, are preferred. As in other recent methods,
the problem is decomposed into a B-optimization and a P-
optimization modules. The modules are formulated in such
a way to make use of symmetric, sparse and diagonal domi-
nant Jacobian matrices, obtained during the load flow cal-

culations.

Q-0Optimization module is used both for the minimiza-
tion of the RPTL and the improvement of voltage profiles
by adjusting associated control variables. 1In addition to
conventional fixed control and state variable assumption,
the Lagrangian variables of the adjacent module are also
held fixed. This assumption mades it possible to compen—
sate the residual term for active power mismatch equations
which are ignored throughout the module. Moreover, im—
provement of voltage profiles is accepted as a prerequi-

site condition and the module is so arranged to keep the




load bus voltage magnitudes within the specified limits,
before minimizing the RPTL.

P-Optimization module is used to minimize the HFC of
thermal generating units by adjusting associated control
variables. A flexibility is provided depending upon the
change in the RPTL. Even, it is also possible to recon-
struct the module for the loss minimization, if desired.
The cost function is normalized to achieve a correspon—

dence between the Lagrangian variables of the modules.

The proposed method is programmed and its efficiency
is tested by solving several IEEE test systems. The meth-
od is capable of ﬁandling both the minimum cost and tﬁe
minimum loss problems. Each sub—optimization module is
small and simple. Modelling concepts and the procedures
are the same. Each sub—-problem can be solved independent-—
iy with the control variables of the other sub—problem
held fixed. This method requires less computing time and
the core storage than the exact methads. Convergence was

obtained in a few iterations for all test systems.

The second chapter begins with the statement of the
general optimal power dispatch problem, similar to that
was introduced by Dommel and Tinney. The disadvantages
of the method and so thus the necessity of decomposition
is introduced and the fundamentals of decomposition are
given. The third chapter is devoted to load flow calcu-
lations. Load flow equations and the solution of non-
linear equations via sparse matrix methods are introduced.
Some approximations on the load flow equations and their
effects on the convergence characteristics are discussed.
The praposed farmulations for the sub-modules are intro-—
duced in the fourth chapter. Finally, Chapter V is devo-

ted to the test results for several IEEE test systems.



CHAPTER 11
DECOMPOSED DPTIMAL FOWER DISPATCH
2.1. General Formulation
The first exact solution method developed by Dommel

and Tinney [19] can be summerized as; minimize a scalar

objective function ¥,

f = f{x,u) (2.1)

subject to the equality constraints of the load flow

equations,
g(x,u) =0 (2.2)

and the inequality constraints of the physical restric-

tions,
h(x,u) 2 0O (2.3)

where u, x and 0 denote the control, state and the zero

vectors, respectively.
The set of necessary conditions for the minimum can

be obtained by differentiating the augmented Lagrangian

function,

£ (%;usA) = flasu) + AT.g(x,u) (2.4)

with respect to all control, state and A slack variables.



%% = gi{x,u) = 0 (2,5,a)
a¥ af ag 17
o = % *[3;]-’*=° (2.5,b)
% af ag 17
3 - B *['a—u']-’*=° (2.3,<)

The handling of the inequality constraints differs
due to the optimization methods used. Many existing met-
hods of nonlinear programming fall roughly into two main
categories from this point of view. Methods of Feasible
Directions requires a starting point satisfying the con-—-
straints and finding a direction such that a small move
in that direction violates no constraints but improves
the objective function [23,50,51]. The Penalty Function
Approach changes a constrained optimization problem into
an unconstrained problem by adding a penalty term to the
objective function, which penalizes the solution when the

constraints are violated [23,30,51].

Optimal values are determined by the solution of
Eqs. (2.5,a), (2.5,b) and (2.5,c). The solution methods
applied can be classified as linear and nonlinear prog-—
ramming {(solution) methods. The linear programming
methods employ both the linearized objective function
and the system equations. In addition, some decomposi-
tion techniques developed for large scale systems, can
also be applied [50-32]. Two main types of nonlinear
pragramming methods are widely used. In gradient type
methods, updated control variables are determined via
Eq. (2.5,c); where the Newton type methods employ the
second order derivatives ([50-052,76,77]. In this the-
sis, gradient type methods, together with the penalty

function techniques, have been applied.



The computer time is a nonlinear function of the
unknown variables and any increase in these variables
results in an increase in computational effort. The com—
plete optimization problem also requires a large computer
memory. Decomposed optimal power dispatch methods are
therefore more desirable for large scale power system
optimizations. On the other hand decomposition permits a
certain flexibility in the types of objective functions
desired. That is, sub-optimization modules can be formu-—

lated for different types of objective functions.

2.2. Decomposition

Power system optimization requires both the optimi-
zation of the HFC and the RPTL. The choice of the objec—
tive function depends on the application of the test re-—
sults, generation capacity and the desired impact on the
system model. However, it has been a general custom of
formulating the reactive power dispatch (G-dispatch) and
the active power dispatch (P-dispatch) sub-optimization
modules to minimize the RFTL and the HFC, respectively.
The objective functions and the associated contreol vari-
ables change for the sub-optimization modules. HMoreover,
the system equations and the state variables also change

in case of approximate solution methods.

2.2.1. Reactive Power Dispatch

Reactive power dispatch is used to improve the vol-
tage profiles and to reduce the RPTL. Thus, it has a
twofold objective function. The control variables of
active power dispatch, i.e. real power generations except
the swing bus and phase shifter angles are assumed to be
constant. Mathematical statement of the module can be

given asj



Mipnimize f=F (x,u) (2.6)
q q q

subject to equality constraints of Eq. (2.2) and the in-

equality constraints of,

h {x,u) =20 (2.7)
q q

Where fq denotes the objective function, i.e. the RPTL
and uq denotes the control variables, i.e. generator

voltage magnitudes, reactive power generations of VAR
sources and the tap ratios of the tap changing trans-—
formers. The state vector x includes the bus voltage
magnitudes of load buses and the bus voltage angles of

all buses. Inequality constraint set hq is formed

due to specified voltage magnitudes, tap changing

transformer taps and VAR source limits.

The RPTL is an explicit function of every voltage
magnitude, angle and transformer tap ratioc in the system.
In order to reduce the computation time, the objective
function can be taken as the real power generation of the
swing bus, since the real power generations exucept the

swing bus are assumed to be constant.

On the other hand, the improvement of voltage pro-—
files may sometimes retards the reduction of the RPTL,
especially in large power systems. In case, there must

be made some modifications on f and hq. In addition
q

elimination of the real locad flow equations and so thus
the terms associated to bus voltage angles is also pos—
sible. These two important points will be discussed in
Chapter IV.



2.2.2. Active Power Dispatch

This module is used to minimize the HFC where the

control variables of the reactive power dispatch, u , are
T

assumed to be constant. Mathematical statement of the

problem can be given as; minimize,

T = F (xyu ) = E f (P_) (2.8)
P P P T g

NG: Number of Generalors

subject to equality constraints of Eq. (2.2) and the

inequality constraints of,

h {(x,u ) =20 (2.9)
P P

Where fp denotes the HFC which is the function of real
power generations of individual buses (Pci) and u, de—

notes the control variables, i.e. real power generations
except the swing bus and the phase shifter angles. The
state vector ¥ is the same as in the reactive power

dispatch. Inequalify constraints include the real power

generation and transmission limits.

2.2.3. Optimization Procedure

The two sub-problems are solved alternately until
the desired accuracy is attained. The overall procedure
for solving the decomposed optimization problem is illus—

trated in Figure 2.1.
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Y
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q
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(P-OPTIMIZATION)
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9

Figure 2.1 The Flow Chart of Decomposed Optimal
Fower Flow.

2.3. Disadvantages of Exact Decomposed Optimal Paower
Dispatch

Since the two sub-optimization modules employ the
csame state vector, both the active and reactive load flow
equations must appear in g(.,.). Then, a doubt about
the advantages of such a decomposition arises. Although,
it does provide a flexibility in the types of objective
functions, it does not yield a significant decrease in

computer time and memary.



The classification of the state variahles due to
the sub-optimization processes provides the desired dec-
rease in computer time and memory. In case, real and
reactive load flow equations can be omitted from reactive
and real power dispatch sub-optimization modules, respec—
tively. This formulation is called as approximate
decomposed optimal power dispatch, which brings some
additional problems to be taken into account. The de-—

tails will be discussed in Chapter VI.

As it was mentioned, large scale power system opti-
mization requires some additional efforts. The approx—
imate formulations must satisfy the following require-—

ments.

a) It must be appliciable for several kind of systems.

b) It must not destroy the sparse nature of the re—
sulting matrix equations.

€) The resulting matrices must be symmetric or, if not,

incidence symmetric as far as possible.



CHAPTER 111
LOAD FLOW

The load flow calculations are the most time con-
suming process in an overall optimization procedure.
Therefore, the module must be very well organized to

reduce the computation time.

3.1. Load Flow Equations

The load flow in a system of NB buses (nodes)

comprises NB complex equations:

~% ~ } :— —~ )
SNET_ Vi' - Yi_k.vk \.—1,2,. . NB (3-1)

Where ths the voltage phasor at bus i, Yu= Buf JBu

is the element of the complex bus admittance matrix and

§NET is the net injected complex power at bus i. The
i

»

superscript ‘=’ denotes the conjugate of a complex quan-

.

tity and ‘—~° denotes a complex quantity. Equation (3.1)

can be given in a matrix form,

&% - . d v O -
SNET [ Diag (V) ].Y.V (3.2)
where,
— - - —
= .- mmeaa l3
v [V1 Vz VNn (3.3)

and the superscript ‘t° denotes the transpose of a matrix.



-1 8-

Using the notation P —jDNEr for the left hand

NET, .
L 19

side of Equation (3.1) and separating the real and imagi-

nary parts;

P — Re {
NET
v

a + Im {
NET,

By introducing the

NB
X E::: R _ ]

k=1

NB
% - —

. = -4,b

V. - E Yo vk} o (3.4,b)

k=1

i=1,2,. . . ,NB

voltage magnitudes (Vt) and voltage

angles (ét) instead of voltage phasorsg

P

a

NB
- —j6i§ ' . =73
NET Re {Vi.e M (Gik+JB£k)'vk'e } 0O {(3.5,a)
v k=1
NB
-j6i.§ : - dx) _
N!:'r-," Im {Vi’.e - (Btk+JBik)'vk'e } o (3.5,b)
1 3
k=1
i=1,2,. . . ,NB
or in vector notation,
pNET_p(V,é) =0 (3.6,a)

Q ET—G(V,é)

N

]
o]

(3.6,b)



Each bus is characterized by four variablesj PNET’
i

a s V. and &6 of which two are specified and the
NET i i
other two must be calculated. Depending upon the speci-

fied variables,; buses can be divided into three groups:

1. Slack (Swing} bus with Vi and 6£ are specified

and P and Q are unknown. Generally & is
NET, NET, i
assumed to be zero as reference. This bus will be
numbered as Bus 1 throughout the thesis.
2. PV-buses with PNET and \2 are specified and
i
GNET and 6i are unknown. Those are mostly gene—
i

ration buses at which the injected real power is
held fixed by turbine settings. The number of PV-
buses are assigned as NV (including the swing bus)

of which NG of them are generatar buses.

3. P@-buses wih P and @Q are specified and
NET NET

i i
V, and &6 are unknown.
v v

J.2. Load Flow Calculations

The AC lpoad flow calculations can be done by seve-—
ral methods. However, Newton—-Raphson (N-R) Method (also
known simply as Newton’'s Method) is the most efficient

one for the optimization procedure.

Due to the classifications of the preceeding sec—
tion, among the ZNB equations given by Egs. (3.5,a) and
(3.5,b), (ZNB-NV-1) of them, are primarly need to be
solved. However, the VAR generation of the shunt capa—
citors are assumed to be fixed during the load flow
calculations and are determined throughout the optimiza-

tion process. Therefore, all buses except the generator



ones can be treated as P@-buses. Thus, equations those

vyielding fixed power injections, i.e.,

|
o

NET i=2,3,....,NB (3.7,a)

t

]
o

QNETi_Qi. (v,8)

L=(NG+1),. . ,NB {3.7,b)

comprise the required (2NB-NG-1) equations for the load

flow calculations.

If we introduce control and state variables/vectors

instead of specified and unspecified variables/vectors;

gp(u,x) = PNET— P{u,x) = 0 (3.8,a)
gq(u,x) = DNET- G(u,x) = 0 {(X.8,b)
[atu,0]"™= [@l(u,x) g’ tu,0] (3.9)

where,

u'= [P.P_...P. V. V ..v @  ...0 ]
a_ a a 1 2 NG NG+1 NV
2z 3 NG

= [PT V¥ a ] (3.10)

a a c

T_ = T T

X - [62 63..-6NB v&é;i-..vNB [ 6 VL ] (3-11)

For a given set of control vector u , the state varia-
bles are calculated iteratively by using the Newton-—

Raphson algorithm as,



k+1
X

-1
x* —[ J(u,x*) ] .g(u,xk) (3.12)
or in a decomposed form,

k+1 k K
S S X -1 g (u,x)
- [3tu,x*) ] . P « (3.13)
\Y Y gq(u,x )

i

where J(u,xk) is the sparse and diagonal dominant Jacobian

matrix of gp and gq s evaluated at iteration k and re-—

presents the slopes of the tangent hyperplanes.

= (3.14)

a2 8.8

;%JS rng

The required equations and partial derivatives are [&] ;

NB

g =P - E VVIG Cos &6, - B 8in & ) (3.15;a)
pP. NET, LS TR A ii i it
v v j-"-i
+=2,8,...,NB
NBE
g =0 + VWV (G Sin &6, .+ B Cos 6 ) (3.15,b)
q‘ NETi L | i) Ji i jt

=

i=(NG+1),...,NB



agp
= i = i +
y 33:— V‘Vj(Gij51n 6j£ BijCos 6j£)
= agpi' = g + Vz B
.. 63. i i ti
1L t
i,j=2,3,...,NB
agP
= L= -V (B, Cos & — B, Sin &)
z. OV, i i it ij jt
ij i
agpi
2 S F— = TPV ViBL
18 A v
i=2,9,....NB
j=(NG+1),... ,NB
agq
- o -
aﬁ— 35— Vth(GijCDS 6ji Bthin 6jt)
= f;il =-pP+V:G
3 . 96 . i i ii
LA N 1
i=(NG+1),... ,NB
j=2,8,...,NB
agq.

= Vo= i +
” N Vi(Gij81n 6ji BijCos 6jt)

i,j= (NG+1),...,NB

{(3.16,a)

(3.16,b)

(3.17,a)

(3.17,b)

(3.18,a)

(3.18,b)

(3.19,a)

(3.19,b)



where,
Cas & = Cas (&-8))
Ju 3 t
8in & = Sin (& -8))
* ) i

The iteration process given by Eq. (3.12) or
Eq.(3.13) can be converted to a set of simultaneous

linear equations asjg

k

J(u,x*) . [x"*‘— x ] = —g{u,x*) (3.20)

or simply;

Ax = b (3.21)

3.3.8olution of Sparse Simultaneous Linear Equations

There are many methods which can be used for sol-
ving a set of simultaneous equations. Among them, opti-
mally ordered triangular bi-factorization method is
chbsen. Thé method is particularly suitable for sparse
coefficient matrices that have dominant and non-—zero
diagonal elements and that are either symmetric, or, if

not symmetrical, have a symmetrical sparsity nature.

The method is based on finding 2n factor matrices

for n'" order problem, such that the product of these

factor matrices satisfies the requirement [23],

L. .s.ecel L AR R R =1 (3.22)
1 2 1 1 2 n

n n-



where A 1is the original coefficient matrix, Lt is the

i"h left-hand factor matrix, Rt is the i}h right—-band

factor matrix and I is the unit matrix of order n.

Applying a sequence of pre-multiplying and post-

multiplying processes to Eq. (3.22) gives,

A.R .R ....R .L .L ee=L .L =1 (Z.23)
1 2 n n n-4 2 1

and hence,

R.R....R.L.L ...L.L =na"1t (3.24)
1 2 n n n~-1 2 1

X = R .R .-e.R L .L «=xlL .L .b (X.25)
i1 2 n N n-4 2 4

The factor matrices have the form ofj

[ 1 o] 0 ... 0 O ... 0 ]
0 1 0O v O O ... 0
= 3.2
|_k 0 0O O ... ka eee O { b,a)
? O o - = =8 ‘:lk - m= o
O 0 0 ... L 0O ... 1
L nk .
L=k+1
[ 1 0 0 ... O 0 O ... 0
o 1 0 ... 0 0 O ...0
Rk= o 0 0 ... 1 Rkl er.n.. Rkn (Z.26,b)
0 0 0 ... O 1 O ...0
| O o 0... 0 0 O...1 |

L =k+4
m=k+2



Elements of the factor matrices are computed throughout
the Gauss Elimination process [24-28]. In case of sym—

metrical coefficient matrices,

R =L (3.27)

Therefore, the required number of operations and the

amount of storage space is reduced to almost a half.

The factor matrices can posses a high degree of
sparsity, if the original coefficient matrix A is sparse.
But, bi—factorization brings new non—zero elements, known
as fill—-in. Bi-factorization can be used to exploit
sparsity in two ways. Firstly, by using them in junction
with a suitable ordering technique, the number of fill-in
produced during bi—-factorization can be minimized. The
amount of fill-in greatly depends on the order in which
the pivotal rows (or coulomns) are selected. A dynamic
ordering technique called Least Number of Connected
Branches is preferred. Secondly, the method needs only

the non—zero elements to be stored and processed.

Because only the non—zero elements of the original
and reduced coefficient matrices are stored and proces—
sed, they are not clearly arranged in an array that is
visually identical to the corresponding matrix. Instead,
they are stored in, what is generally called, a compact
form. It is therefore necessary to locate each of these
non—-zero elements during the bi-factorization process and
identify it, as a particular element of the corresponding
coefficient matrix. This requires indexing information,
s0 that the relative position of esach non—zero elements

is established in addition to the numerical value of it.

Linked List Storage Technique [30-34 ] is an
extremely useful scheme for solving and manipulating

large sparse matrices. The storage scheme consists of



two tables, assuming that the operations are performed
on a column—-by-column basis. The first table comprises
three arrays each having a dimension of NE, where NE is
the total number of non-zero elements of the coefficient
matrix including the fill-in ones. The first two arrays
show the value and the row of the non-zero off-diagonal
element of the coefficient matrix; where the third one
shows the location of the next non—-zero off-diagonal ele—
ment in the column. The second table also comprises
three arrays, but each having a dimension of n. The ar-—
rays show the value of the diagonal elements, the loca-
tion of the first non-—zero elements of the column and
the number of non-—-zero off-diagonal elements of the

coldmn, réspectively.

DATA

|
COMPACTING

1

SIMULATION and ORDERING

|
BI-FACTORIZATION

|
SOLUTION

|
END

Figure 3.1 Program Flow-chart of the solution of sparse,
simul taneous linear equations.

The flow chart of the program used for solving
sparse, simultaneous linear equations is illustrated in

Figure 3.1.



Compacting involves the generation of the non—zero
elements of the coefficient matrix from the basic infor-
mation of the network and storing them in a compact form.
Simulation and ordering is a logic module and establishes
the order of elimination. This simulation process can
make the extra time spent in ordering, but it will remain
unchanged for any problem having the same sparsity struc-—
ture. Bi-factorization factorizes the original coeffi-—
cient matrix using the information of the simulation and
ordering module. Numerical solution is the final process
of the calculations where the set of linear equations

Ax = b , is solved via Eq. (3.29).

3.4. Convergence Characteristics and Initialization of

lLoad Flow Calculations

Let us consider the Newton-Raphson updating equation

{Z.12) and write it as
AT = —-J g (3.28)

Let the eigenvalues of the J* be ST ST S and
let the corresponding eigenvectors be ei,az,...,en.

Further, let the modal matrix, M, be defined as,
M= [e1 e ---. en] (3.29)

Let us consider the case of linearly independent eigen-—

vectors. Since the ezs span Euclidian n-space (R™M,

both Ax* and gk can be expressed as linear combina-

tions of e ,i.e.,
AN



AX® = be, (3.30,a)
i=1
n
g = ce (3.30,b)
i ?
i=1

lLet B denote the n—vector of scalar elements b and let
v

C denote the n-vector of scalar elements C.s

Ax = MB (3.31,a)

gt= mMc (3,31,b)

Then Eq.{3.28) can be written as

MB = -3 M C (3.32)
Hence,
B=-(M'J3 *M)c (X.33)

Since M is the modal matrix of J ', the term M '3™'M

is a similarity transformation on J™* which diagonalizes

et §

Jd s i.e.,

1l

B ~ AC (2.24)

where,

A = diag (At) i=4,2,. . . ,n (3.35)



The magnitude of B may be thought of as the length of
the correction term and the magnitude of C as the length
of the residuals at iteration k. Note thet if M is or-

thonormal,

T
I ax*I*=[ax*] [ax*] = B™™ B = B"B =1l B I* (3.36)

Even if M is not orthonormal, it can be shown that Il B |l

is a measure of the norm of Axk [6]1. Hence Eq.(3.34)

states that the carrection term is related to the residu-

al term by the eigenvalues of J7'.

The largeét eigenvalue of J* degrade and control
the convergence at each iteration. There are two main
tests concerning the convergence of the N-R method. One

of them states that the sufficient condition for

x| < 1 (3.37)
L ' max

and the other (Newton-Kantorowitch Criterion) is based on
the starting values of x [4]. Unfortunately, these tests
have been found to be very conservative and difficult to
apply in practice. For these reasons, the practical
views of convergence of a load flow sfudy are generally
relegated to the realm of numerical calculation. That
is, if convergence is obtained from the numerical imple-
mention, there is little motivation to pursue the ques-—

tion further.

The simplest and perhaps the most common initiali-
zation for a N-R load flow study is the flat start ,i.e.,

5=0 ,VL=1.0 p-u. An alternative initialization is based

on the simple approximations on Egqs. (3.13) and (3.16).

If the presence of the real parts of the bus admittance



matrix is ignored, i.e., 6 = 0 , and if we assume that
the bus voltage angles are small enough to satisfy,
Sin 6 = 6-6
Jt it

Cos 6. = 1
Ji

the resulting equations and the elements of the Jacobian

matrix become,

g=~FP + 316 =0 (3.38,a)

Q
]
=
+
W
o
I
o

(3.38,b)

3 =B (3.39,a)
3= J: = 0 (3.39,b)
J =8B, (3.39,c)

where Bg and Bz are the appropriate submatrices of

the imaginary part of the bus admittance matrix VY.

Newton—Raphson algorithm has quadratic convergence
near the solutioni but, far from the solution the conver-
gence may be eratic. This initialization is generally

applied to force the variables near the solution region.



X.5. Approximate Load Flow Formulations

There are numerous modifications of the N-R formu-—
lation used for the load flow studies. Because of the
dimensionality of typical load flow studies, even small
improvements have potentially significant impact on

central processing time and memory requirements.

The decoupled N-R load flow exploits the close de—
pendence between active power—bus voltage phase angles
{P-8) and reactive power—-bus voltage magnitudes (Q-V).
This dominance makes it available the approximation, in

which Jz and J3 submatrices are assumed small enough to

be ignored. Thus the resulting iteration equations take

the form of,

k k
J o AS g (u,x*)
1 =~ P S (3.40)
o) J4 AVL gq(u,x )
or
a: AS* = — gp(u,xk) (2.41,a)
k
AV = - gq(u,x*) (3.41,b)

J: and Ji are diagonal dominant, sparse and inci-

dence symmetric matrices evaluated at iteration k. This
decoupling provides a considerable savings in time re-—

quirement per iteration.

On the other hand, a few additional approximations

are also needed to achieve a symmetrical structure for



the prescribed matrices. If the partial derivatives
with respect to bus voltage magnitudes are normalized;

that is, if 6VL /VL is used instead of GVL s then,

i i i
%, % |
J4'.— J4..— ayf-vj— v Vi_ Vivj(sij51n 6jt+
) Jr J i
B Cos 6. . ) (3.42)
ij it

Moreover, in practical power systems the following

assumptions are also valid.
G Sin 6, « B Cos & . (3.43,a)
i) i i) Ja

8 «B V?2 (3.43,b)
v w L

Final form of the elements of J1 and J‘ are,

d =JdJ 2VVEB Cos &, (3.44,a)
1. 1. i § ij it
ij i

J =v¥ B (3.44,h)
£, . 1% L
WL

i,j=2,3,. . . ,NB

J =J = J {(3.44,c)
4, 4. 1.
ij it ij

g =4a. (3.44,d)
L wL

1,j=(NG+1),. . . ,NB
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Figure 3.2 The Flow Chart of the approximate decoupled
lLoad Flow




As a result, these approximations results in a symmetric,

sparse and diagonal-dominant matrices of J1 and J‘ .
In addition, they provide an equivalance between J4 and

the associated part of J1'

The flow chart of the approximate decoupled load
flow calculations is given in Fiqure 3.2. The same or—

dering sequence can be used for both decoupled modules.



CHAPTER 1V
DEVELOPMENTS IN OPTIMAL POWER DISFATCH

4.1. Reactive Power Dispatch

The problem of voltage and reactive power control
in power systems is directly concerned not only with the
service gquality of electric energy supply to consumers,
but also with the rational operation of power system on
the part of electric utilities. The latter objective is
for the stable operation of various kinds auxilary equip—
ment in generating plants and substations, for the re—
quirements of insulation level and for the prevention of
coronas, through the maintenance of system voltages with—

in proper tolerances.

The voltage and reactive power control is also re-—
quired for the reduction of transmission losses, for the
improvement of utilization factor of transmission lines
and transformers. Effective use of various regulating
devices such as voltage or reactive power controlled ge-—
nerators, on load tap changing transformers, shunt capa-—
citor/reactors, makes it possible to achieve the desired
objectives. The simple manual or semi-automatic voltage
control in the past has evolved to a more advanced and
sophisticated control taking into account the proper al-
location of reactive power flows on the trunk lines of

the system.

Briefly, the objective of reactive power dispatch

is twofold, namelly;

a) To minimize the RPTL due to reactive power flows,
b) To keep the voltage at each bus within a specified

tolerances.



The former one can automatically be done by as—
signing the RPTL as a cost function of the module, where
the latter is achieved via inequality constraints upon

the voltage magnitudes.

4.1.1 Exact Reactive Power Dispatch

Let us rewrite the formulation given in Section
2.2.1

Minimize f=Ff (x;u) (4.1)
wrt u q a 4
Q
Subject to g(x,uq) = 0 (4.2)
h(x,uq) z 0 (4.3)

The control vector uq comprises the generator
voltage magnitudes (VG), VAR—-injection values of shunt
capacitor/reactors (Gc) and the tap values of tap

changing transformers (t). Egquality constraints are both
the real and reactive power mismatch equations. Most

common case of inequality constraints are,

X, < x=<x (4.4)
mun max

u f£u<u (4.3)
min max

The first ones , Eq. (4.4) , held by changing them into

equality constraints via penalty terms, i.e.,



wix) = E wk(xk) (3.6)
ke{V}

R - X ¥
k(xk kai.n) for k< "kmi.n
w (x )= 0 for %® < % =< 4,
k( k) e kmin k kao.x ( 7)
2
Rk(xk Akmc.x) for ’(k> Akmo.x

where {¥} denotes the set of violating state variables

and Rk denotes the weighing factor associated to the vio-—

lating state variable L Inequalities upon the control

variables given by Eq. (4.3) are satisfied while updating
them.

Since the control variables of the active paower
dispatching module, i.e., active power generations except
the swing bus and phase shifter angles, are held fixed ,

fq can also be chosen as the slack bus generation, F;.

This alternative not only provides the desired decrease
described in Section 2.2.1 but also makes it possible to
use the sparse vector techniques [38], together with the
conventional sparse matrix techniques. However, it does
require more computational effort for approximate formu—

lations.

The resulting Lagrangian and the necessary con-—

ditions arej;

€=+ [ AT AT ] Pl + wond (4.8)
q q P 9



T T
ax - [e, 9 1=0 (-7,
T
%9 .
axq afq ax P aw
ax
T
o9 .
a¥ af du P
o " w * | ag A | =0° (4.9,c)
q q q q
q

All the partial derivatives except those with re-
spect to the tap ratios of TCT's were derived in the
third chapter. Figure 4.1 shows an equivalent circuit of
a TCT connected between the nodes 1 and 3j. The tap
position is denoted as t and the transformer admittance

is denoted as ?j.
L

Figure 4.1 Equivalent Circuit of a TCT

Kirchoff Voltage Law results in,

Y. .
T ij 1,1 - -
I.= (Vi Vj) - + T (f 1)'ytj'vt

t

=Y (V.-V ) + YV (4.10,a)



=Y (V.-V) + YV (4.10,b)

An equivalent circuit yielding the Eqs. (4.10,a) and
{4.10,b) 1is given in Figure 4.2,

. i
NODE 1 _ o— » { - o3

<!
=<
<

Figure 4.2 Electrical equivalent of a TCT

In order to derive the expressions for bus power mismatch

sensitivities with respect to transformer taps, let ?tt
and ?ﬁ be defined as the sums of line admittances con-—

nected to bus i and j, respectively, excluding the

transformer line vij' Then,

Y =Y+ Y +Y (4.11,a)

Y =Y +Y +Y (4.11,b)

Using Eqs. (4.10,a) and (4.10,b),
Y =y /t% + ¥V (4.12,a)

Y =-¥§ ./t (4.12,b)



Y=y +Y_ (4.12,c)

If we introduce Eqs. (4.12,a), (4.12,b) and (4.12,c) in
Eqs. (3.15,a) and (3.15,b), the resulting partial deri-

vatives can be derived as,

agpi 2V: v,‘vj .

It — = 3 9.;” e (gijCos 6j£_'bi531n 6ﬁ) (4.13,a)
agqi‘ 2V: vi.vj .

at— ~ ~ = b?’«.i+ e (g'.’jSJ.n 6“-!- bi. jCos éji.) {(4.13,b)
agpj Vtvj

- = — o (gijCas 6j£- bij81n¢5ji) (4.13,c)
agqj Vi'Vj

st = = (gtj81n 6ji+ bijCos 6j£) (4.13,d)

The solution algorithm of an exact reactive power

dispatch is given in Figure 4.3

The first neceésary condition of optimality corre-—
sponds to the calculation of load flows. The coefficient
matrix of the Lagrangian variables is the same of the
Jacobian matrix of the load flow, and therefore the fac-—
tor matrices evaluated before can be used. The residual

term | Vf Il is used both forq the stopping criteria and

the updating measure; i.e.y,

A= C rk (4.14)



where c¢ is a constant and r is an appropriate func-—
q q

tion of N Af ll. Details are given in Appendix A.
(sNzTIAL)
L
r
i
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q
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Figure 4.3 The Flow Chart of the Exact Reactive

Power Dispatch

4.1.2.The Proposed Formulation

@ vEs

NO

TO
P-OPT

Improved load flow calculations bring the necessity

of the rearrangement of Eq. (4.%,b).

The elimination of

the off-diagonal blocks of the Jacobien matrix, i.e. Jz

and Ja s must be adopted for the calculation of kp and

kq. Let us write the Eq. (4.9,b) in a decomposed formgj;



T afq
Jx Jz Kp 35
3 4 q N L N v

The bLagrangian Multipliers , kp and Aq, have the

physical meaning in that they represent the first order
sensitivity of the objective function with respect to the
active and reactive power injections at each bus [711].

That is,

af
Kp= 552 i=2,3,. . . ,NB {(4.16,a)
i i
af
kq= gﬁi i=tNg+1),. . . ,NB (4.14,b)
i i

In addition, practical power system studies have

shown that Kp's are considerably larger than kq’s.
i i

Therefore, EqQ.(4.15) can be simplified as,

-4 6fq
AP:: - Ji [53——] (4-17,3)
af
Azx-ar ] _2v+ Ty 3" (4.17,b)
q 4 avL L avL L z p

Note that the transpose superscript for J1 and J‘ are

omitted since they had been approximated to be symmetri-

cal matrices.



Further improvements will be stated due to the ob-

jective function, f .
q

4.1.2.1, Derivation of fq

Let LH denote the real power transmission losses

in the line connected between the nodes k and j.
_ _ _ _ X
ij- Re {(k‘.’k Vj) ¢ ij) (Vk Vj) }

_ —u 12
= ij IVk le

= - akj(v: + v? - 2V,Vfos & ) (4.18)
Since
Cos & = (1- 8in% 6 )2 = 1- 1l sin? s (4.19)
kj kj Z kj
Then
L= - B vk—vj)z— IAY 5in® 8, ; (4.20)

The voltage angles are small enough to satisfy,

sin® & X ( &6-68) 2 (4.21)
kj k J

Thus,

2 2
~ - - - 4, 22
ij = Bkj( Vk Vj) Bijij( 6): 6j) (4.22)



The total RPTL in a power system of NB buses,

NB-1 NB

). ) "

k=1 jzk+1

Il

RPTL

NB-1

§ § 2
[ (V V ?Z ijVij(ék 6j) ] (4.23)

=1 j=zk+1

e

If we distinguish the terms which are sensitive to
voltage magnitudes than those which are sensitive to vol-

tage angles.

NB-1 NB
P d i p — — z
RPTL, = ) ) ) BV V) (4.24,a)
k=1 j=k+1
NB- 1% NB
~ B - - 2 2
RPTL, = ) ‘ ) =B, VY, (5,6 (4.24,b)
k=1 izk+t
RPTL = RPTL_+ RPTL (4.24,c)

A similar derivation and classification for slack

bus active generation results in,

NB

Px=vV E [ -6 (V-V) — B VSin 6,] (4.23)
1 1 1) 1 1) J

P =V E -6 (V-V.)) (4.26,a)
1v 1 1) 1 J



NB

P =V, E - B,VSin & (4.26,b)
i=z

P =P +P (4.27)

The phase differences between the voltage angles
accross a transmission line is nearly proportional to the
active line loading. On the other hand, bus voltage mag—
nitudes are controlled by reactive power flow. Therefore

for a particular load, the term (6k_6j) in Eq. (4.23)

does not vary very much and can be considered constant
(see [43] for details).

It has been a general custom of accepting RPTLv
as fq and optimizing it by taking into account only the

reactive load flow equations [43,45,47,68,73]1. However,
in case, active power mismatch can considerably be high
depending upon the active loading and the system param—
eters. So, sub—optimal values after the Q-optimization
module may sometimes be unrealistic. Moreaover, the sys—
tems which do not require voltage magnitude improvements

posses generally much higher RPTL than RPTLV. on

&
the other hand if the improvement of voltage profiles is

necessary, minimizing RPTLv plays a secondary role.

Instead of the conventional fixed (6k_éj) assump—
tion let us consider Eq. (4.16,a). Since kp is a mea—
i
sure of the first order sensitivity of the objective
function with respect to the active power injection at
bus i then it will be more realistic to assume a constant
A throughout the G-optimization module. This holds
P,
L

almost all kind of power systems, since the active power



generations are held fixed during this module. The se—
cond problem, i.e., ignoring the active load flow equa-

tions needs the classification of the state variables.

4.1.2.2. The LClassification of State Variables

Via P-6 and G-V coupling, the state variable

vector x can be divided into two sub-vectors.

T _ T T
X, = [VL Q, ] (4.28,a)
X = & (4.28,b)
P
T T T
— 4.28
X [ XX ] { sC)

The first sub-vector coordinates the reactive load flow
equations and the second one coordinates the active load
flow equations. However, reactive power ocutputs of the

generatars (GG), are calculated after the solution of

the rective load flow equations. Therefore, reactive
load flow calculations can be assumed to be primarly

governed by the voltage magnitudes.

If we ignore the active load flow equationsj; that

is, if we state the problem as,

Minimize f {(x ,u ) (4.29)
wrt u a a9
9
Subject to g (x ,u) =0 (4.30)
9 9 -1

h(x ,u) =20 (4.31)
Q9 a aq



where xp is held fixed, there will be a residual term

for active power mismatch equations,

8gp 3gp
Agp— -a—): qu + -a—.'J: Auq (4.32)

The voltage angles are required to be changed slightly

to compansate this residual term,

a9
_ P =

From Eq. (4.32) and Eq.(4.33),

sa_ 1™ oa s 1" og
AS = 35~ ax” Ax_ + 3‘1 -an- Bu_ (4.34)
q q
Hence,
oa_ 17 ag
5 _ P p
3% [ 3% ] % (%397
q q
og_ 1" og
9 q

Note that xq does not include Go throughout Equations
(4.34)—-(4.36), since gq does not include the reactive
power mismatch equations of generator buses. The term

[ agp/aac] is absoclutely zero and the term [ agplat ]

is small enough to be negligible. Then, Eq. (4.33) and

Eq. (4.346) can be combined as,



a5 [ a5 38 _ -1
[ Y ] = [ Yo ~ L ] =3, 3, (8-37)
G L
where
aq o9 29
= | P = P
32_[6\1_—-0\’0 W;VL]‘[W—V] (4.38)

is the augmented form of Jz.

Fartial derivatives of the objective function with

respect to x and u are,
Q q

af ot _ o . 1° o,
WV=WV+[WV] 35 (4.37,a)
of v of

q = 66 a a4
T, [ 5‘60] o5 =0 (4.39,b)
af T of .

9 = 92 9 padq N
3, [ aac] 3 =0 (4.39,c)
of of P r of 2
3 I 13 = =

The Lagrangian and the necessary conditions are,

£ (X su A ) =F (x u) + AT g (x ,u) + wix) (4.40)
qQ 9 g9 q qQ qQ g qQ 9 g9 q q



axq
F = gq =0 {(4.41,a)
q
-
axq= af‘!+§2+ s Al + _—6gq A=0 (4.41,b)
ax ax ax ax ;%3 ax a T
a L q q q
% [ of T of ag 1T
Q= a a_é. S ——q =
3 3 + [ 30 ] 3% ] + [ 3G ] Aq (o] (4.41,c)
a |1 q q q

Eg. (4.41,a) comprises reactive power load flow equations.
Eq. (4.41,b) is used to calculate Aq. From Eg. (4.33)

and (4.41,b) one can easily derive that,

aft
a5 1° afq -1 a
[ a—q] 7.3 [Ji Jz] s

T —1 afq
=4d, [Jx ] &

= - J%a (4.42)
2"p
af
= _ 1-1 q o, _
A 3, “"—axq + el v, J x] (4.43)

The result is the same of Eq. (4.17,b) which was
derived from the approximations. A similar analysis for

the control vector uq results in,

¥ af
9 - _a ., 6gp N + agq A (4.44)
q q a ° N, @

q



Optimization procedure is the same of that was gi-

ven by Figure (4.3) and will not be reproduced here.

4.1.2.3. Improvement of Voltage Profiles

In bulk power systems, keeping the bus voltage mag-
nitudes within specified limits possesses an important
problem. The foregoing formulations were primarly bhased
on the minimization of the RPTL, but the voltage control
problem was aimed to be achieved by means of penalty
terms. However, the first calculated state variables

(especially load voltage magnitudes, VL) for a given set

of initial control vector may sometimes be extremely out
of range. This situation results in larger penalty terms
and so the minimization of the RPTL can be retarded.
Moreaover, the process may result an increase for the

RPTL, depending on the values of the weighing factors.

There are two alternatives to overcome this incon-—
venience. First of them is to satisfy the limits while
performing the load flow calculations. But, this process
requires bus~type switching, which brings an extre time
spent. Also the algorithm contradicts with the optimiza-—

tion process.

The second alternative, which was preferred, accom—
plishes the voltage control problem together with the op—
timization procedure. A systematic approach is proposed
for the reduction of voltage magnitude deviations between
the load buses. At the beginning of the module, the ob-
ject is devoted to minimizing the voltage deviations.

This means a change in fq s in such a way to include only

the terms related to the dominant objective.

The simplist formulation can be achieved by omitting
the term f in Eqs. (4.8) or (4.40). Although such a
q



modification provides the expelling of excess terms re-—

lated to fq and its partial derivatives, it is not pref-

erable, since the remaining penalty terms are not strong

enough to provide a quick convergence. Instead, RPTLv

can be used either with or without the penalty terms,

since it can be accepted as a measure of voltage devia—
tions, as well. Maoreaver, this choice not only pravides
the minimization aof voltage profiles but also may result

a decrease in the RFTL.

By the way, it must be recognized that the most
frequent case of load voltage magnitude vicolations are

the abnormal decreases. Therefore, omitting the penalty
terms results in a balance of the term (Vk—vj)z in the

lower limit. That is, load bus voltage magnitudes trend
to decrease. Sample system studies have shown that

either the augmented objective function
T = RPTL + w(V. ) (4.43)
q v L
or highly weighed

T = wi(v) (4.46)
q L

provide acceptable results.

Note that, at this stage there is no need to use

A or in anyway.
- gp yYway

4.1.2.4 Final Scheme

The twofold objective of reactive power dispatch

is achieved by systematic formulation of the module.



First, voltage magnitudes are checked to be within the
specified limits. 1In case of highly violated voltage
magnitudes, the module is arranged primarly in such a way
to force them within the desired limits. This is done by
switching the objective function to an appropriate form.
Later, the formulation given by Eqs. (4.2?9), (4.30) and
(4.31) is used to minimize the RFTL. In the second stage

fq is choosen to be Px' The flow chart of the proposed

procedure is given in Figure 4.4,

FROM INITIAL OR
P-OPTIMIZATION

1

- 1

MINIMIZE THE VOL.MAG.DEVIATIONS

ARE THERE ANY
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P PO
u=u
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f =P
P 1
MINIMIZE f
wrt u 1 .
q
Subject to ‘g{x ,u )=0
q q
hix ) 2 O
q

'

TO OUTPUT OR P-OPTIMIZATION

Figure 4.4 The Flow Chart of the Proposed Two Stage
Reactive Power Optimization Module.



4.2. Active Power Dispatch

The main economic factor in power system operation
is the cost of generating real power. It is obvious that
the fuel cost is meaningful only in case of thermal gene-—
rating stations, but for hydro stations the operating
cost as such not meaningful. Active power dispatch prob—
lem can be partitioned into two sub—problems; optimum al-
location of generators at each generating station at var-—
ipus station load levels and optimum allocation of gene-—

ration to each station for various system load levels.

The first problem in power system parlance is call-
ad the unit commitment (UC) problem, and the second is
called the lpad scheduling problem. One must first solve

the UC problem before proceeding with the lcad scheduling.

It is not economical to run all the units available
all the time. To determine the units of a plant that
should operate for a particular load is the problem of UC
[5]1. This problem is of importance for thermal plants as
for other types of generation such as hydros their opera-
ting cost and start up times are negligible so that their
on—off status is not important. @A straightforward but
highly time—-consuming way of finding the most economical
combination of units to meet a particular load demand, is
to try all possible combinations of units that supply
this load. That is, optimal unit commitment problem re-—
quires hundreds to ten thousands of solution of the op-—
timal static dispatch problem. Haowever, there are some

simple solutions [3].

Here, it was assumed that all the generating units
are ready to take on load and the unit commitment problem

is not taken into consideration.



4,2.1. Fuel Cost Function

The selection of the fuel cost function depends on
the accuracy with which this function has teo represent
the actual fuel costs and the speed with which the asso—
ciated dispatch problem can be solved. The fuel cost
function is derived from the fuel consumption function,
which can be measured. Based on the measurements of the
fuel consumption at constant powers, a polynomial can be
selected to fit these points. The degree of the polyno—
mial determines the accurracy and the speed of the method.
A polynomial of degree 2 is accepted as the most suitable

one [75].

f(P )=aPi+bP +c (4.47)
P, G 1 Oi‘ L < I i+

f = E aPl+bP + ¢ (4.48)
P 1 Gi. i Oi. i

or in matrix form

f=P" AP +B'P +C (4.47)
p a a ]

4.2.2. Exact Active Paower Dispatch

The statement of the problem is,

NG
Minimize f = E f = f (x,u ) {4.50)
P P. P P
wrt U T v
P =1



Subject to g(x,up) =0 (4.51)

h(x,up) z2 0 (4.52)

The control vector uP comprises the generator real
power outputs except the swing machine (Pa) and the phase

shifter angles (a). The presence of the phase shifters
are ignored since it is not a most frequent case. EgQual-
ity constraints are the same of Eq. (4.2). Fhysical re—
strictions upon the active power transmission line flows,
which are so called the security limits are the additi-
onal inequality constraints of this module. Although the
voltage angles can be limited to handle the security
problem, improved security constrained economic dispatch
methods are preferred [B4-881. For the sake of simpli-
city, security problem is encountered via limiting the

bus voltage angles.

The flow chart of the exact active power dispatch
is given in Figure 4.5. The relation between the cost
function and the state variables are governed by the cost

function of the swing generator, fp s 1.P.,

afp afp 0P1 6fp1 6P1
el Sl e (4.53)

Other calculations are straightforward and pose no
computational problem. The main inconvenience of the
module is the indefinetness of the behaviour of the RFTL.
That is, P-optimization may result either a decrease or

an increase in RPTL, while minimizing the HFC [3%].
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Figure 4.5 The Flow Chart of the Exact Active
Power Dispatch

4.2.3. The Proposed Formulation

The second necessary condition of the optimality, i.e.
partial derivatives of the Lagrangian with respect to state

variables, gives;

aP
J 3 T _ 1, oW
1 2 xp 95 = 3s afp
3 3 xq = - 8P1 v EF-; (4.54)
3 4 v

o

where the Lagrangian multipliers are denoted by X; and X;

in arder to distinguish from those of the other module.



The relation between the Lagrangian variables of the sub-

optimization modules can easily be derived as,

af_
A=A EP_P (4.55,a)
P P "
af
X = A 5,,3 (4.55,b)
q q 1

The third condition of optimality gives,

3 of ag” ag” x
P . P 4 P 9q P (4.54)
o - | r: - -
P ¢l a a A
Q
But,
ag I o
3F2 = o o {(4.57,a)
a
6gq
a
where 1 1is a unit matrix of order (NG-1). Hence,
o¥ aof
3&'2 = .ép_ﬁ + xpi (4.58)
P (<)

where

X = [X, X, v X,] (4.59)

NG



Because of the absence of X; in Eq. (4.58), it can eas—

ily be concluded that the omitting the reactive load flow
calculations do not effect the results considerably.
Moreover, normalizing the cost function of the generating

units with afplaF'1 provides an equivalance between the
associated components of the A and i;. This is an im—
P

portant point, since the last calculated Lagrangian vari-—
ables needed to be used in the other module without any

change. Final statement of the module is,

Minimize F=(af /0P ) 2 F =T (x ,u) (4.60)
wrt u P P 1 P P P P :
P
Subject to g (x ,u) =0 (4.61)
P P P
hi(x)=0 (4.62)
P P

The remaining problem is again the behaviour of the
module upon the RPTL. lLosses in the transmission of
electrical energy results in a loss of revenue and there-—
fore, even a small percentage of savings will be very
much appriciated. The load demand, generation capacity
and the dimensions of the network determine whether an

increase in the RPTL is allowed or not.

Let us derive the relation between the RPTL and the

variables of the module.

ARPTL=[§£&]AP+[ia—§-.';E]AG (4.63)

AQ is small enocugh to be negligible, since the voltage
magnitudes are held costant. Moreover, the components of

the vector AP, which are related to the load buses, are



Zero.

But

Then

where

But,

is al

Hence,
NG
_ } FRPTL
ARPTL = 50— APG. (4.64)
1=z 1 1
a)
ORPTL 1
5 +1= A +1 {4.63)
i F Pi
NG
ARPTL = E (A +1) APG (4.66)
i=z=2 Fi ¢
ARPTL = [ [11+ ";u] AP = [ C11+ 7‘“] Au_ (4.67)
(11'™=r 111 ...11] (4.68)
as it was stated for the adjacent module, AuP is

so determined via the residual term azp/aup si.0.,

the change in control vector at kth iteration,

and

Hence, Eq.

about the variation of the RPTL during the module.

(4.69)

r: is a function of | Afpﬂ ( See Appendix A).

(4.67) provides the sufficient information

The



following procedure depends on the objective desired. 1If
an increase in the RPTL is accepted for the sake of low
cost, updating of the control variables is done via Eq.
4.69. But if an increase in the RPTL is accepted in any-

way, only the control variables satisfying,

(1+KP) Aup <=0 {4.70)

i i

can be updated. That is,

Au if (1+A_ ) Au_ = O
P P

i i i

Au = (4.71)
Py o if (1+xp) Au 2 0O

i pi

If there are not any control variable satisfying
Eq. (4.70), either the continuation of the module can be
stopped or the objective can be switched to achieve less
values for the RPTL. It is obvious that the latter case
results in an increase for the HFC. The flow chart of

the algorithm is given in Figure 4.6.

The proposed formulations for both modules are
programmed and the efficency of the method is tested by
solving several 1EEE test systems. The details are given

in the next chapter.
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CHAFTER V
SYSTEM STUDIES

The propsed decoupled optimal load flow method is
programmed in FORTRAN 77. Flexibility bhas been built in
the program to allow for solving either the minimum cost
problem or the minimum loss problem. It was run using

an AT—compatible personal computer, GOUPIL G40.

5.1.Test Systems

The efficiency of the method was tested by solving
3 different test systems. They are the most common ones
applied in power system optimization. All the impedance
data given in this section are in per unit on a 100 MVA

base.

S5.1.1. 53—Bus System

L

Figure 5.1 5-Bus System Line Diagram



Line diagram and the impedance data of the 5-~bus

test system is given in Figure 5.1.

information is illustrated in Table 5.1-5.3.

Other necessary

This is

a typical system of comparable cost function coefficients

and therefore

minimum loss problem needs to be solved

effectivelly.
Table 3.1 3S-Bus System Impedance Data
LINE FROM TO LINE IMPEDANCE
No BUS BUS R [p.u.] X [p.u.l
1 1 3 0.10 " 0.40
2 1 4 0.15 0.60
3 1 S 0.05 0.20
4 2 3 0.05 0.20
3 2 3 0.03 0.20
& 3 4 0.10 0.40

Table 5.2 S5-Bus System laad Data and the Generator Data

BUS LOQAD DATA COST COEFF.DATA
NO
PL[p.u.] Qb[p.u.] a b c
1 0.0 0.0 30.0 351.0 44.4
2 0.0 0.0 50.0 389.0 40.4
3 0.6 0.3 - - -
4 0.4 0.1 - - -
S 0.6 0.2 - - -
Table 5.3 Physical restrictions upon 5-bus system
variables
BUS v
NO min max Gmin agamax Gmin amax
[p.u. [p.u. 1l [p.u.l
1 1.0 1.10 0.3 1.2 0.0 0.6
2 1.0 1.10 0.3 1.2 0.0 0.6
3 0.9 1.05 - had -
4 0.9 1.05 - - -
b 0.9 1.05 - - -




5.1.2. IEEE 46-Bus System

Line diagram and the impedance data of the IEEE
&—bus test system (also known as Ward and Hale’'s &6-bus
system) is given in Figure 5.2 and the other necessary

information is illustrated in Table 5.4-5.4.

Hﬂ

Figure 3.2 IEEE 6-Bus System Line Diagram

Table 5.4 1EEE 6-Bus System Impedance Data

LINE FROM TO LINE IMPEDANCE TAP
No BUS BUS R [p.u.] X [p.u.] SETTING
1 1 & 0.123 0.518 -

2 1 4 0.080 0.370 -

= 4 6 0.097 0.407 -

4 6 S 0.000 0.300 1.025

S ] 2 0.282 0.640 -

(Y 2 3 0.723 1.050 -

7 4 3 0.000 0.133 1.100




Table 5.3 1EEE &-Bus System Load Data and the
Generator Data
BUS LOAD DATA COST COEFF.DATA
NO
PL[p.u.] QL[p.u.] a b c
1 0.000 0.000 500.0 100.0 0.0
2 0.000 0.000 100.0 100.0 0.0
3 0.550 0.130 - - -
4 0.000 0.000 - - -
5 0.300 0.180 - - -
& 0.500 0.050

Table 5.6 Physical restrictions upon 1EEE &6-bus
System Variables

BUS
NO min max Gmin Gamax Gmin gmax
[p.u. 1 [p.u.l [p.u. 1l
1 1.0 1.10 0.1 1.0 0.2 1.0
2 1.1 1.15 0.1 1.0 -0.2 1.0
3 0.9 1.00 = = = -
4 0.9 1.00 = == 0.0 0.03
S 0.9 1.00 - - = -
& 0.9 1.00 = = 0.0 0.055
L =1 . = 0.90 t = t = 1.10
imin Zmin imax raul-%4
9.1.3. 11-Bus System

Line diagram and the impedance data of the 1l1-bus
test system containing 35 generation buses, is given in
in Figure 5.3F and the other necessary information is

illustrated in Table 5.7-5.9.



Figure 5.3 11-Bus System Line Diagram

Table 5.7 11-Bus System Impedance and Line Charging Data

LINE FROM TO LINE IMPEDANCE LINE CHARGING
No BUS BUS R [p.u.l X [p.u.] B [p.u.]
1 1 9 0.15 0.30 - 0.030
2 1 11 0.05 0.16 0.010
3 2 3 0.15 0.30 0.030
4 2 7 0.10 0.28 0.020
9 2 10 0.05 0.16 0.010
6 3 4 0.08 0.24 0.013
7 4 & 0.10 0.28 0.020
8 4 8 0.10 0.28 0.020
4 4 9 0.15 0.50 0.030
10 S & 0.12 0.36 0.023
11 o9 9 0.00 0.16 0.010
12 7 8 0.05 0.16 0.010
13 7 10 0.08 0.24 0.013
14 8 Q9 0.12 0.36 0.025
15 8 10 0.08 0.24 0.015
16 8 11 0.10 0.28 0.020
17 10 11 0.12 0.36 0.023




Table 5.8 11-Bus System Load Data and the
Generator Data

BUS LOAD DATA COST COEFF.DATA
No PL[p.u.] QL[p.u.] a b c

1 0.000 0.000 50.0 360.0 40.0
2 0.000 0.000 40.0 340.0 &0.0
3 0.000 0.000 40.0 340.0 &0.0
4 0.000 0.000 45.0 350.0 50.0
S 0.000 0.000 45.0 3I50.0 40.0
& 0.100 0.020 - - -

7 0.400 0.100 - - -

8 0.900 0.4350 - - -

9 0.700 0.350 - - -
10 0.250 0.050 - - -
11 0.250 0.050 ~ - -

Table 5.9 PFPhysical restrictions upon 11-bus

System Variables

BUS
NO

v

min max amin

tp.u. [p.u.

FMOGAOINDUDLHNKR

(W

QOOOO O = =

1.10 0.3
1.10 0.3
1.10 0.3
0.3
0.3

1.10
1.10
1.05 -
1.05 -
1.05 -
1.05 -
1.05 -
1.05 -

VOO0V VV00000

5.1.4. lEEE 14-Bus System

1EEE 14-bus test system containing 3 generators,

2 tap changing transformers and 3 parallel capacitive

reactors is a typical moderate size test system suitable

for both the minimum loss and the minimum cost problem.

Line diagram is given in Figure 5.4 and the other

characteristics are given in Table 5.10-5.12.



Figure 5.4 IEEE 14-Bus System Line Diagram
Table 3.10 IEEE 14-Bus System Impedance and Line
Charging Data

LINE |[FROM TO LINE IMPEDANCE LINE CHAROING|

No BUS BUS o [p.u.l X [p.u.1l B [p.u.] SETTING
1 1 2 0.01938 0.05917 0.0528 -
2 2 3 0.04499 0.19797 0.0438 -
3 2 4 0.05811 0.17632 0.0374 -
4 1 ) 0.05403 0.22304 0.0492 -
S5 2 S 0.05695 0.17388 0.0340 -
& 3 4 0.046701 0.17103 0.0344 -
7 4 S 0.01335 0.04211 0.0128 -
8 S [ 0.00000 0.25202 0.0000 1.050
9 4 7 0.00000 0.20912 0.0000 1.050
10 7 8 0.00000 0.17615 0.0000 -
11 4 9 0.00000 0.55618 0.0000 1.050
12 7 9 0.00000 0.11001 0.0000 -
13 ? 10 0.03181 0.08450 0.0000 -
14 & 11 0.09498 0.19890 0.0000 -
15 &6 12 0.12291 0.25581 0.0000 -
ié6 & 13 0.06615 0.13027 0.0000 -
17 9 14 0.12711 0.27038 0.0000 -
i8 10 11 0.08205 0.19207 0.0000 -
19 12 13 0.22092 0.19988 0.0000 -
20 13 14 0.17093 0.34802 ‘0.0000 -




Table 5.11 IEEE 14-Bus System Load Data and the
Benerator Data
BUS LOAD DATA COST COEFF.DATA
NO

PL[p.u.] QL[p.u.] a b c

1 - 0.000 0.000 50.0 245.0 105.0

2 0.217 0.127 50.0 351.0 44 .4
3 0.942 0.190 - - -
4 0.478 0.040 - - -
S 0.076 0.016 - - -

& 0.112 0.075 50.0 389.0 40.6
7 0.000 0.000 - - -
8 0.000 0.000 - - -
Q 0.295 0.166 - - -
10 0.090 0.058 - - -
11 0.033 0.018 - - -
12 0.061 0.014 - - -
13 0.135 0.058 - - -
14 0.149 0.050 - - -

Table 5.12 PFPhysical restrictions upon IEEE 14-bus
System Variables

BUS
NO min max amin Gmax amin amax
(p.u.1l [p.u.1 [p.u. ]
1 1.0 1.10 0.5 2.0 -0.2 1.0
2 1.0 1.10 0.2 1.0 -0.4 0.9
3 0.95 1.05 - — -0.4 0.6
4 0.99 1.05 = - — -
S 0.99 1.05 - - - -
& 1.0 1.10 0.2 1.0 -0.6 0.45
7 0.95 1.05 - - - -
8 0.95 1.05 - - 0.6 0.435
9 0.95 1.05 - - - -
10 0.99 1.05 - - - -
11 0.95 1.05 - - - -
12 0.99 1.05 - - - -
13 0.993 1.035 - - - —
14 0.99 1.05 - - — —
. =t =t = 0.90
i1min zZmin 3min
= t = t = 1.10
imax 2max Smax




5.1.5. 1EEE 30-Bus System

Table 5.13 IEEE 30-Bus System Impedance Data

LINE FROM TO LINE IMPEDANCE TAP
No BUS BUS R [p.u.]l] X [p.u. SETTING

1 1 2 0.0192 0.0575 -

2 1 3 0.0452 0.1852 -

3 2 4 0.0570 0.1737 -

4 3 4 0.0132 0.0379 -

5 2 S5 0.0472 0.1983 -

(] 2 6 0.0581 0.1763 -

7 4 & 0.0119 0.0414 -

a8 S5 7 0.0460 0.1160 -

9 ') 7 0.0267 0.0820 -
10 b 8 0.0120 0.0420 ~
11 & 9 0.0000 0.2080 1.050
12 &6 10 0.0000 0.55360 1.050
13 9 11 0.0000 0.2080 =
14 9 10 0.0000 0.1100 =
15 4 12 0.0000 0.2560 1.050
146 12 13 0.0000 0.1400 =
17 12 14 0.1231 0.2559 -
18 i2 15 0.06462 0.1304 -
19 12 16 0.0945 0.1987 =
20 14 15 0.2210 0.1997 =
21 16 17 0.0824 0.17232 =
22 15 18 0.1070 0.2185 =i
23 18 19 0.0639 0.1292 -
24 19 20 0.0340 0.0680 =
25 10 20 0.0936 0.2090 -
26 10 17 0.0324 0.0845 -
27 10 21 0.0348 = 0.0749 -
28 10 22 0.0727 0.1499 -
29 21 22 0.0116 0.0236 -
30 15 23 0.1000 0.2020 -
31 22 24 0.1150 0.1790 -
32 23 24 0.1320 0.2700 -
33 24 25 0.1885 0.3292 -
34 25 26 0.2544 0.3800 -
35 23 27 0.1093 c.2087 -
Y 28 27 0.0000 0.39260 1.050
37 27 29 0.2198 0.4153 -
38 27 0 0.3202 0.6027 -
39 29 30 0.2400 0.4533 -
40 a8 28 0.6340 0.2000 -
41 & 28 0.0146%9 0.0599 -




IEEE 30-bus test system containing & generators,
4 tap changing transformers and 9 parallel capacitive
reactors is the most common test system used widelly
in power system optimization. Line diagram is omitted
for the sake of simplicity. Necessarry information is
illustrated in Table 5.13-5.15.

Table 5.14 IEEE 30-Bus System Load Data and the
Generator Data

pUS LOAD DATA COST COEFF.DATA
NO
PL[p.u.] QL[p.u. ] a b c
1 0.000 0.000 37.5 200.0 0.0
2 0.217 0.127 175.0 175.0 0.0
3 0.024 0.012 - - -
4 0.076 0.016 - - -
5 0.942 0.190 625.0 100.0 0.0
6 0.000 0.000 - - -
7 0.278 0.109 - - -
8 0.300 0.300 83.4 325.0 0.0
9 0.000 0.000 - - -~
10 0.058 0.020 - - -
11 0.000 0.000 250.0 300.0 0.0
12 0.112 0.075 - - -
13 0.000 0.000 250.0 300.0 0.0
14 0.062 0.014 - - -
15 0.082 0.025 - - -
16 0.035 0.018 - - -
17 0.090 0.058 - - -
i8 0.032 0.009 - - -
19 0.095 0.034 - - -
20 0.022 0.007 - - -
21 0.175 0.112 - - -
22 0.000 0.000 - - -
23 0.032 0.016 - - -
24 0.087 0.067 - - -
25 0.000 0.000 - - -
26 0.035 0.023 - - -
27 0.000 0.000 - - -
28 0.000 0.000 - - -
29 0.024 0.009 - - -
30 0.106 0.019 - - -




Table 5.15 Physical restrictions upon IEEE 30-bus
System Variables

BUS v . . )
NO min max amin amax amun Gmax
(p. u. [p.u.l [p.u.
1 1.0 1.10 0.50 2.00 -0.20 2.00
2 1.0 1.10 0.20 0.80 —-0.20 1.00
3 0.95 1.05 - - - -
4 0.95 1.05 - - - -
S 1.0 1.10 0.15 0.50 -0.135 0.80
(3 0.99% 1.05 - - - -
7 0.95 1.03 - - - -
a8 1.0 1.10 0.10 0.35 -0.13 0.4&0
9 0.95 1.05 - - - -
10 0.99 1.05 - - 0.00 0.035
11 1.0 1.10 0.10 0.30 -0.10 0.50
12 0.95 1.05 - - 0.00 0.05
13 1.0 1.10 0.12 0.40 -0.15 0.60
14 0.95 1.05 - - - -
15 0.93 1.03 = = 0.00 0.05
16 0.95 1.05 — ~ —= -
17 0.959 1.09 = = 0.00 0.05
i8 0.95 1.05 = = = -
19 0.95 1.05 = = = -
20 0.93 1.05 = = 0.00 0.03
21 0.95 1.038 — = 0.00 0.05
22 0.99 1.05 - = - -
23 0.93 1.05 = = 0.00 0.03
24 0.95 1.05 = = 0.00 0.05
25 0.99 1.0S - - = =
26 0.99 1.05 - - - -
27 0.95 1.09 - - - -
28 0.95 1.05 - - - -
29 0.99 1.05 - - 0.00 0.05
30 0.95 1.05 - - - -
.= .= . = . = 0.90
imuwvn Zmin 3min 4min
= = = = 1.10
imax Zmax Imax 4max




5.2. System Studies

System studies have been carried out on 3 different
test systems which were illustrated in the preceeding
section. Several case studies have been conducted on
each test systems to confirm the different aspects of

the proposed method.

Roth the minimum cost problem and the minimum loss
problem are tried to be solved with respect to the asso—
ciated control variables. In case of minimum loss prob-
lem, an increase in the RPTL is not allowed. On the
other hand, such an increase is not cared in case of
minimum cost problem. Since the control variables are
shared by sub—-optimization modules, the resulting minimum
cost/loss values may sometimes be larger than of those
ones which assign all the control variables for a

specific objective function.

5.2.1. 5—Bus System

Table 5.16 shows the solution to the minimum cost
and the minimum loss problems for the S5-bus system. Note
that one single iteration includes both the P-optimization

and the G-optimization modules.

The convergence characteristics are given in Table
5.17 and a comparison with of some other methods is il-
lustrated in Table 5.18. 1t can easily be observed from
Table 5.18 that, the minimum cost and the minimum loss
values of the proposed method are in the same range of
reported ones in the literature. By the way, it must be
recognized that the values of Ref. [70] and Ref. [77] are
obtained by handling all the control variables for a spe—

cified problem.



Table 5.16 Summary of the Results for the 5-Bus System

Limits Initial Final States

Variable State Min. Cost Min. Loss

Lower Upper Problem FProblem
Py 0.30 1.20 | o.84s7 0.9514 0.8438
P, P-U-1 0.30 1.20 | 0.8000 0.6932 0.8000
a,, 0.00 0.60 | 0.4826 0.3709 0.3748
a_, P-U-1 6,00 0.60 | 0.3043 0.4075 0.4005
v, 1.00 1.10 | 1.0700 1.0862 1.0853
v, 1.00 1.10 | 1.0500 1.0839 1.0857
v, |p-u.] 0.90 1.05 | o.9845 1.0135 1.0142
v, 0.90 1.05 | 0.94637 0.9889 0.9893
v, 0.90 1.05 | 1.0245 1.0504" 1.0510"
s, - - 1.799 -1.391 —0.1761
s, - - -4.737 -5.417 -4.4693
s, . - -8.011 -8.174 -7.749
S, - < -2.814 -3.461 -2.851
Cost [$/h] 761.248| 757.878 759.979
Loss [MW] 4.8672 4.459 4.381
Number of Iterations 4 " 1
Maximum Power Mismatch <10~ <10”°
Maximum Constraint Violation 0.0004 0.001

Table 5.17 Convergence Characteristics for the 53-Bus

System
Minimum Cost Minimum Loss
ITERATION Cost [$/h] Loss L[MW]|Cos oss
Initial 761.2477 4.6725 761 .2477 4.6723
1 a 759.9787 4.3813 7392.9787 4.3813
P 757 .8892 4.5419 759.9787 4.3813
> Q 757.8810 4_.5414 - -
P 757.8301 4.4757 - -
3 Q 757 .8275 4.4753 - -
P 757 .8824 4 _.4605 - -
4 a 757.8776 4.4594 - -
P 757.8776 4.45%4 - -
P 2z After P-Optimization
Q : After Q@-Optimization




Table 5.18 Comparison of 5-Bus System Studies

FROBLEM A B C D
Minimum n hd ~ 6 -
Cost Cost [$/h]1}|757.88 760.95 757.72 757.71
Loss [MW] 4.439 5.200 4.514 4.497
Minimum n 1 B 7 N
Loss Cost [$/h]1]|759.98 - 760.43 760.48
Loss [MW] 4.3781 - 4.390 4.390
n : Number of Iterations
A : Proposed Method
B : Method of Ref. [70]
C :z Method of Ref. [771
D = Method of Ref. [7%2]

5.2.2. IEEE 6-Bus System

Table 5.19 shows the solution to the minimum cost
and the minimum loss problems for the IEEE &4-Bus System.
Studies were carried out for two load levels. The con—
vergence characteristics are given in Table 5.20 and a
comparison with of some other methods is illustrated in
Table 5.21. This sample system was mostly handled for
minimum loss problem and therefore, comparison is done

for only that problem.

This system yields a significant violation in
real power transmission limits. Therefore, bus voltage
angles are restricted between [-15.0-5.0 ] degrees. The
minimum RPTL and the associated generation cost for the
full load minimum loss problem are found to be favourably
better than those reported in Ref. [43,60,62,63,467].

The number of iterations required for the full load
minimumm cost problem is rather high because of the vio-—-
lation of the secure operating limits, reported above.

On the other hand, the minimum generation cost was found
to be 547.575 %, which compares favourably with the value
of 5BB.609 % reported in Ref. [73], for the same problem.



Table 5.19 Summary of the Results for the IEEE 6~Bus

System.
Variable Limits 'Pull lLoad Hal?T Load
Initial Final States Initial Final States
Lower Upper | State (.. Cost Min.Loss| S%2%®  Juio Cost Min.Loss
P, 0.10 1.00 | 0.9663 | 0.8578 0.9323 0.4557 | 0.3323  0.4440
Pos P-u-1 0.10 1.00 | 0.5000 | 0.5902 0.5073 0.2500 | 0.3841 ©.2554
a,, -0.20 1.00 | 0.3817 | 0.3966 0.3654 0.0485 |-0.0048 0.0703
Q. PeU-1 _0.10 1.00 | 0.3482 | 0.1611 0.1%900 0.2162 | 0.2673 0.1417
e, 0.00 0.05 | 0.0000 | 0.0500 0©0.0300 0.0000 | 0.0092 0.0170
a_, 0.00 0.055| 0.0000 { 0.0530 0©.0%50 0.0000 | 0.0035 0©.0265
v, 1.00 1.10 | 1.0500 | 1.0990 1.0925 1.0500 | 1.0110 1.0329
v, 1.10 1.15 | 1.1000 | 1.1500 1.1300 1.1000 | 1.1500 1.1000
v, lp-u.] o0.90 1.00 0.8532"| 1.0015" 1.0005*| o0.9351 [ 0.9774 1.0027"
v, 0.90 1.00 | 0.9525 | 1.0022* 1.0005°| 1.0270"[ o.9885 1.0027"
v, 0.90 1.00 | 0.9009 | 1.0005" 1.0010°| 0.9962 | 0.9940 1.0001"
v, 0.90 1.00 | 0.9331 | 0.9842 o©.9827 1.0173"| 0.9988  0.9993
s, -15.00 5.0 -&6.146 0.400 -3.178 | -3.4047 | 0.8450 -2.0863
s, -15.00 5.0 |-13.831 [-10.383 ~11.66% | -6.1323 [-4.7188 -6.0384
s, Deg-{ j5.00 s.0 ~9.924 | -7.922 -8.828 | -8.6021 |-3.6680 -2.&53s
s, ~15.00 5.0 |-13.425 | -9.348 -~11.198 | -6.2260 |-3.7033 -5.8041
s, -15.00 5.0 |-12.651 | -9.871 -~11.026 | -5.8e80 |-4.6758 -5.7924
€, 0.90 1.10 1.025 0.950 0.9554] 1.0250 | 1.0192 o0.9972
t, 0.90 1.10 1.100 0.981 0.9835] 1.1000 | 1.0202 o.99s7
Cost [$/h) 638.510 |547.575 604.318 | 180.659 |141.587 175.0333
toss LMW 11.631 9.804 8.965 3.072 4,135  2.4507
Number of Iterations 7 2 3 3
Maximum Power Mismatch <107° <107® <10”° <107®
Maximum Constraint Violation 0.0022 0.001 [+ 0.0027
Table 5.20 Convergence Characteristics for the IEEE
&—~Bus System
FULL TOAD HALF TUAD
ITERATION Minimum Cost. Minimum Loss Hinimum Lost HMinimum Loss
TCost Loss "Cost Loss Cost Lose Cost Loss
[$/h1 £l £$/h]} (G £$/h] MWl | [$/h] LMW1
Initial | 638.51 11.631 | &38.51 11.631 | 180.66 3.072 | 180,66 3.072
; 0 |e08.72 8.800 | 608.72 8.800 | 183.56 3.590 | 177.44 2.489
P | 549.084 9.778 | 603.24 B.866 | 142.63 4.100 | 173.17 2.311
2, 8| 348.99 9.772 | £04.259 B.965 | 142.63 4.100 | 174.85 2.452
P | sav.98 ©9.79a8 | 604.318 B.945 | 181.65 4.133 | 175.01 2.451
e | saB.01  9.799 - - 141.59 4.135 | 175.01 2.451
S p | s47.38 o9.814 - - 141.59 4.135 | 175.03 2.451
4 0O |3547.25 9.804 - - - - - -
P | sa7.70 9.794 - - - - - -
s 0| >547.75 9.798 - - - - - -
P | 547.65 9.800 - - - - - -
e O | 547.67 9.802 - - - - - -
P | 547.57 9.804 - - - - - -
;, 8] 547.57 9.804 - - - - - -
P | 547.57 9.804 - - - - - -




Table 5.21 Comparison of IEEE 6-Bus System Studies
{Minimum Loss Problem)

LOAD LEVEL A B C D E F
Full Cost [$/h]1]604.32 605.74 6£19.40 6£10.00 612.00 6£10.00
Loss [MW] [8.965 B8.930 9.757 8.943 9.222 9.900
172 Cost [$/h]1]175.03 176.05 - - - -
Loss [MW] |2.451 2.240 - - - -
A 2 Proposed Method
B : Method of Ref. [43]
C : Method of Ref. [&0]
D : Method of Ref. [62]
E : Method of Ref. [63]
F = Method of Ref. [&7]

and
The
and
ted

Table 5.22 shows the solution to the minimum cost

the minimum loss problems for the 11-bus system.

convergence characteristics are given in Table 5.23

a comparison with of some other methods is illustra-

in Table 3.24.

The minimum generation cost and the associated loss

reported in Ref.

[74] are seem to be the best ones, for

minimum cost problem. Howeve

the sixth bus was reported to be

s

bus voltage magnitude for

1.054 p.u. , which

violates the upper limit more than the value of 1.03514

given in Table 5.22.




Table 5.22 Summary of the Results for the 11-Bus System
"Final States

Variable Limits ézitial Min. Cost Min. Loss
Lower Upper Problem Problem
o1 .30 1.20| 0.7059 0.3910 0.581F |
Poz 0.30 1.20] 0.5000 0.7217 0.7275
Pca p-u.| 0.30 1.20] 0.35000 0.5820 0.3345
P04 0.30 1.20] 0.5000 0.4930 0.5065
Pos 0.30 1.20}] 0.3000 0.35203 0.5415
QG1 -0.20 1,101 0.1521 0.2674 0.2229
Gcz -0.10 1.00} 0.3040 0.2924 0.2764
a__|p.u.|-0.10 1.00 —0.2181%| -0.1329" -0.0845
Qc4 ~0.10 1.00] 0.2749 0.1714 0.1422
Qos -0.10 1.00] 0.2297 0.1241 0.1152
. - 1.00 1.1I0] 1.05060 1.0761 1.0772
Vz 1.00 1.10| 1.0400 1.0715 1.0714
Va 1.00 1.10) 1.0400 1.0755 1.0729
V4 1.00 1.10] 1.0500 1.0619 1.0609
V5 1.00 1.10}] 1.03500 1.0479 1.0479
v, |p-u.] 0.90 1.05] 1.0456 1.0514" 1.0510%
V7 0.90 1.05)| 0.9807 1.0073 1.0079
Va 0.90 1.05] 0.9671 0.79903 0.9908
V9 0.90 1.03} 0.99221 1.0022 1.00235
Vio 0.70 1.05] 1.0008 1.0283 1.0290
V11 ‘0.90 . 1.051 1.0124 - 1.0394 1.0399
62 - - —2.518 2.916 0.145
63 - - 4.052 8.929 3.76%
64 - - 0.147 4.483 1.329
65 - - —0.792 3.188 1.193
&, [pea-| - - |-1.108 3.087 0.438
67 - - ~-6.907 -2.328 —-4.,702
63 - - -6.790 -2.807 —5.008
69 - - -4 ,359 -0.922 -2.822
610 - - -5.685 -1.281 —-3.557
611 - - -8 .,265 -2.191 —3.273
Tost (%/h1 17261 .557(1253.828 17545286
Loss [MW] 10.577 10.802 2?.147
Number of Iterations .3 5
Maximum Power Mismatch <10™* <10”™*
Maximum Constraint Violation 0.0329 0.001




Table 5.23 Convergence Characteristics for the 11-Bus

System
Minimum Cost Minimum Loss
ITERATION e T%/RhT Loss [MWT|{CosE [$/hT Loss THWT
Initial 1261.557 10.5770 1261.557 10.5770
1 Q 1260.341 10.3094 1260.341 10.3095
P 1255.240 11.0841 1254.739 10.3804
> a 1253.315 10.6062 1232.666 9.8698
P 1254.345 10.9585 1253.947 Q.2377
3 a 1254.334 10.9598 1253.979 2.2375
P 1253.817 10.8013 1254.047 Q.2239
4 7] 1253.828 10.8025 1254.0493 9.2243
P 1253.828 10.8025 1254.152 9.2125
5 Q - - 1254.436 ?.1572
P - - 1254.526 Q.1475
Table 5.24 Comparison of 11-Bus System Studies
Problem Cost [$/h] Toss [MW]
a B G a C
Min.Cost|1253.83 1251.96 1253.84]10.802 .93 10.30
Min.Loss |1254.53 = - 9.147 -

oW
anm as e

Proposed Method
Method of Ref.[74]
Method of Ref.[7%]

3.2.4.

IEEE 14-Bus System

Table 5.25 shows the solution to the minimum cost

and the minimum loss problems for the IEEE 14-Bus test

system.

The convergence characteristics are given in

Table 5.26 and the comparison with of some other methods

is illustrated in Table 5.27.

nearly the same with those reported in Ref.

Ref. [70].

The values given are
[62] and




Table 5.25 Summary of the

Results for the I1EEE 14-Bus

System

Variable Limits Initial Final States

Upper Lower State Min.Cost Min.Loss
P 0.50 2.00 2.1136 1.6303 1.4832
P°* lp.u.|] o0.20 1.00 0.4000 0.64647 0.6499
sz 0.20 1.00 0.2000 0.3839 0.5399
Q -0.20 1.00 0.0301 0.0722 -0.0285
Q! -0.40 0.50 0.6665" 0.2409,  0.4113
ng p.u.| —©-60  0.45 0.3080 0.4537 0.3624
a —0.40 0.60 0.0000 0.0532 0.0427
uz: ~0.60 0.45 0.0000 0.0445 0.0371
v 1.00 1.10 1.0700 1.1000 1.0936
vl 1.00 1.10 1.0500 1.0791 1.0792
vz 0.95 1.10 0.9811 1.0252 1.0224
Vv 0.95 1.10 1.0022 1.0462 1.0431
vt 0.95 1.10 1.0151 1.0642 1.0603
v 1.00 1.10 1.0500 1.0629 1.0592
ve 0.95 1.10 1.0055 1.0591 1.0527
v’ 0.95 1.10 1.0055 1.0664 1.0589
v [P-Y-| o.95 1.10 0.9964 1.0404 1.0333
v® 0.95 1.10 0.9978 1.0364 1.0295
yie 0.95 1.10 1.0196 1.0454 1.0398
pit 0.95 1.10 1.0321 1.0475 1.0436
yiz 0.95 1.10 1.0240 1.0415 1.0369
v:j 0.95 1.10 0.9895 1.0225 1.0162
3 - — -4.398 ~3.000 -2.859
&2 - = -11.513 -9.623 -9.248
&2 - - -8.924 -7.128 -6.563
&* - - -7.559 -5.932 -5,335
&> - - -11.786 -8.156 -6.174
&° - - ~11.597 -9.361 -8.470
&° |peg. - - -11.597 -9.361 -8.470
&° - - -13.043 |-10.588 -9.522
&° - - -13.109 |-10.448 -9.221
&*° - - ~12.563 -9.440 -7.839
3 - - -12.739 -9.146 ~7.235
&2 - - ~12.823 -9.342 -7.493
6:: - - -14.032 |-11.070 -9.673
t 0.90 1.10 0.9620 1.0618 1.0421
£t 0.90 1.10 0.9780 0.9623 0.9628
t: 0.90 1.10 0.9690 0.9500 0.9602
Cost [%/h] 1159.391 |1134.444 1137.238
Loss [MW] 12.340 8.890 8.313
Number of Iterations 3 2
Maximum Power Mismatch <10~ ¢ <10™*
Maximum constraint Violation 0.0037 8]




Table 5.26 Convergence Characteristics for the I1EEE
14-Bus System

Minimum Cost Minimum Loss
ITERATION b T37RT Toss TMWI|Cost [$/h1 Loss TFWT]
Initial 11592.391 12.33946 1159.3921 12.33946
1 a 1155.094 11.4129 1155.094 11.4129
P 1136.254 9.0000 1138.486 8.6243
> Q 1134.4604 8.59261 1137.238 8.3135
F 1134.423 8.8890 1137.238 8.3135
< Q 113734.444 8.8200 - -
P 1134.4344 8.8900 - -

Table 5.27 Comparison of IEEE 14-Bus System Studies

Problem Cost [$/7h] Toss L[MW]

A B c A B C
Min.Cost}j1134.44 1134.86 1135.92(8.8%0 8.920 9.200
Min.Loss|1137.24 - = B8.313 - -

A : Proposed Method
B : Method of Ref. [69]
C : Method of Ref. [70]

5.2.3. 1EEE 30-Bus System

IEEE 30-Bus Test System is the most common one for
power system optimization applications. The solution to
the minimum cost and the minimum loss problems are given
Table 5.2B,a and Table 5.28,b.

characteristics are illustrated in Table 5.29.

in The convergence
The compa-

rison with of some other methods are given in Table 5.30.

The minimum generation cost for the minimum cost

problem and the minimum RPTL for the minimum loss problem



are found to be better than those reported in Ref.

67,73,85,88].

[48,

In addition, the required iteration num—

numbers are also rather small.

Table 5.28,a Resulted Bus Voltages for the IEEE 30-Bus

Test System.

.. a s Final States

Bus vL1m1ts Initial State MinToct MirToss

No min max v S v L] v S
p.uU. p.u. [degree p.u. [degree p-u. {Degree
1{1.00 1.10}1.050 0.000]1.085 0.000}1.054 0.000
211.00 1.10]1.040 -1.766]1.056 -—-3.294]1.058 -2.343
3|0.95 1.05}11.025 -3.885]1.049 -5.443]1.050 -3.9210
410.93 1.05}1.020 -—-4.655]1.042 -6.578|1.049 —4.692
5(1.00 1.10(1.010 -6.306[11.034 —-10.107(1.040 -6.4652
6[0.95 1.05]11.013 -5.397]|1.034 -7.6846]1.048 -5.316
7]0.95 1.0511.003 —-6.36611.026 -9.1467]|1.036 —-6.348
8{1.00 1.10}1.010 -5.618]1.030 -7.935[1.053 -5.324
2|0.99 1.05]0.984 -6.994[1.018 —-10.047[1.030 —-6.303
10]0.95 1.05§0.961 —-92.174)1.000 -11.706]0.914 -8.634
1111.00 1.10}1.050 -4.488[1.078 -8.9261]11.083 -—-3.096
1210.953 1.05(0.993 -8.456]1.018 —-11.241[1.020 -8.531
13§j1.00 1.10]11.050 —-7.120]|1.061 —-10.353]11.055 -7.638
1410.959 1.035]10.976 —-9.665](1.004 —-12.227(1.008 -92.454
15]10.93 1.0510.9648 —-92.69211.000 —-12.370]1.007 -9.586
16(0.95 1.035]0.973 -—-92.174|1.004 -11.826(1.011 -8.892
17]0.95 1.05]0.9959 -92.4132]0.997 —-12.124]1.0092 -8.961
1810.93 1.05 0.952*—10.318 0.9892 —-12.998|0.992 —-10.044
1910.95 1.05 0.947*—10.469 0.986 —-13.160}0.997 -10.107
20(0.95 1.05 0.949*—10.210 0.990 —-12.23711.002 -9.838
21]0.95 1.05 0.947* -2.717}0.990 —-12.4392}1.004 -9.225
2210.95 1.05 0.948* ~2.70610.9921 —-12.431}1.003 -—-9.230
2310.95 1.05 0.949*—10.084 0.993 —-12.846711.003 —10.032
2410.95 1.05 0.933*—10.216 0.984 —-12.97710.998 —-10.010
25(0.95 1.05 0.928*—10.254 0.991 ~12.763}1.005 -9.958
260.25 1.05 0.909*—10.760 0.973 —-13.20710.987 —-10.388
271(0.95 1.05}{0.935 -9.946411.004 -12.347[1.017 -9.64%
2810.95 1.035]1.006, —5.836]1.028 -8.22211.042 -5.773
2210.95 1.05 0.913*—11.442 0.9959 —-13.249]1.010 —-11.247
30]0.95 1.05]0.900 —-12.513{0.9792 —-14.725][0.993 —-11.975




Table 5.28,b Summarry of the results for the IEEE 30-Bus

Test System.

Variable Limits Initial Final States
Upper Lower State Min.Cost Min.lLoss
P01 0.50 2.00 0.9911 1.8144 1.1088
PGz 0.20 0.80 0.8000 0.5145 0.5029
P65 0.15 0.50 0.3000 0.2028 0.5000
P08 p-u- 0.10 0.35 0.2000 0.1803 0.3500
P011 0.10 0.30 0.2000 0.1000 0.3000
P013 0f12 0.40 0.2000 0.1200 0.1200
901 —-0.20 2.00 0.0500 0.2739 -0.2925"
Goz —-0.20 1.00 0.2800 -0.0116 0.3321
ch —-0.15 0.80 0.2215 0.3798 0.2614
Qca -0.15 0.460 0.2512 0.2429 0.4123
GG11 p-u.}] —0.10 0.50 0.3350 0.3100 0.2868
G013 —-0.15 0.60 0.4182 0.3236 0.2604
cho 0.00 0.03 0.0000 0.0108 0.0140
Qc:z 0.00 0.03 0.0000 0.0000 0.0000
9015 .00 0.05 0.0000 0.0139 0.0200
Gc17 0.00 0.05 0.0000 0.0131 0.0188
uczo 0.00 0.03 0.0000 0.0201 0.0288
cha 0.00 0.03 0.0000 0.0203 0.0293
Dcza 0.00 0.05 0.0000 0.0242 0.0330
ch4 0.00 0.05 ¢ .0000 0.0335 0.0466
Gczg 0.00 0.05 0.0000 0.0387 0.0413
t1 0.90 1.10 1.0500 1.0401 1.0377
tz 0.90 1.10 1.03500 1.0404 1.0382
ta 0.90 1.10 1.0500 1.0522 1.05340
t4 0.90 1.10 1.0300 1.0100 1.0106
Cost [$/h] ?01.6321 802.0598 882.4489
Loss [MW] 5.8626 ?.7827 4.7789
Number of Iterations 2 3
Max.Power Mismatch <107* <107 ¢
Max.Constraint Violation 0] 0.0925




Table 3.27 Convergence Charecteristics for the IEEE
JI0-Bus System

Minimum Cost Minimum Loss

ITERATION ost [$/h] Loss [MW]|Cost [$/h] Loss [MW]
Initial 201.463921 5.46882 201.6391 5.6882
1 Q Q00.5922 5.3238 00,5922 5.3238
P 803.1304 10.1100 808.8611 11.6271

> Q 802.0598 Q.7827 807.46384 11.2717
P 802.0598 9.7827 884.1073 5.3567

3 aQ - - 8082.4499 4.7789
P - - 882.4489 44,7780

Table 5.30 Comparison of IEEE Z0-Bus System Studies

PROBLEM A B c D E F
Min. |Cost [$/h]]802.0&6 B03.89 - 804.85 802.40 B802.39
Cost|Loss [MW] |92.7B3 9.071 = 10.48&6 2.480 9.427

Min. |Cost [$/h]{882.45 200.00 Q0&6.39 = - -
Loss|Loss [MW] [4.779 4.8B21 7.442 = = -

Proposed Method

Method of Ref. [48]
Method aof Ref. [&71]
Method of Ref. [73]
Method of Ref. [85]
Method of Ref. [B8]

mTmMmoQmD




CONCLUSIONS

This thesis has presented two new formulations for
sub—optimization modules which provide fast convergence
and less computer storage.The advantages of the method

are as Tollows:

1. The method is capable of minimizing both the HFC
and the RPTL together as one problem or sepera-—
tely. This is achieved by decomposing the process

into two sub—optimization modules.

2. Bince the modules can be solved independently, the
convergence and the optimal values are not consi-

derably effected from the starting point.

3. P-optimization module can be either used for cost
minimization or loss minimization without any ad-

ditional computational efort.

4. The number of iterations needed to obtain the so-—
lution is small and does not vary with the size

of the system.

S. During the optimization phase all intermediate re-

sults after the first iteration are feasible.

&. The test results show that the method presented

yields a more accurate and optimal solution.

On the other hand; in order to achieve less compu-—
tation time, inefficiencies related to the penalty factors
must be overcome and fast decoupled load flow must be
adopted for the problem. Moroeover, IEEE 118-Bus bigger

test systems must also be tested.
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APPENDIX A
KUHN-TUCKER CONDITIONS

The most important theoretical result in the field
of nonlinear programming are the Kuhn—Tucker (K-T) condi-
tions. They form the basis for the development of many
computational algorithms. In addition, the stopping cri-
teria for many algorithms are derived directly from them.

The geometrical interpretation of the K-T condi-
tions can be stated by means of a cone [51]. A cone is a
set of points ,R, such that,

xeR (cx)eR c20 (A.1)

A convex cone is a cone which is a convex set. It can
easily be derived that the set of all nonnegative linear
combinations of a finite set of vectors as a convex cone,
i.e., that the

R={X ' R= C1X1+ = n 5w +Cnxn [ ] Ci?.. 0 s i=1,2,- . ,n} (A-z)

is a convex cone. The vectors X sX se0e3X are called
n

the generators of the cone.
In order to minimize a function f(x), subject to

g.‘(x) €0 4, i=1,2,...,n (A.3)

at any point xk » Vf must lie within the cone generated
by the negative gradients of the binding constraints g
[50-52]. Algebrically,

7f(xX) = E a‘,: (- Vgi'(xk)) . a’,:z 0 (A.4)
=

and B is the set of indices of the binding constraints.
These results may be restated to include all type of con-—
straints by defining the coefficient,

0 if g.(x*) < o
at L {A.3)

>0 if gt(xk) =0

The K-T conditions are closely related to the clas—
sical Lagrange Multiplier results. This relation and a
different statement of the conditions are given in Ref.
[S5]1, Appendix E.



APPENDIX B
FUNCTION MINIMIZATION BY CONJUGATE GRADIENTS

Let us consider the minimization by successive lin—
ear searches of a quadratic function,

f(x)= a + B'x + % xTAx (B.1)

where A is a positive definite and symmetric. Let x*

minimize f(x). Then,
VE(x") =B + A x" (B.2)

Given a starting point X, and a set of linearly indepen—
dent directions Foalgse==sF constants ﬁ% can be
found such that,

x'= x°+ E Br. (B.3)

i=1

If the directions rt are A-conjugate, i.e., satisfy

FTAr . = 0 4 i#j 4 ©3§=0,4,...,n-1 (B.4)

and none are zero, then r. are easily shown to be 1li-
nearly independent and the ﬁk can be determined from
Eq. (B.3) as follows [21,51]:

n—41
r?Ax* = r'Ax_+ E far?Ar. (B.3)
J J o v i
i=d
r'ax® = r’ax_+ g.r'ar, (B.6)
J i o i

using Eq.(B.2)

r.
f=-(B+Ax )T — 31 (B.7)
J ° r Ar



This sequential process is called Conjugate Direc-

tions and leads, in n steps, to the minimum x*. The
method of conjugate gradients is one of the simple conju-—
gate direction minimization techniques and requires compu-—
tation of the gradient of f{(x) and the storage of only
one additional vector. The alqgorithm is,

v .
® = xte ctr" (B.8)

where
r'= - vi(x) + prt (B.9)
Due to Fletcher and Reeves [21]

i 2
p= M TFLxt) (B.10)

Vo ovfxt T3

with an arbitrary X, and ﬁ6=0.

This process is guaranteed to locate the minimum of
any quadratic function of n arguments in at most n itera-
tions. For function which are not gquadratic, the process
is iterative rather than n-—-steps and a test for conver—
gence is required.
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