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- ABSTRACT - . b

This thesis deals with tHe definition and evaluation of the
economic operating conditiors fof electrical power systems. Two new

methods are proposed for the¢/solution of the optimum economic dispatch

proBlem in electric power'utilities " The two new. methods presented
r , .

have been ~rigorously sggted and found to be quite successful The
&

first me hod is suitable for small powar networks which contain a

small umber of generatiOn buses. " The second methpd is an extension of

the first, formulated using diﬁﬁoptical techniqued to handYe large

.

power system networks. The use of network‘tearlng techniques in the

P
P

&

second method minimizes computational time, stprage and numerical errors.

t

In the proposed methods,\the‘constrained fuel cost function
minimization procedure,is based on the evaluated power loss model
(or models) of the power system under consideratlon The loss model

parameters of a particular network are evaluated with a high degree of

accuracy by the.ridge regression estimation technique from a set of e

~

,ioadiflow'studies of the power systemf These base load flow solutions

v

are obtained for different load and voltage levels which definela
feasible operating region through which a searchis conducted for the
optimal solution.”

The cost function used in. the above methods, relates the total

°

.fuel cost to the active power generatlons of the ind1v1dual power plants,

The network loss models that are investigated in this thesis are the

active pewer loss model which relates the\network tqtal active power

U

»

s o : : i W )
. losses to active power generationms, and the‘activeﬁfEactive power loss

' model. The latter model is’ divided into two separate submodels. The

submodel relates the network total active and reactive -power

v &,

RN
oy

wn



‘lose medels and

,&
losses to the active and reactive powers of the generation buses of the
! N ' r
network. The second submodel treats the purely reactive sources of

the network which are expressed. as fpnction§ of the network total

o

, e ' - .
reactive load demand. The advantages of the separation of sources are
discussed in' this thesis.
Based on the evaluated network_model (or models),; the econemic\\

dispatch conditions of the power system under consideration, are

erent system load levels. The accuracy of the‘evaluated

alidity of the economic dispatch solutions are

obtained for di

verified in this thesis. The proposed method§ are 51mple to 1mplement

w s
N

and pfoduce accurate dispatch solutions for different system load levels.

. These methods gan handle ill-conditioned situations and are not sensitive

Y.

' h y » - _ :
to load:flow mismatches in comparison to other .optimal methods. - The

methods. are suitable for on-line economic dispatch of power systems &s °

*

‘the bulk of, the‘compUtational effort can be done off—line. - The proposed

methods are used to evaluate eye economic dlspatch schedules of common

standard’ test systems I ‘ ' R

&
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\ CHAPTER I

INTRODUCTION

¢ ,
The problem of minimizing the total fuel costs in electric power

systems has long been of concern to utilities. ‘In recent years, the
/ .
growth of computing capability along with sharp increases in fuel costs,

‘have increased interest in this aspect of power system oberation. The

literature documents various approaches to this Complex problem. In
this thesis, new approaches to evaluate the economic dispatch schedules

of a power system using network loss models are presented and tested.

1.1 The Electric Power System

~

A typical power system basically consists of a_complex transmission

network which interconnects tﬁe'sources’of energy (i.e., generation
blants) to the load centers ‘which are scattered throughoug a large
geographical area. A functional diagram of a typical power system is
SHOWn in Figure 1.1. The transmission network configurétion is

dependent upon the available energy sources and the geographical locatign
of the load centers. '

\

1.2 Power System Operatioﬁ‘

1

The optimum economic operation of transmission and distribution
of electrical energy depends on the delivery system configuyation, the
nature and patterns of energy utilization and sources of eleftrical

energy (e.g., thermal, nuclear, hydro, wind, solar, geothermal, etc.).

“

A power system is required to operate optimally with respect to economy,

security and environmental constraints (1,2). Various mathemrtical

'
4

tools have been developed for-the analysis of power systems. Th2

analytical tools that are of concern in this thesis, are those used to
i~ .

5 G

determine the economic dispateh schedules of power systems. The base
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ispatch methods is_the load flow algorithm
v

for the use of these d
N i

(3-8). This algorithm basically solves the nodal equations of the

N . _
network taking into accounmt the non-linear relationship between the
currents and power flows. The algorithm provideé a complete solution

of the steady state voltages, active and reactive power flows in the

system. o i

1.3 The Economic Dispatch Problem

The direétion of research is to develop simplé, fast and efficienc
algo;ithms to ecogomically schedule power system generations for given
ioad demands. Various methods to solve the ecoﬁomic dispatch problem
in alectricApower ;ystems are documented in the literature (9-16). The

classical method (1), uses the B-coefficient loss model to represent

- &

the transmission network in the cost funqtion minimization proceduré.
This method is éimple but involves many assumptions and refinements

can be cumbersome. thimal load flow techniques (17—21), promise accurate
dispatch solutions, but these methods are sensitive to load flow mis-
matches and may have convergence problems. 1In recent years, new
approaches to the economic dispatch problem hévebbeenadeveloped (22-24).
In these methods,_the netwofk loss model coefficients are evaluated by
least squares or similar metbods from load flow results of the power
system. These methode produce ;;curate dispatch solutions for sm;llf
?ower networks operating at nominal loads. Brief descriptioms of the
classical approach, fhe.optimal.loaduflow techmique anh_the least

squares based economic dispatch method, and discuésipns of their
computationél.problems and }imitaﬁions are presented in the next section.

The final part of this chapter outlines the research objectives of

this thesis.



1.3.1 The Classical Economic Dispatch Method. -——"

The Classical method is a Lagrange multiplier approach to fhe fuel
cost minimizaéion problem: The approach uses the B-coefficient method
to evaluate the power system losses. This loss evaluation-is ;he weak
point in the method. vIn thié approachvthe system total active power
loss' is expressed as a quadratic function of generatof powers. The
coefficients of the duadratic‘model are assumed t; be conétant. This

constancy depends upon the following assumptions:
Ve

1. the voltages and angles at the source nodes remain
coﬂstant; - -

2. the power factér at each sburce remains constant;

3. the ratio of‘load-curreﬂts to the total current remain
constant. |

With these assumptions, the network can be reduced to a radial equivalent

with a single equivalent load node (1,4). Since the above assumptions
are not strictly true, the loss coefficients will only be valid over
a small range of loadings in the region of the base case. Various
methods to counter this problem, such as the use of sensitivity
parameters or re-evaluation of the loss coefficieats coupled with load

‘ . .
~flows and dispatch solutions h-ve been used.- Howevé&, such approaches
require considerable computational effort for each case under considera-
tion. The mathematical fprmulation of the classical method for the

evaluation of the economic dispatch schedules« of a thermal power systém

is given below. ' 1

1.3.1.1 The Classical Dispatch Method - Formulation

The power network is represented by the following B-coefficient

o~



model:

" where,

- the

- the

- the

‘ 1.1)
B 2 (1.1)
network total active power losses in MW:
network active power generation vector in MW ;
B-coefficient matrix : ' .

To obtain the economic dispatéh schedules of the power system under

consideration; a cost function FO is minimized subject to the net active

power baiance.using the Lagrangién_formulation as given below:

1

"minimize F,. subject to:

where,

0
m : :
+ P ,Z Py = 0.0 : @)
i=1
t}
- a cost function relating - the total operating cost

to active power generations in $/h

- the

-. the

network total active load demand in MW

active powerhégneration of the ith generating unit

i

in MW

- the

number of generating units of the power system



’i’.")

Using the'Lagrangian formulation, the constrained minimization problem
, i ‘ .

. N . / .
is converted into an unconstrained minimization problem as given below:

m
Fy = Fo+ Ap[PD + P - Z PGi] (1.3)
i=1
‘ ©
where,
FA - the augmented (Lagrangian) cost’ function
Ap - Lagrange type multiplier
}
¢
Equation 1.3 may be written in compact form as:
F, =F + 2 [F@U oy 1.4
a = @ +A[FOT | (1.4)

where

U - the control vector
The economic dispatch soluticn of the power system under consideration

is obtained by differentiating equation 1.4 with respect to the control
| 89

variables and kp and equating the resulting set of equations to zero. A .

e

suitable numerical method can be used to solve for the economic

B A

generation requirements of thé power system. -

1.3.2 The Optimal Load Flow Technique

In this method, the ordinary load flow program is modified to

' optimize the active or active-reactive. powers %f all generators The

generator powers are not specified as fixed quantities as in the case of



ordinary load flow, but the minimum and maximum limits of the generator
- ‘\
outputs are specified instead. The cost coefficients of each generating

unit are also specified. Based on this information and other system

N

gdata and if the source voltages are specified as fixed values, the \

algorithm optimally allocates the_act;ve power generations of all.generators‘

(i.e., a;tive dispatch). The solution in this case giveg a set of

>unique reactive power gene%gtions. >If the generator voltagés afe

specified to lie between some précgicél permissible li&its instead‘of

fixed values, the'algorithm will give the economic active and reactive

power génerations of all generators (i.e., active-reaétive dispatch).
Although optimal load flow.techwiques bromise accurate dispatch

solutions, they have inherent problems due to the nature of limit

constréints.which can introduce drastic dhénges in the cost function when
limit violations occur. This often requires deceleration of the )
solution process for stablé'cohvergence. fn addition, the minimum of the
cost function is generally so flat that small mismatches in tﬁé load flow
solution can cause large shifts in the appargﬁt minimﬁm. ‘Ihé mathem-
;;ical f;rmulation of the optimal load flow method is givenfinra

’ compact form below. A

1.3.2. l The Optimal Load Flow Technigue ~.Formulation

0

power flow equations of the system (equallty constralnts) and the

The cost function F_  is minlmized subJect ‘to the steady state

.source voltage and power constralnts (1nequa11ty constraintés as given by
the following equations: - ' ' o )

\
v

minifize Fy = F) (X, 1) (1.5)



subject to:

FX, W =0 | o (1.6)
and,z " |  ' | |
h(, 2‘1):9, | | - | 1.7
where,

X - the state vector

U - the control vector

!
&

Equatioﬁs 1;6 and 1.7 are the equality and the inequality constraints
feSpectively. Equation 1.6 is essentiaily the 1035 flow equation of

the ppwer system in cbmﬁact form. The constrainéd-pgoblem is transfbrmed.
into an uncpnétfained optimization proB&em using‘the;Lagrénge—Kuhn- |

Tucker formulation as given below:

» F,= FoX, O+ 2T [ Ex, O] + 0" [h(x, D] (1.8)

or | o : : | . ‘!‘



Tyt R, v + A i, W] -
T
+ -
E'Xmin['}émin &J
* .
+ E-Xmax[— - —max] -
T
+ _
_EUmin[gmin E]
+ uT [U-uv ] | (1.9)
—Umax-— = -max ' o
where, - ‘
‘FA - Lagrange-Kuhn-Tucker function.
A - Lagrange type multiplier vector.
u = Kuhn-Tucker multiplier vector. -
T - stands for transpbse;

3

The Kuhn-Tucker multiplier vector u = 0 if the constraints are not

violated and u > 0, if the constraints are violated. The optimum

L]

“conditions are obtained by differentiating equation 1.8 with respect to

X, U, A and y and equating the resulting set of equations to zero. This

set of equations is usually solved hsing the Newton-Raphson iterative. .

\J %

métﬂod (3, 7, 17),'with sparsity directed elimination (25) to minimize

storage.

: 'w I
1.3.3 The Least Squares Based Economic Dispatch Metheds

The least squares based optimizé;?on methods, take advantage of

- -

9



>

the basic simplicity. of the classical approach. Parameter estimation

' techniques are used for improved evaluation of the network loss model

-coefficients (22-24). The economic dispatch solutions are very sensitive

to the gccuraéy Qf thé evalgafed'network power 1ossvhodel or models.

(the activé and/orvécciveFreactive powe% 1OSSjmodels). . References
(22—24):suggest the use of soﬁe parameter estimation tgéhniques to
eyaiuafe the transmissién network loss model_para@efers. ‘TheSe
‘estimation techniques are, the weigﬁted least squareé (26, 27), Gauss-
Newton or Bard élgorithm.(ZS); Marquard§ algorithmA(29), and the Powell
‘regression algorithm (30). " The pasevdata (i.e.,’observapions) required
for the\applicatidn‘of thé above parameter éstimation téchﬁiques are
obtained ffdm a number of load flow.solupionsrqf the powér-systew. These

load flow studies are carried out by varying the active power generations

using one fixed load level (the peak of nominal load of the syétem) with

\
e
et

fixed source voltage levels.

Using the loss models evaluated by the above mentioned estimation i

algorithms, the corresponding economic dispatch solutions are obtained
. . e o

for nomi%al loads of the system te;tgd. All four parameter estimation
routines arrive at almost the same economic dispatch séﬁedules. The .
choice between thé'four estimationvgoﬁgine; is basea on computational
tiﬁe apd sforage requirements. ‘Baéed on this criteria, the weighted
least squares methdd and thérPowell régressioé algorithm are preferred
over the other two routines. While the Powell fegressionAalgorithm‘
prpdﬁces almost identiﬁal»results to the weighted least 'squares method,
it rgquiges initial'paraméﬁér estiﬁa;es for solution.- Th%s’however, is

@ .

not a serious problem as initial guesses can be easily obtained using the

»

[i=

i3

10



ordinary least squares estimator. Since the' two routines give almost

identical fesults, the published report-suggésﬁs the use of'weighted

-

least squares method.

‘The work described above produces satisPactory econémic dispatch /
‘ : : e AR

solutions for small power systems with a small number of generation

buses operating at"theirAaninal loads. As hillgbe seen iater, the
paramétérsxof the nétwbrk 1oss model are functions of‘voltéges,vphase;
angles, impe&ances and thevloéd‘patéerns of the nétwork and hence are
not cpn;tant, In>the éoét'function minimizaﬁion pfotedurebusing,loss
'models;kthe absolute ﬁiﬁi@ym of Ehe cost function fof_a given load is
very sensitive fo‘the accuracy: of the eétimated loss.model parametefs.
To ggs';e accurate ecpnomic'dispatch solutions for different éysteml.

. £ -

e s with minimum computational cost and numerical errors, the

T

fé factqfs must be considered. | - : ' ‘ N
;:ETWORK LOAD VARiATIONS , ‘ !
fﬁIﬁApfaér to‘obtéin aéCu;ate economic diépatch solut}ons.forr
Jerént ioad lévéls of avpdyer syste@, the loss quel{cbeffiéien;s .

be évaiuéted considering the effects of load variations. A netQ*\\

-

k loss model evaluated using nominal loading will only give an |

curate dispatch solution when the network is operating at this nominals

% . - \

.2. SOURCE VOLTAGE VARIATIONS

. If the vol;aéé variatiéns are mnot taken.into»considgration at light
and heavy load ﬁeriods wﬂén.;he SaSe loadvflbwydata is obtained; the
-economic dispatch solutioés Qill have voltage profilesvghat are bu;side

the acceptable operating limits.




12 -

3.  ILL-CONDITIONING . o (
ill—conditiéniﬁg, if encountered in the least squares paramétefj
estimation process, wili resﬁlt in unstable parameter estimates and
'Hence,will Yieid erroneous dispatch solutig;s. Ill-conditioning d%égis
when the explanatory varigblés bécgme highly\non-orthogonal. In sﬁ;h

cases slight changes in the observable data will result in large changes’

in the parameter estimates (27).

4.  PROBLEMS ASSOCIATED WITH PURELY REACTIVE SOURCES - ACTIVEfREACTIVE

MODEL . '
- \r -

- In the active-reactive power loss ﬁodel, the active and‘reacfive
bower losses ére expressed‘as fuﬁctions of all active and feactive

J&, genefation sources of'thé,netWOrk. A network containing a small number

of ggneration buses and a small pumber of purely reactive ;ources;bﬁill

'haye a large loés model (large in thg sense‘of ﬁhe.nﬁmber Qf‘paramefers

thé model éontains). In.sﬁch cases, two prqbiémssarekencountered in

the parameter estimation procedire, namely:
1. a large number of load flow results are required,

an added cost.
k . v . o _
i 2, aftendency to develog/ill—conditioning in the evaluation

RY

;o of parameters. -

5.  LARGE POWER NETWORKS
In both the active and agtive-reactive power loss models, the
number of parémeteré to’ be evaluated ‘depends upon'the numbsr of

generationrbuses of the network. In the evaluation of large models, the



e

maintain the simplicity of the classical abproach.

~with small ﬁower systems (i.e., systems contaihing a small number of.

two problems mentioned in 4 above cannot ‘be avoided (i.e., large

increase in the load flow results required and the problem of ill-

N

conditioning).
In this thesis the above five problems are addressed and remedied.

1.4 Research Objectivee

The objective of this thesis is to develop a new approach to the
economic dispateh'problem using network loss models that can provide

accurate dispatch solutions with acceptable Qoltage profiles fof all

power system opereting ioad patterns (e.g;, light load andxheav§ loads).

The method should also be able ‘to handle ill;cqnditigﬁed situatfagif

that may arise in the network loss model evaluation process. The

method should also be extended to‘handle large power networks cpntaining '

a largé number of generation buses without excessive computational cost,

\ .

~ . which is a problem of many existing;methods} Fipally, the method shquld

‘

1.5 Scope of Thesis

' The thesis is divided into two major:parts. The first part deals

<

' R o . C : : ' | .
generation buses). The second part treats large power system networks

where diakoptical techniques are used in the loss model paredeter,,

estimation procedure. In both parts, computational results:are presented

for standard .IEEE and other test ‘systems.

ChaptervIII is devoted to the description of the paremeter estimation

technique which is usedhto.evaluate'the,power network mbdels. VChapter o

IV pfesents'the'loss model based optimization algorithms used'te solve

for the economic active and active-reactive diSpatch conditions of power

. 3 “ R
systems. In Chapter V, the optimization algorithms are applied to small

-

The various power system models used are. presented in Chapter - II.



model power syStems where the economic dispatch solutions of the model

systems are evaluated. Chaptgr VI outlines the diakoptical active and
active-reactive power loss models that are used to represent large
power systems and the diaképtical economic dispatch brocedures. In
Chapter VII, the diakoptical loss model based optimization algorithmg
are épplied“to evaluatelthe economic dispatch conditions of some model
pOWer systems. Chapter VIII is devoted to the discussion of the work
presented in this thesis. Thiggkhapter.also includes theiconclusiQns
: .

and suggestions for further. research. work in the area of optimum economic

dispatch of powef systems.

e
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N ' CHAPTER II
POWER SYSTEM MODELS

" In this thesis, thé power systems sEudiéd aré assumed to coﬂsist
of thermal generation sources and an intercornected transmission network.
For the purpose pf evéluating the economic dispatch conditions, each of
the above power system subdivisions is represented by a mathematical
model. The thermal generation source model ig presented next followed
by the network power loss models.

2.1 The Thermai Generation Source Model

&

The thermal generation source model used is the familiar second
order function which relates the total fuel cost to the active power
generation of the individual power plants (31). The model is given

by the following equation:

m
‘ 2 .
Fo=1 ag + 8, Peai * Yoi. Poes 2.1)
i=1 a5 ’
|
where, i
FO j{the total fuel cost in $/b

PGsi_ the active power generation of the ith thermal unit
in MW
d h Fficients £ ith th
asii;Bsi an Ysi - the cost coefficients o th?ylt thermal

unit in $/h , $/MWh and $h/(MWh)2 respectively

The cost coefficients of a particular generator are usually evaluated

by the»methéd of ieast squares from measured performance data. Typical
generator coefficient; used iﬁ this thesis are given in Table 2.1 (31).
) | -

15
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Other coefficients will be given as used.

L3

¢

Generator o : B Y
Size. (MW) $/h . $/ (Mwh) $h/ (Mwh) 2
50 49.92 | 10.06 0.01030
200 - 173.61 8.67 0.00230
400 | 300.84 | 8.14 0.00150
600 462.28 8.28 "~ 0.00530
800 | 751.39 7.48 000099
1200 1130.80 7.47 0.00067

Table 2.1 Cost Coefficients of Coal

Fired Plants

q

v \

2.2 The Network Power Loss Models

The network power loss models used in this thesis are listed

below (31):
\
\ :
~o L. the active power loss model
2. the active-reactive power loss model

The detailed hathematical formulation of the above two models can be
found in Appendix A. The active power loss model is presented in the

next section followed.by the active-reactive power loss model.

16



2.2.1 The Active Power Loss Model ~
The active power loss model used is assumed to be a quadratic

function relating the system total active power losses to the aggregate

active power generated. The model may be written in compact form as:

T T
. = <+ - -, .
LR TR AR A ) @.2
where, e
P, - the network total active power losses in per unit
-EG - the active power generation vector of the system in

per unit |, o . . )
KLO’ §0 and B - the parameters of the loss model in per unit,
which are to be determined

N
AN

AN

The parameters of equation‘Z.Z are functions of voltages, phase aﬁgles,
impedancesvand the load patterns of the transmission network. TheseA
parémeters are not constant since the complex voltages vary with system
load. The coefficient matrix B is a square symmetric matrix (as will
be semn later; the matrix B may bécome rectangular in the piecewise
loss model fbrmulation).A The number of parameters to be evaluated for
the active power loss model (equationiZ.Z), is given_?y:

V

NC = (NG + 2) (NG + 1)/2 _ (2.3)

where,



NC - the number of parameters
NG - the number of generation buses in the network

2.2.1.1 The Active Power Loss Model-Multiple Generators

In power system networks, having more than one generator feeding
a generation bus, equation 2.2 is modified by using the connection matrix
concept. ‘The binary elements of this connection matrix are 0's and 1's,

where the number 1 represents a connection and O represents no

connection. The modified active power loss model can be written as:

- T .T T T
P = Ko+ By CoPy +2;CoBCrR | (2.4).
where,
EG - the connection matrix with elements of 0's and 1's

The number of parameters in equation 2.4, can be evaluated from equation-
2.3. To illuFtrate the use of the connection matrix concept, consider
.the simple power syste; shown in Figure 2.1;, AsAséen in Figure 2.1, bus
n?mber 1 is fed by one generator PGlf while bus number 2 is fed by two

generators PG2 and P The connection matrix EG for this simple

G3’

example is given by:

Bus Bus . ' »
Nogéq; No.2
PGl 1 0
QG = PG2 0 1 (2.5)
Pe3 0 1 e




Gl : , . G2 G3
' \
1 2
' AY
Y PRt ;,_/" v
¢
Load Load
N o -
. (\ @

——— !

© Figure 2.1 A TwofBus Power System

4

2.2.1.2 The Active Power Loss Model Parameter Estimation - Set Up

The active power loss model given by equation 2.2 or 2.4 above,

may be written in the following format for the purpose of the parameter"

estimation procedure: '

X:él{_ . - (2.6)
In equati.ua 2.6, ﬁhe vector Y(nxl) has the following elements:

Y =[P P ... p. 1T | o @

L4 N : &
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%

where,
P . ,'PLi ~ the total active power losses of the ith observation
1] ' ’ '
(the ith load flow result) .
n - the number of observations (number of load flow result),

o

where n>NC

The observation matrix A (nxp) where p = NC, is given by:

A
A= | A o @8
. \.\
\\ .
A N
-n ~,
| | :
,ﬁ“'d/’
where, ad
él - [éi By eeenes a1 gm] ' _ : (2.9)
where, /
a = 1.0 | : , (2’.10_)
a, = [PG1 Pap +ove PGm] | , (2.11)
a, = [P2 2P P veeeo 2P P ] (2.12)
=3 Gl “°G1 “G62 "' Gl “Gm :
¢ 2 . :
a = [p 2P N ' | L (2.13)

Cm-1 Gm-1 Gm



v

where,

The vector equation given by 2.9, corresponds to the reéult of the ith -
load flow solution of the power system under considerationm.

coefficient vector x(pxl) is given by:

where,

e

T
X

i

=

X

A

1 22 23

OL

01 Bog +oreee Bom]

T T T T]

1 2 ...... Em—l Em
B, vvur.. 'Blm]

- the active power generation injected into bus i

<

The

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)
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zg = [Byy Byg voveee Byl (2.20)

T | . .

Zn-1 I:Bm-l‘,m-l m—l,m] ' : (2'21‘2
- L. |

T . o

z = [Bm»ﬂ.m] | - (2.22)

2.2.2-The'Active—Reactive Power Loss Model

The active-reactive power loss model used in this thesis is

divided into two separate submodels. In the first submodel, the total

active and reactive power losses of the network are taken as- functions
of the active and reactive powers of the generation buses of the network.

The second submodel relates the purely reactive source powers (voltage

regulated bus reactive powers) to the total reactive load demand of

the power system (32-34). The advantages gained by this formulation are:

1. athe number of loiF flow results_required to evaluate | - -
the active—reactige lo;s model-pérameters is redﬁced
significantiy which results in\significant'savingé in
computétional cost

2.  the possibility of encountering the problem of ill-
conditioning is minimized in the parameter estimation
procedure

|
The network active-reactive power loss submodel is given next, rollowed

by the purely reactive source submodel.

2.2.2.1 The Network Active-Reactive Power Loss Submodel

The real and imaginary parts of the transmission network active-

9
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"
reactive submodél are assumed to have quadratic forms as given by the ’
following equations (see Appendix A for details):

| P
'PL_KLOP+[—P;PPEPQ]

2
Q,
T T, | :
+ [Ec QG] 8566 ™ Bpeo %
' (2.23)
Bpec Apec S0 o
a‘n‘d, -7 oty
§
- T _T - A
O = Kpoq * [Eqp Ed [ 26
/
T T
+ [ 861 [Agce Boee| | 6

where,

P - the network total active and reactive power losses in

L’ QL

per unit»respectively-
EG’ QG - the active and reactive powér generation vectors in’
per unit respectively
L ’ ) N\
KLOP’ EPP’ EPQ’ APGG and EPGG ~ _Lhe parameters of_PL in per unit

and B -~ the parameters of QL in per unit

“Loo” Eqr> Zag’ 2qee *™ Zage ;

The parameters of P

L and QL are,functioﬁs of voltageé,’phase angles,



impedances and the 1oaa patterne of the network. As in ‘the case of the .

active power loss model, these parameters are not constant since the

"~

network cdmplex nodal yoltages vary with system loads. The coefficient

matrices A ’and are square symmetric matrices. The métricesrgpcc

—PGG —QGG

and B ere\skew symmetric matrices with zefo“diagonar elements. The

QGG > .

F

‘matrices\A PGG —QGG’ —P, and Baee may become rectangular as will be seen

later 121?he network piecewise loss model analysis. The number of
parameters of the submodels Pt’and QL to be evaluated for a pafticular

o

. A{\ . : .
netwonk-¥s given by:

NC. = NCQ = (NG + _1)2 ' (2.25)
_e{é‘,} . ) . ~ k

where,

NC

NC, - the nﬁmber of peraézze:;\of P

p’ Q L

NG - the number of active-reactive generation buses in the

and QL respectively
network

In the case of more than one generator supplying a generation bus,

the active-reactive submode’ is modified using the connection matrix
concept :as wasgg%ne for the active power loss'model. The modified acwive-

’

reactive submodel will have the same number of parameters as that of the

original case (i.e., as given by equation Z2.25).

2.2.2.2 The Active-Reactive Power Loss Model Parameter Estimation - Set Up

For the parameter estimation procedure, equations 2.23 and 2.24
< . .

may be written in the following partitioned matrix equation:



[ 9 T
. \ (2.26)
N
_ 4L 4
; e

IR ” oy

] Yp = 1Py By,

.(2.28)

<
]
—
O
=
=
Yo
=
N
Vo)
=
_J
=

T

vPLi’ QLi - the network total active and reactive power losses

4

of the ith load flow result of the system

n - the number of load flow results required to evaluate -
the. parameters of PL and QL' n>NCP and n>NCQ‘
_\The observation Submatricgs”é? and éQ are identical (i.e., éP = AQ)'

The elements of these submatrices are combinations of active and reactlve

power generationsof the nquork as given below: -

L3 e

?a‘ ,
\ ) Y ’- é.l 3 :
A A=A, = 4 o . o (2.29)°

§
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where, : -

23 T L8y 2y e By B Dy By e

E!O“
e

a, = [PGl Pag +oo Gm]

23 [ch'-ci s Qgpd

L]

2
[ Gl + ch) Z(PGI G2 + %1 cz)

25 = [, +v9§é) Z(PCZ'f63’:zQG2'QG3)."': 2(Pey Pan + Qg2 gn) ]
| S B | (2.35)
Zn-1 =b[(P§m 17 Q 1) 2Cpg Fm QG@— QGm)] | QD
gm'='[(Pém-+ gém)] . - (2.37)
b f‘[ 2(P01 %2 ™ Fe2"%1) = 7 QG;\- Pe3 Qg v
_‘Z(PGI.QGm B PG;}QGl)] (2f38)
1 - [—Z(PGle.QGﬁ‘_ Pon %m-121 . - (2’39),

.. 2(P

(2.30)

(2.31)

(2.32)

(2.33)

c1°%en * %1 %n
(2.34)
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where,

m - the number of active-reactive generation buses of the network

The coefficient vector gfv(pxl), where p = NC?, is given by:

T
X =
_p

wheré,

T o
o1 = [Apgy 2ot Apne1,md

R VY

T
X
Zm

T
.§1

= [Bp1p Bp13 <o+ Bpyd

=]

4
I
>
l—‘i-i'
{ <
N

N [EPPl Eppo T
[EPQl EPQZ ..
[Ap11 2p12

[AP22 AP23 A

(2.40)

(2.41)

 (2.42)

" (2.43)

(2.44)

(2.45)

(2.46)

(2.47)

. (2.48)



T @

Xy = [Bpp3 Bppy %o+ Byl (2.49)
T ’ , |

X1 = Bopot \ | (2.50)

In a similar fashion, the elements of the coefficient vector §Q(pxl)
can be written as was done for X5

+2.2.2.3 The Network Purely Reactive Source Submodel

As previously discussed, there are advantages in separating the
purely reactive sources from the active-reactive generation sources.

The purely reactive source powers may be modeled in terms of the total

‘\49rea¢tive load demand as given by:
0, - £ay) | (2.51)
where,

QGvi ~ the ith purely reactive power of the neﬁwork in éer
unit
QD - the total reactive load demand of the netwdrk in per
unit
The relationship of equation 2.51, may be liﬁear:;r\non-linear. ‘Ih the
modeling process, the limits of these sourceslére constrained as

follows:

< QGvi i~Q

QGvi min — (2'52)

Gvi max

-
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2.3 Data fo% Loss Model Parameter Estimation

The parameterslof the network loss models are evaluated from a
data set chafacterizing the power system. This déta set is obtained
from a seriés of load flow studies of the system. It was observed that
evaluating the power systemhlosshmédel using load flow results obtained
for two differentvload levelS/Ke.g., 50% and 100% of the nominal system
load), resulted in improved economic dispatch solutions for ;ifferent
load levels as opposed to the results based on load flow solutions of
one load level (35). The.evaluation of more than one set of parébeters
of the loss model (i.e., one éet of Sérameters pér load level), would
‘\“be a very expensive procedure, which in practice would be uﬁacceptable.
In this thesis, one set of pérameters of the loss model of the system
under consideration is evaluated from a set of load flow solutions,
which are carried out over a wide range of éystem load levels with
varying active and reactive power generations and varying source voltage
levels at light and heavy load periods. This set of parameters resulted
in accurate dispatch solﬁtionélf§r~different load levels of the system
(36). 1In practice, historical load flow solufions of a power systém

- obtained at different load levels can be uséd, if available, with the

objective of obtaining loss model parameteré which best fit the system

.. over the whole range of operation.

vm”“mThe parameter estimation technique used in this thesis, is the
T . . ' - 3
ridee regression alggrighm which i1s discussed in detail in the next

chapter.



CHAPTER I1I
THE NETWORK LOSS MODEL" PARAMETER ’
ESTIMATION TECHNIQUE

In this chapter, a detailed description is given of the parameter

.estimatiop téchnique used to evaluate the models of the power systems
considerea in this thesis. This parameter estimation fechnique is

. known as the ridge regression algorith (37, 38). The ridge regréssion
estimation routine provides better paraméter éstimates than the
parameﬁer estiﬁation techniques mentioned in Chapter i (39). ]

Inaccuracies in the evaluated network loss models can cause the
ecdnomic dispatch solution tordeviate significantly from the optimal
solution. This can be seen by examining the qu;dfatic thermal cosg
funcﬁion givéq by equation 2.1, This function, at a speci%ic load level,

r
shows a broad and indistinct minimum for active power generations obtained

from load flow studies of the system. In othé‘\words BFO/BPGi is very

P

o

small for a wide range about the minimpym.

3.1 The Ridge Regression Estimation Algorithm

Based on a given observation data (load flow results or actual
‘measurement of the system),xleast squareé ér similar estimation methods,
may or may not result in staﬁle parameter estimates depending on the
condition of the observed data. An estimate is stable if small changes
in the observable data do not result in large changes in the parameter
estimates. Unstable parameter estimates are encountered when the
explanatory variables become highly non-orthogonal, resulting in severely
ill-conditioned situations. In such cases, least squares or similar

hY

methods, are not expected to give meaningful solutions. The ridge
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N
_is an algorithm that can handle i1ll-conditioned situations

-

. estimat

where it provides stable parameter estimates, and well-conditioned cases
wggre it r&duces to ordinary least squares estimation.
LD . .

In statistical least squares theory, there exists a true vector

Y=Ax+e | (3.1)

where,

-~
\

‘

Y - (n#l) vector of observations on a response variable. The
elgments of this vectdr im this work are the ;otal active
or active-reactive power losses of the network.

A - (nxp) matrix of observations on p explanatory variabies.
The elements of this matrix are functions of active or
active-reactive power generations of the system.

x - (pxl) vector of regression coefficients. The elements of
this vector are the nétwork loss modél parameters which
are to be evaluated.

: : 7. 2

€ - (nxl) error vector with E(e) = 0, and E(e e )=o0 1,

assuming that the elements of g_havé the saﬁe variance 02.

I is a unit matrix.

The least squares estimator is obtained by forming an objective scalar

function as given by:

J=[yx-ax" [¥-ax] - (3.2)



where,

J - the scalar objective function.

- -

e

The minimization of a scalar with respect to a vector is obtained when,

e

and the Hessian of J is positive semi-definite or:

......

Differentiating J given by equation 3.2 with respect to the vector
/‘ . . ' 'I‘ \\

x and equating the result to zero, and if the inverse of A'A exists,

gives:

Lt
e

x=[aalt ATy ; | 3.5)

where,

~

x - an estimate of x that minimizes the sum of square error.

A

If L 4is the distance from x to x, then,

12 =[x - 217 [x - x]

‘v,

and,

/7

-0, ' = ’ (3.3)
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L) = Blx - 07 x - 0]
= 02[Trace (ATA)-l]

and,

~ I\TA ' t » .
E[g?x] =xx+ Oz[Trace (é?é)]

f'Z

where,

E - the expected value Vo

: : T
If the eigenvalues of A'A are given by:

s i=1,2, ..., p,

-
EL?) = o> J 1, .

‘%=h\ »

The mean square error is then given by:

4

33

(3.7)

(3.8)

(3.9)

Trace - a trace of a matrix is the sum of its diagonal elements

Voo (3.10)

Tan

(3.11)

(3.12)



. P : : .
~ ~ 2 Al .
CE[x - §)T x-x)]=0¢" ] /3 . (3.13)
' i=1 T o
If one or more of tﬁe eigenvalues of é?é are small, the mean square
error in equation 3.13 becomes large whicéiwill result in unstable
parameter estimate vector X. In such cases, least squares estimates

will be' inaccurate. The ridge estimator on the other hand minimizes

the mean square error and produces-stable estimates. Let X be any

»estimate,_theﬁ, ‘ v 5 -
v=1[Y-a x]" [ - AKJ B ERNCRD |
S lr-aalt [y - A |
+[x - EJT éTAEK - ] - | (.15)
R o ( | (3.16)

If é?é has large eigenvalues, y will ‘be minimum, however, if one or

more of these eigenvalues are small, y moves away from wmin' The ridge
trace is a path that moves in a direction that minimizes the length
of the vector [g_- EJ; The ridge estimator may‘be‘derived as follows:

[}

. T
minimize X X

subject to:

rs

(x - x]" a"alx - (3.17)

I
=3

1% >
—
#

<
[e]

l
\




An augmented (Lagrangian) function F can be formed as:

F=XX+ (1/00[ x-x)

A - wd W (3.18) °
where;‘ o

1/k - a Lagrange type multipiier

- . ?

Differentiating equation 3.18 with respect‘to'g_gives:

¥

S .
% & am eox - 26" 5] | (3.19) K
— s . . . » ,- , |
. . {
Equating equation 3.19 to zero-and rearranging gives: o :
T T - ' R
[AA+kI]Xx=4a4x = (3.20)
2= ' ’
Equation 3.20 reduceé to: -
x=x+=[aa+ k1170 ATy (3.21)
where,

\

~

x* ~ the value of X that minimizes the sum of squares error

Equation 3.21 is known as the ridge estimator. The value of k must
satisfy the equality constraint given by equation 3.17.' The value of

k is chosen to lie between 0 and 1.0, after scaling the matyix A (see o

5,

N . E

el
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Appendix B for matrix{écaling) such that:

/7 \
1. it is the smallest value that makes X stable
2. it gives a value of mean square erﬂgr close to the minimum
value
3. . it makes the variance-covariance matrix of X approximately
orthogonal \
//_

The ridge trace or path, may be interpreted as follows: If the squared

length of the vector X is fixed at C2, then x* is the value of X that

minimizes the function given by:
. T T 2 ' ~
F=[y-ax]" [Y-ax]+1/x[xx-c7] ‘ (3.22)

An iterative ridge regression procedure can be easily generated

as follows:

v
% T, -1 V) |
e = [AA+ I AT Ay, '- (3.23)
where,
(v) -
Ax - the correction vector at iteration v
NOR
Ay the error vector

-

The updated vector at the (v+l)th iteration is given by:

-



The iteratzcgﬂprocéss is terminated when:

x| < e o - | C(3.25)

where,

€ — some desired tolerance

. ~ “Nw

The optimum value of k that stabilizes the estimate vector x ‘N“\\‘_

can be easily determined by solving equation 3.21 iteratively with

respect‘to k between 0.0 and 1.0, after scaling the observation

Y

matrix A to unit column lengths.

—— 4

3;2 The Condition Numberand the Condition Index of a Matrix

1
The condition of a’given matrix can be examined by evaluating the

singular values (or the eigenvalues) of the matrix. The matrix that is
- . . '

of concern here, is the square symmetric matrix [é?é + k.l] of equation
3.20, The singular values of this matrix can be evaluated by factorizing
the matrix using the singular value decomposition (SVD) technique (27, 40)

as given below:

Let, “

e

|
"

—

|

"o+ k1] \ " . (3.26)

The matrix D in factored form may be written as:

-



|
1
f
192)
<

I

T | g (3.27)

- where,

/

Q_-‘(pxp) orthogonal matrix, whose columns are the eigenvectors
of DD or D'D |
S - (pxp) diagoﬁ%l matrix whose elements are the singular

values of D

Since U is an orthogonal matrix, then

!TH=!ET=£ : ‘ (3.28)
and, L
- .
-
[lull =1 (3.29)
\;
wheré, *

I - (pxp) unit matrix

||‘|| ~ Fuclidean norm.

The matrix S may be written as:




— -
5, == -0
| o s, . | L
s=41. = : C e +13.30)
0----=5 o
| | .

Si - the ith singular value of D. Si > 0 for i=l, i,..{,p.f"

g Taking the norm of equation 3.27 gives:
‘ \T :
Il = Husull< [lst] e (3.31)
énd,
1 a

T " o
[Isl] = lu” s o[} < |Ip]] (3.32)

hence,
llp|| = IIsll » o | | O (3.33)
4.34)

\.\\Vh* ;




The norm of the matrix S is defined as:

\.4 o N o ﬁf,/'//
" lls]] = Max s, =
. lf_iip 1 max
and,
ST = Max 5T = 1ys |
= 1<i<p min )
for S, # 0
1

The condition number of the matrix Qﬁis defined as:

cond (@ = |0]| |7
~ot,.
. S .
Cond (D) = Smax 21 ‘
min '
where, o
. P P
- 2 1%
ol =L I 0yl
=1 j=1 1 -
or, ¥ \ a

[[p]| = [trace (©'D))?

too

(3.35)

(3.36)

- (3.37)

(3.38)

(3.39)"

(3.40)
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It can be seen from above that thé,singular values of D are also its

eigenvalues. A very well-conditioned matrix will have a condition’

. N

number approaéhing;l.o.

Another useful index which is used to determine the severity of .

ill—conditioning, is the condition index which is defined dss e

.+ S o :

n, ¥ > 1 | (3.41)

i S, -
1 . ot
‘where, ’
; \ _
n. - the condition index of the matrix D, for i=1, i, ..., p.

Tﬁe largest value of Ny foF some‘i, is fhe matrix condition number,

The condition index givgs’an indication of the dependenciésvaﬁong”tﬁe .
matrix célumns. It is difficult to draw a liﬁe on héQ\Large is "large"

with regérds to tﬁe condipioﬁ number of a matrix. Expetiencé shows (40)
thaf;éfterAscaling the matrix'to,unit.cdlumn lengths;_a c;ndition

number of 10 to 30, indicates weak;;o.moderéte column dependices.
Howéver,-this cannot be takéh»as a definite measére. From the comput&tional
‘experience gained in thé,pfeparatign of‘thie thesis, indices larger than

30 resglted in’stéble loss model’parameter estimates and.consequentlyf

in sa;isfactofy dispatch solutions, The ridge estimator édiusts'the

small siﬁgular valueg of thé matrix Q_and”for the proper value of k gives
. \ ‘

. \ N
small and satisfactory cond%ﬁ;gg\indices. >

b ~

Qo

3.3 . The Ridge Rggression(Computational Procedure
! i .

. - ; B ’ . .
The various computational stepg taken to evaluate the parameters of -



all loss models used in this thesis by the ridge‘regrcssion estimation

technique are given below:

1. read in the power system data obtained from n load flow
solutions (n> p+l), where p is the number of parameters
of the loss model under consideration. Also read in thé

ridge increment ék,‘ LS and the maximum number of
iterations:

2. compute the elements of the observation matrix A and form:
the vector Y(i.e., X_¥ Ax+e).

3. \scale’the matrix A and the vector Y to have unit
column lengths.

4, form the scaled equivalent of é?éﬂ and of A?X, and begin
the ridge regression process.
5. set ridge k = 0.0

6. factorize the matrix D using the singular value decomposition

technique and compute the condition number.

<

7. check if k i-kmax' If yes, go to 8, if not go to 18.
8. check if Cond (D) < 50 and/or if the inverse of D exists.
1f yes go to 9, if not go to 17.

9. set iteration count v=l.

~ ~

T -
10. solve for x from x = (AA + k I] 1T

AY .

o

11, compute Y using the computed x and calculate the error vector

:

Ay from:

«

Y= é_if and AY =Y - Y



~

12. compute Ax from:

T

b= [a'a k17 AT oY

13. check if IAE[ < some desired tolerance, if convergence
is achieved go to 18, if not go to 5:.
14, check if v > Vnax” »If yes go to 17, if not go to 15.

15, update the iteration count v by one (ile., v = vtl).

16. update the estimate vector x by A§~(i.e.,'§Kv+l)=§(v)

~

+ A%

and go to 11. .

increment Ak~ and go to 6.

17. update the ridge k by th

18. print out ‘the estimated parimeter vector x, the computéd

~

power loss vector Y, the error vector AY, condition
indices and the condition number.
19. stop.

i s N
The above computational steps are stmmarized in the flow chart

v

shown in Figure 3.1.

(v))
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Read in data from load flow studies,

Ak, k and v .
max max

Compute the elements of A and form
the vector Y.

3 Scale A and Y to unit column
lengths T

» T
4 Form the scaled _QTA and A'Y

-

V7 :;"

4
ar

Set ridge k = 0.0

|
Fi%fure 3.1 TheJlidge Regression Estimation

{ v
/ Algorithm Flow Chart



®

Factorize D using SVD and

6 compute Cond(D)
A
k = k+Ak 17
No is
< Cond (D)< 50
S _
.N\\:)9 Set Vo= 1
10 Solve for x
AN
- Y
| g Y
16 X = x + Ax s Compute X_énd AY
A \/

r

15 v=wv+1

Figure 3.1 Continued.

12

~

“olve for Ox

18

45

Y Yes

Y
Print output
19 Stop




CHAPTER IV

. : ¢
* . : THE OPTRIMIZATION PROCEDURE

|
o ~

FOR ECONOMIC GENERATION SCHEDULING

-
. -
The active and active-reactive dispatch procedures used to solve

\ ' for the ecénomic operating conditions of a given power system, are
discussed in detail in this chépter. The optimization methods are based
- on the network loss models‘given in Chapter II. 1In these methods ,, the

'therm;l-cost function is minimized subject to the net active or active-
feactive power balance and the system source constraints, observing

the Kuhn-Tucker optimality conditions$ (7, 3i, 41). The ;ctive dispatch
prqcedure will Be considered first, followed by the actiye—reactive
dispatch"probedure. |

4.1 The Optimization Procedure-Active

" The fuel cost function given by equation 2.1 in Chapter II
* (repeated here for convenience), is minimized using the Lagrange-Kuhn-

Tucker formulation as given by the following equations: .

1

-

minimize
m .
. F.= ) a _, +B8 P + v p? ' (4.1)
0 4o, st “si Gsi  Tsi Gsi :

subject to:

by (Pees) = Pp + ¥y L Pggy = 0.0, A (4.2)

and,

Qﬁ
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8y (Pggy) £ 0.0 (4.3)

Equation 4.3 can be written as: )

PGsi min PGsi £0.0 - (4.4)

I‘)Gsi - PGsi max — 0.0 ‘ (4.5)

The Lagrange-Kuhn-Tucker function is: formed to convert the constrained

. problem into an unconstrained optimization problem as given by:

m
=F_ + + P -
FA 0 A [PD PvL ,Z PGsi]
i=1
m
+ o =P
Aizl‘upl min [PGsi min PG51]
v m ya -
e + - P . .
» izl Upi max[PGsi PGsi max ] _ (4.6)
where,
FA - the Lagrange-Kuhn-Tucker function.
PD - the network total active load demand.
PL - the network total active power losses
PCsi - the active power generation of the ith unit.
Xp ‘- Lagrange type multiplier.
upi = Kuhn-Tucker multiplier .
m ~ the number of generating units in the system

47



The optimum economic dispatch conditions are obtained by differentiating

’

equation 4.6 with respect to PGsi; i=1,2,...m, Ap and up's and setting

the set of equations to zero. This set of equations can be written as:

e

oF, 3F, dh
5. - fpi " 37 oA 9D
Gsi P Gsi P Gsi
ag g '
v —pmn . _pmax . 4 4 (4.7a)
pi minh BPG . pi max 9P, .
si . Gsi
8FA : ‘ .
EX; = pr = hp (PGsi) = 0.0 . (4.7b)
8FA i L ,
—E;;f;;;— - gp min (PGsi) = 0.0 _ : (4.7¢)
‘ 5 )
for upi min } 0o upi min - 0.0 (4.7d)
— //
) 3F, :
o1 max = 2, pax (Fgst) = 00 (4.7e)
> = 0, .
for upi nax 0 or upi max 0.0 (4 7?)

The Lagrange muitipliers are active (i.e., can either be positive or
negative but non zero). The Kuhﬁ—Tucker multipliers on the other hand,
can only be active or inactive‘(i.e;, either positive or zero). The

. search for the minimumxdf\FO is carried out in a feasible region bounded
{ - . e .
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by the above constraints. The base load flbw resplts used to evaluate
the«network loss models, describe a feasible opefgting region of the
'power system under consideration. If dnriﬂé\the search for the miniﬁum
of Fo» the mininum falls inside the feasible region, the Kuhn~Tucker
multipliers will;éll be zero (inactive) and can be disregarded. 1If

however, the minimum of F, lies on the boundary of the feasible region,

0
one or more of Ehe Kuhn-Tucker multipliers will be positive (acpive).
The inéquélity constraints in this case are treated”aswequality const-
raiﬁts; l

The set of equations given by equation 4.7 are solved for the
economic dispatch séhedules_of a .given power system using the Newton-
Raphson method (3, 7, 31) which is described in general terms in

A\ . .

Section 4.3. The economic ac;}ve-reactive dispatch formulation is

presented next.

4.2 The Optimization Procedure: - Active-Reattive

The fuel cost function given EX equation 4,1, is minimized using
. ¢ T e
the Lagrange-Kuhn-Tucker formulation as given by the following equation:

m.
L _ ; 2
minimize FO = izl asi + Bsi Gsi + Ysi PGsi
'subject to:
h (P, ) =P + v P =0 hal
ptigsi’ TEp TP - 3 gsi = ©0 (4.8)
i=1
m n T
h (Qu.,) = Q, + Q I Q ! Q } Qe = 0.0 (4.9)
G .
q - Gsi D L i=1 Gsi j=1 Gvj kel Shk
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and,

®p

gq Gsi

Eqﬁgtions 4.10

P .
Gsi min

A PG

and,

(PGS

(Q

si

< 0.0

i —_—

)

Gs

0.0

Gsi

i max

QGsi min QGsi

%

Si

QGs

i max

0.0

| A

1A

0.0

| A

0.0

and 4.11, may be written as:

The Lagrange-Kuhn-Tucker function is formed as:

Fa

=F

0

o+ AP[PD + P, -

L

(4.

(4.

(&

(4

(4

(4.

10)

11)

.12)

.13)

J14)

15)
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i 1‘ upi max Gsi PGsi maxc
m |
+ 121 uqi min [QGsi'min - QGsi]
m -
+ 0wy [ -0 ] (4.16)
‘ i1 gi max Gsi 7 G!‘imax
where, ‘
H
FA - the -augmented function
PD’QD - the total aé{iye and reactive load demand of the
system : . 1
\ PL,QL - the total active and reactive power losses of the
system
PGsi’QGSi - the actiye and reactive powers of.the ith
"generating’ unit
Qgsj - the purely reactive generation ﬁowér at the
jth bus of the network
QShk - the Shunt purely reactive power at the kth node
Ap’Aq - Lagrange type - multipliers ‘
upi’uqi - thn-Tucker multiplierg
; |
m - the number of thermal genergtiqn units !in the network

. l % 3 ) . : . )
n - the numﬁﬁ‘ of purely react ds in the network
% \

. . - » “ : .
r ~ the number of shupt reactive\powers of the system

( o ¥ 0 . S

The optigim_ecbnomic active-reactive dispatch conditions are obtained

by differentiating equation 4.16 with respect to PGsi‘ QGsi’ i=1,2,...,m,
“igé ' o ‘\  o



. !
? b

A
P q uPS

1Y
set of equations can be written as:

-

. >
SFA oF dh oh
3P - aPO 2 QP Y
csi- Pt Gsi " P Ygst 9 %Fggi!
(/‘ +:u °8) min y 98, max
E . pi min aPGSi pi max 9P
aFA ' BFO ‘ oh ‘3h
3 =f . = ) + A 56L— + Al ‘a 9
QGsi a3 QGsi P qu 4 QGsi
. )
& min I8 m

+u .
qi m}ﬁ aQGsi

BFA
%e 3 B pr N hp(PGsl) B Qfo
P
ifé.: f _=h ( )= 0.0
A qD q Qpsy? = O
q
oF . .
A ='"/0‘.0 for u i min
upi min P

and ués and equating the resulting equations to zero. This

e

g max _ :
+ “qi max aQGSi 0.0 :(4.l7b)

(4.17¢)

(4.174d)

(4.17e)

g



EFA' 1
~——— = 0.0 for u_, >0 or p , = 0.0 (4.17F)
Bupi max pi max pi max . :
N \ | 1‘\ &\/\ﬁ
°F, - ] |
—;—;—;;; = 0.0 for qu min >‘O or uqi min - 0.0 (4.17g)
1 y;
3F . :
= 0.0 foru .- >0 or u , = 0.0 (4.17h)
qu nax ‘ qi max ai max .

In a similar fashion to that of the active case, the set of equations
4.17 are solved by the Newton-Raphson iterative method which is given
next. _ -

4.3 The Newton-Raphson Method

Consider the general vector valued function given by:

* i
S
A . .
3
i

R
S
e

(4.18)

The Newton~Raphson itFraﬁive/algo ithm ®an be derived by expanding the

fqgg%ion given by equation 4.18," using Taylors’ series expan51on about
(0).

an initial vector x ° as given below:

\ - 3 (x)
£-0-:69 + ==

(0)

l Ax + higher order terms (4.19)

X(0) e

o

If the highef order terms are neglected the updating vector Ai-at'?

t



iteration (v) is givén by: ' . ,)

(4.20)

1= = [Ew]) - o (4.21)

. J - the Jacobian matrix. y )

The updated vector Xx at the (v+l)th iteration is given by:

() ) ) . A ' ” ?
X =X + Al(_ . ) . : (4.22)

- The iterative process‘is continued until convergence is achieved to
some desired toleraﬁce. The Newton-Raphson method is used to solve the
set of equations of 4.7 and 4.17 for the economic active or actiQé—

B 1 reactive‘dicpatch conditions of the system‘under_consideratioﬁ. The

Newton-Raphson based optimization algorithmg, minimizing the thermal

i

cost function are given next. P

4.4  The Newton-Raphson Dbased Optimization Algorithm = Active
Th . Newton-Raphson technique~is applied to the set of equations
given by 4,7 to evaluate the optimum economic active dispatch.schedules‘

of a given power system. In this caée, the'eleménts of the vectors

L 4

f, &x and the matrix J are givengbelow:

y
T

s
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T . ’
—3 B PR A . 2
[fpl pr : fpm pr] } S ( 3)

The»Jacqbian matrix is given by (®ubscript s is dropped).

of af . of Af D
pl pl ...... pl pl : _ —
35, 9Pg, BB D | , . S ,
. . qy)l":é )
Y T 7 I 8y py
3., 0P, Py O,
J ) - ' 424
3f  Bf of 3f ‘ | , o
Em . Em ------ Em gm ‘ ) -
3Py, "aPGZ o gy A
| i - .
afED afgn .;....‘afBD 0 L . E e~ £
gPGl 3?02 o »%gpm._ ‘ |
a3 - ¥
. ; | ; . s - ‘. R /
The increment vector Ax is given by: ‘¢ A
, ;
VQIT' - , s ,
= [ap,  APs wou PG Aapjr (4.25)

L

The initial guesses for this algorithm are obtained by neglecting the»fﬁ

nower losses in the system as given by the following equations

. e u o
. . ‘\‘ m , ) .
Fy = Fo+ Ap[PD:- iZIPGS;] ' A k(4:26)

Pl



8‘
FA

3P
Gsi

= + - N = . . .
B+ gy Pogy ~ A0 00 4.27) .

Solving equation 4.27 for Ap and PGsi gives:

m ) m » .
_ , . -1 ,
. [2p + ( izl B /v /1 iz‘l vyl (4.28)
and, )
Pest = (A, - B 1/[2v 4] | , (4.29)

for i =1, 2, ...., m

The compptational procedure for the evaluation of the optimum active

dispatch schedules of a power system is summarized in a flow chart
giﬁen in Figure 4.1. i
: : -

Optimization Algorithm - Active-Reactive

4.5 The Newton-Raphson Based
The elements of the vectors f, AXx and the matrix J in the Newton-

" Raphson formulation for the evaluation of the optimum active-reactive

conditions of a power system'are given below: «

i

T (4.30)

f=0f £ . .ec. f § £ wui.f £ _f
- .[pl pl PR ql q2 - gm pD gD
~ ' - i

The Jacobian .atrix is given by (subscript "s" is dropped):

-

b} ’ N
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=
]

of

3P

Gm

P
& Gm

of

aPGm

of

aPGm

The increment vector Ax is given

G2

pl pl
3 A 3\
% P q
‘ -
3f . of . Bf"
. __p2 p2 “Tpl
30 ) 3
Gm p q
df bY: of
. Em Em Em
3Q Y 3
Gm p p
8fql 3f of
3Qq,, axp axq
of of of
qm qm qm
- A
Q. axp 3 q
of
. _pb 0 0
aQGm
of
. - LI 0
QGm‘
i 4T
BQ, B qu]

(4.31)

(4.32)
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Similarly, the initial guesses for this algorithm are obtained by
neglecting the power losses. Initial guesses for kp and PGsi are as
given by equations 4.28 and 4.29 respectively. The reactive power

[
generations are approximated as:

Qsi = Pgst (Qp/Pp) _ (4.33)

The initial guess for Aq is either taken as 1.0 or calculated from:

/
¥
Ay =,Ap[(aP_L/aQG8i)/(1 - 3q, /3P, )] : | (4.34)

The computational procedure for this algorithm is given in the flow chart

of Figure 4.1.




Read in evaluated
network parameters and.
cost coefficients.

Y

7
£

Generate initial guesg

vector ép)

RS

Set v =1
\ 2

Compute J and f

v =y 41

Compute J and f and
reduce J and f acc. to
violations.

Set variables to their
‘limits according to

Y

A

v +1

Kuhn-Tucker formulatior

Viol. Test

Figure 4.1 The Optimization Procedure - Flow Chart




e

‘economic dispatch solutions of these systems were obtained in a similar

.CHAPTER v | H
APPLICATION OF LOSS MODEL BASED ECONOMIC DISPATCH
METHODS TO MODEL POWER SYSTEMS

in this chapter, the ridge regression estimation procedure is
applied to évaluaté the active and active-reactive power loss models
of some sample power systems. Based on the evalua;gd loss models, the
economic active and active-reactive dispatch schedﬁleé of the power
systems are evaluated. The accuracy of the estimated loss model
parameters and the.validity of the dispatch solu&ions are also verified
in this chabter. t

The’ridge regression pased optimization procedures used in this
chapter are suitable for the evaluation of éispatch solutions ofﬁsmall
power systems with a small number of genera{ibn buses, as the system
loss models are evaluated‘fpr the, entire networks in one estimation
process. Large power networks containing a large number of generation
buses are analyzed in‘a'piecewise,mﬁnner as Wiil be seen later.

To illustrate the paramet;r estimation, and'the economic dispaﬁéh
procedures, the IEEE 14 bus test system (42), is studied in detail in
this chapter. Other standard test systems were also studied, namely

0

the 5 bus (3) and the IEEE 30 bus (42) test systems. Since the

d

/! ~ .
///fashion to the IEEE 14 bus system, the results of the 5 and 30 bus test

systems are presented in Appendix C.

AN

The parameters of the active, active-reactive loss models and the
pufély reactive models of the above systems were evaluated from data
sets characterizing the power systghs. The data set for each of these

power systems was obtained by performing aiyumber of load flow studies
A '

&
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of the system forldiffereht.systeg load and voltage leve;e that cover
the entire operating range of'the power systems. This daeéuget forms a
feasible operating region of the power system, tbrough which a search
for the optimal solution is conducted

5.1 The Active .Power Loss Model and the rActive Dispatch Results®

This section presents the parameter estimates obtained for the

active power loss model and the economic dispatch schedules of the

TEEE 14 bus: test system.

E
5.1.1 The IEEE 14 Bus Test System-Active Power Loss Model

The single llne dlagram of the ‘TEEE ‘14 bus test system is shown
in Figure 5.1. The system partlculars‘are given in Tables 5.1, 5.2,
5.3 and 5.4 respectively. The power system has two active-reactive
,generation buses, 1 and 13, and three purely reactive generation

sources at buses 4, 6 and 14. The system alse has~one purely shunt
. : ‘ o 4 '
reactive source at bus number 7. On the‘ﬁ@sf%*gf equation 2.3, the
- 5 ; — :fr
number of parameters to be evaluated for the active power loss model

of this system is 6. A minimum of seven load flow results are required,
which were carried out for increments of 10 to 100% of the system

nominal load of 259+j73;5 MVA. Using the load flow results obtained,

B

the parametErs of the active power loss model of . his é&stem'were

-
At

) aE
evaluated by the iterative ridge regression procedure. The g%gggts e

obtained are presented in Table 5.5. The parameters of-ta 

. data to eight decimal places.
5

5.1.2 The IEEE 14 Bus Test System - Economic Active¥Dispatch

The thermal generation unit capacities used in the evaluation of

~

the economic dispatch schedules of the-I1EEE 14 bus tesé‘system are

+



‘Figure 5.1 The IEEE 14 Bus Test System
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¢
" Bus Vol‘tage*I Angle Generation Load®* *

‘No. p.u. Degrees MW MW MVAR
* %k X

1 1.06 0.0 (,A5.o 0.0 0.0
2. | 1.00 0.0 0.0 47.80 | -3.90" 4

3 | 1.00 0.0 0.0 7.60 | 1.60

. o n ;

4 1.00 0.0 ,| 0.0 11.20 | 7.50

5 1.00 0.0 0.0 0.0 0.0

6‘ '1.00 0.0. 0.0 0.0 0.0

7 | 1.00 0.0 0.0 .29.50 | 16.60

8 1.60\ 0.0 0.0 9.0 | 5.80

9 1;484 0.0 0.0 3.50 | 1.80
10 1.00 0.0 0.0 - 16.10 | 1.60
11 i,qo 0.0 0.0 13.50 | 5.80
12 1.00 0.0 0.0 146.90 | 5.00
13 1.00 0.0 40.0 21.70 | 12.70
14 4 1.00- 0.0 0.0 94.20 | 19.00
% - initial values, * tot-1 load = 2594{73.5 MVA, *™ slack bus

Table 5.1 The IEEE 14 Bus

Test® System Operating Conditions
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Bus Voltage MVAR Capability
No. p.u. Min Max
4 1.070 - =-6.00 24,00
6 1.090 -6.00 24,00
13 1.045 -40.00 50.00
14 1.010 0.00 40.00
1

r/f’ .

Table S.ZUTheaIEEE 14 Bus Test Syétem‘Voltage RegulatedlBus Data

\

Send " End Resistance Reactance Line Charging
Bus Bus . o
X

1 13 .01938 .05917 . .02640
13 14 .04699 .19797 .02190
13 2 éﬁ .05811 .17632 .01870
1 3 .05403 .22304 .02460
13 3 .05695 .17388 ..01700
14 2 .06701 .17103 .01730
2 3 .01335 .04211 .00640
3 4 . .25202

2 5 .20912

5 6 . _— 17615

2 7 N .55618 .

5 7 . .11001 .

7 8 . .03181 .08450

4 9 .09498 .19890

4 10 .12291 .25581

4 11 .06615 .13027

7 12 12711 -.27038

8- 9* .08205 .19207

10 11 .22092° .19988

11 12 .17093 .34&2

Table 5.3 The IEEE 14 Bus Test System Line Impedances in
' p.u. on 100 MVA Base
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Transformer Data

Send End ~Tap
Bus Bus Setting
2 5 0.978
2 7 0.969
’ 3 4 0.932
' \
k‘ (
‘Shunt . Data '
@)
Bus No. Suscepfance - ' o
7 0.190 L
\ ,?‘ " L : |
Table 5.4 The TEEE 14 Bus Test System Transformer
and Shunt Data e

s -
givep in Tab&ﬁﬁé.6;?§8%Jco§i§§ifed plant%. The'cos? coefficients of
thesezplantsrgéé gi&éﬁﬁgn T;B&euZ.l. Based on the evaluated active
Power!loss madel ofﬁgé;s system‘fof ridge‘k = 0.039 (Table 5&5), the
economic active dispatchxsolutions were ngained as shown in Table 5.%.
The dispatquSQIutions in Table 5.7,f§e§2 fed back into the load flow
program and the folution obtained fﬁf alfﬂsystemvldads considéréd{ -These
results are sﬁowﬁ in Brackets in Iable 5.7 for éomparison.. The load

flow solutions were carried out to validate the accuracy of the evaluated

loss model and the accuracy of the dispatch solutions.. The load flow :



Ridge k=0.0

(‘s

; Ridge k=0.039 ,
Parameter Estimated Value Condition Estimated Value Condition
"M Index ‘ Index .
KLO =0,000040 1 -0.005096 1
’. B ) - .

BOl 0,014069 2 0.012278 2

By, -0.054198 5 0.005811 5

Bii 0.020589 35 . 0.017185 11

By, 0.004957 69 0.006991 11 .
1By, 0.054078 679 0.011829 11

Condition 8

Number 679 ll

i—

Mean

Square 39.56 4.82

Error )

Table 5.5 The Active Power Los Model Parameters of the

IEEE 14 Bus Test System'in p.u. on 100 MVA Base

a

e, ’
Gehératof GeneréSar Source Constraints » Bus
_No. Size (MW)' ON GVAR) No.
<
1 200 5<P, <200 ~80<Qg, <50 1
27 200 Sj?Gl3§200,. —40§QG13§50 13

»

Table 5.6 The IEEE 14 Bus Test System Generator Sizes * Coal

-
e
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solutions based on the economic dispatch results gave voltage profiles

that had voltage levels which were within Ehe voltage limits of the'

feasible operating region of the power system. Samples of the voltage-
o '

profiles obtained for 1light 4nd heavy loads are shown in Table 5.7

5.1.3 The IEEE 14 Bus Test System-Active Power Dispatch : Multiple
D ' ‘ . R
- Generators

The case‘of'mofevthan one generator feeding one generation bus

of the power system, is presented in this section. The IEEE 14 bus

test system shown in Figure 5.1; is considered to be fed by one

genérafér at bus 1 and by two generators at bus 13.. The size of the
' ' N ~

individual coal ‘fired uni%s used in the dispatch procedure are listed in

|

Table 5.9 (see Table 2.1 for cost coefficients). Using the act#@e
' |

. ' . 1 R .
power loss model with the parameters of Table 5.5 for k = 0.039, the

-~ economic dispatch solution was obtained for the nominal load ofxthe

..

system of 259+j73.5 MVA as shown in Table 5.10. The load flow solution
based. on the econbﬁic'dispatch result is shown in brackets in Table 5.10
for comﬁarison. The load flow voltage profile obtained is shown -in

Table >.11.

5.1.4 Discussion qf_thé IEEE 14 Bus Results - Active Model

. R v ‘ \
As seen from Table 5.5, the parameter imates obtained for

' k=0.0, resulted in a high value for the condition number (679) which
indicates that data used for the loss coefficient evaluationi‘was,ill-

. conditione:s. For this valué ofr,k, the matrix é?é: when multipliedi

‘ i v S
by its inverse did not result in a unit matrix. For valués-of

i

- 0.039< k 5_1.0, the parameterfestimates‘staBﬁlized.and a correct inverse
, A : ; 1

of é?é.was!obtained. Comparfhg the diépatch results with the loéd.flow
- 2 " c

! &
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of the-IEEE 14 Bus- Test System

. L
) ‘o Pe1 Pe13. S
aw)y | (spem) | ew) o) a0 ($/h)
. ) \ .
25.9 8.86 7.273 18.679. | 0.052 573.15
(7.376) | (18.679) .| (0.141) -
51.8 8.97 19.023 | 32.971 0.194 | 801.34
(19.219) | (32.971) | (0.384)
77.7 9.08 | ".31.120 | 47.366 0.786 |. 1035.08
(31.177) | (47.366) | (0.839) }—
103.6 | 9.20 43.265 | 61.865 | 1.5630 | 1271.80
(43.239) | (61.865) | (1.501) g
- ' % S
% Lo . Sy
129.5 9.32 55.458 | 76.471 . | 2.429 ° .1511.57~,g%g,
(55.410) [ (76.471) | (2.382) | e
- i .
155.4 9.44 67.701 91.185 3.486 | 1754.43
' (67.694) | (91.185) | (3.481) S &
181.3 9.56 79.993 |. 106.010 | 4.703 | 2000.43 |
| (80.050) | (10§.010) | “(4.675) | - ~
1 20772 9.68 92.336' | 120.948 6.084 | 2249.65
g (92.363) | (120.948) | (6.090)
233.1 | 9.81 | 104.730 | 136.001 *| 7.631 | 2502.13_| -
| B 1" (104.611) | (136.001) | (7.520) | 3l
259.0 9.94 117.176 | 151.171 9.347 | 2757.93
- (117.167) | (151.171) | (9.343)
| | C TN
‘ | Table 5.7 Th%,Econo'mic Active Dispatch Solutions
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y Load=25.9+j7.35MVA‘ Load=259.0+j73.5MVA
“Bus .Voltage. |- Angle | V;itage ~ Angle
No, p.u. Dggrees'» p.u. Deg;ees
T D 2
1 | 1.0300 0.0 1.0600 0.0
2| 1.0375 ~0.8702 | 1.0186 | - -7.7872
3 1.0342 | ~-0.6884 | 1.0205 76.4720
& | 10927 -1.2048 | 1.0700 | -11.8400
5 | 1.0780. -1.1653 | 1,0620 ~10.8699
©6 | 1.0681 -1.1653 | 1.0900 - - -=1Q.8699
7 | 1.0033 £1.3160 | 1.0568" —12.Ag§bf .
8 | 1.002¢ | -13251 1.0515' ~12.6424
9 | 1.0922 -1.2793 ,7-1;os§2f‘ ~—12.3723f
10 Vl.éél& | -LeasTe | 10552 ‘&1£.6879.
1| 10911 | 172999 | 1.0505 | 12,7627 |
12| 1.0906 -1.4010 | 1.0359 | -13.5958/ |
13 41{0596 -0.0843 | 1.0450 | -1.773d
4| 1.0338° | -0.9857 1.0100 ~9.8564 |

TabiefS.B‘The'Voltage Profiles. of :hél

A
3

(4

<

4

K+

!

/

-System Based. on the‘Ecohb?ic Disgé;cﬁ Solution

-
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aw v -
Generator Generator -Source Constraints Bus
No. Size (MW) — No.
MW “MVARS
1 400 -1Q§?Gliaoo -SOiQG1i6O~: 1
. »
2 200 5§?G2§200 ~"805932550. 13
3 - 200 SjPG3§200 -4O§9G3§50 13
\ Table 5.9.The IEEE 14 Bus Test System with
i ﬁultiple Generators-Unit Sizes - Coal
* *
D Ap o1 e P83 L Fo o
MW) | ($/MWh) | (MW) Mw) (MW) (MW) (S/I}\;)
- ’ ¥
\ | | ' 3
259.0 | 9.35 150.999 35.7{31 82.3§§‘~\ 10.092 2953.80
. ) " H \
(1517016) (35.738) | (82.355) y$10.116)

* - Generators feeding bus number 13.

5

Table 5.10 The Economic ‘Active Dispatch of the

IEEE 14 Bus Test System - Multiple Generatioms
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" Load = 259.0 + j73.5 MVA
Bus | Voltage | Angle Bus . Voltége Anglé '
No. p.u. Degrees No. .pau. Degrees
.

1 1.0600 0.0 8 1.0515 13,3677

2 1.0186 | -8.5352 9 1.0572 | -13.0861 ’ ﬁ
3 1.0205 | -7.1532 | 10 1.0552 | -13.3919

4 1.0;00 12,5420 | 11 1.0505 | -13.4687

. : ‘ i

5 1.0620 | -11.6062 | 12 1.0359 -14.3157

6. | 1.0900 | -11.6062 | 13 | . 1.0450 ~2.7201

7 ‘1.0565‘ ~13.1984 | 14 | 1.0100 -10.7001

s A ‘ -

Table 5.11 The Voltage Profile of, the IEEE 14 Bus *,
Test System Based on tg¥ Economic Dispatch
Solution - Multiple Génerations

¢

solutions shown in T&g}e 5.7, it is observed that both results agree
’ 1. ) . i

very closely for all load levels considered indtdating the accuracy
of the estimated parameters and the validity of the dispa.ch solutions.
The voltage profiles.of the load flow solutions based on the economic

dispatch reéults'were within the voltage limits of the feasible operating

region of the system.

5.2 ~The Active-Reactive Loss Model and the Active-Reactive Dispatch

/

Results ‘ v ‘ ) | TR

~ The parameter estimates of the active-reactive loss Submodel; the



purely reactive submodels and the active~reactive dispatch solutions

W ‘

of the IEEE 14 bus test system are;pfesented in this section,

5.2.1 The IEEE 14 Bus Test System - Active-Reactive and Purely””

Reactive Modelg ' » .

The system configuration is shown in Figure 5¢ On the basis

of equétion 2.?3, the number of pérameters to/bé evalggted for both
. /s

the active and reactive power ioss subque}s of this system is nine.
Ten load flow solutions were perforﬁed fof'increménts of 10 to 100% of
the systém nominal load. Using this basé data, the parametefs of
the active and‘;eactive power loss submodels were evaluated by tﬁe fidge
estimator. The parameter estimates thainéd‘are'pfesented in.Tables‘
5.12 and 5.13 for the active and reactive-pérts respectively.

The pﬁrely reactive powers of the IEEE 14 bus system'at Eﬂses
4, 6 and 14, were modeled in ;erms of the total reactiveiload demand of

thehnetwork. A ﬁhird.brder polynomial was required for ‘each of the,

above purely re?ctive powers as given by the fBIlowing equation:

_ . 2 4 03 ‘
Qvi ™ A1 T A3 Oty Hay g - IR

where,
>
~ Qgyy ~ the pgrely reactive power at bus i iﬁ MVARS.
.Ai's -.thebparameters to be'gvaluated of.the model.
QD - the total reacti?e laad deménd fuiNVARS.

:

In the modeling procedure, the reactive power limit constraints were



" Ridge k = 0.0

Ridge k = 0.0036

Parameter Estimated Value Condition| Estimated Value Condition
' ' Index Index

KLOP 0.008012 1 =0.007507 1
EPPl -0.073204 2 0.041829 . 2
EPPZ « 07023216 ' 3, 0.000185, 3
,EPQl_ f0'10710?_ 8 -0.0085§9 ‘ 8
EPQZ 0.077932 42 ’70.022917 30 ,
APll~ 0.046668 28 0.018480 24
APlz 0.028605 »20 0.006619 18
\APZZ —9.018060 16 - 0.018461 15 )
BPlz 0.026518 10 —0.092697 <10
Condition

Number 42 39

Mean . - ,

Square 0.7858 0.0042

Error : '

Table 5.12 The Acx

of the IEEE 14 Bus Test System in p.u.

Base (Active Part)

i
i

/

on 100MVA

S .
ive~Reactive Power-Loss Model Parameters

73



W

. . ;‘ ® .
Ridge k = 0.0 . Ridge k = 0.0036
U T ' ‘ T .
Parameter | Estimated Value Condition Estimaﬁed Value = Condition
' "Index ‘ Index
KLOQ ~0.163923 1 ©..-0.269921 1
EQPl . - -0.599327 | 2 ‘ | 0.014434 2
EQPZ . 05167185. , 3. -0.000945 3
" E.. -0.689447 8 0.041474 8
. QQ1 : . » B : o
E 0.746616 42 0.038416 30
QQ2 ) a
AQii 07233497 28\ 0.077715 24
Ale ‘5.0.189502 20 0.030340 ,18
A2 =0.186907 16 . 0.07661Q 15
~BQ12 0.215005 ,10 0.003467 10 v
Condition
Number 42 30 '
Méan o
Square 4.8089 0.3922
Error , N

Table 5.13 The Active-Reactive Power Loss Model Parameters

of the IEEE 14 Bus Test System in p.u. on 10OMVA .

Base (ReéctiverPart)

‘

o




f A, - o
imposed on-:equation 5.1 as given below (see Table 5.2):

\

=6 < Qg < 24 MVARS ] |
- 6 < Quug'< 24 MVARS | C e )]
02 Qgypy £ 40 MVARSR o P C )

8

. The paréﬁégggg\of equation 5.1 for?éach source model w&re evaluated:b?
the ridge estimator from the same lgud flow results usz
activeffeactive loés 5uﬁmodel. The parameter estimates gbtained for |

~‘QGV4’ QGV6 and‘QGVla‘are p?esented in TaBles 5.14, S;lS‘apd 5.16

»ﬁ;éspective;yﬁpn;u S - N

| The shuﬁt reactive pé@er at bus number.7 (Q%h7) was also modeled
in terms of the total.réactive load demand as shown in equation\s.l.
The pérameter estimates.;btained for'chis model afe shown ih Table 5.17.

“a

5.2.2 The IEEE 14 Bus Test System - Economic Active-Reactive Dispatch

Based on the evaluated active-reactive loss.Submodels and the

o

purely reactive submodels of this pbwer system, the economic active-

reactive dispat.nh schedules were computed. The results obtained are

The generator caﬁécities used in the evaluation of the dispatch

solutions are shown in Table 5.6.

‘To verify the accuracy of the evaluated parameters and the validity

A . )
of the economic actiye-reactive dispatch solutions, the dispatch results

e ; . ¥y ) . “
were fed back into the load flow program and the solution obtained for

(5.2)

d to gwgluate the . .

given in Tables 5.18and 5.19 for the active and reactive parts respectively.

75
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Ridge k = 0.0

Ridge k = 0.0048

" Condition

Esfimated Value .

Table 5.14 The Parameters Of'QGVA of the IEEE

14 Bus System

e

Parameter | Esti@ated Value' ;Condition
1 B L Index Index
Ay o -2.792907 1 0-631994 -* 1
- : : : o 7
A ~0.038598 3 ~0.295159 3
L ’ . - . Lok
A, . -0.007088 24 =0.001255 - 18
Ay © 0.000144 340 0.000103 28
. , ’ |.€’
Condition-| . . )
Number - 340 28. .
' \Mean'_ '
| Square 0.0260 0.0257
Error A : ‘ 1

e



S

Ridge k= 0.0

Ridge k = 0.0048

\

Parameter . Estimated Value Condition Estimaféd Value | Condition
oo ‘ o Index Index-
A 145.40691 1 -4.93910 |1
0 . ; , , . N .
A -8.870960 5 -0.208065 5
Ay 0.162348 151 1 0.001396 25
Aq -0.000887 809 - 0.000081 28
> ,
Condition : '
Number 809 28
Mean »
Square 0.1650 0.1196
Error : : ' o

N

Table 5.15 The Parameters of

a

14 Bus System

of the IEEE .

v

§

]



" 14 Bus System

\'\ ﬂ }
' M ? .
Ill‘_
X
$ .
Ridge k = 0.0 - i .Ridge k = 0.0012°
Parameter | Estimated Value | Condition | Estimated Value Condi't‘ion
. : : Index o JIndex
A 1 4.398821 1 | 4.398820 1
A 0.647387 3 0.647387 3
A2 ‘ 0.011756 - ‘8 ~0p011753 8
Ay -0.000516 31 ~0.000516 27
Condition ) \ : "
Number 31 (ﬂ B 2.7
Mean U T
Square 19.89 19.88
Error ‘ 3
/// : .
Table 5.16¢ The Para,meters of QGVM of the IEEE
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14 Bus System

Sh7

*e

.
J
. | \
¢ .o » ¥
Ridge k = 0.0 Ridge k = 0.0048
v __/
Parameter | Estimated Value| Condition | Estimated Value | Condition
' Index Index
g
Ay 23.049383. 1 22.922212. | 1
. . DR ‘

Ai -=0.051008 3 ~0.03637: 3

A, -~ -0.000029 14 ~0.000446 12

A, 0.000005 116 0.000009 27

. . h |
. . A . '

| Condition ' JETEE I T U .

oot 116 ) 27 r

Mean ’ /// :

" | Square ¢ 0.0002 0.0002 )

Error ‘ . .

\ ]
\\ \K
Table 5.17 The Parameter of Q of the IEEE - (”.
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d
\... & *
. - . . . . . . . <
all load levels. These load flow solutions are shown in brackets in
_Tables 5.18 and 5.19 for comparison. The load flow voltage profiles
.‘ j B B 4 o ) ' . ’
obtained for light .and heavy loads of the system are presented in -
] .
Table 5.20. R o
S . & . ‘ Vl .
5.2.3 Discusion of the IEEE 14'Bus Results. - ‘Active-Readtive Model

\

The zesults of th?'IEEE 14 Bus test sySﬁEm ﬁfesented in Tables
5.18 and 5;l§,”show'that thé load flow solutions (giQen in braékets)
 and't@gféconomié dispatch resglés agree very élpsely with dne another
~for all loads considered.“ The differences betweén‘the‘fwo solutions
. RO _ N . ’ ) v ,
as measuted by the active and reactive powers atbthe slack bus
(bus number l);land fhe total éctive.and reacti;e powervlosées, are
¢ : : .
due td errors in- the eQaluated loss modellparémeters;vvariations in
the load flow voltages énd load flowimismatgnus. The errors are also
due to slight changgs'in the ﬁeedpackAioad fl§w vo1tages.' For example,
.at bus 6, thebfiked value'dfvﬁhe voltage is 1.09 p.u., wherean the
load flo& éblufion gave é Yalue of 1.0857 p.u; (Tablé 5.20). However,

. }
these differences are very small which  ':cate that the paramoter

estimates oBtained,for thervérious system mbde;s for the indicated - . i
yqlueé of.ridgé'k, a{e s;tisfactbry. ’Thié shows that'the'modéls'provided
a good fit t6 thé,base load’flow ddta. This data défined the feasible
operating region'of fhe power thro ﬁ wﬁich the Segrch for“the‘optimél’s B
'§olutioﬁ‘was conduct?d. E#aminatipn ;f the voltage levéls,df Table‘5.20,
_f;rﬁher vériffés that the ecénomic'dispétch solutions are satisfactory

as all the bus;voltage 1eVels are within the operating'voltaée'limits

of the power system (i.e., 0.95 - 1.1 p.u.).

.



>~ '}>
. ) )
S T For. Pais . | P o
(MW) ($/MWh)| (MW) (MW) (MW) (S/b )
25.9 | 8.85 7.051 | ¢19.051 0.202 | 574.48
. | (7.368) | (19¢051) | (0.489) |
51.8 | 8.96 | 19.881 | 32.424 | 0.505 | '804.03
1 (20.063) | (32.424) | ‘(0.684) |
: D ‘ .
77.7 | 9.08 | 32.710 45.936 0.946 | 1036.39
' (32.827) | (45:936) | (1.065) /
103.6 | 9.20 | 45.518 | 59.608 | (1.526)°| 1271.60
: : (45.627) | (59.608) ‘| (1.632)
129.5 | 9.32 | 58.224 73.505 2.229 | 1509.53
(58.385) | (73.505) | (2.384Y
v » A ty, ) . - O
155.4 9.45 70.827 87.663 3.090 | 1750.54
(71.099) | (87.663) | (3.400)
181.37| 9.59 | 83.485 | 102.018 4.203 | 1995.50
- (83.991) | (102.018) | (4.716)
v 207.2] 9.72 96.900 | 116.003 5.704 | 2245.64
| (97.456) | (116.003) | (6%70)
:233.1 | 9.86 |110.539 | 129.991 | 7.431 | 2499.59
(111.021) | (129.991) | (7.951) S
259.0 | 10.00 |124.426 | 143.961 9.387 | 2757.41
C (124.864) | (143.961) | (9.828)
N | N A

b

¥

Table 5.18 The Economjc Active-Reactivé

Dispatch of the IEEE 14 Bus Test -

~ System

(Actng)’

~




31 ! Y
£
- ’ ) —t ) 7
% - Wi %13 | s Yove  Qvis %
(MVAR) | ($/MVARh)| (MVAR)" | (MVAR) | (MVAR)  [(MVAR) |(MVAR) |(MVAR)
7.35| -0.24 | -52.111 | 8.278 | -1.564 | -6.000 | 9.587 | -26.525
| : (=51.688)| (8.278) | (-1.564) | (-6.000)| (9.587)((~25.809)
14.70| -0.23, | ~45.757 | 7.477 | -3.651 | -6.000 | 14.818 | -23.493
| (-45.850)| (7.477) | (-3.651) | (-6.000)|(14.818) |(-23.223)
122.05| -0.22 | - -36.567 | 7.509 | <-5.381 | -6.000 | 18.861 | -23.631
o . (-38.652) | (7.509) | (-5.380) | (6.000) |(18.860) | (-23.500)
29.40 | -0.20 ~30.302 | 8.645 | -e.oog | -6.000 | 70.488 | -20.878
» p (-30.375)) (8.540) | "(-6.000) | (~6.000) | (207488) | (-20.867)
36.75| -0.18 -20.058 | 11.815 | -6.000 ‘| -6.000 | 18.471 | -17.103
(-19.999) | (11.815) | (~6.000) | (~6.000) |(18.470) | (-17.256)
44,10 -0.14- -7.624 | 17.327 -5.983 | -4.491°| 11.581 | -12.086
N (=7.433){(17.327) | -(-5.983) | (=4.491) [(11.580) | (-12.454)
51.45| -0.09 5.586 | 23.878 | -3.834 | -0.978 | 0.0 | -5.733
o - (5.057) | (23.871) | (-3.834) | (=0.970) (0.0) |(~6.847)
58.8 | -0.08 11.383 | 23.158 | -6.102 | 4.029-[ 0.0 0.693.
(11.503){(23.152) | (-0.100) | (4.020)| (0.0) .| (0.023)
, B o e o e G
66.15| <0.08 15.712 | 20.958 | 5.460 | 10.722 | 0.0 7.807
N (15.649)](20:958) | (5.460) | (10.722) | (0.0) | (7.114)
73.5 | -0.08 18.374 | 16.982 13,097 | 19.293 | 0.0 | 15.570
g | (18.454)|(16.980) | (13.092) |'(19.290) | (0.0) |(15.212)
L4 o
 Table 5.19 The Economic Active-Reacgive Dispatch of the .
IEEE 14 Bus Test Systemw (Reactive)




83
! !
|
{ e ”»
Load = 25.9+37.35MVA | Load = 259+i73. 5MVA
Bus Voltage Angle Voltage ‘Angle ‘
No. .| -p.u. Degrees p.u. Degrees
-
1 1.0110 0.0 1.0600 | 0.0
e 2 1.0399 | -1.2167 1.0084 -7.9206
- 3 1.0344 -1.0040 | 1.0128 ~6.5962
s | 1.1008 15530 ] 1.0628  |-12.0498
5 4 1.0820 ~1.4905 | 1.0544  |-11.0545 °
6 | 1.0722 -1.4905 | 1.0857% |-11.0545
7 | 1.0980 | -1.6300 | 1.0484 |-12.6753 ;
‘ 8 | 1.0078 | -l.gh2¢ | 1.0435  |-12.8540 ) 0
: o | Losss | -Leigo | 10495 azssd | |
10 1.0993 -1.6339 | 1.0478  [-12.9093 - B
' 11 | 1.0987 _1.6409 | 1.0430  |-12.9836
12 1.0966 -1.7251 1.0279  |-13.8242
13 | 1.0300 | -0.4347 | 1.0413 | -1.9241 Q
14 v 1.0060 | -1.4755 | 0.9805 | -9.7917
PR
5 o ™M
‘Table 5.20 The Voltage Profiles of the IEEE 14 Bus

Test System Based on the Economic Active-

‘Reactive Dispatch Solutions
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CHAPTER VI
PiECEWISE NETWORK LOSS MODELS‘AND ECONOMIC DISPATCH
PROCEDURES FOR LARGE POWER SYSTEMS
The problems associated with large power systems may be reduced
by ev%luating the network loss models in a piecewise manner. The
4 :

piecewise loss models can then be used in the fuel cost minimization
\

procedure that determines the optimum economic,dispdegh schedules

of a given ﬁower system. The network piecewise loss models can be
arrived at usiﬁg diakoptical 0; network tearing technique; (43—49).
In theory, the loss models discussed in-Chapter II éan be used to
represent any powér network regardless of its size. The éize of

. v
the network is dependent upon the number of generation buses of the -
network (equatioﬁs 2.3 and 2.25). 1In the economié dispatch methods
that are based on network loss models, it is important to evaluate the
fgefficients of Fhe.loss models of ‘a giveﬁ network with a high degréeo
of accuracy in 8rder to obtain satisfactory economic dispatch schedules.

In practice, however, the evaluation of a large loss model (i.e.,

containing a large number of parameters), requires a large number of data

Vpoints to be available for the application of any least squares based

estimation techniQue. The base data points are usually obtained from
load flow studies of‘the power system, and for large sfstems, this can be
a very costly procedure. In addition to the cost, probiems of i11- °
conditioning become more pronounced ip.the evaluation .. a. large number of
parameters.

biakoptical techniques are used in the loss model evaluation

procedure to eliminate the above two problems. The diakoptical or

84
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Ppiecewise models, can be developed by first tearing the,tn@nﬁmission'

network into a number of subnetworks conpected by transmissiocn lines

(interconnections), in such a way that each torn subnetwork contains at
R .

least one active-reactive generation bus. Each of these subnetworks

and the interconnections is represented by a loss submodel. A number of
load flow s&futions are then carried out for the entire network to \
obtain the necessary data for the evaluation of all submodel pérameters.
The number of load’fiow results requirea in thi; case, 'is the minimum

» e
number needed to-evaluate (i parameters of the largest submodel of

~

the network.

6.1 The Network Total Active and Reactive Power Losses in Terms

of Voltages and Admittances k . ~ P
For a given power network, the network total active and reactive
power losses can be written as (see Appendix A):

| ' : ,
| : :

~

T

P =vigvV +vigy (6.1)
~Loomp o qQ~—q
\ ‘
and
T L
Q =V BV +V BV 6.2)
L —p—=-p —g-—--g (
“whete,
i Pﬂ’QL - the network total active and reactive power losses
- respectively
v - the bus voltage vector which in*rectapgular form is
» . §

iven by V.=V 4+ 4V ,
g y v AP J__q

l
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G, B - the network conductance and sucesptance matrices.

Equations

.

6.1 apd 6.2 may be written in a piecewise manner using the

- following netowrk tearing criterion.

6.2

The

v

——

The

a network

6.3

Tearing Criterion

v

tearing criterion may be stated as: the tearing branches of .

are chosen such that:

their removal result in a network having subnetworks
hinged at the datum node. This datum node is usually
taken as the ground node.

there is no»muéual éoupling beiwaen branches belonging
to different subnetworks. The only coupling is.a
cohductive coupling through the*%orn links. |

thé branches removal result in subﬁetWOrks,‘each containing

'

at least one active-reactive generation bus.

The Piecewise Active and Reactive Loss Models in Terms of

Bus Voltages and Line Admittances

\

Consider a general large power network which is torn into K

subnetworks, each containing a number of generation buses, interconyécted
: ) .

by N

interconnections, as shown in -Figure 6.1. The nodal matrix’

~equation for this network may be written as:
’ .

where,

\ ‘ >

I+1 | | - (6.3)



{x

B

=

Figure 6.1 A Tréﬁkmission Network Torn into K

Subnetworks and N Interconnections

87
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- the entire network bus admittance matrix, where
Y=6-38. L ;
V' - the network.bus Voltage vegtor. .

‘the network bus current vector.

IS

I' - the nodal current vector from interconnections.

- !

\
o

Equation 6.3, in terms of the torn subnetwork and interconnection

quantities can be written as:

where,

_ o~ - - -
1]
: XA 9.2 KA. e In
. ’ \.\‘\. '
o Y 0l |y, I 1
: cL : = | + | o (6.4)
" » . .l'
[ R Ve I L
L . L - L. J

Yo —B""XK.: the bus admittance matrices of subnetworks

A, B, ..., K reépectively. N

YAf YB’;"!K - the nodal voltage vectors of subnetworks

AVl

A, B,...;K respectively.’
N\

-
I.,I,...,1 - the nodal current vectors of subnetworks A, B,

=A° _B9 i=37¢
...,K respectively.
lf,fié,,,.,l%— the nodal current vectors from interconnections.

The currents are considered positive when flowing into the buses of

"the network.
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Let, ‘ ’ v ”\\ 1
E—I - the 'nodal current vector of interc\‘pnnections.-
_\LI - the nodal voltage vectot of intércgvnections.
Y; - the bus admittance matrix of interconnections.
_ : | "\ \Q
) . : I ) v
o " ‘ ‘
! {7 ) .
Using matrix topology, the current vector I', maY be written as:
— - ] .§‘5.
,Il
1! - o
v | 7B |
I'=} .- =§__I_I, (6.5)
I'
__K
L -
< <
where,
LI L . o
C =~ the topological or connection matrix whose elements
are 0's or 1's.
The nodal voltage vector of interconnections can be written as:
T .
V.= -¢Vv, (6.6)

and the current nodal vector of interconnections is given by:

lI=XI _\LI . ¢ (6.7)
Substituting for II and Y—I’ into’equation 6.7, gives: ‘ ‘

I'!=-CY. Clv (6.8)

=1 --1-= = ’
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0 . Y
v

substituting equation 6.q‘into equation 6.4, the following diakoptical

matrix equation is obtained:

. — — -y p— —
— . -
v
I, 28 Ta Ly y
1o w0 I I 1 |
—_ —-B —_ . — ¥ = .
' . . +Cy, gT °_.B S R » (6.9)
10 e : Ve : - -
0 ZKJ Y L
_.— o - — _J s .

The connection matrix C may be partitioned into submatrices QA’

EB’ cees EK’ which can be further partitioned into submatrices that

correspond to the interconnections as shown below (see/%igure 6.1):

= 0 . n
N Cap  Cpp vveee S o |
oo |l oL S Seo San , (6.10)
C, i Cyp +ovvee Oy
L4 L _
,»‘/(/

if two subnetworks have no common connecting branches, null submatrices

k]

are appropriately substituted in the righf hand side of equation 6.10.

The final expression for\fhe diakoptical nodal matrix equation of the
, : %

network shown in Figure 6.1, is obtained by substituting equation 6.10

into equation 6.9. For better understanding of the connection matrix

—

- concept, a detailed analysis is given in Appendix D for a nine node

power system which'is torn into three subnetworks and two interconnections.
s .

A \ .
The diakoptical (piecewise) total active power losses of the

network in terms of bus voltages and line admittances for the network

shown in Figure 6.1, can be written as:



:
~

v [G +cAl

~

o |
+V + C
—Aq[g.A

=Bl

=Bl

W T

+

+ 2v [CAN SIn

ct +c G‘\ T v G crv
I1 <A1 & A3 213 A3 = AN ZIN =AN-Ap
&

\Y

T T ‘ T‘]
—Aq

C,, +C + Cay Sqy Can

1 S11 S 1V
| T
ValCas C13 Cealieq

\Y
912 —B2-—Bp

In equation 6.11, it is assumed that subnetwork K has only one common

connection with subnetwork A,

connection,

subnetworks A, B and C;.

If, however, it has more than one

additional terms will have to be added aé was»&one for

It should be noted that in eqﬁation 6.11, the

(6.11)



-

C GC=CG.C | (6.12)

5

The relation in equation 6.12, is true since the matrix Y = G - jB
: , . ' g T L
is a square symmetrix matrix; that is Y =Y, Equation 6.11 can be

written -as: ’ : ' : .

b= P T Prpa t Prosa Y Prona T 2Prrian

@

. +
+ ZPLIBAC + PLB P

LI1B +.PL12B

o+
2P pe T Pre tPirac t PLisg

+ P 4P 2 (6.13)

Pre * Puow PPk

5.

A similar expression can be eaéily obtained for QL’ By“replécing G

EN

by B in equation 6.11 leading to:

-0 ' +
Q= Qa * qraa. ™ Qina T 2118

’ -t 2QLI3AC + QLB * QLIlB * QLIZB

v
’

20195 Y Qe Y Qoe Y Uise



+ 2Q : ' , (6.14)

+
+ Qp t Qg LINAK

t v :
The quantities on the right hand side of equations 6.13 and 6.14 in

terms of the network active and reactive power generations, have

expre551ons 31m11ar to those glven by equatlons 2.23 and 2. 24 in Chapter

\

II. From equations 6.13 and 6.14; it is seen that the general network

. of Figure 6.1, is composéd of a number of subnetwork sets. Each of

L4

P

these sets contains two subnetworks interconnected by one interconnect¥on.

A detailed analysis of a network torn .into two subnetworks with one

" interconnectiam is gmven next.

AL 4

6.4 . The Piecewise Actlve-Reactlve Power Loss Model for a Network Torn
I .

{ \

into Two Subnetworks V N

For a power system network torn into two subnetworks A and B
with one interconnection I, the active and reactive power losses in
] o, . . '
terms of voltages and admittances are given by:

PL= Pyt Prpat Pyt Prs 2P (6.15)

where,"

_ 1 T
Pra ™ Yap G4 Yo+ Vg Sa Vg ‘ (6.16)
e |
T T T T . .
=V : »
PLIA —Ap __QA —qI -gA v P + Y—Aq CA 91’ 'Q'A _‘YAq (6X7)
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. T | T S ’
P p = XBp Sy yAp + qu (e yAq o - (6.18)
P P=vl C_ G v +vi coc cty » - (6.19)

LIB~ —Bp =B =1 =B —Bp —Bq —B —I =B —Bq

P -vF oo v +v ¢, o6l S . (6.20)
PLIAR T “Ap <A 21 =B —Bp = —Aq “A =1 =B —Bq
‘where, o
Priea T Frias J (6.21)
and,
| T T | . |
.C_A (_;.I _(_:..B - EB _G.I gA . ‘ - (6..22)
. (’ ~
where, !
.'l’
PLA’ PLB - the total active power 1oéses of subnetworks A and B
respectively.
PLIA + PLIB + ZPLIAQQ_ the total a. -ive power losses of

interconnections.

Similarly, the reactive power losses of the netwdrk*may be written

as:

(6.23)

L R : | .
QL QLA QLIAV+ QLB * QLIB * QLIAB



= + .
T L B Tyt B Yy (6.24)
,\ | o
. T T T T . : :
Qura = Yap Ca By Gy Yoy + ¥y G4 Br &4 Yy & (6.25)
. ‘ .
T T co v o -
= V.oo+ : . o
Up = Ygp B Yo, * Vpq By Yy - (6.26)
|
) .
T T T T * )
QLIB'—,Y-Bp QB B QB y‘Bp +qu QB E]'_ ;gg Y-Bq o ,(6'27)’
Q v cos cTv 49T ¢ b T Q © O (6.28)
LIAB  —Ap <A —I =B ~Bp —Aq ~A =1 =B .—Bq 28
where,
Qriea = Lias | (6.29)
and,
‘\ A
. T _ T , ) :
'QAEIE-BT—Q-BEIEA | / / (6.30)
- o S /
. : » - {

where,

)
1
{

‘Qps QLBEQ the total reactive pgwef losﬁes.of'subnetworks A

and B respectively. - ‘
: ]
- the total reacti&e power losses.of

_QLIA + QLIB f 2QLIAB

A

interconnections.



RE o P

The piecewise active and active-reactive power loss models in terms

of the power generations of thejsysfem are»devéloped in the following {,
sections. Since the active loss model is a special case of the[aCtive4

reactive péwe; loss model, the latter is formulated first. .
;i .

6.4.1 The Piecewise Active and Reactive Power Loss Models of a Network

Torn into . Two Subnetworks in Terms of -Active and Reactive Power
oy an - -

Generations . !
Considér*the power Systém shown in.Figure 6.2. This system is

-1

Figure 6.2 A Transmission-Network Torn into Two

/ | i o

Subnetworks A and B with One Interconnection I.

&

W

. e | ’ 4
torn into two subnetworks A and B, each containing a number of generation
buses, interconnected by the torn branches 1. Expressidns for the

,'diakoptical loss models can.bé arrived at from'first principles as

given below: ~

S

-
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Let:

Equations 6.16 to

power generations

the active and reactive power generation vectors

‘of subnetwork At

the active and reactive power generation vectors

of éubnetwork E:

6.19, in terms of the respective active and reactive

can be written as (see Appendix A):

o . T T ]
Pra™ Mopa * [EPPA -EPQA] Zoa
%a
T T
+ [EGA QGA] Apcea “Bpgca
(6.31)
Bpgca Apcoa
{
) T T
Pria = Kropma t [EPPIA_ Epqral
i ' — - -
e
t[Poy Qad | Apgera “Bocora | | Zea
(6.32)
BoscaA Apcora | | a

and,

—_— e

—

:€:,



N

\ .
T T . 7]
P = poes 1 (Eppp Epgnd | Zen
¢ Q3
T T
* [EGB 9GB] Apgen "=PGGB Pon
(6.33)
Bocen \éPGGB Q|
Aand, &
T T 7]
Prg ” Kops * UEprrs Epqisl | Zos
' Q3
. -
T T4 - A
+ [P %gd | 2pcers  Proors | | Zos
* (6.34)
‘ o Bpce1s ApG1B Q5
where,

E, A and B - with appropriate subscripts are the parameters

of the various submodels to be evaluated.

If NGA and NGB are the number of active-reactive generation buses of
subnetworks A and B respectively, then the matrices APGGA’ APGGIA’_

Bocea and Bpooia will have the dimension of (NGAxXNGA), and the matrices

~
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PCGH and'EPGGIB will have the dimensioni of (NGBxNGB) .

Apcen® 2pogrp’ B

Similarly equations 6.24 to 6.27 can be written as:

S ‘ T T
% T Kpogat Uqea Zoaal |Zea|
| \ ) Sca
fi _ - T T — —-w , -
* oy Qeal | fcca  “Booea [ F—PGA
) (6.35)
| Eacea Lqcca A
[t - | T . .}._J | B
. T ]
Quia = KLOQIA [—QPIA EQQIA] 'EGA
A
- T T4 ’ 7] 7]
HBox %l | Agcera Booera E)cA
(6.36)
Bqce1a Aceia | | %a
| o J L
and, . -
- -
KLOQIB * [—QPB —-QQ] Eon
Qs
L]
ror, [, 107
+ [Bop Qgpl Aes “Boces Pon
(6.37)
Boces AnceB | -Q*crﬂ
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Q = + [ET ET ] F} i
. “LIB KLOQIB —QPIB —QQIB =GB

T T N , I
* [EGB QGB] éQGGIB _EQGGIB Yon
Boce1s Ao6GTB Qs

The coefficient matrices of equationé 6.37 and 6.38 have the same

A
(6.38) -

dimensions as in the case of the piecewise active power loss model.

The number of parameters to be evaluated for the above active and

reactive loss models are given by:
: . \

2

NCIA = (NGA+1)

NCAp = NCA) = NCIA,

(NGB+l)2

]

NCB NCIB

.
il
1]

NCB NCIBP

where,

NCAP, NCAQ - the number of parameters of PLA

NCBP, NCBQ - the number of parameters of P
NCIAP, NCIAQ—the number of parameters of PL

L

IA

NCIB -
CIBP, NCIBQ the)number of parameters - PLIB

The submodels P and QLIAB can be obtained as follows:

LIAB

(6.39)

(6.40)

and Q, respectively.
B and QLB respectively.
and QLIA respectively.

and QLIB respectively.
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) b
Vap = My EA,+ N 9 | " o (6.41)
Vag "M B %9 (6.42)
Vg, = My g + Ny Oy ' (6.43)
Yoonp-wo | : (6.44)
q —B =B B =B _ X
.where,
) M, =.diag[Cos'§Ai/]IAi]] : | o ﬂ“ u (6.45)
N, = digg[Sin aAi/|IAi[] | | B (6.46)
My = diag[Cos 5Bi/IIB11] | : | | I (6.47}
EB'= diag[Sin 6Bi/JIBi|] ' | | | '(6f48)f
Let:
6 =¢ 6 | (6.49)
v —-A-1-B°’ '
hence? D h
P =V 6 V._+Vl g v 1 (6.50)

LIAB —AP —u —BP Y-Aq —a —Bgq



substituting for the voltage vectors, then,

pT
LIAB A —

T
My - My G, NylPg

AC)

+_QA[N G, Ny + Ng

Grouping similar terms and rearranging, equation 6.51 reduces to:

— D -
poo=[p Q] -B i
LIAB  *-A A é*PIAB —PIAB

tL’U

(6.52)

§P1AB ' APIAB 9}3

where,

‘(6.53)

=
+
=

> 3
AC)

2p1AB T

.and

(6.54)

47

o

t:!:z

;%a )

4o
/ &

Borap =

M1 Q- . (6.51)
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"
¥

The dimensions of
i

elements of these

_ (APIAB)ij‘

( )

Bp1an’ 13

The net active and reactive powers EA’ QA’ EB and QB may be partitioned

the matrices A and B are of (NGAxXNGB).

=PIAB ° = .~PIAB

‘matrices are given by:

(caij) [Cos(6,; - 4.

G ) [sin (s, - 5

aij

J) |IAi|[IBj|]

o) 1Tal 1551

into generation and demand as given below:

T T T
L [BGA -BDA]
7
T _ T T
8 ’_[gcA —QDAJ
and‘
T _ T T
By = [Bgy  ~Bpy
T .T T
Q = [QGB "QDB]
The matrices éPIAB and §£IAB

Bp1ap ~

L

* generation and Jemand as:

é?GGIAB

é:PDGIAB

may also-be partitioned in terms of

éPGDIAB

éiDDDIAB

The

(6.55)

(6.56)

(5.57)

(6.58)

' (6.59)

(6.60)

(6.61)
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and,

Zp1ap

%

EPGDIAB

EPDDIAB

104

(6.62)

Substituting equations 6.57 to 6.62 into equation 6.52, the fqllowing

equation is obtained:

T o

PT

Prrap = Zoa Apcoras Zos  Zoa Brocas o

+IQGA EPGGIAB
—DAvéPDDIAB
* QDA §PDDIAB
—QA APGDIAﬁ
; ggA gPGDIéB

T
= Ppa Appe1aB

T
o 4 Bpporan

|

The finalkgxpression for P

LIAB

A

Pep T %a 2pccias ScB

- P B

] )
Ppg = Zpa Epopran s,

T
~DB * QDA éPDPIAB 9DB

EDB —GA EPGDIAB QPB

T
Pos 94 Apepran Sps

' T
Pog * Ppa Bepoias %

Q

T
Pep ~ %)A Apncias LB

- 1s given b§3

(6.63)



1148 - Xrop1as T tEpp1a  Epquas “GA
QGAJ
T T 7
* (Epprpa Epqreal Pl
[
[
LT T B : T
* [EGA QGA] Apco1aB “Brcc1aB ‘ EGB
. | |
Bpco1an fpcoras | | B
(6.64)
where,
T T |
Koptas = [Boa %al | 2eporas  “Beooras | | Zos
(6.65)
Beob1aB ApDDIAB Qg
- [ _J.
and
- Zpp1Ab ~ [Bpep1an S5 = Apepias Zosd o (6.66)
EPQIAB = [EPGDIAB Prg 7 Apep1aB 9{)13] , (6:.67)
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E

) B T . . . . . | //
=PPIBA ‘[_BDA Aopcran ~ % Zeperas? ({’ 68)

T T . " ,
Epquea = [Epa Benoras ~ Spa ppo1asd (6.69)

In a %imilar fashion,- the pieceﬁise.reactive'power loss model can be
’ 4 - ’ . .

written as:

+’[rzT ET. ]FP-

U1 XLoqras T 'E P1AB ~QQIABY | ~GA
Qa
. .
+ [—QPIBA —QQIBA] Pon
) ¢
s
L . Ay
U S I 0.7
+lBos al | Agccrar Bocotas | | Zon

(6.70)

< EQGGIAB ‘ éQGGIAB . QGB

L]

The number of paraméters to be determined of equations 6.64 and 6.70 is

given by:

P Q

NCIAB, = NCIAB, = 2(NGA+1) (NGB+1) - 1 | (6.71)

where, 53‘



: NCIAB,, NCIAB, - the number of parameters of PLIAB and QLIAB

P’ Q

respectively. - o .

The parameters of equations 6.31 to'6l38 and equatién5‘6.64 and 6.70

are functions of voitages, phase angles, admittances and the ioad

pattérnfgf the network. These parameters are not constant since the

system voltaggs vary with loads. The piecewise network loss models‘used

to represenf the power system under consideration, ére assumed to be

of quadratic férm as given by equations\6.3l to 6.38, 6.64 and 6.70.

The pafameters of these quadratic functions are evaluated from a set

pf "whole system" ioad flow resuits covering the feasible operaﬁion

'rgnge of the power system aé before. ' In the}ﬁarameterlestimation procedure,
vthe'computational time and s}orage can be mini@iiéd,by combining .

«

equatiogs 6.31, 6.32 and 6.33, 6.34 into two single equations for th .\1
’ . ‘\\ , |

active part ‘and equations 6.35, 6.36, and 6.37, 6.38 into two sipgle
equatidns for the reactive part. However, from the computational:

experience gained in the preparatien of this thesis, it was observed

~

that in general, it is very difficult to obtain acéﬁfate parameter
estlmatesrfor PLIA"PLIB’ QLIA’ QLIB (or combined with PLA’ PLBa QLA and

QLB)’ PLIAB. LIAB®

losses of P P and P (similarly for the reactive,componeﬂts)

and Q These problems occur as the computed power

LIA* "LIB LIAB

do not change by appreciable amounts from one load flow result to
another (i.e., in the matrix equation Y=Ax+e, the computed

elements of the vector Y differ only by.a small amount from one another).

*

The'ridgecregreSSion algorithm or any other least squares based estimation

method, in such‘cases.will result” in a very high value for the mean

i3

3
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square error (e g., of the order of 104 or higher). These ﬁroblems
were encountered in the loss evaluatlon of the majority of the power
systems‘tested‘in this work. A detailed ;tudy emphasizing :hese /‘
proelems_ie given,fof.the aceive power loss modef?of.the 5>bes test
system_ip Appen&ix(E.'

The above cemputetional difficulties can be overcoﬁe by making
an approximation ge ehe total active‘and reactive power losses of

interconnectioﬁe.'»The approximate models can be evaluated without

any numerical difficulties.

6.4.1.1 ThHe Approximate Piecewise Active-Reactive Loss Model

~

of Interconnections

. The tagal active power losses of interconnections can be written

FPooa -t Pus * Piias ey

ri

fequations 6.32 and 6.34 (these quadratic terms are small

to the linear terms). Based on this approximation,vequation

@

T T ]

Prr = Fopr * [Eppran Epqraal | Zea
| %a
»
.. : T o q
o . [—-PPIBB —PQIBB] Pen| -
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- — . - -
+ [PT ! 11 4A, -B P

Foa Scal | Apccras Bpocas | |Ecs o
“©(6.73)

Bpocias  2roogp | %

L S I

where, 4

“opr = ®op1a * Rrorrs * 2Xiop1an "(§.74)
Zpp1aa T Eppra * 2Epprap (6.75)
Eporaa = Epqra T 2Epqran (6.76)
Epqre = Epqrs * 2Epqras (6.77)

The above approximation is a good approximation especially when ﬁhé
- N : '

tearing branches are choser to have a minimum number of_lineg.
In a similar fashion, the total reactive power losses of inter-

connections can be written as:
\ _ B
i) A}

O T %t Oyt C (6.78)

>

<

"The“approximate model for the total rea”tive power losses of inter-

connections can be written as:

4
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. .
KLOQI * [—QPIAA Enquand | Zea
Qe

T
[—QPIBB -QQIBB} gGB

o
T T4, ml ol
+ 2020, Qopd | Aqeotan ~ Boccras? |Zos L
- (6.79)
A Q \
2QGGIAB  “QGGIAB | |~GB
where, - -
/ .
[)// ' Kogr ™ *rogra ¥ XLoqrs ¥ 2K, 0qihB S . (6.80)
\\“ < : o o
Eqpran = Eop1a ' ZEQPIAB ) o - (6.8D)
Egqian ™ Eoqra * Zoquan e (6.82)
EQPIBB . -—QPIB + ZEQPIAB e 0 “ (678_3) ]
E: + 2E | S (6.84)

£0qiBB T‘EQQIB —QQIAB

The number of paramete;s to be evaluated’ for equations 6.73 and 6.79 are

as giVen by equation 6.71. . _ .
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The purely reactive source submodels of the network under

consideration, are modeled in terms of the entire network total reactive

|
load demand as was discussed in Chapter II (i.e., they remain unchanged) .

4

6.4.2 The Piecewise Active Power Loss Model of a Network Torn into Two

Subnetworks in Terms of Active Power Generations

The pieceWwise active power loss model of the transmission network
may be obtained from the piecewise active-reactive loss model by assuming
that the Q/P ratio at any source bus remains constant. Based on this

assumption, the reactive power generation vector can be written as:

2

. |
9_@ = Qoo™ Enly (6.85)

Qn = a0t Ea T ) (6.86)

and, ‘ .

T ’ A
Qs = 9GBO Py Pop N (6.87)

Substituting equations 6.86 and 6.87 into equations 6.31 to 6.34, the

resulting equations are given by:

T
KLOA —OA Poa T 2ca By Paa (6.88)

T 1)
= Ko1a * Bora %a * Zoa Bia Foa (6.89)

3
]



+
KLOB *OB ~GB BGB

B P (6

—B —GB

T 5. p (6

T
B Ko * B EGB + Pop Brp Zop

where,

gTA F, +

By = Apgoa * “PeeA A

’ T
Boa = Eppa + 29 Ao[A“PGGA i

&

ZF Bpoca ' (6

]+ET F (6

Booea’ T Zpoa A

- T T

Kon = Kropa T Qcao 2poca a0 T Epoa Jeao (6
wherei

_ : - (6

%ao = [%a10 %Gazo = v Qpmao?
3
A
B. = A + FL + 2FL B 6
Bra = Apcera T Ea Aecora Ea T %EA Brocia .
T T : T ’

- +
Bora = “pp1act ? QaolApeora Bt | T (6
Koma = KLOPIA —QGAO Apcota Qa0 * —PQIA Qa0 (6
ma - auwber of generation busés of subnetwork A.

Similar expressions can easily be

Krop Krors 224 Qgpo from above:

obtained for EB’ EOB’ §lB’.EOIB’

.90)

91)

.92)

.93)

.94)

.95)

.96)

97)

.98)

Substituting equations 6.86 and 6.87



into equation 6.64 results in the following equation:

T

Pr1ap = ¥ooras T Bo1as Zoa

where, y

T
'KLOIAB _~KLOPIAB + EPQIAB gGAo

T | T
* Epqrea po T Soao A

T T T T
§OIAB - EPPIAB + E-PQIAB EA

T T

T T
: + F
* Q680 Bpcoran T Lo Apoo1aB fa

T T T T
Botea T Epprpa * EPQIBA‘ y

© % Qa0 Beooras T Qa0 Arccias s

A'\
Pyas = 2pce1as * Ea Bpcoran

A

v,

* By Apgeran I * Ep Bpogian-

=GAO —PGGIAB -GBO

113

(6.99)

(6.100)

(6.101)

(6.102)

(6.103)

{ ,
» The number of parameters to be evaluated of equations 6.88 to

6.91 and equation 6.99 are given by the following:
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P
 NCA = NCIA = (NGA+2) (NGA+1)/2 _ - (6.104)
NCB = NCIB = (NGB+2) (NGB+1)/2 g | (6.105)
énd
NCIAB = (NGA+1) (NGB+1) (6.106)
where, .
NCA,NCIA - the number of paragetgrs of submodelswPLA-and PLIA
respectively. ‘ } ‘ )
NCB,NCIB —vthe number of parameters of submodels PLB and PLIB
respectively.
NCIAB - the number of parameters of submodel PLIAB'

In a similar fashion to that discussed in Section 6.4.1, the

computational time and storage in the parameter estimation procedure can

T

be minimized by combining equations 6.88, 6.89 and 6.90, 6.91 into

two single equations. But as mentioned earlier, this poses computational

problems. Based

approximation to

without appreciable loss of accuracy.'

on the same reasoning given in Section 6.4.1, am

.2 total losses in the interconnections can be made
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6.4.2.1 The Approximate Piecewise Active Power Loss Model

of Interconnections

The net active power loss in the interconnections of a given
network which is torn into two subnetworks A and B is given by:

\ o

I3 =P + P + 2

LI LIA .LIB PLIAB (6.107)

where,
. PLI - the ;Qﬁéi/;;;ive‘power losses of interconnections I.
'Substituting for P P and P the total lossés of inter-

LIA’> "LIB LIAB’

connections in terms of active power generations can be written as:

Pr1 = ®eor * Bo1aa Zoa * Borse Zos : | ;
T _T

* [EGA EGB] giAA ElAB “GA
(6.108)

B1na Bisn Pon

where, .

%01 = ¥ro1a T Xroms * 2Ko1an o (6.109)
Botan T Bora * 2Bo1ap L (6.110)

and
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T
- 6.
Brpa = Brap | (6.111)

“The matricgs gIAA and EIBB are square symmetric matrices with dimensions
of (NGAXNGA) and (NGBxNGB) respectively. The matrix EIAB is of

(NGAXNGB) dimensional. Equation (6.108) éan be approximated without

appreciable loss of, accuracy by replécing-the submatrices EEAA and

B pg by null matrices. This is a good approximation particularly when

the torn branches are chosen to have a minimum number of lines. The

approximate model of the interconnections reduces to:

< /_/
P =K __ + B P+ Bl P
LI I‘LOI —0IAA -GA  Z0OIBB =GB
\ . : 4 ‘
. 6.112
* 2Rcp Brap Eop» S (6.112)

The number of parameters to be evaluated of this model is given by

v

equation 6.106.

6.5 The Piecewise Active and Active-Reactive Loss Coefficient

Evaluation Procedure

The following computational steps are used to evaluate thes

-

piecewise active and active-reactive loss model coefficients of a given

power network: (

1. perform a number of load flow solutions for the entire

network at different load and voltage levels spanning

the entire operating region of the power system. The



(2’

t
number of load flow runs required, is the minimum number

- . needed to evaluate the parameters of the largest submodel

“ of the network.

2. - compute the total active and reactive power losses of each .

subnetwork and interconnections frdm the network line
admittances and complex voltages OBtained in 1 above.
3. set up the coﬁputed power losses obtained in 2 above and
the’correspond%ng power generations obtained in 1, in a ~
format similar to that given by equation 2.6 or equation
2.26 of Chapter II.
b apply jthe rnidge regression estimation procedure
\(discuséed in Chapter III) to evaluate the parameters of

-

all subnetworks in a piecewise manner (50, 51).

6.6 The Piecewise Active and Active-Reactive Dispatch of Generation*
1

The optimization algorithms used to evaluate the ecdnomic active

and active-reactive dispdtch schedules of a power system are based on

the piecewise loss models of the transmission network. These methods
are suitable for the evaluation of the economic dispatch conai;iond of

large power systems.

'6.6.1 The Piecewise Economic Active Dispatch Procedure

oy

The cost function representing the generation sources of the

entire network given by equation 2.1 is repeated here for conveniente :
. ¥

. 2

si T Bsi Pesi T Vsi Tosi (6.113)

v

"
ne-g

o)
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This function is minimized subject to:

a.  equality constrain\i‘giVen by:
" ‘h (P, .) = 0.0
: p Gsi’ ~ 7
K N S
= + . 4
,PD + Z PLi ,Z PLIi
i= i=1 ,
m o
- 1 Poy , . | . (6.114)
i=1 . ;
where,

A, B, ..., K - represent subnetworks A, B, ... and K.
N - the number of interconnections (intereconnecting
subnetworks) of the system.

m - the number of generating unips of thé system.
b. inequality constraints given in compact férm by:
£, e <0 , | . S .(6.115)._
equation 6.115, may be writtgn és:
%o min “Pes £O | | | (6.116)

Po, = P < 0. | I (6.117)
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The optimum economic dispatch conditions of a power system are obtained
in one optimization procedure (52-54) by forming the Lagrange-Kuhn-

Tucker function as was discussed in Chapter IV.

o . L . ) N '
. 6.6.2 The Piecewise Economic Active~Reactive Dispatch Procedure
| . N - o |
In a similar fashion to the economic active dispatch procedure,

the thermal cost function given by equation 6.113, is minimized subject

to:
§
a. equality constraints given by equation 6.114 and:
b (Qggy) = 0-0
=Qy + Q.+ L Q
D
P = S # £
P tees - 1
1.
- Qn s - Q .
.=1>;G51 h=1 Gvj
i :
Q (6.118)
k=1 Shk \
where,

n - the number of purely reactive sources of the network:
r - the number of purely shunt reactive powers of
the network.

g v
b. | inequality constraint given by equation 6.115 and:
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By Q) =8 | . (6.119)
where equation 6.119, can be written in alternative compact form as:

|

<0 | D | (6.120)

- < ' 121
QGS QGs max =0 (6.121)
" ‘
The constrained thermal cost function is minimized in ‘one
optimization procedure (55) using a Newton-Raphson based optimization
\ I

,algorithm observing the Kuhn-Tucker optimality gonditions as was

discussed in Chapter 1IV.

v



CHAPTER VII
APPLICATION OF PIECEWISE LOSS MObEL BASED ECONOMIC
DISPATCH MﬁTHODS TOVMODEL POWER SYSTEMS

'In this chapter, the techniques developed in Chapter VI are
app;iéd to sample powef tés; systems. <The accuracy of the evaluated
piecéwise loss models and the validity of-the economic diSpatch
solutions are verified by comparison with loadvflbw solutions, as was
done for fhe entire system loss models. For illustration purposés, the
resul;é gbtained fér the'iEEE 14 bus test system afe presented in this
chapter. Ihe methods were also applied to the 5 bus and thq 11 bus
(56) ;ést ?%fgems which coﬁtain 2 and 6 generation buses respectiVely.
Thé'results‘ébféined fbr'tﬁese two systems aré given in’Appé;dix E.
The diakoptiéal heﬁhods are expected to produce bgtter di‘'spatch
solutions iﬁ,coéparison %6 full system methods for large‘poﬁef systems,
A. case study cémparing the th.approaches ié given in Chapter VIiI
using the 23 bus test system (57).  The evaluated piecewise loss co-
efgicients of this system are given in Appendix E.

The parameters of the piecewisé éower loss models of the above
?ysﬁems were evéluated from loa. flow studies of thé systems wﬁiéh
were carried out f0é§the~eptire éétwdrks for diff%rent s&stem load and
voltage ieveis. The base load flow. results obtained for eéch of the

above systems defined a feasible operating region that covered the

entire load spectrum of the system.

7.1  The Piecewise Active Loss Model and the Active Dispatch.Results

The diakoptical dctive loss model parameter estimates and the
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economic
.hssed in the following sections.

5‘4 Bus Test System-Piecewise Active Power Loss Model

14 bus test System is shown ih Figure 7.1. The network .
is ‘_{’two subnetworkshA and B as shown by the doﬁted line.ﬁ Each
fénetworks Eontain one ggneration bus (;ubnetwork A contains
i 1, and subnetwork B containé bus number 13). Thelnumber'of\
urto be evaluated of each‘subnetwork model and the number of
load’flc iesults réquired'for'this sysﬁem are listed in Tablé 7.1.
Mocel - . PLA‘ Pria Pie Puzs Prias P
33 3 3 4 4
fers
%o. of Load| 4 4 b4 3 5
"Flows ‘ '
o

Table 7.1 The IEEE 14 Bus’Piecewise Active Power

Loss Model Parameter Evaluation Requirements

As shown in Table 7.1, thefnumber of parameters bf the largest
submodel is 4. To evaluate the parameters of all submodels of»this
power system, a minimum of fiVQ*}Qad flow rezuits are required, which

lwqge carried oﬁ; over, a wide raﬁge of‘éyste& load and'Qoltage levels.
The ﬁominal system ;oad is 259 + j73.5 MVA. Using the load flow results

obtained, the piecewise active power loss model parameters were
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e
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-

‘Figure 7.1 The IEEE 14 Bus Jest System Torn into two

bv * Subnetworks



vfor P.

evaluated by the ridge estimator.

By

‘LIA’ LIB

and P

LIAB

o

The parameter estimates obtained

had -associated values of mean Square error

which were very high (of the order to 10 ), and therefore are not shown

‘here. The parameter estimates obtained for PLA PLB and the approximate

model PLI'are given in Table 7.2. 1In Table.7.2, the estimates were

obtained for a value of ridge k = 0. 118. For this.value of k, the

, condition numbers of P, P and P

LA’ “LB LI were found to.be lees than 127

The mean square error in each case was less than 1.

- Ridge k = 0.118
Parametet PLA PLB Patameter PLI
KLO -0;00179} 0.002534 KLOI _0f012097,
_BOI 0.00%961 Oi019497 -BOIAAl 03028502
Bll 0.0072§? 0.00SOSQ BOiBBll 07000584
BIABll ‘ 0.009531
L ‘ R W //,'
Table 7.2 The Parameters of the Active Pcﬁe; Loss Submodels
E,_\ﬁ
PLA’ Pa and PLI of ‘the IEEE 14 Bus @est System in
: : . 8
p.u. on 100 MVA Base. ;az

*®

7.1.2 The IEEE 14 Bus Test System;Piecewise Active Loss Model Based

Economic Dispatch

Based on the evaluated piecewise aé{{ye power loss model. of this
system, the economic active dispatch schedules of the system were

.)‘

e
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evaluated. The qoal fired generating unit capacities used in the
evaluation of thefdispatch solations are given in Tagié 5.2. Tge
dispatch results obtained for the IEEE 14 bus test system are presented
in Table 7.3. The results in‘this Tabie were fed back into the load
flow program and the solutions obtained for all loads considered:
These results are shown in brackets‘in Tablet7.3 for comparison. This
procedure was carried out to verify the validity of the economic
dispatch solutions. The load flow voltage profiles, based on the
economic dispatch results were found to lie within the operating
voltage limits of the system. Samples for light and heavy loads

voltage profiles.are presented in Table 7.4.

7.1.3 Discussion of IEEE 14 Bus Test System - Piecewise Active Results

The piecewise parameter cstimates shown in Table 7.2, stabilized
for a value of ridge k = 0.118, which resulted in a mean square error of
less than 1 for each loss submodel. The econoﬁic active dispatch-
results‘presented in Table 7.3, agree.very clearly‘with the load flow ;
resulté baéed-on the economic solutions which indicate that the
approximation made on the total power losses in thé interéonnections
(PLI).was‘a good approximation. The voltage profiles thét correspond to
the econémic dispatch solutions were all within‘acceptabie limits as
indicated in Table 7.4 for light and heavy load cases.

Comparing the results shown in Table 7.3 with the results obtained
for the entire uecwork given in Table 5.3, it is observed that there are

some differences between the total fuel costs. These differences “are

mainly due to the errors in the loss submodel of interconnections of this

example system. In the case of the IEEE 14 bus test System which was




) A Peat Yer13 L o
MW S/MWhi MW MW MW $/h
T25.9% | 8.97 5.000 20.361 -0.539 568.11

(5.692) (20.361) (0.140)

51.8 9.07 14,213 37.792 0.205 801.86
(14.444) (37.792) (0.379) o

77.7 9.16 | 26.931 51.839 1.070 | 1038.00
: (26.710) | (51.839) | (0.833)

103.6 9.26 39.676 65.940 2.015 § .1276.52
‘ (39.117) - (65.940) (1:472)-

129.5 9.35 52.448 80.094 3.041 1517.43
(51.760) (80.094) (2.349)

155.4 9.44 65.247 94,302 4.149 | 1760.76
(64.545) (94.302) (3.444)

181.3 9.54 78.075 108.565 5.340 2006.52
(77.459) (108.565) (4.639)

207.2 9.63 90.930 122.884 6.614 2254.74
(90.395) .| (122.884) (6.057)

233.1 9,73 | 103.812 137.260 7.972 2505.43
(103.336) (137.260) (7.501)

259.0 9.82 | 116.723 | 151.691 9.415 | 2758.64
. (116.638) | (151.691) | (9.333)|

/

* No convergence

Table 7.3 The Diakopthal Economic Active Dispatch of the

IEEE 14 Bus Test System




Load= 51.8+j14.7MVA Load= 259+j73.5MVA
Bus Voltage Angle | Vpltage Angle
No. p.u. Degrees p.u. Degrees »
1| 1.0300 0.0 '~ 1.0600 0.0
2 | 1.0321 -1.5257 | 1.0186 | -7.7755
3 | 1.0293 -1.2301 | 1.0205 ~6.4613 v
4 | 1.0827 =2.2706 | 1.0700 g ~11.8291 |
) 5 | 1.0689 -2.1302 | 1.0620 ~10.8584
6 | 1.0590 ~2.1302 | 1.0900 ~10.8584
7| 1.0824 ~2.4403 | 1.0565 ~12.4565 “
s | 1.0810 ~2.4678 | 1.0515 ~12.6310
: 9 | 1.0812 ~2.3968 | 1.0572 -12.3611
| 10 | 1.0802 ~2.4359 | 1.0552 | -12.6770 r
11 | 1.0794 ~2.4557 | 1.0505 | -12.7517 '
12 | 1.0777 ~2.6348 | 1.0359 ~13.5845
13 | 1.0300 ~0.1664 | 1.0450 —1.§§§1
14 | 1.0300 -1.8777 | 1.0100 °| -9.8431

Table 7.4 The Voltage Profiles of the IEEE 14 Bus System

Based on the Diakoptical Economic Active Dispatch

Solutions
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\Q

“torn as shown in Figure 7.1?\¥he total active power losses of inter-
connections were not small compared to the total power losses of sub-

networks A or B. The total fuel costs are expected to agree very closely

4
»i

in both cases especially when the torn branches are chosen to have a

minimum number of lines. However, it 'should be remembered that, large
loss models in practice cannot be accurately evaluated for the entire

x

network due to the problem of ill-conditioning. TQE plecewise loss
model based methods are expected to produce superior optimal solutions

for large power systems as fewer parameters are estimated at one time.

7.2 The Piecewise Active-Reactive Loss Model and the Active-Reactive

Dispatch Results

In this section, the activeé-reactive power losskmodel of the-
IEEE 14 bus test system’is eva;uated in a piecgwisevmanner. Based on
the evaluated loss model, the economic active-reactive disbétgh
schedules of ;he system are obtained and discussed. |

7.2.1 The IEEE 14 Bus Test System —.PieceWise Active-Reactive Loss Model

The single line diagram of this system is shown in Figure 7.1. The

network as a whole has two active-reactive generation buses, 1 and 13,
~and three purely reactive sources at buses 4, 6 and 8. The purely

reactive soufée submodels were evaluated .in Cﬂapter V, which rémain
unchanged in the piecewise analysis (see Tables 5.14 to 5.17) . The
active-reactive power loss submodel on the other hand, is evaluated
in é piecewise manner by the ridge estima;or. The number of paraﬁete;s
of the piecewise loss submodel and the number of lpoad flow results

required are listed in Table 7.5. From Table 7.5, the number of parameters

§
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of the largést submodel is 7, which requires a minimum of 8 load flow

results to evaluate the parameters of all submodels, which were carried

Model Pla Qo Pz Qs Pt Y
No. of 4 4 4 4 7 7
Parameters

No. of Load 5 5 5 5 8 8
Flows

Table 7.5 The IEEE 14 Bus Piecewise Active-~Reactive
Power Loss Model Parameter Evaluation Requirements

-

\

Id
out for the entire netwerk covering the entire load range of th%~system.
. v
Using the load flow results obtained, the parameters of the active®

reactive loss submodel were evaluated. The péfameter estimates obtained
are presented in Tables 7.6 and 7.7 for the active and reactive p@rts

|
respectively.

7.2.2 The IEEE 14 Bus Test System - Piecewise Active-Reactive Loss

e

Model Based Economic Dispatch )

Using the evaluated piecewise active—reac;ive submodel and tﬁe c
purely reactive submodels o6f this system,'the economic active-reactive
dispatch solu;ions'were,compuﬁed using the generator capacities given
in Table 5.6. The dispatch results obtained are presented in Tables
7.8 and 7.9 for the active and reactive parts respectivély. The load
flow ;olutions based on the economic dispatch results are shown in

brackets-in Tables 7.8 and 7.9. The load flow voltage profiles that

correspond to light and,heavy loads of the system are presentea in
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Table 7.10.

7.2.3 Discussion of. IEEE 14 Bus Test System - Piecewise Active-

Reactive Results

ol
As seen from Tables 7.6 and 7.7, the parameter estimates of PLA’

PLI’ QLA and QLI of this system stabilized at k = 5 x 10L5, while
the parameters of PLB and QLB were stable for k =40.O. The economic
dispatch results and the }oéd flow solutions, shown in Tables 7.8
,

and 7.9 agree very closely with one gnother, indicating the accuracy

of the loss model parameters and the validity of the dispatch solutions.
LThe differences between tﬁe two ;ofutions in the active and reactive
power generations at the slack bus (bus number 1), are picked up by
the éysteg total active and Zeactive power losses. The total fuel
costs obtained are lower for some loads than those obtained using the
diakoptical acti&e power loss model. The total fuel cost at the f
1007 load level (259¥j73.5 MVA) is slightly higher than that based on
~ the diakoptical active loss’ model. This is due to the‘fact that the
voltage levelg at this loéding are in general lower thanw?heir active

loss model based céunferp%rts. -The véltage profiies obtained using

the diakoptical active-reactiv~ loss model were all within' the limits

of the system operating voltage levels. ‘ NP2



(9.320)

R
% N
,‘,}" .
oo A Fo1 613 L Fo
MW S/MWh | MW MW M $/h
25. - - - - N
51.8 | 8.95 13.314 39.566 1.080 809.70
(12.780) (39.566) (0.516)
77.7 | 9.03 24,257 54.905 1.462 1041.85
(23.810) (54.905) | (0.986) -
. 103. 9.11 34.661 70.785 1.846 1275.73
(34.500) (70.785) | (1.686)
129.5 | 9.32 43.737 88.003 2.240 1511.62
(43.864) (88.003) (2.344)
155. 9.53 50.813 107.665 3.078 1753.83
(51.237) (107.665) (3.509)
181.3 | 9.60 58.112 127.139 3.951 /1998.29
(58.786) (127.139) +| (4.628) //
" . : A
207.2 | 9.69 70.664 '141.970 5.434 7| 2248.60
(71.210) (141.970) (5.98
233.1 | 9.79 84.394 155.869 7.163 | 2502.56
(84.686) (155.869) | (74536)
259.0 | 9.89 99.438 168.764 9.201 2760.78
(99.491) (168.764)

of the IEEE 14 Bus “lest System (Active Part)

e

Table 7.8 The Diakoptical Economic Active-Reactive Dispatch
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LB Y % %13 Qv Qve v1s R
T MVAR | $/MVARh MVAR MVAR MVAR MVAR MVAR MVAR
7.35| - - - -~ - - -

14.70 | =0.12 5.999 240,000 ~3.651 ~6.000 | 14.818 222,647
(4.837) | (~40.000) .| (-3.651) | (-6.000)| (14.812) | (-23.771)

22.05] -0.16 | 13.225 | -40.000 -5.381 ~6.000 | 18.861 ~20.400

. (11.898) | (-40.000) | (-5.381) | (-6.000)| (18.860) | (-21.979)

29.40] 0.20 | 22.141 ~40.000 ~6.000 ~6.000 | 20.488 ~17.752
(22.215) | (=40.000) | (-6.000) | (-6.000)| (20.489) | (-18.634)

36.75| -0.22 | -8.657 2.450 -6.000 -6.000 | 18.471 | -15.379
(-8.355) (2.450) | (=6.000) | (-6.000)| (18.470) | (-16.037)

44.10| -0.23 | -38.751 50.000 ~5.983 ~4.491 | 11.581 ~10.534
(-38.751) | (50.000) | (-5.983) | (-4.490)| (11.581) | (-11.535)

51.45| -0.27 | -20.230° 50.000 ~3.834 -0.978 | 0.0 -5.163
(-20.257) | (50.000) | (-3.830) | (-0.978)] (0.0) . (~6.505)

58.80| -0.32 | -16.664 50.000 | -0.102 4.029 | 0.0 0.561

| (-16.364) | (50.000) | (-0.102) | (4.030)- (0.0) (-0.979)

66.15| -0.36 | -14.835 50.000 5.460 10.722 | 0.0 6.819
(-14.953) |  (50.000) | (5.460) | (10.720) (0.0) (5.512)

73.50| -0.40 | -16.936 50.000 13.097 | 19.293| 0.0 '13.751
(-16.724) |  (50.000) | (13.100) | (19.290) (0.0) (13.232)

RN

Table 7.9 The Diakoptical Economic Active-Reactive Dispatch

of the IEEE ‘14 Bus Test System (Reactive Part)




Load=51ls+j1a.7 MVA Load=259+j73.5 MVA

Bus ’Vbltage ~ Angle Voltage Angle
No.. p.u. 5Degrees p.u. Degrees

1 | 1.0000 0.0 1.0480 0.0

L2 1.0003 | -1.5386 ( 1.0125 ~7.5905

3 | o0.9971 | -1.2305 | 1.0155 -6.3054
4 | 1.0516 ~2.3490 1.0663 -11.7061
5 | 1.0358 | -2.1735 1.0586 ~10.7058
6 | 1.0255 | -2.1735 1.0898 | - -10.7058
7| 1.0492 ~2.4990 | 1.0526 12,3172
8 | 1.0481 -2.5320 1.0476 =12.4942
o | 1.0601 | -2.4688 1.0534 ~12.2324
©10 |. 1.0487 ~2.5236 1.0514 -12.5587
.11 | 1.0%7 | -2.5405 1.0467 -12.6323
q%\\;z 1.0450 | -2.7164 1.0320 -13.4614
13 | 0.9929 0.0051 1.0491 | ~1.5779
14 | 1.0057 | -2.0370 0.9868 -9.3999

‘Table 7.10 The Voltage Profiles of the IEEE 14 Bus

Tesr System Based on the Diakoptical

Economic Active-Reactive Dispatch Solution

135




"8.1.1 The Ridge Regression Estimation Rbuting.

v CHAPTER VIII
DISCUSSIONS, CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

Discussions of the loss model based economic dispatch methods

proposed in this thesis are presented in this chapter. The chapter

%,

.also includes the conclusions and 'suggestions for future research work

] .
in optimﬁm eoonomic dispatch of electric power systems.
/ ’ .

t<;///?<i\/)ﬁiscussions of the Proposed Methods

The proposed methods, are based on the ridge regression
estimation algorithm which is used to evaluate the various network

models of the power system. The performance of the proposed methods

largly depénd on the performance of the ridge regression algorithm.

v

The problem of ill-conditioning is often encountered in the

‘evaluation ofvpower system network loss models. This problem gives

. . ) . . i . ) :ﬂ, f“ \(Yi‘
rise to uhstable parameter estimates when ordinary least squares Or

_ . .
similar methods are used to'evaluate the network loss model parametérs.
The ﬁethod of ordinary Teast squares is sensitive to slight variations
iﬁvthe observed data. The ridge regression on the other hand is not
affected by small changes'iﬁ the observation data and produces

stable parameter estimates. The pérformahce of the ridge estimator

was evaluated by comparing it b the Powell regression algorithm

(58, 59) The active po&er loss model of the IEEE 30 bus test system

y the above two estimation routines, using tﬁé'same:
11ts of the system. It was observed that for a

:al to zero (ridge estimator reduces to ordinary
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1

least squares when k = 0), the parameter estimates obtained by the
ridge estimator resulted in erroneous economic dispatch solutions.

. ' i . A .
Feeding these parameter estimates as initial guesses into Powell

‘regression algorithm, the latter routine gave no improvement on the -

results. For small poSitive values of k, the ridge estimates stabilized

-and resulted in accurate dispatch solutions. Using these rew parameter

estimates as initial guéSses in Powell regression gave no improvement

.over the ridge estimator results. Powell algorithm requires good initial

guesses to converge into a solution. The ridge regression g¢an treat
ill-conditioned situations and requires no initial guesses.

8.1.2 The Progpsed Methods Versus the Optimal Load Flow Methods

:The performance of the proposed dispatch methods were e?aluated
by~comparing their dispatch solutions ﬁo the dispatch solutiéns obtained
by the optimal load flow method reported.in Refereqce'60..fhé éample
test. system used for this compérisoﬁ is the 5 bus test system reportéd
in Reference 4. The p:opoéed active power loss_quel based dispatch

method is compafed to the optimal load flow method with fixed generator

‘ﬁdltages while the proposed active-reactive dispatch method is compared

v

{
to.the optimal load flow method with variable generator voltages.

1
*

The'single line diagram‘of the test system in question is shown

E£Y

in Figure 8.1, which contains two active-reactive geﬁératioq buses,
1 and 2. The;ac;ive power loss model of this system was evaluated from

load flow studies of the system. The parameter estimates obtained by

‘the ridge estiﬁgtor for k = 0.031 are given in Table 8.1. Based on the

- .

loss model parameters and the cost coefficients shown in Table 8.2,
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Gem. 1 . . | | | Gen. 2 - A

Figure 8.1 The 5 Bus Test System (4)
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< -
Ridge k = 0.031
Parameter Estimated Value Parameter Estimated vang
KLO 0.000920 Bll 0.026717 \
'301 J 0.000929 |oBy, 0.013661
_B02 -0.006847 B22 Q.OZ&IAO

Table 8.1 The 5 Bus System of Reference 4. The

Parameters of the Active Loss Model in p.u.

on 100 MVA Base.

: Gen. No. S a B Y
$/h | $/Mwh ~ $h/ (Mwh)?2
1 L4 .4 3.510 0.005
2 40.6 © 3,890 0.005

<

Table 8.2 The 5 Bus Generator Cost Coefficients of
: ¢
‘Reference 60.



Y

the economic active dispatch solution of the power system under

consideratioh, was obtained as shown in Table 8.3. Table 8.3 alsc

contains the results obtained by the optimal load flow method of

Reference 60, for comparison,

140

Proposed Active Dispatch Optimal Ldad Flow Method
' With Fixei’Generator Voltages
Method of Reference 60
Bus Voltage Angle P Q Voltage| Angle | P Q
No. p.u. Degrees | MW MVAR p-u. Degrees| MW MVAR
1) 1.0200 | 0.0 197.052 | 27.561 | 1.0208h 0.0 97.000| 27.600
4
2 1.0400 -2.191 68.123 53.141 | 1.0400 | -2.189 68.100( 53.100
3 0.9552 ~6.443 ‘-Q0.000 -30.000 | 0.900 -6.442 ~-60.000{-30.000
4 0.9227 -9.479 —40,000 -10.000 | 0.9000 | -9.478 -40.000(-10.000
5 0.9931 -4.189 -60.000 | -20.000 | 0.9000 | -4.188 -60.000{-20.000
Total cost = 760.87 $/h Total cost = 760.61 $/h

Table 8.3 The Optimum Economic Active Dispatch of
the 5 Bus System (Proposed Method Versus

Optimal Load Flow Method)

As seen from Table 8.3, the sblutions agree very closely with
one another. If th¢ ac;ive powers obtained by the pfoposed method
are rounded off, it will give a value for the total fuel cost of
760.61 $/h . which is identical to the value obtained by the optimal
load flow method.

3

The active-reactive power loss model of the 5 bus system shown

»
in Figure 8.1, was evaluated from studies of the

system. The parameter estimat

~
~—



shown in Table 8.4. Using these parameters and the cost coefficients

Ridge k = 7.5 x 107
Parameter Estimated Value Parameter Estimated Value
K op -0.000745 Ko -0.002980
Fosy 0.000142 Eop1 0.900556‘
Eopy -+ -0.001043 | Eqp2 ~0.004137
Epqy ~0.000949 Eqql ~0.003808
Epg 0.008182 B 0.032725
- 0.020504 | Bo1p 0.082035
Aoy 0.006891 Aoy ©0.027569
AP;2  0.016544 | AQEZ 0.066129
By, 0.001131 | ﬁle 0.004501

Table 8.4 The.5 Bus System of Reference 4. The Parametgrs -
" of the Active-Reactive Loss Model in p.u. on

I3

100 MVA Base. -

of Table 8.2, the economic active-reactive disnatch schedules of the
system were obtained as shown in Table 8.5. This Table also includes
the optimal load flow solution of the system with variable generator

voltages repofted in Reference 60. From Table 8.5, it is obcerved

that the two/solutions agree very closely ir tkz active power generations._

There are however, small differences in the reactive power generations.
d | . X _Eh '
. i
|
These differences are as a result of the different voltage profiles
, | |

obtained in/each case. cﬁhe proposed method gave slightly lower bus
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Proposed Active-Reactive | Optimal Load Flow Method
¥ | With.Variable Generator Voltages
Dispatch Method " | of Reference 60.
\ Bus Voltage { Angle P Q Voltage |Angle [P Q
WNo.| p.u. Degrees { MW MVAR p.u., |Degrees| MW MVAR
| : ro
1 [1.0900 0.0 97.834 { 44.110{ 1.0900 | 0.0 98.000 41.200
2 11.0733 ~-1.4534 66.689 33.976 | 1.0790 |-1.571 66.400 36.800
3‘ 1.0085 -5.4879 | -60.000 [-30,00011.0120 {-5.528 | -60.000 { -30.000
4 10.9873 -8.2186 { -40.000 [-10.000 | 0.9900 |[-8.222 | -40.000 | -10.000
5 |1.0468 -3.5056 [ -60.000 | -20.000 | 1.0500 {-3.550 | -60.000 | -20.000
Total cost = 757.75 $/h Total cost = 757.34 $/h

Table 8.5 The Optimum Economic Active-Reactive Dispatch-

of the 5 Bus‘System (Proposed Method Versus

Optimél Load Flow Method) |
voltage levels in general which resultedAin a slighgly higher wvalue
for the total cost (i.e., 757.75 $/h as_cémpa}ed to 757.34 S$/h).
The sum of the reactive power generations is the same in both cases.
The differgnces in thg reactive p9we£“generations are expected to
diminish when the base load flow solutionsbused to evaluate the active-~

“4

reactive power loss model of the system are obtained at higher voltage

levels.

8.1.3 The Proposed Economic Active and Active-Reactive Dispatch Methods

In general, the divided active-reactive power loss model (ive.,

the active-reactive sources are separated from the purely reactive



sources was found to give superior economic dispatch solution; to the
active power loss model based dispatch method (32, 61). The active-
reactive dispatch method, can handlé voltage variations and ?ériations
of Q/P ratios of the pOWef system. If the purely reactive sources

are inc;uded-in the active-reactive loss model, the number of
parameters to be evaluated will increase drastically, increasing the
number of data points required for the pérameterqestimation procedure.

/

For example, in the case oftthe IEEE 14 bus,test/system, the‘number

of parameters will increase from 9 to 30. The inclus?on of the purely
reactive sources in the active-reacti§e loss moéel is also likely to
cause ill-conditioning which will result in unstable solutions. If

the function of a purely reactive source is to maintain, voltage levels,

the separation of the purely reactive sources from the active-reactive

“gources is satisfactory. If however, it is to control power losses,

then it can be included in the active-reactive model as an active-

reactive source which is always at its lower active power limit (i.e.,

-
“

zero) .

Aithough\?ﬁﬁ active-reactive loss model based method gives
imbroved‘diSpatch results over the active dispatch method, the latter
has advantages with respect to computational time and storage'as fewer
parameters are assoclated with thé active power loss model, and fewer
variables are evaluated in the optimization algorithm.

.

8.1.4 The Proposed Diakopiical Active and Active-Reactive Dispatch Methods

The advantages gained by using the diakoptical active and active-
reactive dispatch methods proposed in this thesis, as opposed to

analyzing the power network as a whole are twofold:
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significant savings in the computational time ang

storage

N

minimized possibility of obtaining unstable parameter

estimates

The savings realized for the example systems tested in this thesis,

which were torn as described, are summarized in Tables 8.6 and 8.7 for

the diakoptical.active and active-reactive power loss models respectively. .

'

-

Torn Network

Entire Network

Minimum No.

Power |Maximum No. Minimum No. Maximum No.
System | of Parameters of Load Flows of Parameters of Load Flows
5 Bus 4 5 6 7
14 Bus 4 5 6 7
11 Bus 15 16 28 29
23 Bus 15 16. 28 29
S
Table 8.6 The Number of Load Flow Results Required to
9
4 . .
- Evaluate the Parameters of the Diakoptical Active
. Loss Model and the Entire Netwofk Loss Model
Torn Network Entire Network
‘Power | Maximum No. Minimum No. Maximum No: Minimum No.
System | of Parameters of Load Flows of Parameters of Load Flows
5 Bus 7 ¥ 9 10
14 Bus 7 8 9 10
11 Bus 29 30 49 50

Table 8.7 The Number of Load Flow Results Required to Evaluate

the Parameters of the Diakoptical Active-Reactive

. Loss Model and the Entire Network Loss Model



The diakoptical based econmomic dispatch solutions are expected
to agree with the entire network based dispatch: solutions in the
total cost. Variations in power generation schedules are expected,

_ sipce the total cost function has a wide and almost flat minimum.

v,
Ttag,,
Taq
ALY
AX?
1

-Begause of this phenomeﬂon, any errors in thé evaluated loss modél can
cause‘shifts in_generations (62-64). 'The shift in power generations
can also be caused by variations in bus voitége levels of the base
load flow results used in theievaluation‘of the loss models.

th?large power systems, the diakoptical based economic dispatch
solutioﬁs are expected ta.be far supefior tq the sblutions based on the
entire network los; models. To show the effectiveness  of the diakoptical
based eéonomic dispatch methods, the 23 bus test system shown in
Figure 8.2, was analyzed by the diakoptical active dispatch methoé and
by the entire network loss model based method. - The generator.capacitieé
¢ used are given in Téble 8.8.. The cost coefficients of these tﬁermal
generators are given in Table 2.1. The economic dispatéﬁ and the

feedback load flow solutions obtained for this system gre shown in

Table 8.9. The load flow vqltage profiles based on the economic dispatch
‘ - . /
solutions are given in Table 8.10. As seen from Table 8,9, the

diakot -ical method posed no problems and proddced fﬁe(diSpatch solution
in three iterations (the piecewise active power loss model parameters o
are given fh~Appendix E). However,’in analyzing the entire network

lbss model, -it was observed thaf the system matrix D had three small
eigenvalues which is an indication»ég ill-conditioning. Depending on
the‘seVerity of ill-conditioning, thé parameter estimates obtained may

or may'not result in accurate dispatch solutions. Based on the pqrameter

estimates obtained, the dispatch algorithm converged to a solution after

-
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Figure 8.2 The 23 Bus Test System



Source Constraints

Generator | Generator v . Bus
Number Size (MW) MW MVAR A Number
1 400 sti Pgp S 400 | =100 < Q.. < 200 1
2 200 5 <Py, <200 | - 30 < Qgy < 194.65) 2
3 400 5 < Pgy < 400 - 30 £ Qgy £ 40.0 | 11
4 800 10 < Po, < 800 | -120 < Q,, <430.00 [ 14
5 800 10 < P < 800 | -155 < Q.. <514.13°| 20
6 1200:7 50 < P, <1200 | -205 < Qgg <774.96 | 23

Table 8.8 The 23 Bus Test System Generator Capacities - Coal

Y

System Load = 2643 + j660 MVA.~

Torn Network Entire Network
Variable| Economic Load Flow Economic Load Flow

Solution Solytion Solution | Solution ’

PGl MW 200.929 200.449 220.870 213.968
Po, MW 26.926 | 26.926 28.867 28.867
PGll MW 202.978 202.978 220.891 220.891
PG14 Mw 666.182 666.182 668.016 668.016
PG20 MW  627.257 627.257 492.711 492 .711
PG23 MW '955.878 | 955.878 1055.308 1055.308
PLoM 37.150 | 36.684 43.665 36.817
Fy $/h | 25310.540 25397.052
No.of 3 50
Iter,

Table 8.9 The Diakoptical and Full Network Economic

Active Dispatch of the 23 Bus Test System
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System Load = 2643 + j660 MVA

Torn Network | Entire Network

Bus Voltage | Angle Voltage Angle
Number . P.u. Degrees p.u. Degreesq

N

1 | 1.0500 0.0 1.0500 0.0
2 1.0220 ~5.2950 | 1.0220 ~5.6420
3 1.0210 ~0.0050 | 1.0210 -0.1300
4 1.0020 ~1.7300 | 1.0020 Q0270
5 1.0030 | ~-3.6590 | 1.0028 -4.1970
6 1.0030 ~1.6160 | 1.0027 ~2.0790
7 , 1.0018 —a.2970 1.0011 :ﬁ.813b
8 | 1.0136 | -0.4710| 1.012¢ | . -1.1600
9 1.0109 ~2.6800 \ 1.0099 ~3.2460
10 ' 0.9960 ~6.0060 | 0.9960 -5.8540,
11 '1.0350 -4.5180 | 1.0350 ~3.7570
12 1.0459 2.3110 | 1.0462 0.9390
13 1.0434 |  4.4780 1,043 3.6590
14 1.0500 |  5.0860| 1.0500 4.0060
. 15 11,0307 2.1230| 1.0311 0.0700
’ 16 11,0267 | 8.1230 1.0251 6.6860
17 1.0203 '6.1390 1.0189 4.2880
18 1.0267 5.0630 | +1.0268 2.3590
19 1.0214 4.7080| 1.0219 1.5520
20 1.0500 | 10.8570| 1.0500 6.4350
21 1.0350 ‘7§65$D 1.0355 3.7610
22 |- 1,0525 7.4330] 1.0390 | * 4.0090

23 1.0500 | 13.2150| 1.0500 127?62,0 }‘

é‘%& Table 8.10 The Voltage Profiles of the 23 Bus Test System Based on the

Economic Dispatch of the Diakoptical and the Entire Network

Solntdiane
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50 iterationé to the same accuracy of the diakoptical solution (i.e.,
=12 -
an accuracy of < 10 on the Newton-Raphson function vector f) as
‘shown in Table 8.9. However, the dispatch solution wPen f%ghback into
the load flow program, the solution obtained did not agree With the
dispatch result; While both véltage profiles of Table 8.10, are
within the base 1¢ad flow voltage limits, the total cost in the case of
the entire network'is much higher than the diakoptical case. In the
diakoptical cgse, the disﬁétch and the feedback ioadﬁflow solutions
_are in close agreement.

In the diakoptical analysis, the approximation made on the total
power losses of,interéonnections is a good approximation as is evident
from the results obtained for the various power systems tested.b This
is particularly true, when the,interconneétions of the torn nétw0rk ére
chosen gb have a minimum number of lines. If the torn sgbnetworks have
much higher}total power losses than interéonnéctions, the quadratic
terms in the approximéte models of interconnect;ons can be neglected, and
if the losses i; interconnections are very sméll compared to the losses
of the torn subnetworks, these losses can be neglected'altogether.
Thié~is expected to give satisfactory solutions, since small variations
in the total losses will only cause shifts in generations in the flat
minimum bortion of the total fuel cost function. This approximation will
significantly reduce fhe computational cost in the parameter estimation
procedure. |
8.2 Coﬁclusions_

In this thesis, two new approaches to the economic dispatch problem
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in electric power syséems, were proposed and rigorously tested. The
first method.is suitable for small po@er systems with a sma¥ number
6f generation buses. The second method; uses diakoptical techniques
Fo/handle large power séétems. The proposed meéhods retain the
simplicity of the ciassical dispatch méthods and produce better{éccuracy
fér different system load levels. The presented methods are also
superior to the claésiéal dispatch methods that update';he loss model
coefficients iteratively from load flow results based on previous .
dispatch solutions. ) . B

- The proposed methods produce economic dispatchisolutions that
agree very closely with optimal load fiow metﬁbds with fixed and
variable generator voltages in less.compuﬁational giﬁe and storage.

The methods do not provide the flexibility given by optimal load flow

.methods, for exaﬁa%e,-transformer tap changing. 1In practice, however,
v

given well known problems with convergence and,se§§§;ivgpy to load

S Wy
flow mismatches of optimal load flow methods, the ;;oposed'methods can
be superior to optimal load flow.metho&s, ﬁarticularly where tﬁe
dispatgh solutions for mény sy;tem load levels éfe'required.

Tt ﬁbroposed methods can handie ill-conditioned situations (i.e.,
- when small eigenvalués are encouﬁtered in the parameter estimation
procedure), and well-conditioned casés, as they are based on the ridge
regression algorithm, which has proﬁen to gteat multicolinearities.

If the'ill—cdhditioning is severe, the network may be evaluated in a

piecgwisé manner. The methods are simple to implement and can be used



.

for on-line economic dispatch schédules of power systems as the bulk of the

ocomputational effort is done off-line. -

-~
i 4

8.3 Suggestions. for Future Work

It

would be worthwhile to explore the following areas:.

apply the proposed methods to mixed hydro-thermal power systems,
solve, the optimization problem in a piecewise manner and compute the

v

total optimum fuel cost. This will result in area or dubnetwork *

incremental cost of generation, ~
evaluate a form of tearing where the interconnection power losses
are included in the subnetworks, i.e., tear at the connection points.

This requires extra fictitious buses, but should pose no problems,

evaluate the loss model coefficients using the decoupled load flow

program.
R

The thrust in alternatives 3 and 4 is to minimize the computational effort

<

in the loss model evaluation procedure.
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APPENDIX A
THE ACTIVE AND AC?IVE—REAQTIVE POWER LOSS MODELS AS
FUNCTIONS OF POWER GENERATIONS
The active power loss model of a transmission network, is a
simplified version of.ﬁhe active~-reactive power loss model. This
. 5 :
simplified model islobtained by making certain assumptiops on the
network operation. The active-reactive lass model 1is given first

followed by the active power loss model.

A.l The Active-Reactive Power Loss Model

This model can be arrived at by considering the complex power

balance equation of a_transmission network which can be written as:
B ¢ R .

7]
+
2]
|

I e~—3
Z

. i =‘0.0 , | (A.1)

where,

S, » S; - the sysﬁem total compléx load demaﬁﬁ and ;hé system
total coﬁplex power losses respectively "“,
S... - the complex power generation.of thebith unit
‘m ~ the number of generation sources feeding the power~ ‘
network . ‘4'_\\\\‘~\—\_ﬂ.\
, , ' w&@’m\ e
Equation A.l, may be written in terms of the real and im;ginary qﬁéhtifié;'

as given below: .

-
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+jQ =
P+ 3Q

N8

(Pyy + 3Qy) - (PD + 30p) | (A.2)»
where,

P, Q - the active and reactive powers respectively
D, L, G - represent demand, losses and generation respectively

5

The network bus voltage and current vectors in rectangular form are

o

giveﬁ by: N .
- | (4.3)
V=V +3jV A.3
- > J AR
¢ |
I=1 +31 (A.4)
- P 4 B
. &B |

where,
P,q9 - represent the real and “imaginary parts respectively

The complex power losses can be written as:
I A S . (A.5)

L= = *

' where,

* - represent complex conjugate . ﬁk‘
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The nodal equation of the power network in combact form is written as:
/ .

kd

-0

I=YV " (A.6)
, ~
where, -
'Y - the bus admittance matrix of the network <
&4 . .
-}.
and,
Y=G-3jiB ‘ ‘ aA.7) )
.
-Where,
g #
G, B - the cohductqﬁce and the susceptance matrices of  the
V) .
network ’
..

, o o
Substifuting eduat&pts Af3'?,’4-aﬁ*VAa7 into equation A.5 gives the
‘ R R -

%Y

!

following equatioﬁg_f

.

&

‘ oo T TarA ) |
%+JQL-W?+J%H§fJMQP-j%l  (A.8)

i3

e \

Simplifying equation A.8, and equating théAreaI and imaginary parts,
i : .
the active and reactive power losses are obtained as given below:

%

g.



T T
P =V GV +V GV A.9
L == —g=-g o (A.9)
T T .
=V BV +V BV A.10
% PTTP 4 g (4.10)
The complex power at ‘the ith node of the network is given by: )
R
+ = * (A,
Pi 3 Qi Vi Ii , . (A.11)
[}
3
/
and, s .
1= ]1,] [cos 6; + 3 Sin o ] - | ‘ (A.12)
The voltage at the ith node is given by: - y
Vi=vpi+J vqi ; | ‘ (A.13)
Substituting equations A.12 and A.13, into equation A.11, gives:
P,+3Q = [vp]L + 4 ti]'_IIiI[COS 8 —.j Sin si] ( (A.15)
. s,
equating the real and imaginary parts, then, N
€
P, = IIiI [vp_i Cos &, + Vs Sin 5,1 = (A.15)

and,
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Q = |1, [vqi Cos 6, =V 4 sin 6] _ - (a18)

The active and reactive components of the voltage at node i, can be

easily obtained from equations A.1l5 and A.16 as given below:

o | | | |
Vo S‘TEZT' [P, Cos 6, - q, Sin 5, : o . (A.17)
‘énd,,
v == [P OSin ;. +Q, Cos 8,1 . - B (A.18)
IACTEN i 17 i , :
|
-~ '. L i‘
M = diag[Cos ai/|11|] | (A9
and
N = diag[sin 8 /|1 ][] : \ © (A.20)

»*

for 1 = 1, 2, ..., n, where n is the number of buses.in the network.

The active and reactive parts|of the bus voltage vector in compact

form are then giveniby: * ‘-

=MP-NQ , | B | (a2l
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\
-~

=NP+MQ.

~.

Substituting for V_and V_ into equation A.9, gi&es:
v _ —P -q : ‘

po=[Mrp-nal'.c [P -y
B v,
T
+[NP+MQl” ¢ [NP+MQ],
multiplying through and rearranging, ‘gives:
, ‘ L,
po=le'u -Q'N] ¢ Mp-nQl -
TN+ 0 M) ¢ [NP+ig]
EquétionvA.Za, in a more‘coméact.form may be written as:
- . T
o=l o lfaf e+ om —afon
®en-new o on
- Let:
A T T )
P

|ro

(A.25)
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»
4
,':%'
and,; )
B =M GN-N GM (A.27) .
P - 7T T 7T 2 L -
/ _ , # -
then equation A.25, may be written as: S
- M [ 2| [ o
po=[P7 Q] 18 Bl R | -
- (A.28)
?‘ .§P ﬂP 9’ . I3 "
C 1L f . |
P
where, ‘ 9 ;
. ::q \ ."‘
Ajis = Gy Cc?s(ﬁi - csj) 1] IIj,l | (A.29)" \
: : | o o ‘
" and,- i - '
) - \:>
~ A ' ‘ ; Y‘
. } ‘_; -‘ ; . : // : ’, ‘ L
Bij = Gy s%ngsi 83 I_Iil lljl ” (A.3(.))‘ | ,
4 . \ — ) '
The net active and reactive powers P and Q, may be partitioned into .
= g . el ‘ i ] : i
‘generation and demand as given below: : by \\
T T T, - R
R AL RN - . ‘ (A.31)
: [ Y i _
T T Ty . '
Q =[o, -oi. v (A.32).
| .

The matrices éP‘and §P,:may'also Bé partifﬁoned‘accordinglw,as givén-

below:
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=PGG 46D N
Ay = . : ' (8.33)
Appe Appp
. ey
}
. ‘ '
and, ,
Boac  Epep |
. By= - (A.34)
) Benc Bppp
. © T
The matrix éP is a square symmetric matrix with é£‘= éP’ and the
matrix EP is a’ skew symmetric matrix with §§ = - EP' Substituting
|

; equations A.31, A.32 and A.33, A,34, into equation A.28, the network

‘ . ' i o
total active power losses can be written as:

where,

_
T T ‘
P,L = Kop * [EPP EPQ] 2

Epp = 2[§PGD Qp = Apep ED]

L)
H

y
N -
Broc | | e |,
(A.35) ¥
S| | %
4 L
(A.36)
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Epq = [Bppg Py = Appg Q] (4.37)
i
and, \V
) +
T T ‘ T -
Kop = By & [ ey Bppy | [ By
| (A.38)
“Bppp . 2ppp 9
- S '
k4
wﬁere,

v

G, D - stand for generation and demand respectively.
Similarly, an expression for the total reactive power lossés_in .

terms of the active.and reactive power generations of the network may

\
be written as: ‘ \%k ' \
e T T | | -
! T Kog t[Ep Egel | 2 L ' \

N

+ LP{E 92::] F—A-QGG Boce r—PG P
- (A.39)
Boce Bogec | | % o
- J L 4 (}
L ;o J
The coﬁfficeinFs KLOQ’ EQP and EQQ’ arg §imilar't€ the éxpreigions of vy

l

the active power loss model PL. )
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* ¢

At this point, the expressions given by equations A.35 and A.39

.

are general expressionaf The coefficients of these expressions are
functions of the system voltages and loads and hence are not constant:>

In this thesis, quadratic expressions for the active and reactive power
R ~ . i B . ‘ . N . '
losses of the sysdem under consideration are assumed as given by / L

-

eﬁuatioﬁs A.35 and A.39. The coefficients of these expressions are

evaluated by the Ridge regression estimator from a set of load flow

5

results of the system, which arevobtained for different Syétem load;and,

voltage leveis. This set of load flow results, define a feasible | f,&%

S

operating region of the power system under considerétion.' The evaluated’
;quadratic functions, are functions that best fit the system power losses

. & ' .
over the entire range of system loads considered.

A.2 The Active Power Loss Model

; N 5 ‘ .
In the classical method of evaluation of the economic dispatch

. j :
schedules of a power system, the active power loss model is formulated
from the active-reactive power loss model by assuming.that the ratio

of reactive to active powers at any node remains constant. This assumption

impligs that the reactive power generation at node i, can be written as

¢

a linear function of the active power generation of that node as given
.~ Y - o :
by the following equation: o

i =Yoot LT . . _ ~ (A.40)

Equation A.40 in compact form can be written as:
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= . ' AN R . .
TG tER o ean
Whe.re)' B ‘ - ‘ —_— oo | ‘ o
- aia’g\{\fi]'_, T I ; (A.42)

Substituting equatioﬁ A;Al into equation A.35, the new médelpcoefficients

\

are given by: o0
B = A w + FT‘ ' F + 2F “B . V(Ak"‘.43)
=7 2PG6 T < PGG — =~ —PGG R : :
and,.
B ¥'ET + 20 [A V ‘ T + o - : (A.44)
S0 T Zpe T %0 Ao E Bpged tEE .
~and, ' 9
N
ekt ( (4.45)
Ko = Krop 9(;0 Pcc; Qo * PQ —O\Go :
/, ?
¥, . . ‘ ‘ /'.; .
whe:ef g N ' ~ Y .
=[N Q. A
%0 = 1% %20 -+ %o (4.46).
| | - .
where, m is the number of generation buses of the network. Collecting
. . \\ .

terms, the active power loss model may be written as:
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. ’ .
P = +B P +p. BP .o 5 (A.47)
* L KLO -0 G -G — -G A :
The matrix B is a square symmétric maprix?. EquétionyA.47, cary be written
in a summation form as: ¢ o
TSN | FONE
P = + *B P.. + P B,, P I (A.48) SR
. i i G . ’ - (TN
L :AKLO j=1 IO G =1 =1 Gi "1ij h) ’ .
“ ’ . \'.a

As the caée'of the active-reactive power loss model, the co- -«

1énts of equation A.47 or A.48, are functions of VOitages‘and loads 'f;'
.aﬁd hencg are not constant. In.the cléssical method, these-coefficienté

“are a;sumed t5 rema;n cons£ént. In this thesis}lamsuadrétic functioﬁ‘

as‘that givén by equation A.47, is assumed. The parameters of this

qUadfatic function for a given power system, are.evaluated in a similar

fashion to that discussed for the active-reactive loss model.



o . APPENDIX B
MATRIX SCALING:
In gentral, scaling of a matrix minimizes the round»off-érrors_in

Al

the matrix inversion procedure. Matrix scaling can be obtained using

N 4 L
the following schemes (40): “ {!
1. . rS;:;:;ling'. ‘ 1
. 2. column scaling liﬁf ‘
3. column scaling to unit column lengths

Row aﬁdvcolumn scaling are obtaiqed’by dividing eagh eiemeht in each

TOowW Or column.bf the largest absolute value in that row or column. The
‘most éffective séaling scheme is the third scheme. In the th%yd scheme,
the matrix is scaled sucﬁ tﬁ;t each columh_of the matrix has a unit
length. ‘ThisISCaiing technique is used to examiﬁé the cond;tion of a
given matrix. A Aatrix with small singular values Suggesfs'near/
dependices between the matrix columns; " To scale a matrix to unit column
léng;hé, Fonsider the f6110§iné equation:

f=ax 5.1)

The vector ¥ is of (nxl), A is of dimension (nxp) and the vector x Is
N - : S .
of dimension (pxl). To scale the matrix A and the vector Y to unit

column lengthé, divide each element ‘in the column of A by:-

172
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»
. . . S
i 2 . :
Z (ai.) o= é;— o : (B.2)
i=1 J 3 ‘
wherey
3= 1,2,..00p, - A R

- . , B ; X
and divide each element of the vector Y by:
4
0 L S . o o ,
2 : e '
T apt T — — - ) (B.3)
1 i=1 " ° : ptl g T B
where ;he'length'Ff_any vector C (say) is given by:
_ . ' o . 4
T 1 n - ;5 = .
lell = [eed® = [ ] ¢ e (8.4)
P . i=1 :
N . ‘ . ) [,..) ' 5 e ¢
- where, j ‘ / '
.
’||-|| ~ the norm of, the vector.
: 2
Le; D be a diagonal matrix given by: ¢
’ "
D =\dia - [d d d ] o | T 5)‘
— g l 2 » e p . A ) ) .
then .
‘ N
A (scaled) =AD . - B © (B.6)
-8
\
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D

L,

(3 s : ’ ] ' .
Column scaling the matrix equation B.1l to unit column lengths gives

4

the fSllowing equétion:

'\
a4 ¥=[anlz, (3.7)
“
where the vector gjis-giyen by: .
Z = . D v D) B.8)
Z=d D). A @y . (B.8)
‘The solution vector x is found.-as follows
. Y =4 ax, (B.9)
~
hence, _ :
/ - -1 T  (B.10)
Z=4d [(A Tl @ D)] ° D AT A x , . (B.10)
=7 St == R |
i;?
this gives:
l 7 - - v '
x=3— [blz, Q (B.11)
i +1 .
/ ’
o A
since, "
=1 - k ' v
1o -1, ' o (B.12)
| ¥
E I a
o
.



andv

where,

L
I - a unit matrix.
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for different load and voltage levels to create a|feasible operating

-
. NAPPENDIXC - e
’ ¢ . ' : :
Aﬁ%LICATION OF LOSS MODEL BASED ECONOMIC DISPATCH . ,
\ , ' , ‘t ). i
<3 . METHQDS'TO‘EXAMPKE TEST SYSTEMS

This appendix presents the results obtained fbr‘the 5 bus and

the IEEE 30 bus test systems.. These fesults_inclhde,'the,aétive and

o .

- . . . -1 - S ’
active-reactive power lgss model parameter estimates and the ?conomic

‘dispatch schedules of the above;power‘systems.'the_S and 30 Bus test &

system bperating conditions, impedances and line charging data are

: IR , . o ,
tabulated in Appendix F. ’ ‘ . S e

The data used to evaluate the power loss model parameters

i

- o . .
(including the purely reactive source model parameters), of the above

power systems, were obtained from series of load flow studies of the
- h s b . . ¢

power systems. The load flow solutions of eac sjstem were carried out
‘ B i ) s .

r

region that covers the entire load spictrum of e power system. Based

on thf load flow results, the parametefs of the network loss quels’were
t . S
evaluated by the iterative ridge regression procedure. Using the

. | )
" eva ed model. (or models) of the*gysﬁaﬁ under consideration, the sc¢.rch™

for the optimal solution was conducted through the féasible\oper?zing

i
region of the system. 3 o
» ) . B 14

C.1 The Active Loss Models and the Economic Dispatch Schedules of

Model Power Systems

» In this sectioﬁj{the active power loss models and the economic

active dispatch results are presented for the 5 and 30 bus test systems.
1 : . . , 3
) . N . . s
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C.1.1 The‘S Bus Test System - Active Power Loss Mbdel

The single line diagram of the 5 bus test system4is shown in .

4

Figure C.1.  The system has two gereration buses, 1 and 4. On the basis
s : p . . . .

. of equation 2.3, the number of'parame;ers to be evaluated is 6. A

\

"minimum of 7 Jload f%ow solutions were carried out to obtain sufficient

data for the parameter estimation procedure. Using these results, the

active power loss model parameters were evaluated. The parameter
K o .

estimates obtained Are presented in Table C.1.

-~ Ridge k = 0.0"
Parameter | Estimated Value Cohdition
- o 'Iﬁdex
g KLO : 0.000984 | 1
) ] - Q9 ‘
‘ BOl : 0.90191- o 3
B02 -0.000270 : §'
‘ 5 .
Bll ’ 0.022088 37 )
. ) : 812 . 0.003350 39
B22‘ _0.0}103& o él o
Condition -
. Number 41 .
7
) : Mean v . '
N : Square 0.0@03 N
Error ' N

" Table C.1 The Active Power Loss ModelfParameters of the

5 Bus Test System in p.u; on 100 MVA Base ) SN

~
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'~ Figure C.1 The 5 Bus Test System
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C.1.2 The 5 Bus Test System - Economic Active Dispatch -

. . . . ‘ . /
The thermal generation unit capacities used in the evaluation of
. : . ) N ’ A b .

the economic active dispatch conditions of this system are shown in

Table C.2. ‘Based on' the évéiuateg activévpoﬁe; loss model parameters
for ridge k = 0.0 .. (Tabfe C.1), the economic active disﬁatch sdlutidns
oo - ST

N3

13

Gererator Generatqt. Sourég Co%§traints _Bus | ot
" No. . Size (MW) MW MVAR  No.
- — g o
1 .| 200 | Sf_PGl_<_209 ;SOiQGliSO ‘ ! 1 )
2| 200 | 5<RG<200 | -40<q;,<50 B ’

t

Table Cf2 The 5 Bus Teét System Generétor‘Capacifiesi

- Coal

of the 5 bus system wefe-eValuated for different system loads. The

‘ results'obtaihed éré:shown in.Tablé_C,3.' Ihe solutions in Tablé.C.3,

X

| were fed back into the load flow program and(;he solution obtained'fop

-all.loads considered, to validate the economic dispatch soiutions.i The

\

- load flow results are shown in brackets in~Tab1e>C.3.

~——

The load flpw'301utibns based on the economic dispatch.reSuits

- gave acceptable voltage brofiles that were within the voltage limiﬁs of

‘thg system feasible:operating region. Samples of these VOltage profi1es'

are gdbwn in Table'C,A fof_light and He;Vy Toads of. the system.-

&
<

Lo i . . o .
C.1.3 Discussion of the 5 Bus System Results - Active Model

As shown in Tablé C.1, the parame;érlestimates wére'stable at
k =0.0 . At :hisﬂbalue of ridge k, a correct inverse of the matrix

c
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) *p Pe1 \}Pca P Fo
omy | (s ) (W) (W) (/8 )
16.50 | 8.73 8.%Z;¢% 8. 443 0.115 491.59
8.160) | (8.443) | (0.104)
33.00 | 8.81 | 15.127 18.069 | 0.197 636.31
(15.125) | (18.069) | (0.192)
49.50 | 8.88 22092 27.751 0.344 782.26
(22.096) | (27.751) | (0.345)
'66.00. | 8.96 | 29.068 | '37.%89 0.556 929,44
(29.099) | (37.489) | (0.567)
82.50 | 9.03 | 36.053 | 47.282 0.835 | 1077.87
(36.059) | (47.282) | (§.840) .
99.00 | 9.11 | 43.048 57.132 1.181 | 1227.56
1 (43.052) | (57.132) | (1.181)
115.50 9.19 50.053 67.041 1.594 1378.52“
(50.056) | (67.041) | (1.593) n
132.00 | 9.27 57.069 77.007 2.076 | 1530.79
(57.073) | (77.007) | (2.077) e
148.50 | 9.35 64.094 87.033 2.627 °| 1684.36
(64.104) | (87.033) | (2.634) |+
165.00 | 9.43 71.129 97.119 | 3.248 | 1839.26
) (71.151) | (97.119) | (3.266)
Al

Tablé C.3-The Economic Active Dispatch of the 5 Bﬂg

Test System

-

¥
¥
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Load=16.5 + jl.0MvA -

Load = 165.0 + §10.0 MVA

Bus 2Voltage rAngle Voltage Angle

No p.u, ‘ Degrees p.u. Degrees
1 1.0600 0.0 1.0600 0.0

2 1.0570 ~0.3945 1.0241 —3.7531
3 1.0568 -0.4175 1.0234 -3.9897
4 1.0506 0.0039 -~ 1.0470 -1.1;93
5 11.0538 ~0.4324 1.0175 '—4.5794

Table C.4 The Voltage Profiles of the 5 Bus System

Based on the Economic Dispatch Solutionms

181
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_ é?é‘was obtained. Comparing the results shown in Table C.3, it is

observed that the\load flow sothions agree very closely with theM
economic d;spatch solutions for all éystem loads considgred‘which indicate
the accuracy of the estimated network loss model parameters. The load
flow solutions based on the economic dispétch resﬁlts, gave voltage
levels‘thap all fell within the feasible operating region of the system

as indicated by the example cases of light and heavy-loads shown in

Table C.4.

C.1.4 The IEEE 30 Bus Test Systcm - Active Powgr Loss Model

The single line diagram of the IEEE 30 b;s‘test system is shown in
Figure C.2. The network has three generation buses, 1, 2 and 13, and
- three purely reaétive sources at bﬁseS'S, 8 and 11. From equation 2.3,
the number of parameters to be evaluaﬁed for the active power loss
model of this system is 9. '10 load flow solutiéns of the system were
performed to provide the necéssary data for the parameter estimation
procedure. Applying the ridge estimator; the parameters of the active

power loss model were evaluated. The results obtained are presented in

‘Table c.5.

,C.1.5 The IEEE 30 Bus Test System — Economic Active Dispatch
The capacity of the coal fired generating units which were used

. tbo obtain .the economic active dispatch -schedules of this system are
§ . R « -

_ given in Table C.6. Based on the active power loss model with ﬁérameters‘

shown %n Table C.5 for k =’0.003, the economic disﬁatch solutions of

the power system were obtained for different load levels as shown in

Table C.7. The dispatch solutions in Table C.7, were fed back into the
» |

w
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100 MVA Base

Ridge k = 0.0 Ridge k =-0.003 |
— : . N
Parameter |Estimated-Value Condition Estimated Value| Condition
- ' Index Index
K, ~0.003247 1 0.000245 1
BOl 0.013804" 3 0.004815 3
_Bo2 ' ©0.042220 5 -0.006300 5
BO3 Tl -0.031464 26 0.004096 23
. ]
Bll \ 0.014574 28 - _10.014178 25
B, -0.030566 33 0.010089 28
B13 0.029642 87 .0.012560 45
B,, | 0.168133 40 0.013673 32
B23 ‘ -0.144970 68 0.004313 . 42
By, . 0.152370 23 0.019669 | 21
Condition 87 45 Tl ]
Number D <
\
Mean ' ' |
Square . 25.6225 12.4846
Error
Table C.5 The Active Power Loss Model Parameters of
the IEEE 30 Bus Test Systiem in p.u. on
. \ .
\
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Generator Génerator Source Consgtraints o
No. - Jize (MW) M " MVAR . Bus
’ , C - No.
1 | J0 | 0<PG1<200 | -50<Qg)<50 1
? | 200 _ 5§PG2:200 —AOiQGZiSO 2
3. 200 SjPGl31200 _ ‘653013524 13
!

Table C.6 The IEEE 30 Bus.Test System Generator: E .

Capacities - Coal ' _ ‘ . {‘

~
- load floqﬁprogram,and the solution obtained for all ‘*loads considered.

The load flow solutions obtained are shown in brackets in Table C.7 for
. . . _ ..

comparison. Sample of %he load flow voltagq\;rofilés (corresponding to

the economic dispatch solutions) are showp in/ Table C.8 for llght and

heavy loads of the system

C.1.6 Discussion of the IEEE 30 Bus Results - Active Model
From Table C.5, the parameter estimates for this system stabilized

for a value of ridge k of 0.003 which resulted in a correct inverse of

é?é. As observed from Table C.7, the dispatch solutions agree very

closely with the load flow results obtained for all loads considered
whiéh indicate the accuracy of the estimated parameters and the Validity
4 . 3 a

of the dispatch method. . The errors between the two solutions in the

. Ve ™ \



\
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\
: |
Py Ap? Py Py PG13‘.,- PL,\\ Fy
o) [($/MWh) | () (W) o) e | (S/h)
28.34 8.77 1.162 | 21421 | s5.762 | &oos| 767.72
‘ (1.313) | " 121.421)|  (5.762)| (0.148)
56.68| 8.87 ¥.538 32,657 | 14.752 | 0.266 | 1017.72
‘ (9.661) | (32.657) fjﬁ.752) (0.385)
185.02{ 8.97 17.942 43.994 | 23.794 | -0.710 | 1270.60
(18.056) |  (43.994) (23.794)| (0.820)
113.36] 9.08 26.375 55.435 | 32.890 | 1.339 | 1526,42
' ) (26.467) | (55.435)| (32.890)| (1.429)
141.70| 9.19 34.836 | 66.981 | 42.040 | 2.157 | 1785.25
(34.941) | (66.981) (42.040)| (2.260)|
170.04] 9.29 |+ 43.326 |. 78.636 | 51.247 | 3.169 | 2047.13
(43.397) (78.636) (51.747)] (3.238)
“lt198.38] 9.41 51.845 90.402 60.510 | 4.377 | 2312.13
- (51.935) [ (90.402)| (60.510)} (4.468)
©226.72| 9.52 60.393 102.281 | 69.832( 5.785| 2580.32
(60.354 | (102.281)[ (69.832) (5.746)
255.06] 9.64 68.969 | - 114.276 | 79.213| 7.399 | 2851.76
| (68.842 | (114.276)| (79.213) (7.273)] -
283.40| 9.75 77.574 | -126.391 | 88.656 | -9.221| 3126.51
’ (77.372) | (126.391) (88.656)| (9.024)

Table C.7 The Economic Active Dispatch of the IEEE

30 Bus Test System

186
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Load=28.34 + j12.62 MVA Load=283.4 + §126,2 MVk

Bus Voltage p.u. Angle Degrees Voltage p.u.|  Angle Degrees
No. . : : ; . ’ .
1 | 1.0200 | 0.0 1.0600 © 0.0 '

2 | ~1.0200 0.0638 1.0450 -1.1427

3 1.0232 -0.3796 1.0296 | -3.1103

4 | 1.0228 | -0.4398 1.0223 : -3.6937
5 °|. 120200 ° ~-0.8284 1.0100 - =9.0607
6 | 1.0250 -0.6083 1.0154 -5.1622

7 | 1.0230 T ~0.7704 1.0054 ~7.2850

8 1.0214 -0.6190 1.0100 : -5.7970

9 | 1.0660 -0.8056 1.0498 N6.3928
10 1.0819 =0.9067 1.0390 -7.0431
11 1.0541 -0.8056 1.0820. - ~6.3928
12 1.0826 -0.5498 1.06%5 22,2047

13 1.0748 . -0.1526 1.0710 4,0451

14 1.0816 -0.6783 1.0491" . =3.6097

15 | 1.0812 -0.7386 1.0402 . ~4.2104
16 1.0815 -0.7270 1.0446 -4 .4851
17 1.0812 ~0.8719 1.0348 -6.4751
18 1.0803 -0.8613 1.0270 - -5.8947
19, 1.0800 -0:9165 1.0226 -6.7138 °
20 1.0804 -0.9195 1.0258 -6.8560
21 1.0812 -0.9621 1.0269 ~7.,4022
22 1.0814 -0.9657 1.0276 -7.3594
23 1.0813 -0.8964 1.0268 - -5.6928
24 1.0822 -1.0748 1.0183 -7.3589
25 1.0729 -0.9503 1.0127 -8.1391

26 1.0713 -0.9875 0.9949 -8.5627

27 1.0679 -0.8596 1.0183. -8.3631

28 | 1.0263 -0.6719 1.0106 ~5.6094
29 1.0661 -0.9708 0.9984 ~9.6054
30 1.0651 -1.0481 0.9868 -10.4972

Table C.8 The Voltage Profiles of the IEEE 30 Bus Test

System Based oﬁ the Economic Dispatch Soiution

\
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active power generations at the slack bus (bus number 1) are picked up
o _ o ‘
by the total active power losses. These errors are small for all

~.

loads considered. For example at 100% load level, the error in the

active pbwer generation is 0.202 MW which if added to the total system
. | ‘ ’ . s

losses, /the two Solgtions will agree very closely with each other.

8

’ \‘ C;Qv The Acti?e—Reactive Loss Submodels/Purely Reactive Submodels ..

N and the Economic Dispatch Scheduies‘of Model Power Systems
In this section, the active-reactive power loss submodels, the

purely reactive submodels and the economic active-reactive dispatch

"results are presented for the 5 and 30 bus test systems.

€.2.1 The 5 Bus Test System - Active-Reactive and Purely Reactive

\, Submodels . Cy

The single line diagram of this system is giﬁen in Figuré C.l. The
network‘containévtw0'aétive-reactibe generation buses at buseé 1 and 4
and has no pureiyvréacﬁive sources.. According to equation 2.25, the

) number of parametersvté be evaluated for both the active'énd reactive
éubmodéls is 9. This requires a minimum of ten load flow results which

I

wé?é'carried out for different system load levels.  Using the data base

e

obtained, the parametcrs of the active and reactive loss submodels were
evaluated by the ridge estimator. The parameter estimates obtained are

shown.in Table C.9 for the active and reactive parts. -

~

C.2.2 The 5 Bus Test System - Econcniic Active-Reactive Dispatch
Based on the evuluated active-reactive loss model of this system
and using the generating units given in Table C.2, the economic active-

reactive dispatch solutions of the system were evaluated for different

system load levels. The results obtained are shown in Tables C.10 and .
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. Active Part ’ Reactive Part _
i k = 0.0 1 k= 0.0 q
Parameter Estimafed Value Pafameté; Esfimaﬁed Value Céndition |
‘ Index
ﬁKLoPV | o0.312527 | - Kog £ 0.600941 1
Eppy - ~0.072205 Eqp1 " -0.202811 3
Eppy 0.061686 . - -0.178671 3
Bpgu | 0934509 ool 2.793037 , 41
' Epg2 0.954526 - Egon 2.831435 41
. -0.035429 | Aoi  _0.104821 35
Aoy, © -0.015374 | A -0.045213 32
Ay 0.021236 - Aqpy | 0-062532 .33
Bo) 0.003705 ~ BQlé ©0.010975 ° |\ 19
Coivionl | el
j Mean - , Mean. : “f .
Square 0.0002 | Square 0.0001 |
Error ~ Error S

Table C.9 The Active-Reactive Power Loss Model Parameters

of the 5 Bus Test System in p.u. on 100 MVA Base

sy



Table C.

Bus Test System (Active)

. Al

4

) ‘p o1 Pe4 L Foo
W) ($/MWh) MW) (Mw) (Mw) ($/h )
16.5 | 9.02 6.736 9.841 0.077 . 491.27
ne (6.714) | (9.841) (0.058) -
33.0 | 9.10 13.982 | 19.187 0.169 636.09
' (13.958) | (19.187) | (0.142).
49.5 | 9.17 21.233 | 28.591 | 0.324 782.11
' (21.205)| (28.591) (0.294)
66.0 | 9.25 28.489 | ..38.054 0.543 929.35
: (28.461)| (38.054) (0.513)
82.5 | 9.5 35.249 | 47.578 | 0.827 | 1077.81
~ (35.726)| (47.578)°| (0.803) i
99.0 | 9.41  43.014 57.163 1.177 1227.53
, . (43.004) | (57.163) (1.164)
115.5 | 9.49 50.282 | 66.812 1.594 1378.51
: (50.263)| (66.812) (1.599)
132.0 | 9.59 57.553 | 76.526 | 2.079 | 1530.77
- (57.586)| (76.526) | (2.111) :
148.5| 9.65 64.826 | 86.307 |  2.634 1684.35
(64.895 | (86.307) | - (2.700)
165.0 | 9.74 72.101 | 96.158 3.259 1839.25
‘ (72.215){ (96.158) (3.371)
10 The Economic Active-Reactive Dispatch of the 5




% Yo | % R Y,
(MVAR) | ($/MVARh) [ (MVAR) (MVAR) (MVAR)
1.0 ~4.67 24,139 | -27.208 | -32.347
. (-4.208) | (-27.208) | (-32.406)
2.0 -4.71 0 -1.490 | -28.403 ~31.892
Vo : (-1.573)| (-28.403) | (-31.973)
3.0 | -4.75 1.208 | -29:455 | =31.247
(1.109) (-29.455) | (=31.341)
4.0 | -4.80 3.955 | -30.364 | =-30.409
' (3.859) | (-30.364) | (-30.501)
5.0 | -4.84 6.752 | -31.127 | =29.375
(6.669) | (-31.127) | (-29.451)
6.0 | -4.88 9.599 | -31.741 | -28.142
o (9.558) | (-31.740) | (-28.182)
7.0 | -4.93 12.498 | -32.204 .|  -26.064
: (12.511) | (-32.200) |. (-26.693)
8.0 | -4.97 15.450 | -32.514 | -25.064
. 4 (15.545)| (=32.514) | (~24.968)
9.0 -5.02 18.455 | -32.668 | -23.213
| (18.648) | (+32.668) | (-23.009)
10.0 | *-5.07 ©21.514 | -32.663 | . =-21.149
(21.856)| (-32.663) | (~20.805)

191
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" Table C.11 The Economic Active-Reactive Dispatch of

the 5 Bus Test System (Reactive)
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- C.11 for the active and reactive parts respectively. The load flow

solutions based on the economic dispatch solutions are shown in brackets

in Tables C.10 and C.11. These load flow solutions were carried ouf_to

* verify the accuracy of the active-reactive submodels and the econogsc

»

‘dispatch solutions. The load flow voltage profiles obtained for iight

~and heavy loads of the 5 bus system are.shown in Table C.12.

. : i
7 2.3 Discussion of the 5 Bus Results - Active-Reactive Model

As seen from Table C.9, the parameters were‘stable\gqr k = 0.0.

Any othér-valuebof k resulted in very high mean square errors. The

economic active-reactive dispatch solutioﬁs.obtained agree very closely

.with_the‘load flow soiutioné’shéWn in Tables C:iO and C.11 which
indicates the‘acéuraéy of-;he loss model pafémeters. The load flow
SOlUFiODS gave‘acééptéble_voltagé profilés which fell within ;he ;olt;
age,limi:s-éf theQ%éasibie 6Perating region of the s?stem; Compariﬂg
the total fuel costs obtaingd in Table C.10 tg’éhé tptal.éosts obtaiﬁed
using the active powgf loés model shows that lowef fuei’costs cép be
obtainédvby.using thé.active—feactive loss model. - Thebvoltage livels

in the case bf the active-réactivr model are slightly higher than those

of Table C.4 which resulted inilower fuel costs in genefal..
g P o : .

" C.2.4 The IEEE 30 Bus Test System - Active—Reactive and Purely Reactive

Submodels S

=>Q:351The single ling diagraﬁ“of thiévsystem is shown in Figure C.2.

Tne network has three active-reactive geﬁeration4buées, 1, 2 and 13,

and three purely reactivé“generat%on buses, 5, 8 and 11. ‘The power -

~system also has fwo shunt capacitors’at buses 10 and 24.  The number of

‘parameters. to be evaluated for both the active and reactivg/power‘loss

192
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-
toad_= 16.5 + j1.0 MVA .| Load ='165. + 710 MVA
v Bus A;oltaée p.u: Angle ﬁegrees Vcltage pP.Uu. Angle Degrees N
No. |- : : ' : : -
1| 1.0600 | 0.0 | 1.0600 | ,0.0 -
2 1.0619 - | -0.4498 | 1.0197 -3.7161 '
3| 1062 0.4760 | 1.ow87 © vf-3.9599 : ‘
K | 1?0571. -';;-0.0730 o |- 1.0413 | -1.0491
5 1.0599 | ~0.5004_ _L/1.0120 ,‘ | 4,549 :
o o N

Table C.12 The Voltage Proflles of the 5 Bus Test
System Based on the Economlc Active—Reactive

Dlspatch Solutions

submodels is 16 (cn the basis-of equationvZ'éS)“; A minimum of 17 load
"Aflow solutions were carried out for different system load and voltage
levels. Based on these results the parameters of the,active and
reactive power 1oss submodels'were evaiuated'bv the ridge estimator.L )
The parameter estimates:obtained are presented in Table C.13 for the
active and the reactive parts. | | | |

The purely reactive submodels of this system were evaluated by
v
plotting the reactive powers: at’ buses 5 8 and 11 and the shunt
reactive powers at buses 10 and 24 as functions of the total reactive
load demand of thelsysten using the base load»flow data obtained above.
.The'graph obtained‘is shown in Figure C.3. rFrom this graph:it>is seen
| and Q. -

.;hat the purelv-reactive powers,hQ Sh24

be modeled»as'linear functions of the network tdtal reactive léad .

ovs* Yvs’ %vi1 snio
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ok i~ . | Active Part Reactive Part
‘$@ff@-' Parameter k = 0.0 Parameter k = 0.0 Condition
w{‘ : Index
. K p -0.003013 |k o ~0.340099 1
Bopg -0.002748 | Eg, 0.037692 2
i Epéz ~ 0.000618 |Eq,, | 0.066143 2
" Epp, ~0.000284 | Eqpy -0.085877 17
lE£Ql -0.002735 EQQi | 0.006646 11
Epoz ~0.005746 Eqq2 -0.044228 | 20
Epo3 -0.018013 | Ey ., 0.143928 14
Aoy ©0.021143 |4, 0.045753 22
Aotz | 0.013560 Squ2 ©0.008094 11
AP13 | -0.002796 AQB“~ 0.032388 19
Apyo © 0.041411 3022 0.242443 9
APZB' -0.032094 | A, - ~0.234596 13
Apas 6.073948 Mgy | 0.504533 11
ﬁPl2 0.002011 | By, 0.019930 11
Byl -0.001519 Ble ~0.051330 g
: By 10.008637 |8, 0.023'7&4%;93 18
P IR T
Mean — Mean, '
Square 0.0010 Square 15.0459
Error _ ‘ Error

Table C.13 The Active-Reactive Power Loss Model Parameters

of the IEEE 30 Bus Test System in p.u. on 100 MVA Base
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demand QD. In the mgaeling process, the reactive power limit constraints

\
at buses 5, 8 and 11 were taken into consideration.

are given below: 4

= 40 < Qys

= 10 < Quyg

- 6 <

| A

| A

Qvi1is

40 MVARS

40 MVARS

24 MVARS

These constraints

(c.1)

(€C.2)

(C~.3)

kThe parameter estimates of QGVS’ QGVB and QGVll which were computed from

‘the graph of Figure C.3, are given in Tables C.14, C.15 and C.16

respectively. Similarly, the purely reactive power models at buses 10

and 24 were evaluated from the graph of Figure C.3. The parameter

estimates obtained for these models are presented in.Table C.17. 1In

Tables C.14 to C.17, the reactive powers and the total reactive load

demand are in MVARS.l

\

Parameter| 0<Q)<92 | 92<Q<95.5 | 95.5<Q;<101 101Q,<126..20
A, ' -8.000 .| 40.000 401.181 -41.000
Al 0.520 0.000 -3.782 0.600

Table C.14 The Parameters of 0

Bus Test Systém.-

GV5

QD is in MVARS

of the IEEE 30
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d
Parameter | 0sQy<l7 |17:Q<84.9| 84.95q<94.5 | 94.5:0;<101 | 101<Qc126.20
A% : :
AO -10.000 |-22.000 40\000 528.830 -76.000
Al 0.000 0.833 0.000 -5.167 0.800
Table C.15 The Parameters of Q of the IEEE 30 . \

Bus Test System.

i

GV8

QD is in MVARS

Parameter QiQDiSZ 825_QD_§95 955QD5_101 101iQDi126'2 ‘
AO -6.000 | -211769 -264.750 3.001
Al ’ 0.000 0.192 2.750 0.099
the IEEE 30

Table C.16 The Parameters of QGVll of

Bué’Test System.

" | Parameter QShlo QSh24
A, 22.500 5.000
Al -0.0212 -0.004
Table C.17 The Parameters of QRth,

IEEE 30 Bus Test System

QD'is in MVARS

and Q

Sh24 ofvthe



Lo

198

-
e

€C.2.5 The IEEE 30 Bus Test System - Economic Active-Reactive-Dispatch

The economic active-reactive diSpafch solutions obtained for the
IEEE 30 bus test system are presénted in Tables C.18 and C.19 for the
active and reactive parts respectively. These solutions were based on
. the_evaluatedkactivejﬁegctive and the pufely reactive submodels of the
system with the-génerator capaéities given. in Table C.6. The load flow
~solutions based:on the~econéﬁi? dispatch solutions\gre shown .in brackets

~in Tables C.18 and C.19. 'Egg/loéd flow solutions were carried out to
- (

(

- validate the accuracy of the estimated parameters and of the economic

* )

solution. The load flow voltage profile obtained for light and.heavy

3

loads "are presented in Table (C.20.

C.2.6 Discussion of the IEEE 30 Bus Results - Active-Reactive Model
The active-reactive parameter estimates were obtained for ridge

k = 0.0 as shown in Table C.13. Any other value of k gave higher mean
square error as compared to the values indicated in the Table. The
reactive parameters resulted in a higher mean square error than the
active parameters. This 1s ‘expected since thé‘load flow £otal reactive
power losses usually are more séattered than the active power losses.
The dispatch solutioné and the load flow solutions ;hown in Tables C.18
and C.19 agree Qery élosely with one another'for all system loads which
indicate the accuracy of the evaluated parameters. The difference
between the two solutions in the active and reactiwe ~owers at the

slack bus (bus number 1) are small and are picked up by>the total system
active ang reactive power losses. The voltage profiles obtained for all
system loads were within‘the bus voltage levels of the feasible operating

region of the system.



PD AP PGl . PGZ PG13 » PL. FO*
(MW) ($/MWh)| (MW) (MW) , MW) (MW) ’ (S/h- )
28.34 | 8.77 | 5.626 | 13.220 | * 9.552 0.059 | 767.73

(5.850) (13.220) (9.552) (0.275)

56.68 | 8.86 | 13.989 24.075 | 18.962 0.346 | 1017.86
S (14.174) | (24.075) | (18.962) | (0.535)

85.02 8.96 22.3178... 34.998 28.464 0.819 | 1270.89
: (22.565)| (34.998) (28.464) | (1.000) .

113.36 | 9.05 | 30.796 | 46.016 | 38.005 1.457 | 1526.67
' (31.024) | (46.016) | (38.005) | (1.669)

141.70 | 9.15 | 39.247 | 57.134 | 47.580 | 2.262 | 1785.23
o (39.547) | (57.134) | (47.580) | (2.552)

170.04 9.25 47,744 | 68.377 | 57.136 3.217 | 2046.47
o (48.174)] (68.377) | (57.136) | (3.638)

198.38 | -9.36 56.371 | 79.909 66.313 4.212 | 2309.41
(57.018) (79.909) | (66.313) (4.853)

226.72 9.49 66.040 1 91.844 73.966 5.130 | 2572.98
(66.953) (91.844) | (73.966) (6.038)

255.06 | 9.61 | 74.970 | 103.228 | 83.549 6.687 | 2843.67
(75.923) | (103.228) | (83.549) | (7.594)

283.40 9.73 83.882 114.740 93.223 8.444 | 3117.57
: (84.743){ (114.740) |- (93.223) | (9.296

Table C.18 The Economic Active-Reactive Dispatch of the

IEEE 30 Bus Test System (Active)

¢
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- Load*28.34+312,.62MVA

‘Load=283.4+j126 .2MVA

Bus Voltage Angle Voltage Angle
No p.u. Degrees p.u. Degrees
1 1.0050 0.0 1.0350 0.0
2 1.0146 -0.2709 1.0268 -1.5582
3 11,0188 -0.5550 | 1.0153 -3.4406
4 1.0206 -0.6625 1.0102 -4.0979
5 - 1.0163 -1.1115 | 0.9957 ~9.6826
6 1.0232 - -0.8426 1.0037 -5.6124
7 11.0204 $-1.0263 | 0.9926 -7.8181
8 1.0197 -0.8516 0.9991 -6.2716
9 1.0678 -0.9303 1.0415 -6.7144
10 | © 1.0854 -0.9750 | 1.0333 -7.2931
11 1.0559 -0.9303 1.0724 -6.7144
12 1.0948 - ~0.5704 1.0713 -2.4033
13 1.0992 0.0663 1.0953 3.9827
14 | 1.0927 -0.7136 1.0543 -3.8182
15 1.0911 -0.7671 | 1.0436 ~4.4043
16 1.0900 -0.7610 1.0461 -4.6826
17 1.0863 -0.9273 1.0312 +6.7036
18 - 1.0880 -0.9016 1.0272 -6.1014
19 1.0864 -0.9639 | 1.0210 - -6.9325
20 1.0860 -0.9709 1.0231 -7.0808
21 1.0849 -1.0305 | 1.0215 -7.6569
22 1.0852 -1.0342 1.0222 -7.6140
23 1.0889 -0.9439 1.0269 -5.9111
24 1.0868 -1.1498 1.0141 -7.6255
25 1.0750 ~1.0553 1.0053 -8.4678
26 1.0733 - -1.0923 0.9874 -8.8977
27 1.0684 -0.9864 1.0090 -8.7329
.28 1.0248 -0.8974 0.9994 -6.0610
29 1.0666 -1%.0974 0.9889 -9.9987
30 1.0655 -1.1747 0.9772 -10.9079

Table ~ <0 The

Bus Test System Based on the Economic

.

Voltage Profiles of the IEEE 30

Active-Reactive Dispatch Solutions

201



APPENDIX D
DIAKOPTICAL ACTIVEVAND REACTIVE POWER LOSS MODELS»
OF A NETWORK TORN INTO THREE SUBNETWORKS
AND TWO INTERCONNECTIONS
In this Appendix, the'actiQe and reactiveipower losses Qf a

network torn into three subnetworks and two interconnections are

expressed as functions of bus voltages and line admittances. Consider

the network shown in Figure D.l. The lines connecting the various
« a :

’ _
,/ 8 o\ |

7 \

)

' - "—_‘-‘/

\ ¢ /
~__ -

N 3 ' i L )
Figure D.1 A Nine Node Network Torn into Three
L] . .

- Subnetworks and Two Ingerconnections

. buses.are assumed to have finite impedahtes. ‘The netowrk is torn as

shown by the dotted line into subnetworks A, B and C, interconnected

£



by the interconnections Il and 12. T subnetworks and intercoénnections
may be separated as shown in Figure DA2 to show the various nodal
currents of the assembly. The nodal ma{rix equation of the torn network

~ is given by:

. (0.1)

where, ’ , : : -

A, B, C - represent the subnetworké A, B and C respectively.

1f,
I;, - nodal turrent Vegtof of interconneétionsillﬂ
. EiZ - nodal.current vector of interéonnectiqns I,.
'Xli - nodal véltage;vector of interconnectiops Il.‘
2{2 ' nodal voltage vector. of interconneétions I.

' 8 A
- Using matrix topology, the current vector If is given by:

G

B Y, 0 0 1 r\z‘e: r/x/q 1]
A = = . { =A =A

t

LI A I N S
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(D.B)
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where,

—
fon matrix C is given by:

In

and thei

The vector I' is then given by:




¢
Sa FA _
I
1o ' =
A B O X
lxzj
' .
L | Ce -
N 4
and
L ' y
V. = B [cf ¢f ¢y i
11 Za 2B X
Y12
~

~I1 T T T
I. = = -
L - R R
- ~12
but:
S
_ i
T !
' = .
I'=-cy ey,
tHen,
1 Lr T oo
Il : T
CA EA XIl 0 [EA EB EC]
'"= &
131 7|55
! A pa -
Ll &2 Ip
— -\ a=d ‘h— J —» —j‘

L

!
™

&

-

e

—

| <

".'(|j<:

d JENENE

(D.6)

(D.7). .

(D.8)

(D.9)

(0.10)
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Substituting equation D.10 into equation D.2, results in the diakoptical~‘

matrix equation given by:-

T

a

o

o

The active

D.2 can‘be
/

Ts)
=g

& &

0 0
XB‘ Q
2 L

BLO_I',

[

4P

=11

|o

o

TR

o
o 3

(Idnr-]

=

-

4

(g<2

)

and reactive power losses for the network shown in Figure

(o]

J .

btained by further partitioning the matrices

\

o éo

ek

L.

(4]

/

¢,

» &

B

apd QC

ynto the.following equation to correspond with interconneqtiOnS'Il and

(Df12)

For the example system under consideration, there is no bfanches between Y

Sg

S

r_v
Ca

—

_Al

=Bl

,'g

)

»

——

sy

c

—

" A and C, hence equation D.12 reduces to:
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Substituting equation D.13 into equation D.11l, the following matrix
[
equation is obtained:
/

— — - 3 ’_- po—
T . T
n 90 9A1_ In QAL —C—A Y a1 g VA
T T :
. + N
g2 Y0 Cp1 I S b Cpy Y10 Ceol | Vg
! T T
N 0 % 0 Co2 Iz Spo|Sco Yo Ceof | X
'_ -
L
= I D.
I (D.14)
1 ™
=
L
where,
D=C. Y. Co.+cC. Y. cl (D.15)
= Bl —I1 =Bl = =By-I12 =B2 :

.

The bus admittance matrices can be written in rectangularvf%rm in terms
; W Or .

i

poey

of the real and imaginary parts as:

¥

(D.16)

..where,

G, B - the conductance and susceptance matrices.

e
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Based on equafion D.14 and equation D.16,

the diakoptical active and

reactive power losses for the network shown in Figure D.l in terms of

the network bus voltages and line admittances may be written as:

P
L

. A similar expression for QL

\

T
G, +
vife, +

—Al

T
e

—AP

P E-Bl =11 =

+V [G + C

Il —Al

Al —I1 —

T
1V,
Ty b
gAlj YAq
V.o o+t [C.. G., C..]V
—BP  —Aq —Al ZI1 =Bl
T T
Vap * VaqlCa1 Sn1 S Yug

gép Ypq'tr2 Z12 2027 Leq

Ygp * qu[gcz 12 ngj Y3q

o) Yo

ng] YCq (D'l7)

can easily be obtained by replacing G
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by B in equation D.17. Expressions for the diakoptical active and active-
) .
reactive power losses in terms of the power genetations for this system

can easily be generated.



APPENDIX E
APPLICATION OF PIECEWISE LOSS MODEL BASED ECONOMIC

| DISPATCH METHODS TO EXAMPLE TEST SYSTEMS

This Appendix presents the piecewise active‘and‘active—reactive
power loss models énd the economic dispétch solutions of the 5 and 11
bus test systems. Also in this Appendix, the piecewise active powef
loss model parameters are obtained for the 23°'bus test system, The
economic active dispatch solution of this system is given in Chapter
VIII where it is compared to the dispat;h solution based on the full
system active power loss model. In the piecewise loss modei evaluation
~of each of ﬁhé above power systems, the data used is obfained from a
series of load flow studies of the system which are carriéd out: for
different load and voltage levels that cover the entire operating |
range of tﬁe power system. The above poﬁer systems operating condiﬁiOns
and line daté are given in Appendix F.

E.1 Piecewise Active Loss Models and Economic Dispatch Schedules of

Model Power Systems

In this Section, the piecewise active loss models and the economic
active dispatch solutions are presented for the above test systems.

E.1.1 The 5 Bus Test System - Piecewise Active Power -Loss Model

The power system condigufation is shown in Figure E.1. The
network is torn into' two subnetworks A and B, interéonnected by Fhé
interconnections I as sHowu by the dotéed line. Each of the subnetworks
A and B, contains one generation bus, 1 and 4 respectively. The number

of parameters to be evaluated of each subnetwork model, and -the number



of load flow results required are given in Table E.1.

Model Pia Prza Pop Pris Prias Pur
No. of 3 3 3 3 4 4
Parameters : ¢
No. of Load| 4 4 b 4 5 5
Flows -

o

-Table E.1 The 5 Bus Piecewise Active Power Loss

Model Parameter Evaluation Requirements

From Table E.1, the number of parameters to be evaluated of
the largest submodel is 4. A minimum of fivéﬁioad flow results
are required, which were carried out for different system loads
(nominal system load i8 165 + j10 MVA). From the load flow results
obtained, the pie;ewise active power loss models (i.e., PLA’ PLIA’

P and the approximate model PLI) were evaluated by the

LB’ PLIB’ PLIAB
ridge estimator. .The results obtained are presented in Tables E.2,

\
Y

E.3 and E.4 vespectively.
As seen from Tables E.2, E.3 and E.4, the evaluated loss models

P

P, are in errot as the mean square error in each case
LIA® “LIB - quare r

and PLIAB
is very high (of the order of lO4 and higher). Other values of ridge

k were alco used but without any improvggent.f These modelé, therefore
canndt be used ip the evaluation of the dispatch schedules of th;»system.
The approximate model PLI’ on the other hand was eva}uated without any

- difficulties and as seen resulted in a very small value for the mean

square error. This phenomenon was observed in most of the systems testqd,

LX)
1o



// Subnetwork K N\

- | v N

Subnetwork

B R /

Figure E.1 The 5 Bus Test System Torn into Two

“Subnetworks
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\

in this thesis. fhe approximate model (PLI) is expected to result in
satisfaCCbry dispatch solutions especially when the interconqections

' are.chosen to have a minimum number of lines; This is also true, when
the power losigs of_sﬁbnetwofks A qufB ére ﬁuch highef th%n ﬁhe losses
in tﬁe interconnections.

E.1.2 The 5 Bus Test System - Piecewise Active Power Dispatch

P._and P__), the

Base§ on the piecewise loss model (i.e., PLA’ LB ‘LT

economic active dispatch solutions of the 5 bus test system were obtained
for different load levels as shown in Table E.5. The load flow solutions
based on the economic dispatch reSUlts.are shown in Erackets in Table

E.5. The voltagé préfiles obtained for 1light énd heavy load levels

-

.-

are presentéd in Table 5.6.
As seen'from Tablé E.S{bthe two solutions agree very closely with
gach other for all system loads considered. At a load of 16.5 MW, the
slack bus active power limit of 5 MW was violated (bus number 1).  The
differences in the active power'generatioﬁs between the twohsolutions at

the slack bus are very‘émall and are picked up by the system total

active power losses, which indicate the accuracy of the evaluated piece—

i

wise loss models PLA’ PLB and the épproxlmate model PLI The bus

voltage levels that correspond to the optimal solutions were all within
‘the allowable limits of the feasible operation range of the power system.

.E.1.3 The 11 Bus Test System - Picewise Active Power Loss Model — . Uf-a

The 11 bus test system is shown in Figure E.2. The network is
RN : .

torn as shown by the dotted line into two subnetworks A and B. ‘Subnetwork

- A contains four generation buses, 1 2, 6 and 7, while subnetwork B

contains two generation buses, numbers 10 and 11.  The number of parameters

Y



24
p *p Pa1 Fona L o
MW $/MWh | MW MW MW s/h
16,5 | 8.77 5.000% 11.694 0.196 | 492.33
| (4.908) (11.694) | (0.100) | -
33.0 | 8.86 6.715 26.608 |  0.324 | 637.87
L | (6.568) | "(26.608) | (0.175) |
49.5 | 8.92 15.098 | 34.956 |  0.554 | 784.52
| (14.865) (34.956) | (0.320)
66.0 | 8.98 23.500 | 43.321 |  0.821 932.14
~ (23.217) (43.321) (0.536) -
82.5 | 9.03 |  31.921 51.703 | - 1.124 | 1080.73
(31.556) (51.703) | (0.826) <
99.0 | 9.09 40.361 60.103 |  1.464 | 1230.30
| - | (40.060) | (60.103) | (1.162)
s& B :
115.5 | 9.15 48.821 68..520. 1.841 | 1380.85
© | (48.563) | ' (68.520)| (1.581)
132.0 | 9.21 | © 57.301 |  76.955 |  2.256 | 1532.40
(57.124) (76.955) |  (2.078)
148.5 | 9.27 65.800 85.407 2.708 | 1684.93
(65.747) (85.407) | (2.653) |
.| 165.0 | 9.3 74.320 93.877 3.197 | 1838.46
| (74.438) (93.877)]  (3.311)
% - Lower Limit Violationr

{

. , j
Table E.5 The Diakoptical Economic Active Dispatch

of the 5. Bus Test System

o
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F.5+71.0MVA Load=165+110MVA

Anglé Voltage Angle .
Degrees ' p.u. Degrees
0.0 : 1.0600 0.0
-0.3322 : 1.0241 -3.8156
~0.3504 | 1.0234 | =4.0651
0.0881 1.0670 | -1.2142
-0.3538 1.0175 -4 . 6680

Table E.‘)i e Voltage Profiles of the 5 Bus System Based

b he Diakoptical Economic Active Dispatch Solutions

to be evaluated of each of the piecewise submodels and the number of

"load flow results required are summarized in Table E.7. From Table

HModel o fuma Pus Pus PLmas Pur
No. of 15 15" 6 6 15. 15
Parameters ‘
No.\of Load| 16 6 7 7 16 16
Flow) : . :
. £ -
.‘\

. g \

Table E.7 Thé® 11 Bus Piecewise Active Power

Loss Model Parameter Evaluatibn Requirements
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Pl

E.7, the number of parameters‘ef the’largest_Shbmodel is 15. To
evaluate the parameters of all submodels; 16 ‘load flow solutions
were cerried out covering the entire load range of the system (system

nominal load is 420 + j240 MVA). Based on the load flow results

£l
~

obtained, the piecewise loss model parameters were evaluated by the
ridge estimator. As in the case of the 5 bus system, the evaluated

parameters of P

LIA’VPLIB.and PLIAB resulted id very. high mean square

errors (of the'order of‘lO5 and higher). The barameters of PLA’ PLB

and PLI are only shown here which are presented in Tables E.8, E. 9

and E.10.

E.1l.4 The 11 Bus Test'sttem - Piecewise Active Power Dispatch

The generator capacities used‘in‘thevehaluation of the economic
1diSpetéh;schedules or,the 1l,bus test system are shown in Table.ﬁ.ll; :' .
fdr coal fired plants.,'ﬁsing 6he piecewise loss model of thisksystem,
the economic active dlsparch solutlon for the nominal loadlng df
420 + 3240 MVA was obtalned as shown in Table E. 12 .The load flow
solution based on the economic dispatch reshlt is afio ;hqwn in Tabie
E.12 fer comparisohw The load flow voltage profile obtgiheduis'shoﬁn |
_in Table E.13. In Table E.12, the difference in the active ét§er'
generation at the slack bus berﬁeén the two sectiohs’is 2‘384 Mw ,whieh
is picked up by the totél sYstem in'50s The difference between the
two solutions in the total active power losses is 2. 46% MW. The
voltage levels shown in Table E. 13 are rather low, but all fall within

| the limits of the base 1oad flow solutions used in the evaluation of

the piecewzse active loss model;*
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Ridge k = 0.34

Parameter . PLA ‘Parameter PLA

K 04 0.001549 BA14 0.015025

BOAl“ 0.024124 Bi2o 0.006083

BOA2 , “ 0.005998 BA23 . 0.001955

1BOA3 . 0.004551 Biog 0.002690
| Boas ©0.005731 | BA33 0.090964

BAll 0.050633~ BA34 0.001178
_ BA12 0.013677 BA44 0.003987

Byis | 0.013556 ;

Table E.8 The Parémeters of the Active Loss Submodel

_of the 11 Bus Test System in p.u. on 100 MVA Base

PLA
Ridge k = 0.0
P
Parameter PLB Parameter PLB
KLOB 0.001561 BBll - 0.065649
BOBl -0.009790 BB12 -0.051784
BOB2 .0.005283 BB22 0.133209

[

Table E.9 The Parameters of the Active Loss Submodel

PLB of the 11 Bus Test System in p.u. on 100 MVA Base




Ridge k = 0.34

Parameter PLI Parameter PLI
K o1 ' 0.002065 Bap1o -0.008041
BOIAKl ~0.002063 : N, 0.002568
By1ang 0.002227 BLy522 0.000710
By1aa3 0.002820 | Bp, oo 0.003542
By pans 0.002861 Bl ap3o 0.001404
RBOIBBl 0.003282 Bl gal 0.003444
. 0.001439 B agi2 £ 0.001181
Blapi: —0.005404“*

Table E.10 The Parameters of the Active Submodel

PLI‘Of the 11 Bus Test System in p.u. on
100 MVA Base | .
Genevator| Generator Source Constraints | Bus
No. Size (MW) MW MVARS No.
} 400 5§PG15400 —6O§QG15§O 1
2 200 55P;5<200 | -40<Q,<60 2
3 200 SiPG35200 -40§QG3:50 6
4 200 55?GA§200 —4059G4550 7
5 200  5iPG5§20O° —4O§QG5§50 10
|6 400 5<Pre<400 | =40<Q <50 11

<+
Table E.11 The 11 Bus TeSt System Generator Capacities -

Coal (See Table 2.1 for Cost Coefficients)



System Load = 420 + j2§0 MVA

Variable Economic Solution | Load Flow Soiution M
Po, MW 36.117 33.733

Py, MW 74.150 : | 74,150

Pos i 94.211 : 94.211 g
Poy i 77.579 774579

Poyg MW 81.409 | 81.409.

Poqg M 69.805 69.805

P, MW 13.271 . 10.803

F, S /hr 5067850

A, $/Mun ©9.36

Table E.12 The Diakoptical Economic Active Dispatch

LS

of the 11 Bus Test System

E.1.5 The 23 Bus Test System - Piecewise Active Power Loss Model .

A
The single line diagram of this model system is shown in Figure

8.2. This power system is part of the 275/132 KV British ﬁetwork: The
network is torn into two subnetworks as indicatedvby the broken line.
Subnetworks A and B, contain four and two generation buses respectively.
- Ti.. aumber of parameters to be evaluated'for each of the 'piecewise

" loss submodels,and the number of load flow reéults required are given

in Table E.14. As in the case of the 11 bus test system, the number of

load.flow results required to evaluate all the parameters in Table E.1l4

kY



Load = 420 + j240 MVA

Bus Voltage Angle Bus Voltage Angle
No. p.u. Degrees No. p.u. Degrees
1 1.0400 0.00 7 1.000 < -3.0277
2 1.0450 -3.4107 | 8 0.9926 -5.9364
3 0.9592 -2.5338 | 9 0.9845 ~5.0594
4 0.9561 -7.8013 |10 1.0500 -2.4278
5 0 9847 -8.9871 |11 | 1.0270 1.9409
6 0.9645  6.5824 N

Table E.13 The Volﬁage Profile of the 11 Bus Test System

Based on the Diakoptical Economic Active Dispatch

Solution




&
Model Pra [Pera | T | Pris |Prias) Tir
No. of 15 |15 6' 6 115 15
Parameters
No. of Load |16 16 7 7 16 16
Flows 5 : : '

Table E.14 The 23 Bus Piecewise Active Power .

Loss Model Parameter Evaluation Requirements

is 16.° These were carried out for different load and voltage levels

of the system. Using these base load flow results, the parameters of

P P.__ =P _ 4+ P _)

(Brap = F LIA® "LBB LB = "LIB

. ° . +
the combined submodels P , P LAA LA

LAA™ LBB

and the submodel PLIAB of this‘system were evaluated by the ridge
estimator. The results obtained are shown in Tables E.15, E.16 and

E.17. The validity of the evaluated submodels were verified by computing
the total power system losses using the piecewise loss model and
‘comparing thg results to the pase load flow power losses. It was
observed that the differences between the two power losées were very

~

smail.

E.2 Piecewise Active-Reactive Loss Models and Economic Dispatch

Schedules of Model Power Systems
In this section, the piecewise active-reactive loss models and the
economic active-reactive dispatch sblutions are presented for the 5 and

11 bus test systems.

I~
[ N



Ridge k = 0.001

Parameter PLAA ) ‘ Parameter PLAA
- 6.485778 | B, -0.001799
Bﬁtni\ -0.025337 | B,,,, 0.000073
Buans | -0.048513 | B 0.000397
Boans -0.025839 | B, | -0.000239
Boans - ~0.026027 Bias3 | 0-000285
Bast | 0.020992 B aay 0.000246
I ~0.000860 | B,,,, 0.000362
Bials ~0.061415 \

AN\
Table E.15 The Parameters of the Active Submodel PLAA

of the 23 Bus Test System in p.u. on 100 MVA Base

Ridge k = 0.001
- |Parameter Pl ap Parameter P op
KLQBBA 6.458704 _BBBll 0.000619
Popp1 ~0.018807| Bygyy 0.000541
BoBB2 -0.018928] Bgg,, 0.000407

4

Table E.fQ\The Pgrametefs of the Active Submodel

PiBB of the 23 Bus Test System in p.u. rn

100 MVA Base

13
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Ridge k = 0.001
Parameter PLIAB Parameter PLIAB
' . -12.913089 BraR12 -0.002464
Borap1 0.039708 BLano1 0.001465
Boran2 0.013553 Blag22 0.001688
ﬁbIABB 0.018177 BiAB31 | 0.002400
Byyams 0.019070 Brany2 0.002203
By1aat 0.018831 | B, | 0.001896 .
Biipa2 0.018895 BIAB42 0.001922 |
BIAﬁll -0.002695

Table E.17 The Parameters of the Active Power Loss Submodel

PLIAB of the 23 Bus Test System in p.u. on 100 MVA Base

E.2.1 The 5 Bus Test System - Piecewise Active-Reactive Loss Model

The 5 bus test system is shown %n Figure E.1. As mentioned
~earlier, 'subnetworks A and B contain one active-reactive generation bus
each. The number of parameters to be evalﬁated for the piécewise
active-reactive loss model and the numﬁer of load flow results required
are given in Table E.18. The losses in intercoﬁnections are represented
by the approximage loss submodels (i.e., PLI and.QLlj. To evaluate

the parameters of all submoaels shown in Table E.lS, a minimum of eight

load flow results wére required which were performed for different load

1eveis of the system (system nomyhél load = 165 + j10 MvA). Using the

4



Model PLa Qa "L Ug L1 A

No. of 4 4 S 4 7 7
Parameters ’ : :
No. of Load |5 _5 5 5 8 8

Flows : -

. N
- 7

fable E.18 The 5 Bus Piecewise Active?Reactive Power Loss
Model Parameter Evaluation Requirements
)
load flow results obtained, the parametefs of the piecéwiée active-
reactive power loss model were evaluatéﬁ by the ridge estimator. Thé
parameter estimates obtained are shown in Tables E.19 and E.20 for the
active and reactive,parts.respectiQely.

E.2.2 The 5 Bus Test System - Piecewise Active-Reactive Power Dispatch

Uéing»the piecewise active-reactive model with parameters as
given above, the economic dispatch active-reactive dispatch schedules of
the 5 bus test system‘were Obtaiﬁed for different load‘levels (this
system has no purely reactive sources). The dispatch'resglts obtained
\are given in Tables E.21 énd E.22 for the active and reactive parts
respectively. The load flow solutions based on the economic dispatch
results are shown in brackets in Tables E.21 and E.22. The load flow
voltage profiles for light and heavy lqads of the system are shown in
Table E,23. |

‘Comparing the results shown in Tables E.21 and E.22, it is seen

that the load flow solutions agree very closely with the economic dispatch

3
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S Foal e L | Fo
MW ] S/MWh | MW MW ] MW $/h
; . A : /
16.5 | 8.80 11.402 5.016 0.007 490.45
’ (11.596) |~ (5.016) | (0.112) :
33.0 | 8.86 | 18.756 | ~14.447 0.203 | 636.38
S (18.760) | (14.447) | (0.205)
49.5 | 8.91 25.768 | 24.183 | 0.451 | 783.16
(25.683) | (24.183) | (0.364)
66.0 | 8.97 32.773 | 33,955 | 0.729 | 930.88
(32.565 | (33.955) | (0.589)
82.5 ] 9.02 "39.772 43.765 1.037 1079.53
‘ (39.623) | (43.765) | (Q.887)

99.0 | 9.08 46.764 53.613 1.377 | 1229.13
o (46.642) | (53.613) | (1.255) -
115.5 | 9.14 |’ 53.748 63.498 1.746 | 1379.67

(53.700) | (63.498) | (1.697) \
132.0 | 9.20 60.725 73.422 2.147 | 1531.16
| *ﬁgb (60.797) | (73.422) | (2.217)
148.5 | 9.26 67.694 83.385 .| 2.579 | 1683.61
| 67.934) | (83.385) | (2.817)
165.0 | 9.31 74.656 93.387 3.043 | 1837.03 |
o (75.114) | (93.387) | (3.500) |

~

Table E.21 The Diakoptical Economic Active-Reactive

Dispatch of the 5 Bus System (Active)
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T

)

.| A | % s %
MVAR | $/MVARh | MVAR MVAR MVAR
1.0 0.20 110.079- ~40.000% -31.831
(9.067) |~ (~40.000) (~-31.931)
2.0 020 '10.371 ~40.000% -31.629
‘ ' (10.501) (~40.000) (-31.499)
3.0 | 0.20 | 11.793 ~40.000% | =31.207
(12.132) (-48.000) .| "(=30.035)
4.0 0.21 | 13.349 ~40.000% ~30.651
(13.964) (-40.000) | (=30.035)
5.0 0.21 15.045 -40.000% | =29.955
(16.022) |  (~40.000) (-28.977)
6.0 | %0.21 16.886 |  -40.000% ~29.114
(18.297) |  (<40.000) | (-27.703)
7.0 0.21 18.879 40.000% | -28.121
3 (20.798) |  (~40.000) (-26.201)
8.0 0.22 21.031 ~40.000% ~26.969
23.541) | (=40.000) | (-24.461)
9.0 0.22 23.348 -40.000% -25.652
(26.523) (=40.000) | (-22.476)
10.0 0.22 25.838 | = =-40.000% -24.162.
| (29.764) | (-40.000) | (-20.236)

* Lower Limit Violatiom

\

[}

Table E.22 The Diakoptical‘Economic Activeugeéctive

:ipatch of the 5 Bus System (Reactive)
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. q :
Load=16.5+j1 MVA | Load=165.0+3510 MVA @
. .
Bus Voltage Angle Voltage Angle
No. p.u. Degrees. | p.u. | Degrees
1 1.0600 0.0 | 1.0600 | 0.0
- S © . . J

2 1.0566 ~0.4614 1.0164 ~3.7404
3 1.0564 0. 4885 1.0152 ~3.9868
4 | 1.0500 -0.0851 1.0371 -1.0585 - ;
s | 1.0532 -0.5157 1.0079 4,5846

Table E.23 The Voltage Profile of the 5 Bus' System
i . . L
Based on the Diakoptical ?conomic Active~

Reactive Sclution

solutions in the active pbwer generafions. There are in general some
differences in the reactive powefs between the load flow sélutidn and
the economic dispétch soluFiqn.a For example, ip‘ﬁhe case 5f lOO%iload”
le&el, the reactive pbwérskat the slack bus (bus number 1)  of the two
solutions differ by 3.926 MVARS, which is_piéked up by #he>total
reactive power losses."If the slgck bus voltage in tbe‘load flow
solution is allo@ed‘to float, it will assume a value of 1.105 p.u., énd

the load flow solution would then égree' ,sy c1oSeiy with the dispaﬁch
solution in>both the active and reactivé‘pOQer.flows. However, tbis

high slack bus voltage, not only raises the bus véltages in general, ¢

but it is outside the feasible operating rangeﬂpf the base lodd flow



results used to evaluate the piecewise active-reactive logs model.
Hence from, the above discussion, the solutions shown in Tables E.21 and

E.22 are the economic dispatch solutions of -the system.

-

"E.2.3 The 11 Bus Test System - Piecewise Active-Reactive Power Loss Model
'The 11 bus poﬁérbsystem is shown in Figure E.2. The’ﬁe;work as . .;
a whole has six active;reactiQe generation‘buses l,v2, 6,‘7, lg‘and 11,
and two‘purely reactive soﬁrces ét Buses 5 and 8. The mg;work’in
Figures E.2 ;s torn into two‘subnezwbrkS‘A’and B along thg brokén }ine.
éubnetwdrk A and B contain four and two ggneration_bﬁseg‘réspectiﬁely.
The ﬁumber of parameters to be evaluated of fhe pieqe&ise\&oss quel,

. and the number of load flow resuits required are giveﬁ in Table E.24.

Model Fia | %a P | % | P |
No. of | 25 25 9 9 29 | 29

Parameters ‘ )

"No. of Load | 26 |25 |10 |-10 |30 | 30

F lpws , . :

Table E.24 The 11 Bus Piecewise Active-Reactive Power

Loss Model Parameter Evaluation Requirements

The purely feactive loss models ~re dealt with later.'xThe number of
parameters to be evaluated for the largest submodel is 29. A minimum

of 30 load flow solutions were carried out for different load and

‘

of the piecewise active-reactive loss modéi,of this system were'

voltage levels. Based on the load flow result oBtained; the parameters

235
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4
evaluated by the ridge estimator. The parameter estimates obtained are
shown in Tables E.25 to E.30 for the active and reactive parts.
b
The purely reactive powers at buses 5 and 8, were modeled in terms
N ’ ) .
v

- of the total reactive load demand of the network (see Chapter II). In

the modeling procedure, the reactive limits used are given below:

© =40 < Qg <50 MVARS (1)

/ ~

S 40 < Quyg < 50 MVARS | (E.2)
The reactive powers at buses 5 and 8, were expressed as third order
polynomials in the total reaétive load demand. Using the base load
flow results thained, the parameters of these polynomials were
evaluated by the Tridge estimgtor. fhe results obtained are given in
Table E.31.

E.2.4 The 11 Bus Test System - Piecewise Active-Reactive Power Dispatch

The econcomic active-reactive dispatch solution obtained for this
system for lOOZ'load level (i.e.i420 + 3240 MVA) is shown in Table E.32.
The generation capacities used are given in Table E.11 for coal fired

plants. The load flow solution based on the economic dispatch result is

v

. : 3
also given in Table E.32. The voltage profile that corresponds to the

economic solution is -town in Table E.33.
As in the case of the 5 bus test system, it is observed from Table
E.32, that both the economic dispatch result and the load flow solution

agree very closely in the active power generation. The difference
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Ridge k - 0.00023

Parameter PLA Parameter . PLA
K, opa -0.000256 Aprzy 0.079209
EPP;l 0.028880 Apas ‘ ~0.013739
Eppas -0.002655 Boros ~0.0270M
Eppas 0.030913 | Ay, . I 0.029501
Eppas 0.005315 Apass -0.016761
Epoat 0.065364 Apass 0.003990
Epqa2 -0.022612 Bpats 0.055627
EPQA3 -0.014239 | By, . -0.025137
Epoas 0.034934 Bpars ~0.051851
APAll 0.103770 | By, ~0.000240
Apy1s 0.029862 Bpaos 0.039305
Apals ~0.048961 Boass -0.010428
Bps 10.021178 |

Table E.25 The 11 Bus System Piecewise Active-Reactive
Loss Model ~ the Parameters of the Submodel

/\ PLA in p.u. on 100 MVA Base

)



k=0.00023
Parameter PLB
K opB 0.000194
Epppy : —Q.0086SC'
Epppo 0.029544
.EPQBl ~0.037757
EpgB2 ~0.002288
L y 0.1Q8865'
N - -0.062706
Abnos 0;067215
Bon1o 032553 &

Table E.26 The 11 Bus System Piecewise Active-
Reactive Loss Model ~ the Parameters

of the Submodel'PL in p.u. on 100 MVA Base

B



Ridge k = 0.00023
Parameter PLI Parameter PLIf
K op1 ~0.007376 Apagal -0.011398
EppranL 0.027200 Apapao ~0.004686
EPPIAAé\ 0.000274 Bpapal ~0.003040
Epans ~0.012536 Apap3s 0.028821
Epp 1AL ~0.004942 BpaRit 0.020329
Epqraal 0.044640 Bpapin 0.040464
| Epgran 0.025447 Bossly ~0.015945
'EPQIAAB ~0.010715 BopR1 -0.014240
EpGrAd -0.057507 Boagol ~0.033965
Eop a5l 0.005619 Bosgos " 0.015835
Eoprppy 0.015427 Bpapay 0.015424
Epqr851 -0.025149 By 532 0.007925
EpoTEg2 0.056669 BpaBal 0.045359
Apapll ~0.030333 BPABAZ' ~0.013600
ApAp1) 1=0.045088

Table E.27 The 11 Bus System Piecewise Active-Reactive

Loss Model ~ the Parameters of the Submodel P

in p.u. on 100 MVA Base

I
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Ridge k = 0.00023
Parameter ,QLA ' Parameter QLA
Koga | -0.001151 40422 | 0.282171
Eqpal ©0.120550 AéAzgv ~0.031631
Eqpaz ~0.02C670 AQA24 | ~0.083420
B3 0.109920 \A 0.6754803
Eqpas 05003360 ? h\ -0.068048
Booal 0.251792 Aqi\Z“ -0.035857
EQoa2 . —O.O9626§~/V, 2 : 10.136346
EQQA3 N -0.030552 BQAlBI » -0.068088
Eqqad 0.165602 Boals - -0.146759
Ag011 0.209733 Boaz3 -0.022641
\AQAIZ 0.026595. Boazs 0.152332
A0a13 -0.121539 Boas -0.016143
R 0.047521 |

Table E.28 The 11 Bus System Piecewise Active-Reactive
Loss Model - the Parameters of the Submodel

QLA in p.u. on 100 MVA Base
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k = 0.00023
Parameter QLB
KLOQB 0.000107
EQPBl ~-0.017775
’EQPBZ 0.050190
EQQBl' -0.053493 -
EQQBZ -0.005950
AQBll 0.166789
AQB12 -0.097678
AQB22 0.108988
BQBlz 0.052770
3

o &
P

Table E-29 The 11 Bus System Piecewise Active-

Ea)

Reactive Loss Model - the Parameters of

the Submodel QLB in p.u. on 100 MVA Base



2

Ridge k = 0.00Qgg

Parameter QLI Parameter ) QLI
K001 ~0.015176 Aoran21 ~0.018730
Eopraal 0.053153 A01AB22 .=0.007421
Eqp1aa2 0.002139 ; Aoran3t ~0.008285
EgpIA3 -0.020813 AQIABéz 0.055125 .
E P IAAL -0.006603 'AQIABAl' 0.046677
Eqqrant 0.081682 . '0.079653
NN 0.049886 By -0.035525
EQQIAA3 ,_9.023225 ?fQIABlghﬁ“ 40020183
EqQuAAG -0.129613 B1an21 ~0.065574
EopIna1 0.012002 »BQIA;éz 0.021681
EqpI382 0.028195 Boramsi 0.032283
EqqIBa1 ~0.05875 By1an32 0.012161
Eq1BB2 0.11406 BoraBA1 ?g‘ 0.075743
Aq1aB11 ~0.05670 Bo1aBs2 | =0.006540 e
Aqrasiz -0.08845 ! |

Table E.30 The 11 Bus Systeﬁ\EiecewiSe Active-Reactive

1Q; in p.u. on 100 MVA Base

Loss Model - the Paraﬁeters 2f the Submodel
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Parameter \ : QGVS o QGV8
.
Aq 0.164817 0.148750
A 0.095000 ~ 0.583942
A 0.164441 - -0.311074
A, ~0.061663  0.053551

Table E.31 The Parameters of QGVS and.QGV8
of the 11 Bus System in p.u. on

- 100 MVA Base
. ‘ ‘

. between the two solutions in the reactive power flow at the slack bus
(bus number 1) is 2.986 MVARS which is bicked up by the tdtal losses.
If the slack bus voltage is allowed to float, the two soiutions can be
made to agree with one another pr?vided fhe volta%e.levels are
maintained within the voltage limits of the.base load flow results used
to evaluate the piecewise and the purely reactive modelsQS?The voitage
levels shown in Table E.33, all faii within the voltage limits of the
base load flow results. The diakoptical éctiye—reactive dispafch
method'gave a lower value for the total fuel cost than the active

dispatch method.



System Load = 420+j240 MVA

Variable Dispatch Solution - Load Flow Solution
fGl MW 74.377 73;616'_
Qg MVAR -6.259 ~9.245
PGé;;Mw1 51.400 51.400
Q, MVAR 54,135 54,135
Qqys MVAR 48.737 48.740
Pog MW 123.143 123.143
Qug MVAR 32.040 32.040
P, MW ' 58.220 58.220
Qp; MVAR 15.564 15.560 b
Quyg MVAR 49.872 49.870
Poyo MV 62.786 62.786
Qg1q MVAR 45.949 45'950,‘.
Poyy MW 64.521 64.521
' Qgyq MVAR 30.336 30.340
'PL MW 14.448 © 13,666
q  MVAR .30.375 27.380
F o $/hr 5061.527
Ap  $/Mh _ o 9.220
Xq $ /MVARK 0.194

Table E.32 The Diakoptical Economic Active-Reactive Dispatch

of the 17 Bus Test System (Nominal Load)
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Load = 240 + j240 MVA

Table E.

Bus Voltage Angle Bus Voltage Angle
No. p.u. Degrees , No. p-u. Degrees
1 1.0400 0.0 7 0.9911 ~13.1990
2 1.0450 ~7.9180 .| 8 0.9926 ~15.9020
3 0.9537 ~6.5120 9 0.9745 | -16.865
4 0.9700 -13.3320 10 1.0355 ~15.017
5 0.9895 ~16.044 11 1.0548 ~7.9120
6 0.9857 -12.0280 -
33 The Voltage Profile of the 11 Bus System Based

4 ) .
on the Diakoptical Economic Active-Reactive

Dispatch Solution

245



APPENDIX F
POWER SYSTEMS OPERATING DATA

The power systems used in this thesis are listed below:

>

1. the 5 bus test system (3)

2. the IEEE 30 bus ﬁest system (42)

3. the 11 byis test system (56) -
4. the 23 bud test systém‘(si)

The transmission network line parameters and operational data of the

above pywer systems are given below.
P\ :

F.1 The 5 Bus Test System

Thggoperéting conditions, voltage regulated bus data and the

network line data of this system are given in Tables F.1, F.2 and F.3

respectively.
Bus Voltége* Angle* Generation Load
No. p.u. Degrees | Active MW “Active | Reactive
) MW MVAR -
1 [1.06 0.0 0.0 0.0° 0.0
o1 1.00 0.0 0.0 45.01 15.0
3 1.00 0.0 0.0 40.0 5.0
4 |1.00 - 0.0 40.0 20.0 [ -20.0
5 1.00 - 0.0 0.0 60.0 |. 10.0
, .
* Initial Voltages and Angles \

Table F.1 Thé Operating Conditions of the 5 Bus Test System

246
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|
MVAR Capability

Bus Voltage ‘
No. p.u. Min = Max
4 1.047 -40.00 50.00

Table F.2'Vbltage Regulated Bus Data of the 5 Bus

:

Test System
| Send | End. Resistance Reactance Line Charging

Bus Bus ' (
1 4 .02000 .06000 .03066
1 2. .08000 .24000 .02500
4 2 .06000 .18000 .02000
P 06000 .18000

4 5 |, = .04000 .12000

2 3 .01000 .03000

3 5 .08000 .24000

¥ ~ |

Table F.3 Line Data of 5 Bus Test System in p.u. on

100 MVA Base-



F.2  The IEEE 30 Bus Test System

Bl

o The system data are given in the following Tables.
R _
Bus Voltage* | Angle* Generation v Load
No. p.u. Degrees Active Active Reactive
: MW MW MVAR
1 1.06 0.0 0.0 0.0 .0
2 . 1.00- 0.0 40.0 21.70 12.70
3 ~1.00 0.0 0.0 - 2.40 1.20
4 1.00 0.0 0.0 7.60 1.60
5 1.00 0.0 0.0 94.20 19.00
6 1.00 0.0 0.0 0.0 0.0
7 1.00 0.0 0.0 22.80" 10.90
8 1.00 0.0 0.0 ° 30.00 30.00
9 1.00 . 0.0 © 0.0 0.0 0.0
10 - 1.00 0.0 ! 0.0 5.80 2.00"
11 1.00 0.0 0.0 0.0 0.0
12 1:00 0.0 0.0 11.20 7.50
13 1.00 0.0 70.45 0.0 0.0
14 1.00 0.0 0.0 6.20 1.60
15 1.00 0.0 0.0 8.20 2.50
“ 16. 1.00 0.0 0.0 3.50 1.80
"17 1.00 0.0 0.0 9.00 - 5.80
18 1.00 0.0 0.0 3.20 0.90
19 1.00 0.0 0.0 9.50 3.40
20 1.00 0.0 0.0 2.20 0.70
S 21 1.00 0.0 0.0 17.50 11.20
22 1.00 0.0 0.0 0.0 0.0
23 1.00 0.0 0.0 3.20 1.60
24 " 1.00 0.0 0.0 ~ 8.70 6.70
25 1.00 0.0 0.0 0.0 0.0
. 26 . 1.00 0.0 0.0 3.50 2.30
27 1.00 0.0 0.0 0.0 0.0
. 28 1.00 0.0 0.0 0.0 0.0
. 29 ~1.00 0.0 0.0 2.40 0.90
30 1.00 0.0 0.0 10.60 1.90
* Initial Valués

Table F.4 The Operating Conditions of the IEEE 30 Bus Test

. System

9
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Bus Voltége MVAR Capability
No. p-u. Min Max

2 1.045 ~40.000 50.000

5 1.010 -40.000 40.000
8 1.010 -10.000 40.000
11 .| 1.082 -6.000 24,000
13 1.071 -6.000 24,000

. | 4
\":Y.'

Table F.5 Voltagé Regulated Bus Rata of the IEEE

30 Bus Test System

s

R
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~Send End Resistance Reactance Line Charging
Bus - Bus
1 2 .01920 .05750 .02640
1 3 .04520 .18520 .02040
2 4 .05750 - ..17370 01840
3 4 .01320 .03790 .00420
) 5 .04720 .19830 .02090
2 6 .05810 .17630 .01870
A 6 .01190 04140 00450
5 7 .04600 ¢ ,11600 .01020
6 7 .02670 .08200 .00850
6 8 .01200 .04200 .00450
6 9 .00000 .20800 .00000
6 10 .00000 .55600 .00000
9 11 .00000 .20800 ~.00000
9 ‘10 .00000 .11000 .00000
4 12 .00000 25600 .00000
12 13 .00000 14000 .00000
12 14 .12310 .25590 .00000
12 15 .06620 .13040 .00000
12 16 .09450 .19870 .00000
14 15 .22100 .19970 .00000
16 17 .08240 .19230 .00000
15 18 .10700 .21850 .0000Q
18 19 .06390 .12920 .00000
19 20 .03400 .06800 .00000
10 20 .09360 ‘.20500 .00000
10 17 .03240 .08450 .00000
. 1o 21 .03480 .07490 .00000
10 22 .07270 .14990 .00000
21 22 .01160 .02360 .00000
15 23 .10000 .20200 .00000
22° 24 .11500 .17900 - . 00000
23 24 .13200 - .,27000 .00000
24 25 .18850 .32920 .00000
725 26 25440 .38000 -.00000
25 27 .10930 .20870 .00000
27 28 .00000 .39600 .00000
27 29 ¥ 21980 .41530 .00000
27 30 ' .32020 \.60270 .00000
29 30 .23990° 45330 .00000
8 28 .06360 .20000 .02140
6 28 ,01690 00650

.05990

S e

Table F.6 Line Date of the IEEE 30 Bus Test System in p.u"

on 100 MVA Base



Send End Tap Setting
Bus Bus
4 12 952
6 9 .978
6 10 .969
28 27 .968

Table F.7 Transformer

« Bus Suscésptance
No.
10 .19000
24 .04300

L4

Data of the IEEE 30 Bus Test System

Table ¥.8 The Shunt Data of the IEEE 30 Bus Test System

L



F.3

The 11 Bus Test System

The data of this system are given in the following Tables.

Bus Voltage* Angle* Generation Load
No. p.u. Degrees Active “Active Reactive
| MW MW - MVAR
1 1.04 0.0 0.0 0.0 0.0
2 1.00 0.0 90.0 40.0 20.0
3 1.00 0.0 0.0 20.0 20.0
4 1.00 0.0 0.0 60.0 20.0
5 1.00 0.0 0.0 40.0 20.0
6 1.00 0.0 80.0 80.0 40.0
7 . 1.00 0.0 75.0 40.0 20.0
8 1.00 0.0 0.0 ' 40.0 40.0
9 1.00 0.0 0.0 40.0 20.0.
: |

10 1.00 0.0 60.0 20.0 20.0

11 1.00 0.0 50.0 40.0 20.0
‘

Table F.9 The Operating Conditions of the 11

Bus Test System

“a

to

2



N

Bus Voltage MVAR Capability
No.v p.u. Min Max

2 1.000 ©=40.0000 | 50.0000

5 1.050 ~40.0000 | 50.0000

6 1.027 ~40.0000 '| 50.0000

7 1.009 ~40.0000 | 40.0000

8 1.047 -40.0000 | 50.0000

10 1.050 -4o.odoo "50.0000

11 1.027 -40.0000 | 50.0000

Table F.10 Voltagé Regulated Bus Data of

11 Bus Test System

-
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"

Send End Resistance Reactance Line Charging
Bus Bus
1 2 .14500 y.  -40900 .00000
1 3 .22800 .28300 .00000
9 4 ,07800 .25900 .00000 _
o ,
4 6 .05800 .08800 .00000
6 7, .28600 .43500 .00000
7 8 .06900 .19800 .00000
8 9 .20200 .30800 .00000
9 10. .09400 . 14800 .00000
3 11 .43000 .81300 .00000
3 5 .28400 61000 .00000
4 5 .20800 * 55000 . .00000
‘ . . /
5 6 .14800 .39300 .00000
5 8 .10300 .24200 - .00000
e
8 11 .39000 .65700 .00000
8 10 .30200 .41400 .06000
7

on 100 MVA Base

Oy

J,JTégle F.1l1 Line Data of ;ﬁé 11 Bus Test System in p.u.

~—)
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F.4

- The 23 Bus Test System

The data of this power system

are given in the following Tables.

Bus Voltage* Angle* Generation Load < 7
No. p.u. Degrees Active Active Reactive
MW MW ' MVAR

1 1.05 0.0 0.00 64.00 16.00
2 1.00 0.0 125.13 101.00 25.00
3 1.00 0.0 0.0 0.00 0.00
4 1.00 0.0 - 0.00 47.00 12.00
5 1.00 0.0 0.00 51.00 13.00
6 1.00 0.0 0.00 41.00 10.00
7 1.00 0.0 0.00 48.00 12.00
8 § 1.00 0.0 0.00 1.00 -~ 0.00
9 1.00 0.0 >§$°° 150.00 -38.00
10 1.00 0.0 .00 '177.00 44,.00
11 1.00 0.0 - 232.91 130.00" 32.00
12 1.00 0.0 '0.00 . 6.00 .0.00
13 1.00 0.0 0.00: -4.00 - 0.00
14 1.00 0.0 500.00 480.00 120.00
15 1.00 0.0 0.00 201.00 50.00
16 1.00 0.0 0.00 132.00 33.00
17 | 1.00 0.0 0.00 - 344.00 86.00
18 |, 1.00 0.0 0.00 104.00 26.00
19 * 1.00 0.0 0.00 376.00 94.00
20 1.00 0.0 803.00 _=100.90 T =25.00
21 . 1.00 0.0 0.00 375.00 . 94.00
22 1.00 0.0 0.00 \-410:00 ~52.00
23 1.00 0.0 - 979.97 129.00/ 32.00

* Initial Values

Table F.12 The Overating Conditions of the 23 Bus

Test System

255




Bus Voltage MVAR Capability
No. p.u. Min Max
2 1.022 -30.000 | 194.650
3 1.021 -30.000 | 40.000
4 1.002 -ao.qoot 50.000
10 0.996 -60.000 60.000°
11 1.035 ~40.000 | 189.060
14 1.050 120.000 | 430.320
20 1.050 | %155.000 | 514.130
23 1.050 '_205.000 | 774.960

Table F.13 Voltage Regulated Bus Data of 23 Bus Test System '

256



Send End Resistance Reactance Line Charging
Bus Bus '
1 -3 .02420 .05400 .01180
1 4 .03090 .06930 .01510
2 5 .04040 .08880 .01970
8 5 .03250 .07090 .01570
2 7 .06150 .16200 .03420
3 6 -.05760 .15200 .03200
4 9 -.02660 .07000 .01480
9 7 .02290 .05040 .01120
8 6 .04460 .10030 .02180
11 "P-J10 .02330 .05140 .04560
8 T 10 :05970 ©.13150 .02910
9 10- .05970 .13150 .02910
13 14 .00430 .03510 .23730
14 12 .00430 .03510 ° .23730
15 12 .00380 .03070 .20780
18 15 .&350 . 02880 .19510
23 13" .00890 .07200 .48710
16 17 .00100 .00800 .05430
17 18 .00210 .01670 .11330
19 18 .00160 ©..01270 .08620
20 19 1.00450 .03620 .24510
22 18 .00240 .01920 .12980
20 21 .00190 .01560 .10560
21 22 .00140 .01140 , 07700
23 16 .00200 .01640 .11090
12 8 .00230 .08390 .00000
13 8 .00230 .08390 .00000
12 9 .00185 .13000 .00000
13 9 .00230 .08390 .00000
1 2 .00250 .20000

.00000

onllOO MVA Pa&e: &a“ﬁ%ﬁ“\xx‘

L4

Table F.l4 Line Data of 23 Bus Test. System in p.u.

Al
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’Tap Setting

13

Send End

Bus Bus

12 8 1.0330

13 8 1.0500

12 9 - 1.0500
9 0.9762

Table F.15 Transformer Data of 23 Bus TestfSystem

,’n
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’Tap Setting

13

Send End

Bus Bus

12 8 1.0330

13 8 1.0500

12 9 - 1.0500
9 0.9762

Table F.15 Transformer Data of 23 Bus TestfSystem

,’n

258



