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o

A large amount of bulk power must be traﬁsferped from the

generation sites to the mé%or load areas and then

distributed to thetﬁgndividual areas of demand. The

increasing costs and e need for reliable electric systems

requir? oBtimum designs of thé :differeﬁt sections of:the
power system. The optimal designs must satisfy an efficient
system performance 'with minimum costs or within certain
budgetary constraint’se A new model fof_lonqyranqe planﬁiﬁq
of 1arqe“distribution systems is developed in this worke 'The
model takes into account both the fixed and the variable
costs for all planned facilities (subgtations ;nd feéders)
as well as the cost of the enerqgy lossese. .The distribution
planning model incorporates an accurate fobmuLation " of the
continuous ﬁbnlinear cost function in terms of gﬁe plahninq
variables (timeé and power flow through the plaﬁne&\he;uork).
The modeT=also gives the possibility of expanding the power
capacity' of an existing feeder or substation  as an

alternative to constructing new facilitiese.

~

The formulation of the problem includes constraints on

voltage drop 1in the primary feederse demand satisfaction,

power flow ‘conservations ~ and feeders and substations

overloadingse

s
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To enhance the efficiency and the accgfhcy of the

planning process for the overall power systems a new

optimization model for the optimal long range transmission

planning is introduced in this wWorke. Giﬁen the existing
network and anticipating a requiremént for future fa;ilities
ané fut:rq loadsy an accurate'nonlinéaf;cost ‘function for
the transmission ‘system'is formulated. The cést function
includes the fixeds the vériablgc and the energy loss cosﬁs_
- ' !
&f the different planning facilities. This cost fanction is
minimized lsuﬁﬁect to demand sdfisfacqioﬁ and '6Vetloadinq
constrain;%. -~ The model  has the adfantaqg of including
security constraints oﬁ the 5ps voltage %aqnitudesl and the
, C
Swing angless which are essential for the system stabilitye
‘Accurate ac load £low: equatiqns are é%s6iinc1uded in the
optimization model. This ensures that the optimal solﬁtions
obtained frqm this model satisfy the load flow requiréhentsy"
while previously seéa:ate solutions were required for each
chdnge in the net@orks.
In the non-integer models' developed - in this workes the
number of the planninq variables is reduced siqﬁificantlv
. {
compared to the corresponding models used hitherto. Thus the
new models are \appliéable toiwlarqer distribution,-and_
transmission systems. Also because of tﬂe continuous nature
of the formulations in the mbdelsé they are suitable for

different nonlinear applicationse such as contingency

studies. = The reliability test is included in the

P

&
1
<
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. e
transmission planning model in a- form of deterministic

-

contingency approachs This ensures that the desiqns obtained

from this model perform satisfactofily undé% "Severe outage

conditionse. -

i
¥ “J

The new models:  are applied successfully to utility

examples in ‘the)statié and the dynamic modes of planninge,
The results obtained in the different, cases are compareé
with the results ;eported previously in4%he literature. The.
comparison " shows qood: accuracys hiqh efficiency. and

demonstrates the applicébilitv of the new models.

P

- vii -



ACKNQHWLEDGEMENIS

My deepest tﬂ;nks and gratitude are due to HI§ ALMIGHTY»
ALLAH: foryhelpinq and blessing me during tHg course of my
<§zddies, \ 5 .- * f
o I would like to ‘express. my sincere'_ihénks and

appreciation to my supervisors Dre Reuben Hackamy Pé%fesso;

of Electrical Enqineerinqv'u?or;pis supervisiones invaluable
guidancer suqqestions}/and advice throughout ‘the progress of

A \-—-—‘——-——-—/. - - - .
my “worke I am also thankful to him for his continuous

AN
support and encouragemente

————

_I would like to thankfully acknowledge Dr. G.Re Raju and
Pr. Ae Watson of the Blectrical Engineering Department and

= B
Drs Ae. van Wi9ngaarcden of the Physics Department for

valuable discussionse I wish to thank also br. . ReSe

Lashkari ' of the Industrial Engineering Department for

allowing me to use his optimization computer packagee
My sincere thanks also to the staff of the Computer

Center at the University of Windsores for their "help. f

I would like to thank the Naturald Science and

Engineering Research ;;}ncil of Canada for providing the

funds for this projects X

I am also grateful to the University of Windsor for

awarding me the prestigious CePe Crowley Scholarshipe

- N

” . . W

R |
- yllli =



3

~ Thanks are also due to Mrs.. S. Oueliette and Mrs. Jds :
: ) N ,

Nowitsky who‘helped_to‘meéf the conferences deadlines.

’Finallyp I want to express my deegesﬁ)appreciation to my

L)

~ wifes Azzas and my two daughtersy Souha and Ranas for their

*

patience and'ﬁoral suppart throughout my doctotal*?roqrqm- I
am also grateful an&'t%§§§fui‘ to;my_parents, wWithout their
inspiration and support thrduqhout my lifee I would not be

(
able to make it todaye

.

Gy



DEDICATION s & & & & & @ s ®© ® # & @ * 5 & a2 = o a
ABSTRACT e ¢ ¢ o ¢ o & & a2 ® @ o & a 3 o a s = a & s »
ACKNOWLEDGEMENTS o« » o o « » = o o = ‘e @ @ cgo ¢ * & e
FIGURE CAPT.IONS e » o o & = & s+ =2 o = " ® & ® e & = =
TABLE CAPTIONS [ ] - d'-o - . - [ ] L] L} - - [ ] [ R ] [} L] L] [ 3
‘NOMENCLATURE o o = o_ e o o & e ‘& » = 5, o o s s s s s » X
s
CHAPTER
I. IN‘}RODUCTION ._' - L ] .. » - ® 9 [ ] L] - » - L ] - .. - * -
1.1 General Plannlnq SLEPS & & & s s & v o o
1.2 Nature of Transmission and sttrlbutlon
‘-' ©C SYSLCMS. s a 6" 8 & @« 6 o & ¢ o & & & ¢ &
Te3 Literature Sﬂr\fey e o o o 878 8 @« o s ® @
. 1e3.1 Existing Techniques for Long-Range
Transmission Plapning e« « « o o o
1432 Existing Techniques for Long-—Range
: Distribution Planning e« « ¢ s =«
- 1«4 General Objectives =« « o o o s o o o o o
/ II. POWER SYSTEM ANALYSIS e 2 ® & o 4 8 % & o & & &
) 2.1 Load Porecasting AnalySisS e « « o ¢ o &
2+1.1 TForecasting Definition and '
APDPTOBChES o o o = a a » « o »
. 2.1.2 Forecastind Techniques « « o«
2.1+3 Review of Some Existing Demand
. Forecasting HHdels « a ¢ o o o =
242 POHer Flow AnalYS:LS e & @ ®» .o B ® & o w e
. 2e2«1 Power Network Modeling.e « o « « &
’ 2-201-1 Notatlon s & & » ® & = &
'2.2«1.2 Power Network Variables
(Quantltles) * e a o v o
202+1+3 Power Network Element
~ INdiCeS o o o o a s o o »
¢ 2e2+1.4 Power Network Steady-
’ State HOdelS 5 e s = s
2.2.2 Network Matricds and Power Flow

~,
e

A »

TABLE_QE_CONTENIS

EZguatlions PO

’\

iv

viii

Xiv

Xvi

viil

h —

U W

19
51

43
ul

e

43

54 ..

35
55

57

o Un
(=]

o

Lk



wuA

ElementzNod

2e2s2a1: cidence
‘ : Matrix &"o o:o « = & o @
.2el2eZe2 Bus Incidence Matrix A .
2e2ele3 Primitive Admittance
Matrlx Y$ . C [ T s e s
2e2¢2+4 -Bus Admittance Matrix
- Y7 = sz_ s e s & & = = =
2e2+2+5 Network Performance
Equatlons = & & ® 8 ® = &
2el2e246 Modes of Formulating
’ ' Power Flow Egquations . .
20243 Methods of Load Flow S0Olution « .
242+3.1 Non-Derivative Methods .
2e2+3.2 Derivative Methods « « o

- 23
2e3.1

Rellablllty and Contingency Analysis =« &

Deterministic Concept of
Contingency AnalysSis « ¢ ¢ s « o &

2+3¢1¢1 First—Order Approximations
‘ of Network Contingencies
2e3e1e2 Simulation of an Element
1. ’ -Loss e s e e 4 & s & &
: Zs3e1e3 Exampleg of Performance
. INdiCeS « o a s « o & o &«
2+3«7.4 Ranking of Power Network

Contingencies « « s « = «

2al} Stability AnalYSiS e« & o s s & & s * 2 @

23441 Stability of a Asynchronous Load e
2e4.2 Steady-State Synchronous Stabxlxty
- : 2elka 2 1 The Concept of a
' Synchronous Machine
Connected to an Infinité
’ l Busbhar e o & 8 o o @& o =
2e40242 Motian Principles of a

Rotatinq Machine . & = &

III. COHPUTLB AIDED DESIGN QF LONG-RANGE DISTRIBUTION

PLANNING o o

3.1 Introduction
3.2 Limitations of the Previously Reported
" Models for Distribution Planning e« s «

3e
3

- L] . - - &= & @ L] LI 4 - -

3 - Objectives to be Achieved in Long Range
Distribution PlannNing e« e » o o o s o o o«
o4 Model DESCIIPLION o ¢ ¢ o o o o o o » o @

341 Distribution Planning Variables
Jalta2 Objectlve FUNcCtion « o s o s o o o

. ~ = 3Je4e2.1 Capitalized Substations
P : and Feeders COStS ¢ o« «
‘ 3444222 Variable Substations and
Feeders COStS o o ¢ o o o
: 32404243 "Cost of Energy Losses .« .
3.4e3 Problem CONSLIaints e« » » o » o o

Jelbeds Vvoltage Constraints « «+
3e4e3.2 Conservation of Power
- ' - Flow * @ & ® & s v 0 e

71

73
73
. 30
92
116

113

113"

122

123
124
125

125,

127 .

128

129

131
131
131

134
136
136 .
138

140
144
145

146
147

148



IVe

w
ovun

3.7

.

Capacity Constraints

Jela3e3 .
Jul4.3.4 Radiality Constraints e
3+443.3 Other Necessary
: CONStTaints « o a« o o a
3eltall ﬂOdEl Advantaqes *« = & ¢ s = e =
Optimization ROUtINE e o o o = o o o &
Applications e @ 8 & 8 8 & 5 8 e ° s .
3.6.1 Description of the Typical
Distribution System Under Study
3-6-2 cases sStudied s & ® ® & = & = =
3.6.3 Results and Discussion « « « « &
ConCIUdinq Remarks e o & ® @ a % % a. @

AUTOMATED LONG-RANGE TRANSMISSION PLANNING o o

bal
be2

be3
Lol

Be5

-3

Introduction e ® & 8 % # 8 & & » 8 @

Limitations of the Existing Traasmission

Plannlnq MOAElS e « o« = » 2 & & « o & =
Transmission Planning Objectives .« « «
New Transmission Planning Hodel

'\ForWUlation e & & & ® o & # ® ® 8 & & o

Geliai Model Cost Functloen * o & » o =
boelialal Capital (Fixed) Cost CF

s & 0 @ . & 0 @

4.4.1.2 Operating and Maintenance

Variable Cost CV o e
Yele1e3 Energy Losses COSts s+

H.4.2 System Operational and Security
7 Constraints e & & & @ & ® 8 * @

4ee2.1 Demand and Power Flow
. Constraints e ®» & & = @

belhe2sZ Lines Capacity Bounds

Uelbe2e3d Stability Constraints

4.443 Advantages of the New Developed
HCdel e ® ® # ® @& = &8 ®w 8 ® & @
Appllcati ns s & ® 9 » & 85 e 8 8 ¢ % =
4.5.1 Example of the 6~Bus System .« .
be3ele1l System Description .« e«
Be3e1+.2 Static Expansion Design
4e5e1«3 Discussion of the 6-Bus
Example e % & ® = & o @

le of 14=Bus System e « «

-F'-F'FJ
L -4

amp
542
S5e.2 Results of .the 14-Bus

System Planning « e« «
bility Evaluation « e o ¢ s o o =

a
1 o0Objective Functlon Modifications
Z

for Contingency AnalysilsS « e » =

t4.6.3 Application for Planning With -

Continqency a 4 & & 8 s 8 & ® »
debDedell Re}iability Criteria .
u-69302 results « « e » s

4,633 Discussion of the 14-Bus

System R%annlnq With
Contlnqeqcy « e e = .

\
~

e
«1 System Description e e
2

Constraints Modifications Required

-

Mug

150

151

152

153
154

155
157
158
169
171
171

172
174

175
176
177

180
181

184

154
1587
15

188
190
131
191
194

198
200
201

204

- 210

212
216
219

219
220

224



T

, | .

be7 Concluding Remarks e.e o » o = +»

Ve CONCLUSIONS AND FUTURE WORK o + o o o
, 5.1 Long Range Distribution Planning
' CONClUSIONS o o o s o o o o s s &
Sa Transmission Planning Conclusions

3

-

BIBLIOGRAPHY s & ® &4 &« ®w B ® 8 ®w 8 8 ° 8 8 = & @

LIST OF PUBLICATIONS FROM THIS THESIS » o o o

-

™~

- vidit -

2
«3 Recommendations for Future Work.. -



Figure

262
243

284

2e7
2.8

2.9

2410

EIGURE CARTIONS

Schematic diagram of a part of a supply network.

Representation of a complex quantity in the

Complex domaile e o » & 6, ¢ » & o a 2 o & & & = &
Classification of network brancheSe « o ¢ o ¢« « »
Load branch mOdEIQ . = 4 s s & o o_;_o ‘.« o ® e

Generator branch models o ¢ ¢ ¢ a o @ " e s s s .

Transmission line model.

Transformer models- sle o s & + o s & 2 s e o s .
Representation of a simple pOWeL NEtWOCLke « ¢ o
Different types of‘sinqle contingenciess e« o ¢ o

Single line diagram of a line supplying a load

P+jQ. - L ] - - ,. - L] - - [ ] - - - - - - - - - - -

Example of load voltage-received power relations
at different constant power fActOrSs o s o = = «

‘2¢11+Synchronous machine connected to an infinite

2012
3.1
3ad

3.3

bUShATe o @ o« ¢ s o o o s & » & = & s o & o o & o
Approximate synchronous machine P~% curvee o o o

Ooriginal 44 Kv distribution network under
¢0nsiderationo S ¢ & & 8 8 ® 8 ® & 8 & 8 & & & @

Optimal network configuration obtained by the
present modele. *« & s 8 & & ¢ + o s ¢ e s e e o »

Optimal network configuration obtained by earlier
ontarcio HYdrO models e & e & 8 & & 8 ® 8 & ® & @

Page

56

59
61

61

127

128
154

161



Figure Page

3.4 Dynamic,optlggl\solution (every 5 years) of the
system given in ‘Figure 3.1-_- s+ & s & + » + a « 165
4.1 Presentation of the capital cost per unit length

of line i1 at the first plannhing time segment

(t = 1). ] . - - - - -, = [] - ] - [ - - - - - ] - 177
4.2 . Nonlinear continuous approximation of the number

of parallel paths required in the right-of-way i

at planning time segment T + to carrcy the power

flow-P 5 ® ® e @ & e & & & & 8 " 8 s e s B w» j83 o

Tl )

4a3 Existing conditions of the 6-bus systems. « « o o 190

Jal Future conditions of théhﬁ—bus SYStEMe o o« o o o 151
4.5 Optimal expansion solution of the 6-bus system. « 135

A - - e '
Y Existing facilities of the 1u4—-bus SysteMes « « « « 201

4e7 Possible future facilities of thei1u-bué system. 204

Le3 Static optimal network conflquratlon of the
14-bus SYStemt * e ® @ s 8 & & & s 4 s e e = = 205

4.9 = Static optimal solution of the 1l4-bus system
under contingency conditions using "mode 1"+ . « 220

4410 Static optimal sclution of the 14-bus system
using "mode 0" in studying the contingency
conditionse e s 8 8 ® & & & & s uw s s s ®» » & & 222

y i

4.11 Network conflquratlon under outagess» using

. *mode 1" and without limits on the bus voltage

variables. * % 2 s s e s * s e & s o s e e o & =

| o %)
| TR
o

. @



N

TABLE _GCARTIONS

Table ™ Page

2222 | , ™ =
21 - The complex quantitieé defininy power network

clemeEntSe o « ¢ o« o s » & & ¢ st e o + & & o s o+ = 58

hi

k§o1 Network load datae e & o e ® o.o s & o = W’d). « 156
3.2 Comparison between static optimal solutions of
earlier Ontario Hydro model and the new
intFOduced modele » ¢« o ¢« o 8 & s o o = = o o « 158
) , .
3.3 - Optimal power flow patterns through the network
" along with the receiving end node voltages for
the four- time periods. e ® ® & ® & & ® ® e & a2 @ 166

o1 Transmission line data for the 6-bus systems =« < 193
Ge2 Optimd; power flow patterns of ﬁhe 6=bu gys;em. 196

4.3 Bus voltage variables at the optimal solation of
- the 6-hus system- e & & ® & & ®8 & @ ® @ w * & 8 = 196

" 4.4 Optimal power flow patterns of the 6-bus system
: under different solution conditionSe « o o« o o « 137

4.5 Optimal bus voltage variables of the 6-bus system’
ander different solution conditionse + « « o o o 198

4e6  Existing load and generation data of the 14-bus _
SYStEMe « + o o s & 8 = = ® @ ® 8 ® e & & & a s 202

4.7 Transmission line data of the 14-bus systeme o+ » 203

4.8 Optimal values of the 14-bus network variables
~ obtained by the static SOlUtiONe « o « o & o o v 206

49 Power flow patterns ©of the 14=bus system at

.different time seqgments of the optimal dynamic .
SOlution- «a & % & & & ®w & ® & ® 8 & @& ®B & & s . 208



Page

4.10 Optimal dynamic values of the bus voltage i
variables of the 14~bus SYStEMe ¢ « ¢« o o « « o « 209

4411 Present worth values of the variable and the
. energy losses costs of the T4-bus system at.
. different annual interest and inflation rates. =« 209

4.12 Optimal parameter values of the 14-bus system.
accounting for contingency using "mode 1"+ + o o 221

4L+13 Optimal parameter values of the 14~bus system
accounting for contingency using "mode 0"« <« « o 22

4.14 Cost comparison for different static design
T cONd1ltlONSe. o o + .8 s & & & & & ¢ » o » & ®

L

[ ]
%]
=

8.15 Values of the network parameters under
contingencys obtained using "mode 1" o o o o o o 227
. b q ) R .

0 _

- wU11 -



13

=11

-MM

NOMENCLATURE

-

oy
bis incidence matrix

-
element~-node incidence matrix

complex voltage ratio of standard voltage transf-
OLMEr

1j=th element 1n the node-feeder incidence matrix

a function accounting for the sum of equal payme-
nts’ over the planning time segment T

imaginary cpmpOneﬂt of the coﬁplex admittance.Y_
ﬁsusceptante) ’
imaginary part of the 1ij=th ‘element of the bus
admittance matrix (susceptance)

a matrix presents a section of{the imaginary part

-

of the network bus admittance hatrix (B )+ simu-
latiny the lncidehce of the load 'buse;Mﬂith eacﬁ
other only in the network

the imaginary part of the network bus admittance
matrix after eliminating the row and the column
of the slack bus |

a cOlumn vector contains the real known gquantiti-

€S 1n the power network _

—_ trvam o m owm - —



Trl

CfE

Tl

c1
Tyl

ibution or transmission network
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Chapter I

INTRQDUCTION

Since the begining of the third quarterupf the twentieth
century there has been considerable awareness of the
economicals optimaly and efficient use of energye With the
increase need of electrical enerqy and with the limited
available resources the efficient transmission and
~distribution of this energy has pecome more importante.

Accordingly the research has been divided into two main
areasy in order to face the dilemma of increasing needs with
a limited availability of the supply of eneréy. The first
area has been concerned with finding and developing new
energy sources. The second area of resea;ch is concerned
with optimizing the use of the available energy resourcese.

Because electrical enerqy is the most widely used form
of enerqgy involving a very lérqe consumption of different
kinds of fuel (some’of ﬁhich are subject to short-terms
shortages) and requiring tremendous capital investment to
meet increasing demands there has been increasing interest
" in electric power system planning in recent yearse
The electric power system can be divided into three major

areases namely generations transmissiones and distribution

sSystemse The work presented in this thesis is concerned
o ' —-
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with the. long-range planning of ‘both the transmission and

the distribution networks of the. power systems

1]

£

Geperal_Blanning. Steps

electric power system planning process can be

summarized in the following main steps:

Te

2.

A decision on whether the system should be expanded
and/or a reconfiguration is needed must be made due to
the load groWwth with time. This decision 1s based on
the maximum and the timing of the load forecast at
different load sections.

The development of an objective(s) to be satisfied and
met by the'plan within well defined constraintse. The
system constraints include ‘operationaly Securitys
environmentalys political;i*and economicale Because of
the constraints and requirementss some measures of
effectiveness of a plan relative to the objectives
have to be sets It should be noted here that some of
the constraints imposed on the different plans can
not be simulated mathematically in order to be handled

3

by a computerized aided design model. There are two

\

ways of handling such problem. Firstlys these
constraints can be kooked at as a final comé;rlson
between the different alternative plans depending upoh
the planner judgement and experiehce. S;cohdly' each

of, the non-mathematical constraints can be given a
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weighting cost factor according to 1ts importance and
then be included 1in én{ matnematical model. Ayain
these ~weighting factdfgg Wwill be dependent on the
planner expetience and on the circumstancese.

3. Finally the choice of the overall most effective plan
has-to be made. |
The abov? steps have been implemented to each section of
the power system separately due to the differences between
the different sections of the _system. The mqin differences
between the transmission and the distribution sections Of
tbe power system are given in the foliowinq sectione
122 Nature of Transmission_and _Distribution_Systems
Transmission and distribution networks are different 1in
several wayse Mainly they have widely different voltage
méqnitude (Fige. 1;1). While the generated voltage 1s in the
range af 10}25 kVy 1t 1is increased by step-up trapsformers
to the maln” transmission voltage level. Transmission

Ll

voltages are typically 765 kVs 500 kVy and 345 kV in North

. Americas while they are 400 kv and 275 kV in Britain and

other parts of the ‘'world (1)e' Most of the large and
efficient stations feed through transformers directly 1nto
this network. This network in tu?n_feeds a subtransmission
network which operates at lower voltage (115 kV i North
America and 132 kV in Britain and the rest of the world).

The subtransmission network supplies the distribution
1



49
network which operates at much lower voltages feeding the

consumers. Typical distribution voltages are 33 kV, 11 kVe

6ef kVy 'and 4.176 kV which in turn are stepped down to

three-phase 220 V in North America and to three-phase 415 v

in Britain and the rest of the worlde.

g 10/25 kV -

X~ Step-up transformer
——te— 400 kV or 275kV _
(765kV, 500KV or 345kV In u.S.A.)

icient
Laiﬁéﬁiné : )

L"‘ Stap-down transiormer

o’

Step-up transfor_mar-

'J—‘HD
o |

132kV
(230KV or 115KV in U.S.A.)

£
>0 Step-~-down transiormer

: i Distribution
] T vaitage
& i
Low eafficiency Loads -0
stations

(Jocal generators)

Figure 1«1: Schematic diagram of a -part of a supply
---------- networke

Beside the voltage level difference between the °

transmission and the distribution networkss the number of
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branches and sources *1s much higher in the distribution

networkse In addition the general structure or topology is

“d1fferents

Review of the literature reveals that there has been more
interest 1n ggneration ahd transmission ‘plannlnq ghan 1n
distribution’ planhinq since thé €nergy cCrisis 1in the
geventies. The dlstribution planninq' hés only béen
considered seriocusly over the past few yearss. The reason for
that was attributed to the complexity of the dynamic nature
of the ‘distribution‘systems as well as to the very large
amounf of data required to analyze the distribution systems
compared to that. required for the generation and
transh;551on systems [Zl. Furthermores 1t had -been felt
that ‘there was less urgency to improve the planning of the
distribution syétems because of the reduced impact of the.
failure of the distribution equipment on the total network.

In the following sectiong a summary of the existing

techniques and models for both transmission and distribution

planning is introduced. The advantages and the shortcomings

of these techniques will also be briefly illustrated.

1.3 Literature Sarvey
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J23s1 Exis;ing_lechniqnes*EQI_LQnQ:Range_Inansmission
Planning

There has been a great deal of 1interest in 1on§ range
transmission planning over the years [1!3;17019-2210 Among
the early automated methods for transmission expansion is
the method proposed by Garver using linear programming [11];
The method included twa main stepse The first step was
called the 1linear flow estimation in which the. power flow
eguatlions were formulated as a linear minimization problem.
The objective function or the loss function used was the
multiplic;tion of the power flow in each link by 1its quidé
number. Two different types of links were suggested between
the buses. _The first tyge of links was called "circuits”
which were c0ns£dered as effective power carriers having low
guide numbers but ﬁhey were of limited power capacitiese.
Perhaps the most important new feature of the
flow-esﬁimation technigue was the introduction of the second
type of links which was called noverhead paths". These paths
existed in every permitted right—-of-waye They had\uniimibed
power capacity and high guide numberse. This high guide

number of an overload path was given to account for the cost
;.. . - - .
of adding neéew circuit as well as to penalize overloading

‘until all circuits (first kind of links) capacities had been

used. In the flow estimdtion technique the network was

divided into a tree and a subtree. Then all power flows
1

througk overload paths in the subtree were set to zeros and

3



7
power flows thrdﬁqh the subtree circuits were set to elther
Zero .;0r capacity limit; Knowing pdWwer flow through the
subtree links and to sa;isfy conservation of pbuer at each
bus in the networks the power flaw through the.tree links
could. then be determinede« Bus guide poténtials were tﬁsﬂg
defined and computed. Using these quide potent;;Tg;
ev&luation of power flow through the subtree links could be
computed and cbmpared ylth ﬁhe previous éstlmated flows.
Adjustment of the wrongly estimated flows had to be made
thene Computing tﬁe flow pattern and determining whether 1t
minimized the loss function through the disappearance of any
overload in the network «concluded the first phase of the

methode § If not all thé overloads had been eliminateds the
rule of the second phase' of ﬁﬂ;miinear programming theory
was then employed to make one change at a time iniorde; to
move towards the minimume This presented the second step of

the method which dealt with new circuit selection. The

selection of a new circuit addition was based on the

location of the largest overload  in the flow estimatlonifmmaﬁ“

obtained in the first stepe.

Among the advantaqes of the wuse of overload paths method
was the ease of handliné the 'study of buses not included 1in
the ekistinq‘ networke In addition the method has the
advantages of computational speed and'simplicity{ On the

other handy the major drawback of the methoduis that it did

not implement any of the true electrical laws except the
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conservation Of acE;ve power at all buses. The method had no 2
control on the number of parallel lines in each
riqhtJOE-wayol In addition the bus voltage magnitudes and
anqles Wwere not inéluded in the-procedure‘ which might lead
to infeasible or unreliable solutions. Finally overload
problems\ wbuld develop in the network under contingency
conditionse.

At about gﬁe same time Peschon et ale, I1;lv had
introduceé a new épproa;h for 1onq“ range trénsmission
planﬁinq. The model.minimized the overall present worth cost
of,the néfwork while satisfying hthe outage constraints. In
contrast Wwith Garver's method [111], which wastonly suitable
for static (ong step) que of planninges  Peschon's method
{12]) Wwas applicable: for 'both static and dynamic
(multi-sfeps) planning procedurese. The method (12]+  was
based on the solution of the dc load flow equations fof the
existihqvﬁetwprk under small changes in the node injections

(i.ea for 'small future time segments)e. _Linear programming
A

was then used to minimize the capital cost required to

‘eliminate. the overtoads produceds subject to the reliability

constréinﬁs. These reliability constraints included limits
on the phase angle difference betwéen each branch end node:e.
The constraints implied the first-order sensitivities of
small phase angle differences.'to sﬁall variations in the

; ‘ .

branch capacitiese. The method introduced a ‘way oOf

determining economical lower bounds to the capacity.
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additions q necessary-'to satlsty the system security
cbnst;aints at a given time. Two different procedures had
then been suégesteé to obtain practical investment
dgcisions and not just economical lower bounds to the
capacity aqditions-;’The first method was called "Look—Ahgad
factor" method. It was based on the addition of more
capacit& in a given year than ‘the minimum determined by the

linear programminge This could be achieved by multiplyinyg

the vector of capacity changes by a factor ‘larger than one

‘to'5nticipate economies of scale and prevent the frequent

PrLOgramminga Again the linear programming was used to

additions of low capacity circuitse. The major drawback of
the "Look—Ahead factor” method was the assumption that there
would be a continuous need for higher capacities. The second

approach had been suggested was the use of dynamic

x

determine the branch overloads over a certain number of

vyears (eege P years) and then using the dynamic
‘ N e
programmings the expansion éf\sfch branch during the

-p—yearé was optimized sepazately." The main limitat;on of

using the dynamic programming was that the choice  of p was
limited to‘a small number of yearss Otherwise the capacity
changes required became too lgfqe for the l;nearizéd
sensitivity equations to remain valid.  The method pregéﬁte&

by 'Peschon et aley , with the 'Suqqested approaches for

practical decisiony suffered from the following drawbackse.

N -

First of allsy 1t did use a linear power flow model .in which

~ N
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. bus voltage maqnitudés ahd*freacﬁive power considerations

Iy

g

1 3

‘were divided into two \i}fferent kinds, namely the state

hi -

"were omittede The method depended on linearized sensitivity

equatihns which were'only accurate and suitable for small
changesy and accordingly over short time periodse Also a
linearization of the branch costs had been applied whitﬁ
once aqa%n was only valid and appliéable for small powér
‘flow variationse. In addition the method regquired load flow
solution for each vyear and for each chapqu_;nlthe networke
Finallyy‘ except wWith the dynamic proqramminé approach thé
minimum cost wWwas obtained for each.1ndiv1duai expansion
required separatelye This led to a series of sequential but
separate single-step planning meéhod which may not produce
an optimal sclution over the overall plann;nq time periode.
To handle the discrete nature of lond-ranqe transmission
planning as well as fhe uncertainty involved 1n the future
parame£er5v‘Peéchon et al. hadrintroduced aﬁother appro&ch
[T3]a The ‘model implemented the stochast@c dynamic
programming as a powerful tool .for handlinq the planning

problem in its probabilistic forms The planning variables
1 3

t
tﬁriables which defined the system topologys equipment

—ratings s and connected loads at any given time. The second

kind of variable was called the decision variable which was

. I3 iy ‘ . )
responsible foa deciding the transition of the system from

’

one state to ., another.. To reduce the number of state

variabless the whole system configuration was treated as one

r
2
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state variable and the unreasonable 'states were rejected on
S o - ' .

o the basis of the planner experiences The model included the

-

-, system capital and operating costs as well as penalty cost

associated with -constraint violations. The model was also

LR

- + capable of handling system security and operational
. : e .- /o

" constraintss . such as reliability constraintss cOst

.

’ L oa c ' . . A
constraintss and stabirlity requirementse Although this
F apprqach'@ps'yery powerful for planning and was capable of

13 o hand}inq the‘.ptobgbi¥i§tic nature of the system differ%nt

e parameterss/it had ‘some major limitationse such as the large
. ' . t L ' . i )

”numbef;of vafigbles,reﬁuirédluhich made the model i1incapable
N - . . R | . .

oflpandiinq'.larqgfhetworks. Iﬁiaaditlgn a great deal of
éffort qés réqui;ed'for p:eﬁaéinq_tﬁe hecessary input déta.
In-a tr&ai'télredch,éhev number'df‘alterna;ives 1n the
discrete plénninq' brobiém Dusonc¢het and lEl—Abiad had
praoposed a new apéroachﬁlﬁéihq discrete dynamic optihization

. ~ coupled with a‘stopplnq'critéribh E1Q]. ‘The'approach can be
summarized® by tHé random choice ©of a candidate from the

possible plans'ﬁol{pwed by the ‘qeheraflon'of a neirghborhood -

’} consisting of a limited number of strategies. including the

randenly chosen plane A local optimum was qpléuldted for the

neighborhood using ‘the forward dynamic programming
' "

procedures. The three above.stepsy random choices generation

!
- of neighborhoods' .and calculation of local: mipimum, were
-— . ; .

repeated until a stoppling criterion was satrsfied. -Although

- :

the method implemented the dynamic programming as a powertul
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toql dlong with a stopping criterion to reduce the number of
plans to be checked s there had been many questions ahbout
the capability and the efficiency of the method. Among the
questions raised was how to generate the neighborhoods and
the effect of the method of choice on the final solution. In

addition - the choice of the parameters involved in the

'stopping criterion had an impact role on the final solutione

Furthermore the method 'presqpted a sequence of separate

optimal expansions from one stage to another which miqht not

¥

nécessarily be the global optimume Beside all the above-

comments on the methods the question of its applicability to
large practical systems was still raised.’

Similar to Peschon {12), Puntel et al. [151, had used the

sensitivity analysis to introduce a different approach for

the planninq probleme. Insfeaﬁ of using a linear programming
as in [12]y which limited. the effectiveness and the accuracy
of - the sensitivitvrapproach to - small changese Puntel had
used a non-linear static optimization technique to improve
the model accuracye. Also the performance index‘(ob%ective
function) usedy had included the line overload cost in
addition to the cost of line additionse Althouqh both models
(12+15) implemented the dc load flow equations and presented
one-step. planning ({(static), Peschon's model (12)] had the
advantage of being amenable to modification to “multi-steps
{dynamic) planning modele. The main ﬁdvantaqe of Puntel®'s

model [15] was the use of adjoint network approach to

F
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calculate efficiently the performance index senéitifit{es
Wwith respect to line changes. The planning appcoéch £15]
cdbuld be summarized in soivinq the dc load flow for the
original systém from which the performance index Was
calculatede. The adjoint power i1njections were then
calculated as well as the, adjoint network angles. Using the
above éalculated values, the gradient vector could ~ be
calculated; Based on the values of the gradient vector
elementses the appropri;tegline changes were mades The abdve
steps were repeated until the pl;nninq “as completed. The
program alsoc had the option of including gthe line outages
tégt in the prccedure.

bue toO the' large number o¢f network configurations 1in
practical power systemss the diffefent-approaches summarized
above which used the dynamic programming procedure were
limited to small systéms. In addition the linearization
assumptions involved in some of th® above models resulted 1n
inaccufate SolutionsSe ;"To handle such -~ problems - a
branch—and-bound integer proqrammind model hag been
introduced in (161, In this approach the mathemati;al
burden in adiition to the model complexity had been Eéﬁﬁqu
using . the concepts of ;ptimal cost-capacity curves and
screening algorithmse The sensitivity analysis-was the base
of the screening schemes sugygyesteds Tuo—different_screen;nq

algorithms were included in the procedure. The first one was

called the coefficients of  c¢ffectiveness which measured the
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-effect of the-.admittance oOf iine adéithﬂS td the amount of
overloadse. The seconq alqoriﬁhm presented the rat;o of the
cost of line addi;ﬁ@ns to the overloads and it was called
the cost-effecfivéﬁéss " ratioe The optimal cost-capacity
curves used ih the mefhod was based on the determination gf
the cgmbination of line types for each value of the capaéitf
of each right-of=-way which resulted in the minimum coste The
algorithm [16] could then be summarized in the steps of
comﬁutigq thé optimal cost-capagity curves and then the
overload Llines were identified using dc 1load flowe. The
senéitivity coefficients of the anqul;r differences across-
overload linés to changes 1n the ‘admittagces were
calculated. Using these coefficientss éhe screening
glqorlthms were applied to £eject the | ineffective
riqht—oﬁ-ﬁays begare broceedinq to the optimiiétiou programe
Finally the branch—and-bound 1integer program was useé to
obtain a set df_ line additions and the dc load flow of the
networks inclhglnq the new additionse was soived again to
check. overloadingss The procedure continued until all
overloads had been removed from the network. Finallys, 1if
the contingency test was not regquired in the plannings the
procedure was -cémpleted" otherwise a set of contingencies
had to be- performed to obtain additional - oyetload
constraints and the aboJe steps were repeated. 'Althouqh the

.

method implemented different §3}eeninq algorithms along wWith

the b:anch-ahdfbound criteriones the applicability of ‘the'

WA
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model to large systems was still guestionable [13]). Fufther
investigation on the effect of the program paraméters on the
accuracy of the solution was also required; In addition the
accuracy of usinq‘linearized sensitivity coefficients was
also criticals It has té be-noted that the method {16] was a
static planning approach which might not lead to an optimal
- Or even a feasible solution over the total planning, time
_period. - ' ‘

In order to overcome the inaccura&y iﬁ the results dugrto
the approximations 1involved in the prevxéus linear
programming models' and to eliminate the need for large
.number of aitérnatives_and the use of different sensitive
stoppilng criteria 1n the integer programming modelss Sawey
and Zinn introduced an approach based on linear mixed
integer programming (17)l. This model was suitable for both
static and dynamic modes of transmission planning. It was
also capable of handling relatively larger systems due to
the smaller number of variables involved iﬁ the formulatione
In the sense of not inclﬁdinq ‘any of the electrical laws in
the ﬁqdel except that of conée;vation of power flows the
"model {17] was similar to that of Gacver.[11], with the
éxception that tHe method in (171 was‘ applicable - for
time—phased planning and had more accurate formulation for
the cost function than that used 1in {117]. The obijective

function presented in ({171 included the capital investment

cost Of constructing new racilities {(plants and transmission
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lines) as well as the system Operatxné costs and the cost of
eneryy losses. The cost function was tO be minimized suﬁﬁect
to the demand satisfaction constraints, plant capacity
constraintss lines overloading constraintss and the physical
restrictionsa ’ g . i

In the past few years Meliopouios et ale.y had presented a
series of publications (15-211 handling the' transmi§sion
expansion piannlnq probleme The basic model was Sased on
non-linear mixed 1integer brénch: and-bound algorithm. .The
‘model 1n its ofiqinal form (191 did not differ si;ﬁificantly
froﬁ the previously summarized models except thate the cost
function used was formulated more accurately in a non-linear
form and included the system different type of costse 'Thg
) - o
method was applicable for dynamic mode of plannhing since
the cumulative present wdr;ﬁ cost of expanding the system
was formulateﬁ. The objective function was minimized subjecé
to the deman& satisfaction consﬁraints' plant capacity

-

constraintss  and line overloadings constraintse. The
algorithm incorporated the use of either"the ac¢ or the dc
load flow calculations to represent the system operational
and security constraintse The method of solving the problenm
ﬁas simply that at each state and stage the 'different”
discrete alternative; for expanding the system were
enumérated. The branching -prbcess was then applied and the

accumulated cost due tro the chosen alternative Was

calculatede If this cost was higher than the cost of the
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best known expansion plan obtained earlier . then another
alternative would be studied. The alternative plans were

w

automatically generated in the program by solving the

’

' network at certain stage and state with the demand . of the

-

next stage was applied. . The’ cverloaded and critic¢lly
lpaded <circuits could then be determipede. U;lnq the'
sensitivity analysis and cost effectiveﬁess analysiss the
effective fiqht—of-ways suitable .-for eliminating ‘“such
network overloads wete‘dgtermined and the alternatives were
then constructed. Most of these alternatives were thén
eliminated by filterinq schemes applying the feasibility and
optimality conditionse The implementation of what was called
the preventive or corrective control actione used for
handling system contingencies instead of line constructiony
had been added to the model as a new fedture in [20}e This
action was based on the rescheduling of the power output of
some power plaats in order to Sakisfy system Securlty.
- .
Although rescheduling action appeared to be more economical
than construction of new liness this technique required that
thé new generation schedule to be as close as possible Eo-
the economic generation schedule. otherwise 4 non—-optimal
final. solution miqht be obtained. It had been stated
implicitly in 1201y that the violation of this condition
might happen and the only solution in this case wWas to stop

the procedures The model introduced in [13]s with or without

1ts new feature presented in (20)s had the same limitations

.
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of the other methods that used fhe branch-and-bound
criteria. These limitations uerei mainly the sensitivity of
the solution to the stoﬁﬁinq schemes. as well as the
questionable applicability of the method forrlarge networkss
due to the larqge number of alternatives t0 he studied for
'each state and stage. In addition there was always a'do&bt
in the accuracy of -usinq the sensitivity analysis 1in the
detection schéﬁe'because of the necessity of small changes
occurring in the networke Pinally in reference 1213y
Bennons Juvess and Heliopoulos had a new screening algqrithm
to préfilter the different alternative pléns befare
proceeding to the opﬁimization ;éep. This modified screening
',alqo:ithm could be considered as a combination of the two
7screening approaches previously introduced in (161, namely
coefficients of effectiveness and cost effectiveness. The.
effect&venegs ratio vector used in (211 was  the
multiplication of the coherency ratio.timés the ratio of the
acquisition costs for the overloaded ciréﬁit and the
candidate line. The coherency ratio was a measuré;ent of
~the coherency of the suggested line to the pbwef'flow in an
overloaded lines '

An interactive transmission planning model had been
introduced in {221« The method was basicailv another integef
.alqorithm while | the expansion strateqie; Wwere ranked

according to the .least-effort indexe This  index

incorporated the use of an overload measurement and the cost

+
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of the new 'a@ditiohs (in terms of'the suscept;nce} and it
. was similar to [a§] inwthat seﬁse- with the difterence in
performing the index. The expansion of the network was based
on the cost gﬁfec;iveness analysis bf the least—-effort paﬁhs
in the networke Ef;nally. the method [(22)y was a one-step

planning technigque which again did not necessarily lead to

the optimal solut:ion over the overall planning time periode.

J1ede2 Exisxing_Iechniqnes_fnn_Long:Bange_nistxibution

Planning

Among the reasons which lead to more difficulties in
distribution planning over generation and transm;ssiOn
.planninqol as i1t has heen stated earliers are the dynamic
nature of the distribution systems and the very large amount

of data tequ;rea tdAanélyse such systems. This can be mo}e
clear by dlgplayinq the ioqical and realistic seéuence of
the planning steps-. F}rstuof ally the distribution pquner
has toiinvestiqate and predict the future load densities for

-

the]various areas 9of the éystemv followed by determining Ehe
number of feed points needed to “supply sucﬁ areas with
different primary feeder alternativese. These alternatives
include( among - Other parameterss different existing
facilities (substations and feeder;)- all possible sites and
.capacities for deu substations and right-of-wayss as well as
_the existing expandﬁble facilities. Knbwlnq these parameters

and factorss in addition to other factors such as economical

factors and system Security and reliability constraintss the
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" planner has to determine the most desirahble means. of -
"supplying the demand pointss satisfying the different
economical and operational constraints.

It seemsy to the best of the author's knowledges. that the
first serious attempts for formulating the distribution
systém_plannlnq steps in mathematical forms were directed
towards the determination ‘of the primary. feeder poinﬁs and
load area geometry [23424]. ~ In both 'references some
simplifying assumptions were ‘ applied " to reduce the
complexity of the subject. Under these assumpticons, the area
under considerétron Qas assumed to have a uniformally
distributed'ioad and of a regular geometric shapes Such as
rectaﬁqular, digmond' or triang;e.shapes. The relations
‘betweén voltage dropv load density' circuit voltage » area-
d;mehsibns' and conductar sizees losss and type were
formulated. ¥ These relations were’based on tﬁe principle of
specifying a maximum primary %Elfaqe dfop begueeﬁ the first
and the last transformers in the networke

In réference [231' the procedu;e started by nd;vidinq the
load area into subareas. Applying the predetermined present

or future loading factor to the' existing transformer

capacity within each subareas the load density of each
T

@l

subarea could then be determined. These subareas could then
be redivided into'sections with appropriate load densities.
Finallys the number of primary feed points- were obtained

directly from the relatidnships which had been based on the
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specifications required for each of the parameters invo}ygd.
It.was -suggested that 1t would beﬁdeﬁirable ﬁo lmplqment
such’methqﬁ in the  overall planning procedure as a rirst
steps since it could give the areas to be supplied by a
single feed point as'well as the démand to be supplied [Zé]g
The'locationlof the feed pointsscould be also approximétely
determined and accordinqiy a , subtr?nsmissién networks
satisfying the system security and operational constraiﬁtSv
could be laid oht. A transmission -system coﬁld be
subsequently determined to go wWith ‘the subtransmission
system obtained and the ~total 1nvestment could then be
calculated. finally. thié procedure would be repeatedfgsr
differeiit voltages to obtain the most economical plqn. It
lhas to be noted here that the numper; the capacitys and the
location bf the system substations and feeders had not beeﬁ
optimized from the economicél and the operational pdints of
VieWa

Van Wormer £ (Z4]  attacked the problem 1in a more
interesting and uséfpl ways The area to be fed at a.certain
voltage drop Jas paximized. ‘orralternétively the voltagye
drop was minimized for a specific area of demand. In
addition the thermal limitation o©f the cables  was -also
studied [24]. Different interesting and useful relétionships
hetween the system parameters were derlved‘ 1in [23+24]).
Finallys it should be mentioned that these studies could
only be used as guidesy since they were derlved for 1deal
systeqs_tzul. )

1
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Another comprehensive study for developing different

MIEETH

relations between the power distribution system -parameters
was presented.  in [25). This study was similar %0 those
discussed in EZB'ZQJ in the sense that the voltage

regulation was the basic principle - in dg@ivinq the

[y

rélationships. ‘ - .

In order to produce different strateéies fof distribution
system planniné: Denton and Reps in [(27] useq¢ the cdnceﬁt of
devising a hy@othetical system equiﬁaleni to ﬁhe aétual

r

system under conS%de:ation tor quick aﬁd simpie analytical
studiess The objective of the method was'to. find the
:sui;able chénquu in -the sysfem parameterse 'requ}red to
improve the system quality of fservicev operations And
economys Among the parameters which had been considered in
the anaiysis ware supstation' sizes primary feeder voltageys
number of feeders per substations and allowable voltage drop
- in the.feeder circuits.rln deriving the planniné gtratéqieSv
two differént épbroaches had been: followed. The first
- .approach was for constant load—-density .planninq whé}e it
could be handled either .by increaéiqg the primarcy fééder
voltayey or by keeping 1t constante In both cases the plans
could be accomplished by varying the number of primarcy
feedefs or/and the substation loadinge Theé seEOnd approach
céncerned with -the planning under increasing load densi;y.

conditionse This could be treated by substation constant

load planss or by substatiqn constant service area. Using

! 5

-
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the different schemes of planning and relationships derived
in the study (271, different planning alternatives could
then bé-proposed aqd gualitative and economical anal?sis had
torbe performed tQ'@btain the best plaA, Howevers it was
not d;scussediin. the studyy how the' economical and the
service quality analysis could be applied in  an eff;cient
and fast waye. In4aqgition; the time variables had not been
included in.any of  the relatlénslobtained.

It seems that the first automatic methods for

_distribution system planning were those introduced in
(28,29). Grimsdale and Sinclare derived an iterative
planning procedure: taking into account tHe"practical and

economical factors of design [28].' The economical aspect of-
the -method was based on the road-selection prOcedure.
searchinq for the shortest route between:gwo' pointse This
pro édure usually led to thé-choice of the most economical
number of distributor outlets from substations ' rather -than
- the maximuQ lcad or‘the maximﬁm number of consumers ﬁer

-

outlety a criterion which had been in use Before. The

planniné procedure introduced in this studys [ 28] 'cdﬁ;d be
summarized in. six main steps. First .s the number: of

substations required as well as their initial locationsy
. 1 A
. . - . _
‘ 1gnoring the right-of-way °~ coastraints were calculated..
¥ : .

Relaxing the right-of-way conStraints miqht_lresult,nin-
unacceptable substation sitese At this stage a decision of

interrupting the automatic operation and manual choice of
' > . .
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the closest feasible sites to the initial locations had to

-~

24

be made. Using the criterion of the shortest possible routes
an. initial feeder design was obtained. An improved design
;ould then be searched for by choosing the most econémical
'cbmbinafion of cable sizesy wherever saving .could be
obtained. . Another set of substation sites then used and
‘other designs Were obtained.' Finallys the above steps wWere
repeated using different number of substations and
‘.different cable sizes and materialéy brodhcinq‘ different
alternative‘designs. "The best overall plah wag then chosen.
The methqd gained an appreciatibnv at that times for being
almost fully automated. -Al@héuqh the methpd accounted for
many Limportant planning - parameterss such as substations
nuﬁber”ﬁnd locations in addition'to the numbers siié»- typé:
and layout of thé.feéders' thisifeduted the épplicabiiity of
the méthod to solve lquer&istribution sys£ems. In additions
the méthod Ole treated the static - (one time step) mode oOf
pianningo which -may not lead +to an oOptimal or even tO a
feasible plan for the overall planning time period. Beside
the limitations of the methbdq. éhe shortesﬁ route criterion

used in the model might not lead to optimal road selection

{301 - - S |

On the other handys the method presented by Kniqht 1in

(23] implemented different planning approachesy .based on
lin%ar programming techniquess toO obtain an optimal network

L

‘designs while satisfying the network constraints.' Different

-
[ M.

-
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desiqn critefiq were suggested 1in that study inclﬁdlnq

minimum=-cost neﬁworkv minimum circuit lenqtho' and minimuam
apparent power by distant éroduct- Any. of these design
crlteriascbuld'be then formulaied in‘a‘linéar equation form

and minimized subject to the system security and operational

'c0n§ttaints, which again had to be formulated as a set of

linear eéuations- Téchnical constraints s such as limitation

gon the. number of ci;cuits ‘ connected -to loads or to
substations:s or along any given .routes could easily be

Ebrmulated liﬁéarly. In addétion ’ load satis?ﬁction

dBRstraints as well as supply capacity constraints Were also

formuléted in linear forms. Becéhse of the linearity

restrictions imposed on the models the cost relations othhe

‘dlffereht faCLlities.had to bejllneifly’approxlma;ed. Knléht
included a part in each circuit cost to represent a portion
of qye supply cost as well as the cost of tﬁe control
f-devices. The methqd of including the c;st of thé‘tacilikies

. s required the knowledge of the number of circuits connected
to each supply” prior to the solutions Although Knight
correct;y realized tﬁis_faciy it is felt tﬁa; he incorrectly
suggested that this approximation in calculating the costs
was unlikely to affect the final design. In additions the
linearity requirements made the"_method incapable of
performinq.the network stability 1i1nvestigationse Finallye

although the method seemed to be fully computerized, it

suffeged from therdrawbdck‘which wase the more practical

.

, ) _ , o gf
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constraints had to be saﬁisfied, ‘the larger the size of the
problem becames thus 1limiting the applicability of  the
method to only small systems._ Using almost the same
formulation as in (291 and usiﬁg the highly effici;nt
transshipment codev'Hall. Thompsons and Northcote-Green had

suggested a ;ﬁr method for sblving the distribution planhinq

'problem {3711 Proposing different forms oOf - obﬁeétive
| N .

functionsy in terms of féede;,distance, resistances Or cost
weiqhtéd by the feeder load subject to the system load
satisfaction and capacity conétraints, thé opt;mal network
configuration could then be ob£ained- Although the use of
the transshipment model .hgd{the advantages of speed and
economical mMEemOry rCequlrementsy as well as the ease of
modxfylnq"the probleh to study the effect of different

planning parametersy it also had the major drawback of

restfictinq the problem ' to a linear formulation. This -

restriction had hade the method suggested in [31] to .be
inaccurate in preséntinq;the coét funciion and prevented‘the
iiclusion of the sfstem nonlinear requirementss suach as the
voltage drop coﬁstraints.

Trying to improve the accuracy of the methods presented

in (294311 o by including the actual cost of the feeders:

~. Burstall antroduced a new integer linear programming

technique (32). The problem was formulated quite similarily
to that in (2%)y with.-the exception of adding the actual

cost of each rtight—-ocf-waye. In this approachs, given the

b8
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supply capacities and locationsy’  load demandss -clrcult
capacitys and cost of each right-of-way permitteds  the
problem could -be easily formulated after neqlgctinq the ac
effectss as well as the losses in the system. The objectfgz:h
was to choose the best feeder layout and the number af”
standard circuits in each feeder tO minimize the systen
total <cost while satisfying the o©operational and .security
conditiOns. The solution procedure was started by a feasible .
bu£ expensive solution and then a series of shali ngnquv
circuit additions and deletionss to this solution would be
mades hoping to obtain a feasible and cheaper solutione. The
prOcess_ continued until ‘no fﬁtther improvement could " be
obtained. In order to reduce the number of possible changes
to be studied, the feature of "focus set" had been used; The
idea was to limit thg. changes to a certain area 1n the
network by chooéinq a‘set of pointss foOcus set-r and changes
were only allowed in this sete These changes had tolbe‘mdde‘
wilthout violating the local-constraints of the. focus set.
which acted as a sSynopsis of ¢the global constraints
pertaining to the whole problem. After ‘checking all the
possible changes 1in fhis focus sét. anotﬁe: set had to be
studied and so on. In studying the possible changesy and
although the problem was formulated in an integer linear
forms  the changes had been méde by exploriny a decision tree

seeking for reductaon in the effort involved and allowing

more flexible _inco:poratlon of extra restrictions Or
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suqqestioné from the designer. It had been admitted by_
Burstall that this technique (32) was not guaranteed to
péoduce an optimal‘solution- On the ogher hand s Qith all the
approkimations and tge. high risk of not developing an
optimal solution ¢ the capability of the ;ethod for han@linq
_largé size networks was still limited. FiﬁalIy, ‘like the
above modelss the technique ignored the' time factor.

———fBoardman and Hogg introduced an ' interactive computer
method for the distribution pianninqs [33], which was
similar to that in- (32)e. The bptimization of the cost
function was carried out through the program.by defining two
sets of load-substation groupss. One of these sets presented
.capacity surplus groupss where circuits deletion could be
Lmaée; and the other set was for CePaCltY shortages qroupsy
where circuits addition had to be m;de. A list of all the
required deletions and additions of the circuitss along with

. . s :
their corfespondinq'savinq and ébst, were obtained and
sayed; An pptihal ranking of £he information stored was then
made by the compﬁter and presented to the designer to render
his decision. .In order to reduce the size 0f the problems
mainly due to the large number of constraints inﬁolvéd in
the modelsy a new scheme wés proposed in {33]. The scheme was
based oﬂ a sampling—analysis plan .for the system
‘constraints. The plan consisted of generating a series of

i

random numbers;‘samplinqﬁthe constraints and applying a form

0of yguality controle The circuit requirement for each group
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was found from {the total groups requirement by using a

security finctione

To account for the non~linearity 1n the netWwork cost

-

functiony to improve the pldnninﬂ accuracys Carson and
Cornfield introduced a new apptoach in {30). This approach
] ' .

mainly consisted of two partse The first part of the

procedure was an 1terative approach responsible foF

providing the best radial network for minimizing . the coste.

. To do s0» the route~finding .algorithm was based on the

generalized minimum-work theorem which gave the resistance

per - unit length o0f a 1line in terms of the current flow

‘through this link and the nonlinear cost function of this.

link«® An empiriéél continuous cost function was assumed for -
the link ip terms Of 1ts currente At the start, the data and
the initial values of the model parameters weré AL}en.
Aécordinquv the link resistances were computed. as well as.
fhe corresponding new current flows through the 5éﬁﬁork. If
the computed current flows were changed from their initial
4 .
valuess corrections in the link resistances had to be made
and the iterations continued unﬁil no changes were ééund. By
openiné at the nearest‘null pointses radial Tnetworks could be
obtéined.' Check on .the maximum cable ratings was then
applied and additional nodés‘and links had to be inserted if
necessarye. By accommodating all the neiwork currentss the

first part of the planning scheme was completed. The second

part of the scheme employed the design technique for tdperéd
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radial network introduced ini{3ﬁ]- Tﬁe technique was used
for_determinlnq the best ceble srze and length to minimize
the system cosi Wwhile satisfyinq the thermal and voltage

‘.cénstcaints..Finally, the overall.néfwork COost was c0mpﬁted.
At this stages the whole procedufe.yas then ‘répeated for
d;fferent values'of\éhe parameters in the cost function. 1 f
requireds and the lowest cost désign wéé cho§9nf Laéily, if
there were different substation cémbinations to be
consideredsy the prbcedure had to be repeated- It is to be
noted here that the design of the tapered radial network was
méde for the radial network obtained with relaxed network
constraintse This might not lead to the.overall optimal
designs In .additionv the sensitivity of the solution
obtained to the initial parameter values was questicnable.
bther drawbacks of the technique presented in {30)s lied- in
the long time consumed for . the itegatiVe process .required

for comauting network currené Eléws» as well as neqleqtinq
the effect of the time factor ‘in the pl?nninq PLOCESSa
Since the linear models might result in non-optimal
and/or unfeasible solutionse beqausé of the restriction-of
using linear. relationships presenting the system cost and
'constraintgv and due to the lacge number of decision
variables 1involved in the distribution planning problem,
most of the ‘researchers had prefered to éolve the planning
problem .usinq mixed 1nteger-linear .programming approaches

(35-39)e. In such approacheses more accurate cost functions of

"\\\
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some elements could be achieved by including their fixed
costse With the use of iﬁteqer decislon uariables-- the
linear transshipment model can be applied to each bf thé
possible alternative desagns.” The exhaustive study ot all
the possible‘blans ;ecoﬁes dramatically lafqé even wlﬁh
medium size problems. « Trying to direct fhe enumeratioﬁ'
process tb only those altetnatives which lead to the optimal
solutiony différént branch-and-bound cfltecla had been
suggested in the literature. The general principle of any of
these criteria was to carrcy out'a search for the Optihdl
éolution thrbugh a strucﬁured enumeration process. that
could be represented by a decisxoh tree. At each node 1n the
trees a subsét of the integer variables Was fixeds yhile the y
integerality constraints were'felaxéﬁ for the rest’ of éhe
Qariabies. At each Etep in the tree searéh- the decisiocns of
which ’node to be .processed nexte which variable to be
branched on nexts and which branch to be solved firsty . had
to be made. Different authors had set different criteria for
the above decisions. The efficiencys the accur;éy- and the
capability of any branch—and-=-bound algorithm depended on the
bounding method used to ellm;n;te most of the poteﬁtlai
branches on the treee. Otherwises the tree would %fow to be
s0 large such that an excessive computer time would. be
required. o i

Aﬁams; 2ad Laughton - s;qqested a frxed~-cost

transportation-type model to account for both network
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séduplty and costs of network losses as well as the fixed

costs of the new elements (35)l« The security constraints

_ . T _ g - _
were 1mposed on the network by restricting the power flow
through the netwo;k elements to some values slightly less

_than their maximum capacities. Although the nonlinear cost

'_bf losses was inclﬁded ig. the formulations thrbuqh a
piecewisé lineafiza;ionq this:technique increased the number
of variables in the model. The problem was then solved by a
branch-and-bound <c¢riterions.  The bfanéhinq and variable
selection was made‘by different methods. The priority method
~e

réqulred a list of variabless placed in of priority

for rounding to an inteqér value® in‘;ddition to a preferreﬁ
branching directions to be supplied by the usere. Although’
this method qavél‘a kind of interaction between the program
and the designers 1t required that the user should have a
gobd idea of what the optimal solution might be. The second
branching and variable selection method was based on
computinq'tﬁé increase 1n the cost incurred by imposing the
new branch constcaiqts; and 1t -‘required an additional
computational efforte. The third méthod proposed was called
the inteqeg-infeésibility_ criterion. It hsed‘ an empirical
function of the fractional part of-the current relaxed
integer variables to select the next variables. The bounding
criterion used was based on terminating thensearch in any

direction at any ncde which had a solution cost greater than

the best sclution obtained before ite The model discussed



33

2

above [331, séemed to have a great deal of details and it
was also capable of handling the dynamic (tlmé—phaséd) mode
of planninge. But on the other hands it failed to represent
the electrical requirements of the networks such as the
voltage drop constraints. In additibno there was always the
question of thé accuracy of the branch—and-bouhd criterion
used and the sensitivity‘of the solution obtaineds to 1t
Hindi et dl;v (361, ;ﬁtroduced a model quite similar to that
of Adams and Lauqhtdns (35). The branch-and-bound criterion
used was based on the network feasibilityv ‘the integerality
reqdirementSa and the overall coste GEl-Kady proposed some
improvements to the mixed*integer'liﬁeaf programming model
used -in [35)s by including the voltage drop constraints at

the demand nodes expliciti\

{371. The explicit‘inclusion.éf
the time-dependent fixed aRd variable charges for~the
substatioué and the primary feeders, as well as the cosé of
losses were also established. The choice bétween'pieéewiSe
linear or step approximationé;/df\yhe feeder power losseé
wiiﬁ respect to the feeder power flow was.alsq given in the
model. Althouqh'these improvements lncreaSed the.accﬁracy
of the models the nmodel was only applicable for small
s}stems due to the large number of varlablés involved.
Thompson and Wall modified their previous approach {311} by
inpludinq the ﬁixed cost of the new substationss to impFove

the model accuracy {38l The addition of the fixed costs

which should be accounted for if the decision to use that
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new substation was takens made the formulation ih the form
of mixedrinteger linear programminge. The problem was then
solved using  a B}anch-and—bound "algorithm with a‘
transshipment linear proqfammihé model as a subroutine in
that algorithme A lower bound on the cost of the decision
emanating along each branch was calculated. If that lower

bound was greater than the actual cost of the best feasible

solution found thens 1t was not necessary to actually search

the decision alternatives given by that branch or any

decision subsequent to ite Two bounding methods were

-suggested to fathom the search tree to limit the size of the

problem to a manaqablé size. A shortest path table was used
‘ . : — . .
to define lower bound on the cost of seqylnq a’'customer in

the branch-and-bound algorithms This table was constructed

by relaxing the exiétinq substation capacities to infinity.,

- one " of the future substations, and neglecting. all fixed

costse In additions all feeder upper capaclties were set to
infinity and the lower boundse. 'oﬁ the marginal ‘cost oOf
Supplying an extra unit pf powers wWere obtained. Finallys a
lower bound on the cost of supplying power to a certain

demand 1location could be obtained by <calculating the

smallest of the lower bounds of serving that demand location

when each of the substations was open separately. Another
lower bound on the cost of providing power demands using the

existing substations together with any set of potential

~substations was calculated quiékl& by addiny the fixed COSts

%
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cf the potential substatlons- to ‘the minimum incremental
coste This minimum incremental cost was computed by setting
the capacity of all substations (exisiinq Oor potential) to

maximum capaclty and then the iinear tfanspgifation problem
was solved with all fixed costs set to zeros. The
branching process depended on the substation which had the
smallest lower bound on the cost of pEOVidlnq power demandss
On the other hands the bounding process_depended on the

feasibility of such station capacity and on’ the cost

compared to the best feasible solution obtatined then. It 1s

to be noted here that the fixed costs of only the

substations were considered. Further, the; voltaye
requirements as well as the time factor had been iqﬁored in
the model. In ogder to improve the accuracy of the model
presented in [38}s Sun et al.s.proposed the inclusion éf the
fixed cost of the future (new) feeders to the objective cost
function (391. In addiﬁion a suggestion to take into account
the effect of-—load growth with time | was also madee

Different branch-and-bound criteria had been used in [33].

The variable branching craiterion used was . based on-

identifying the infeasible or costly patternse ThisS .was

achieved through the guidance of some penalty factorse Two:
different criteria for node selection which were baséd on -
- the level of enfimeration were used. At the start of the'“
‘branch—and=bound procéss, the minimum lower bouﬁd sélecthn}

" criterion was used. It fathomed the node had have an
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.objective function valpe that exceeded the incumhent
solution‘;alue- " As' the size of the enumeration tree grews
?:the "Last-In-First-Qnt" alqorithm was useds The concept. of a
ﬁo_;zon year had been implemented to include the effect Of
" load .qrowth with timeQ The -horizon year represented a
suitable choice of-time in the future and served as the end
of the study time periode. The time-phased problem was solved
in  tWOo stepse in the first phases the optimal static
éolution for thé horizon year: ugsrobtained.. Then 1in the
second phaSe;' the optimal staiic solutioh for éach
intormediate time segment was obtained by selecting the
facilities to be useé exclusively frém the sei_of equipmenﬁ
determined in phase one. When the entire period of study was
viewed as a continuous progressions the collection of the
sﬁbsystems of all time intervals then constituted a series
of system expansions that trinsformed the base vyear design
to the.horizbn year designe This technique might not-le?d'to_
the optimal sélution. since it was gqntrolled by the static
planning of:thg horizon years uhicﬁ‘%ight'nOt be én optimal
Onee.

Among the drawbacks of Ehe integer linear programming
models is the large size of t?e search tree in order to-have
a reasonable deqree of accuracys even with the luse of -
different branch-and-bound criteria to ‘fathom"much of the
alternative designs before exhaustive study . In order to.

reduce the size of the search tree and improve the accuracy

¥

L)
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of the mixed integer 1linear proqramminq'.modeISe reported
earlier [35-391, Fawzi eé ales introduced their model (401,
In this model the fixed costs anq the concave nonlineéritieg
in  the cost functionss ‘of all ‘elementsy and~ in the.
operational constraints were considerede. A concave fiked
cost. model wés used tb repreéent elements .with large fixed

.COsts (substationé énd'poésibl? some feeders),  and linear
coét function was assumeq(for the remaininq e}eménts. This
\ : ‘
ways the search tree for the network was decreased to the
"size of those elements which'only had larqge ‘fixed costs.
Branch-and-bound algorithm was used to solve this subproblem,
'gi;inq'the optimal number ' locationy and 1loading of the

subStations as well as the optimum feeders configurations

based on the approximate cost function. The fixed .costs of
A ' .

-the remaining ’eleménts were then accounted for through :S

- £

iterative prote@ure which modified the solution of the fié%t
stepe " This nonlinear ;férativgi_ approach _allowed‘*thé
'noﬁlihear constraints to be included accurately ‘in  the
p;ocess-x fhree differént bounding criteria were used in the
m5del namely} cost criterciony’ capaciéy criterion ¢ and
voltage drop criterione yhilé the branching criterion
depended on the difference between - the linearized costy of
thekf:ee- Qarlables' and thelr actual concave cCoSte. .The
"horizon }ear.concept was also suqqésfed to handle the effect

of lgad qrowth with time as . in [39). Perhaps pne of the

early models to realize the .importance of including the tinme
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factor in the dlStrlbutlon plannlnq was the model introduced
by Adams and Laughton (41]. They vused the dynamlc

programming précedure alonq with network fiow algorithms for

rapid estimation of -~system securityes Vand“tb check the

feasibility of the system states at each stage of the
a2

~dynamic Pprogramming ProcCesse Althouqh the model had the
advahtaqes of fast evaluation of the load- flow patterns in

the netuo:kc it contaxned the major drawback of lgnorlnq the

"system electrlcal _relatlonshlps. In ‘additions the model'

'capability of hand}inqﬁ large size systems was limited

\\ubecause of the large number of:alternatives to be studied.
one of the interestisq ’;;d uﬁique methods for the
expansion plaﬁﬁxﬁg of radial subtransmi%sxon SystemSQ. Wwas
that introduced in-[42]. The metﬁod .could be -used to
qeneréte'the feasible elternatives in the ?lanninq process
based on  the cond:;:%r overloading and voltase drop
s
constraintse Theny» cost calculatiohs for eachfalternative
had to be made and finallye these feasible plans were rankea
according to their costse The ma jor advantaqe of t\is method
was 'the fast generation of the_ fea51ble solutionss The
method could“ be sumsarized in ' the steps of qeneratan the
system lncxdence matrlx and then tormulatlnq only the trees
(radial configurations) by manipulating this matrlx. A

simple load Elow _was performed on each of these trees and

paC1t1es were checked- to determlne the validity

. of gl ) Te._If overloadlnq existed in the networks changes
by 3 . - 1. )
AR . - 2

-

Ny
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had to be made where necessary and if possible. 'A-simﬁle
cost—capacity function was ‘minimized subject to capacity

constraints to ‘determine the most economical expansion

~ {
y

required. Finally; voltage drop had to be computed for each
valid tree to determine the wvalidity via voltage drop
Criterions Lasﬁiy' ail the valid solutions were listed and
ranked. This method was only appliéable for radial
configuration ne{Lorks in the statié mode of planninge AlsoO,
the use of 1integer programming ga, solving for the most
éCOndmical expansion stepse 1im1ted’the capability of the
model'io small size networkss

Other areas in the plénninq of the distribution networks
have  gained a great deal of interes; over the past. few-
vyearss Different _models h;ve‘ been proposed for locatingy
sizing. tihiqq, - ﬁand deriving -the service area for
distribution substation [43+441. Masud (43])y employed linear
and inteqer’ proqrammiﬁq approach to optimize the system;s
substation capacities subject to, the constraints of coste
load. ﬁoltaqeo and reserve tequirements. The model extended

the techniques introduced in\ [27] for forecasting the

substation loads and «calculating teeder voltage drope.

Grawford and Holt (441, addressed the problem of planning

for distribution substation locationss sizess and service

boundaries. Their approach used -two operations research

techniquess the minimun path algckithm - and “the.

granqugtaffg;/ alqocitemr ' to simultaneously optimize
SO -

~
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substatlion sizes and service‘ boundariess given alternative
locations for substgtiohg'and' reliability constraints. The
results would -optimize the feeder losses and substation
constguctiOn costs.
pifferent other abproaches have been iugqutEdtin the
literature to determine the best cable size» type; and
" length [34s45,46]). Snelson and CarSoﬁ presented an
analytical method foc calculating the optimum economic
design of a continuously taperede branched radial » low
'voltage distributor under balanéed—loading”conditions.[34].
The assumbtion that the voltage drop was the limiting factor
was applied as weli as ﬁhe lineqr relatio@ship between the
cable cdst’ per unit lenqth-and the cable cross-sectional
o - _
areas. This ;ssumption was then applied to the design of the
distributor from standard cable sizes. Alsos the program
proposeds toOOk ipto account the cable thermal ratings
capitalization of loéseSo and unbalaﬂced ldadihg- “On the
cther hands the implicit epumeration of all compdsitiﬁn of é
certain set of conducto£s of a predetermined radial neéwork
.was ,propOSed in (45]. . The optimum\ composifion Wwhich
‘minimized the total cost of conductors and enerqyi losges
over a given time spans while satisfying the Qoltaqe‘drop-
and the thermal constraintss could be determined. The
problem of selecting the optimﬁm route for a.sinqlehprimary

distribution feeder radiating from a rural substation at a

given locationy and feeding a number of 1locals with known

L]
-
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demands and locationss wWas p;esented -an [48)e The problem
was formulated as an optlm;zatlon'probﬁem Oof minimizing an
objective . COSt functions supiéct to voltage cequlation-
current darryinq capacityg_and megtlnq the load constraintse.
"Different approaches had been considered ‘to simplify the
problems © such as single étraiqht feeder ﬁodelv linear

programming approachs and nonlineatc Ooptimlzation approach.

1.4 General Qbjectives

| aAfter analyzing the available techniques for both
transmi;sion and ﬁistrlbution systems plannings it is
dbvibus that there are serious limitatlong.in both fields.
Summaries of the laimitations will be given 1in chaptgrs 3 and
[T Theﬁe 15 a requirement for modifyiny and'develqpinq-more

accurate and efficient techniques for  system planninge
Accordinqu.the general objective of, this works from the
begining+ was to dvercome most of the limitations existed 1n
" the 'availablé methods of both the transmission And ﬁhe
distribution long range planninge. The detailed modifications
suggested as ob&ecti;es to be achieved vary according to
whether lthe distribution planning | or the transm15519n
planning model is under develppment. The specific objectives
sought for the former are given 1n chapter J» shile the
corresponding specific obﬂegtives for the latter are given:

in chapter- 4.

<,
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New models for long range planning for both parts of the
powef system have been devéloped in this work and applied to

different exampleé¢ in order to prove their capabilities and

efficiencye. Good improvements have been achieved through the
“ N N - . . A .

new developed models and these will be demonstrated and

analyzed in the conclusions presented in chapter 5.

. j ‘ | ;'L.
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Chapter II

POMER_SYSTEM_ANALYSIS

.Blectric power system planning is very complicated due to

the large number of requirements which has toc be fulfilled.

e . . 4 ,

Economicale operationalys environmentals and social
requirements . must be 'met'—simultaneouslv. As has Dbeen
summarized in the previous’ chapters the planning process

-starts with the forecasting of the load growth "wWith time.

This is'aétually the reason for the need of

the ’planninq
PLOCESS)y uhéfe the system has to satisfy this future demand
_efficientlvv econOmicaIiy( reliaply"and at certain level of
stabilitye On-the ‘other hand: the f%portance of having a
reliable transmission system to deliver the electric energy

B

to - load centers at the proper voltage level is

obvious.
9 ~ '

Planning F_reliable network requires the use‘ ofrsimuld;ionh
" toolss suéh as power flow analysis and contingency analysise

In the followinq sections and through out _this chaﬁtéro
diffe;ent analysis which are necessary for eleciric power .

system planning will be briefly discussed.

" ‘
]

)
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221 Load _Forecasting Analysis
The crucial parct “of thel planning process lies in ‘the
foreéastinq_of the future 1load reqhirements. Load forecast
does not -only' determine the capacity of generationy
transmissions and distribution system additionse but also

’

determines the type oqugcilities required in the'system.aﬁd
when it should be'added-j Load f6recést is also responsible
for establishing procuring policies for construction
capital. That 1is ﬁhvv the need for an accurate and efficient
ways of‘ estimatinq the peak load and the energqy are
necessary. It is often said that the key to a good pldﬁhinq
and financial success is a good forecaste. Unfortunatelys it
is impossible to have one analy@ical procedure to obtainﬁgn.
accurate forecast at all timess for all sVsteméo and under
all conditions. The choice of the best suitable techniqﬁe
for a given utility depends?on thé foéecaster experience and
knowledge of the advantaqe: and the disadvantages of the

different available methods.

p
24121 EQ:ecasﬁing_nefiniﬁian_and_Annroaches
Forecastings as it has been defined in (471s 1is siﬁply
the determination of future .load réquirements' using a
systematic processes in sufficient - quatgi;ative detair\ to
permit important system expansion decisions to be madee.
Based on fﬁ%Vtime period of a specific aﬁplication, where

forecasting ,is requireds the forecasting procedur%s may be

classified as shorts intgrmedi&@eo- or long term techniguess

. &
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For examples phe long range power‘system planners require
15-30 years Iorecast to establish feasible future qénerdtlon
- and transmission planse Oon the other hands the system
operators are only interested. in the loadé. minutes or hours
ahead to be able to commit eqﬁipment or schedule an energy
interchange with .a _neighbooring  utilitye. While daily
forecasts are required - to schedule generating units for
-gptimum econémy v weeklys monthlys ~Or even one to three
years forecésts‘ of weeklyr peak demand, are required for
prebarinq maintenance schedules and deﬁelopinq power pooling
agﬁeements._ ’ J
TEEEE gre'dlfferént questions which have to be answered
by the forecastér in order :to set the,dlrection‘to be taken
in determining future requirements. ; For 1nstance; the
‘forcaster has to answer whether the peak demgnd should be. ..
estimated using énetqy and load faéters forecastings OC 1t
Should.be forecasted separatéiy.‘ ﬁpth approaches have their
owWn advantages_ and disadvéntaquo . While the energy .
torecasting 1s easier thaﬂ the pegk demand forecéstinq- fhe
load factor estimatio& ;1s as difficult as that of the'peak
‘demand. In additions energy forecast 1is reaally related to
the.demoqraphic and the ecénomic factorse. On the other hands

thecfpeak demand estimation can be reldted Jdirectly -to

wWweather variabless such as temperature. Another question has

Ll

ie be answeged is//zﬁgzher the total forecast be dicectly

obtained from historical datas or by combining forecasts of
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appropriate load componentss such as geographic arease.
Simplicitys indicative informapionv and capability of
detecting abnormal conditioné are some of the factors which
differentiate between the twWo optionse. Scome attempEs to
combine both approaches had been made in (53-55]. The waf of
including the effect of weather conditions on the forecast
1s ‘énother question which has £o be ans%eced by the

forecaster. Finallys the more difficult question of which

forecasting technique to be used has to be tackled.

-22l1a2 Forecasting Technigues

Since the forecasting technigue to be used has a great

influence on the operational and the economical aspects of

‘the system under considerations and Since there has been an

agreement that there is absolutely no single technique
suitable for all systems under all conditioné for all types
of studiest thus the classification of the  different
forecasting techniques, and the concept of “eachs will be
given here along with a brief review of their advantages and
disadvantaqeé. )

In general, the forecasting Eechniques maya be divided

into techniques which are based on extrapolatione

correlations or'a combination of both. Also these technigues

- could be either deterministics probabilistics Or stochastice

The concepts these classes of forecasting techniques are

based on are given in {471y and briefly summarized here.
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The extrapolation (trending) methods use curve fitting to
historical 1locad data -and .estimate the 1load growth by
extrapolating the curve. Since the random errors 1in the ~
data and/cor in the anaiytical model are -not accounted fors
this technique is claséified as a deterministic
extrapoiatLOn. The technique becomes probabilistac
extrapolation 1f statistical enteries are used to account
for the uncegkaihty in the estimated resultse The stochastic
process on the other hande 18 a process develdpinq 1n time
in a manner controlled by probabilistic laws - [4S].
Accordinglyy The stochastic models are used to es:imate the
future load growth from random 1inputs derived from
histgrical datas Such inputs to the model tend to be the
random  change in the trend components the random slope of
the change in seagonal: component and associated welghting
factors and a general noise componente. Thé statistics of all

the random inputs are determined by matching the statistics

AY

of the historical demand daté with the cor;eépondinq
stdatistics for the outpﬁt of the model. The resylting tlme
series of the process is the forecast desired.’- -

The other major class of forecasting technigues 15 the
simulation  (correlation) methods. The simulation models
predict the load growth by simulating the interaction of the
cauSal‘factors contcollinq the'qrowtht Among the cbgtrollinq

factors are the populationy employment.y building ‘permits,

appliance saturations business indicatorss and weather datae.
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This approach has the advantage of forcing the forecaster to

understaﬁd clearly the interrelationship bétween load growth
pgtterns and other measﬁrable'fac;ors- On the contrarys this
‘approach has a major drawb;ck due to the fact.that the need
to forecast demographic and economic factors can be more
difficult than‘fotecastinq system load itself.

Once agalny it has to be emphasized that there 1s no
specific fo;ecaétinq method to be effective and suitablé iﬁ
allrsituations- Since this work}is mainly' concernédruith
transmission and 'distributioh planninge the author feels

that more attention has to be givens 1n this works toO some

of the available models for demand forecaste

22123 Rexieu_Qf-Sﬂme_Exis£iannemand_onecastina_uodels;
Stanton and Gupta reviewed somé different approachés to
annual peak-demand forecasting [U46]. Emphasis was given in
that review to the probébilistic monthly or weekly
peak=-demand foreéastinq and the def;vatiOn of annual peak

- forecasts from it. Six différent schemes were discussed

- v
V

including the use of annual enerqy forecasts and converting
it to annual peak:pemand by mﬁltiplyihg by the annual load
factor.. Tpe accurécy of this method' and that of the direct
estimate of the peak-demand was almost the same due to the
dlfficulﬁv of forecasting theg;nnﬁal load factore. ' The_
difficulty in ‘providing estimates othhe variance of the

annual peak—démand forecast was also stated as a_ major

limltaﬁion of "the energy-and load-factor‘ methodse The
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fitting of a suitable time function to past values of annual

pedk-demand and extrapolating this trend curve forward to

-

the desired time of the forecast was also discussed. In such

‘

_procedures it was assumed that the annual peak~demand always
occured in the - same season and accordingly the effect of
weather on the peak demand was 1gnored. In addition to the

fact that this assumption was proven to be inaccurates, the

fodel had an unsatisfactory reliability due to 'the limited

v

amount of historical datae A modified  approach of

extrapolating the  past annual peak-demand values was

discussed. The approach was based on increasing the data

without resorting to a longer data base. This was done by

3

sampling some dayse’ which were potentially annual
peak—demand dayses for each years Assuming that similar

weather conditions coulg be expectéd tO prevail at the time

of each demand data points the weather influence on the

. - o
observed demand values was again i1gnoreds. The reliabilaity

of the variance estimation using this approach would
incregse with tﬁe number ofjdata _poiﬁts used for ghch féar,
but the value of the vatian&e would start to lncreaée if.too
many data points uer; used. This was due to the hthecrriSK
of including data points for which peék—depandvtondltlons
did not apply. A number of six was suqqested as a reaééﬁéble

-

number of data points per yeare To account £or the efﬁéét of

the weather on peak-demand forecasts  the deifled

extrapolation of the annual peak-demand method, d;SCUSsed
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abovey had been adapted for separate ‘ ﬁreaﬁment of
weather—sensitlvé and non-weather-sensitive components of
demand using a - probabilistic extrapolation-éorrelatAOn
method. Génerally- this metﬁod ﬁas‘based on the use of
weekly peak-demand and weather data to develop weather-load
models year by years or Season by sSeasone. These mddels weré

-then uséd to separate the annually observed values of high
deménd (six per -year  were . proposed earlier) into
non-weather~sensitive and weather-sensitive components; A
trend curve was then fitted to the non-weather-ignsitive
componentS'of_ deménd and exﬁrapolatéd t0 obtain both the
- ‘'mean and the variance of the annual 'peak—deﬁénd at the
desired gihe of the forecasts Growth curves were also fittéd_
to the changing coefficiénts of Fhe‘weanﬁer-lodd models and
extrapolated forward to obfain the exbected- values and
variahces of the coefficientse After that the historaical
demand and weather data were used to determine the mean and
'variance of the weatﬁer Var%ance corresponding to annual
peaf;demand conditionss assuming that the weather variable
i1s normally distributed. At last the forecasted weather—-load
modelsl obtéinedv along with the weather statistics
detérmined beforeb were combined to forecast the mean and
varidnce of the weather-sensitive comﬁonent of the future
peak . demapd. '~ Finally. the forecasts  of the
nohweather-sensitive component and peak4demand were combined

with the forecasts of the weather—sensitive component to

"7
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produce the total peak-demand forecast. Great attention'to
saturation conditions had been suqﬁested in projecting the
growth Of the;weéther-load modelss Another methdd, b&ged on
the proccedure described abpve for treating the influence of

the weather effect, had been 1introduced for forecasting

B

monthly or wéekly peak—-demandse instead of annual

3

péak—demand directlye. -A«proéedure Qas then introduced to
derive the annual or.seasoﬁal peak—démaqd forecast from the
deekly or monthly demand’ forecasts. THhis methQd was
explained in detailéﬂand- with gexamples 1in [47.&9];An0ther

practical application of the weather—-sensitive load

'forecastind technigues to system planning was described in

{501]. The methods used 1in developing the lqad-weatherk

: - [
modelss was basically a mdltipfé reqression analysiss ' v

An introduction to ‘the use of stochastic methods for
forecasting annual peak-demand had been also given in [51].

The procedure had been summarized 1n major three stepss. At

firsts the form of the stochastic model hadlfq be specified.

‘Historical data was then used to determine the unknown

random inputs to the'stogﬂgs;ic model. Finallys the response
of the model was calculated giving the fqrecaste Becausg of

the mathematical . and computational complexity of the

N
stochastic .modelsy most of the ftorecasters have been
discouraged from using such methodse. One  of the early

stochastic models developed. for peak-demand forecasting was

that introduced by Gupta [45). His-procedure was based on

¢
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the concepts. o0f the prediction theory of él&tiona:y
stochastic timé serieses .which had been deveioped fwrth ~L0
prediét those types‘of donstationary sérieé that éoﬁld be
reduced to a - sta;iqnary series by  a fﬂnite linear
;ransformation.

Willis and his éolleaque introduced several models for a

a

Csmall ~area forecasting (52-3541% These models were

extrapolaflnq techniques wWith some new features to 1mprove
tﬁe’ accurécy of . the-trendind‘ techniques and at the} same
times. using thear advahtaqés of economical hemand on datas
ﬁanpewer; and computer resourcess = Willis and « Northcote-

Green feported in {521y two major problems affec;ind the
accuracy of the ex;rapolatinq techniques. These two ;robkéms
Wwere the over gxirapolation of ioéd growth 1in afig Wwith a
high recent history-of‘loqd growthe and theéfinability to
forecastﬂgrouth in a vacant area théh had no load history
to trend. They introduced a hieraréﬁlgal trendinq:method to

overcome these problemse The method was based on the fact,

‘that the future load growth in a presently vacant small area

was part of the trend 1in the load growth of the region

containing that small areae. Thuss load growth 1in a

.~

historically vacant area could often ge inferred by
obqerinq thats 1ts region {(group of small areas containing
it) had a smooth continuous load growth historys while the

load in all small .-ardas tha£  Eﬁd. a load History was

.
£f£>tWillis et alas bresented

approaching saturations L
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another new trending method usinc clustering - of historacal

load at the small area level ass a forecasting algonrithm

(531« While the growth for a larce region {a sizable numbér

of small areas) was a much smoother and more continuous

4

processy the growth was decidedly nonlineacr. more a gquick-

fburst from vacant to full density than a lengthy (735"
curve)s for -  the small area level. The small area cells
displayed a similarity of overall "3" curve shape but
different when their "bﬁrst“ of drowth occured. The cluster
based method used in [53) determined a set of clusters where
each cluster contained a group of small areas with'sim;lar
“S" curves. All small areas belonging to a cluster héd a

similar growth curve while xﬁ;:;-years of signiticant growth

might occur at different times. Using a fast clustering:

algorithmy a set of averaqge growth curve shapes at the small

area level was established. Future load -qrowth Was then

- s

extrapolated for each small area by assigning -1t tO the

average curve which seemed to best fit it and by using this

P

curves’ extenﬁed to the futhre. as the-forecéét. Finally,
Willis and Tram had combined the above two methods [52’53]1
and introduced another method in whichs each of the previous
methods reinforced the other [54).

A
Interesting and unique apblicé%ions ogfsiqnal processing
. D

”an powe: system planning were also introduced by Willis and

Aanstoos [53).. Comprehensive discussion of the applications

was given in the referencee. ‘ '

R

o
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222 PoWer—Flod Analysis
In planning new networks and expanding existing oness 1t

is necessary to investigate various alternative ways 1n

which the . generation system _can be connected to. ~the load

centerse Due to the large number oOf ways to ach{gbg the

—

desired goalss %t may seem impossible to consider alll the

various alternative wayse Although rthe¢fpmplexity of the
i'- . h - -
network can not be minimizedy the constraints that must be

respected drastically limit the feasible alternatives. With

the help of a variety  of analytical tools. identifying the

one plan that best satisfies the desired performance
criteria can be ?ade.

Load flow ?fﬁdies heip the planner to ensure that:

-

Te The loadeemands and

LY

generator capacities{constralnts

are .satisfrede.

2e ;Ihe-pvérloadinq constraints of thé>network circuits

‘are not violated even in the contlnqéhcy conditionse
P

Ja The system level of voltage magnitudes and bus swing

R

angles are acceptable.

- =

Before proceeding to the discussion of the different

mathematical techniques of load flow solutione an

iptroduction to the power modelaing will be given firste.

-~
[
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Since the power flow studies are concerned with the

~

performance of the system under steady-state conditions,
-,

P .
hence the different mathematical techniques used are based

1

kY

on the per phase models of the different system components.
These basic cbmponents are the synchronous qeneratorsq the

power transformerss, and the transmission / subtransmission /

. ¥
distribution systems. The mathematical models of the basic
system elements are given in details in [1447,56]. A braef
' p

presentation of the diffgrent.cohponent models is given 1in

Pl

the following subsections. . ‘(r\

2eZetel Notation ’ — i

The following notation will 'he used 1in presenting the

*®
network complex quantitliese. A complex ® vecter U of n

- -

components u; uh%ge i varies fram. 1 to ne 1S given bys

Ui . N
Uz
. (2.1)

\ -

2

A0 .- ' j

-

[ T ]

The component u - can be presented in the complex domainy
b _
as shown in Fige 2e7s It can be defined in the rectanqular

.form of representation by its Treal compqﬁent u 11 and 1ts
imaginary compbnent u .« It can also be, defined in the poiar
form of representatio;2 by 1ts magnitude iu_l and 1ts phase
angle ﬁg4£ These-forms of J.dentlflc:ationl can be wWwritten
math;matically as followss

e
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u = u +‘j u (2.2)
i i1 iz
= lu | Le : (2.3)
1 —_I
Imaginary 4
4
»
7
A
"“ u.
i I Il > U,
~ , i2
o
0. |
——
u; ‘Real
i

Figure Z.7: Representation of a complex‘ guahtity in the
—————— === complex domaine ' :

w

Equations (2e.2) and (2.3) represent the rectangular and

-

the polar forms.of representation » respectivelye. Combinihq
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- eguation (2.1) with equation (2.2)y the complex vector U can

then be written in the form o@f ¥wo separate real. vectors as
"V .

follohs'
9
U = U; +j Uz ’ ) 2.“)
v The complex cqpiuqate of the guantity 1s given by Q v
where .
% .
U = u -jJu ‘ (2.3)
1 11 12

= |u | ‘ - (Ze6)
i ' 7 N

"2.2.1.2 Power Network Variables (Quantities)
- % .
There are four quantities to describe any of the power

\Hetwork compoﬁén£s. These four quantities haﬁe only = two
degrees of freedoms | leCs definxnd any two o0f thems the
other two.can be accordingly calculated. o

These quantities are given in Table. 2+1y with their
standard symbolé used in the literature along with thelr

-y

rectangular and polar forms of representation. s

¥
A
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Table 2.1: The complex quantities defining

v

—_—a
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power network

————————— elementsa.
guantity Standafll Rectangular form of Polar-form of
. symbol representdation representation
Vo 5
.} Current I I =1 +9 I = |1 | ]
A ' i1 12 S T
= +4 d
1 1
Voltage v v =1V +9 Vv = |v. | -
i 11 12 i i
- gt = e +'.] f .
1 1
. . | — ‘
Admittance| . Y f” Y = G +9 B = |y | e
1 i i i 1
7 3
Apparent S S =P +3 Q =[S | T
power 1 b 1 i 3
) " T
p
-~

_G and P are the conductance ‘and ‘the susceptance of:fﬁpment‘

1 g‘l
i¢. while P and Q
1 i

are 1ts active and
/""-.

reactive

poOwers

respectivgly. The element admittance Y can be replaced by

1

i

ltsziﬁpeddnce Z which 1s the reciprocal of

The “above four quantitiess

M . .

the admittance.

\\govéfned by the following main relationsh: pss

Co§

for any component@¥, are

L

-4
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and by subStitution from egquation {2.7) into equatioqq}@

%k
S =V «( V Y )
i1 ia

2 %

1)

N - (v 1) .y ., . (2.
) D i |

From eguation (z«9)y it can be seen thats the andles

< A : . _
andé%p + 1n Table 2.1 are equal 1in magnitude agd' have
i :

is completely determined by the angle of its admittance.

2.#??}3 Power Network'Element Indices

; | ' - —»load " (U=b=i)
| Qe -
\-——*5"’“"08 branch (i=h) —dw»generator (i=b=g)
L slack genaratc;_;(-’i‘.—.b:n)
branch (i =b) — . ‘
iy ‘ Y

-~

4

L——s-transmission hranch (i=b=t) .
Lo

————————— - — \\_

N

Figure Z.2: Classification Of network branches.

9)

9
1

opposite Signhsy leee the apparent power angle in any element
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In modeling the power networks the system components will
be represented. by different typeégfof branchese ‘These

Branches can be classified as source branches and line

branches. The source branches will present the.'loadv the

K

Jeneratnrs and the slack generator components 1in the
. 4 oy ‘ .

networke The line branches will repreéent the transmission
linesy the shunt elementsy and the transgormers in the
nétﬁork. ‘Thrduqhq&ﬁ this work thg.source btanches‘ wiil be
given the subgfrlpt 1 0f b (for branch) in generals while
the subscripts 1o gy and n miéhta be used in the case of -
differen;iatinq betweeﬁ the. l@ads the generator, and thé

slack generators respectively. The line branches will

always be given the subscript iv by OL ta *

- kY

Figure 2.2 summarises the classification of the different
network branchess while the indices used with each specific

branch are given in the figure between bracketse.

= +

-

.

;

-l

2¢2:1.4 Pover Network Steady=-State Models
| R ] . )

% Th teady-s;aqe mqgel for each system component is given

along with the qugntltles which are usually specaified for

this element. ' .

S _ ‘ ‘ : ' ‘ : ~
Laad _Branch. Modeling: & ' . o ~
B A - N\~ ,
Usually the 1load <is defined ©by” its complex power
‘ / ' ’ _
requirementss l1e2e Jf 1ts active and reactive power
componentss : o ¢ .
. . )
load complex power S = P +9 Q iﬁgspecified.
1 1
e



Often limits on the load voltage magnitude |V | and angyle
_ , =1 ‘
% are specified on the basis of voltage regulation iimits
1 , B - '

and system stability requirementse .The load branch can be

b,

modeled as shown 1n Fige 2424

S:.=P +jQ
i— 1 . . 7
| - o
: ) ‘ A gfw_-]
V|| 8 A -
MRS o |
/777777
- Figure '2+3: Load branch models
T \ e
. L Generator_Branch Modeling: , :
r(‘ \\'
{ S.=P +j() wJ
; 99— 9 g |
"’\T\ X ) ) b/
. 3 | < l
Q.(\zj . : )
Vel g
’ F}qﬁre 2e4: Generator branch model.
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The s?stem generator can be modeled as a Eonstant vq;taqé
source with a specific active power. Accordingly [V % and P
of generator gy are the known quantitieq: pecific gimlts og
the generators'reactive powers . arfe usually set according
to the characteristics éf-each igdividual‘machine. Generator
branch model is shown in Fige Zele. : .
Slack_Generator_ Branch_fodel: - <;<
 The system power losses maqnit@de can not be xnown uﬂqil
thé solution oﬁ the %Sad_flow is completed, which %ﬁ turn
can_not bé obtained unless . one generator branch should have

no power constraints to supply these losses to the netwdrke.

- . Y
Accordingly one generator branch 1s always specified by a

constant voltage magnitude IV | and phase angle S ¢ With no
consfraints on ité complex po:erg Th;s genera;orjlg known as‘
the g;dck.qenerator.\The slack_qenerator'branCh model is the
sﬁﬁgras that in Fige 2e4s Wwith the subscript *'n* réplaces
the subscript 'q’e v T
uoﬁelin%:g§;m:ansmissiQn_Line*ﬁnd_Shun;_Eleben;s='
p < ~ .
. N -
| % |
It
ol % t -
- Vi : N\t
f ‘? | -
4

o

- o)
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Each of th%ﬁ? elements 1s ~ usually defined by 1its

admittance Y (or impedance Z ). .The electrical resistances
i : t -

inductances conductance, and capacitance of each element can

-

be calculated wusing expressions determined 'f:om evaluataing

the fields, electric and magneticy for this elementsSuch

element can be modeled as shown in Fige 2.5.

‘Power Transtormer Model:

ag: 1 Y
I or | |_lsa_ | ¢
| T |
r s
P |
(a)
F Vor >
| ley l
- t=¢t
| ’ |
p Yig by q
T - T
VB t=ﬂ ' t: V-r
¥ X
777777 #g_ 7T

(b) - s

< w% A/
. Figure 2.6: Transformer models. (a) General per phase model
§ mmmme—ewe— Of a standard “voltage transformers;

(b) M -equivalent per phase del of the
transformer.
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flnal;y,J the tast branch to be modeled i1s the E?we:
ﬁransfofmer. The power transformer 'is an essential device
in the power netwd:k since it allows the electric ﬁower,to

be transferred at higher voltage level and accordinqlfo‘ thé

network losses can be reduced. The

al per phase model
of a standard voltage transformer (is shown. in Fige 2+6(a)e

. £
The transformer is defined by 1its adpittance Y

.

The equations controlling the model |shown 1n Figs. 2.6(a}y

and complex -

voltage ratio a .
- _ £ .

ere: A
v /V =& (2.10)
P 5 t R | ’
. R *® @ _ &
I oV =1 V. (2+11)
pr p . 35g S . -

This method of modelings Fige 2.6(a)s is not suicable fof
load flow studies .and accordingly the equivalent T -model of.
‘the transformer is given in Fige 2¢6(b)e This equivalent

“model is controlled by the following equations:

Cw & ' * * * &

I-a oI =CY /a doV,=-(la +Y ) a oV, "(2.12),

t .t t t t Tt A

% % e ' %% * - ®
I —a eI =(Y /a Jde({1/3 )=1)eV ={(a Y )/a Je{{1/a )=1)aV
B t B t t t B t .t ot t B

#_l o * - - ¥ X . .

I -a +I ==Y -((1/& J=1)eV =3 oYX .((1/a J=1).¥ (214)
e 8 e t ¥ ¢ v, Tt 3 '

=N
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"Fiqgure 2.7: Representation of a simple power nNetworke.
—————————— (a) Single line diagram of the - networks
(b) oriented - .qraph of the network. The node .
numbers are given inside circlese.

Ihe techniques.used for‘performlnq the boﬁef flbﬁ studies.
are usually different, depending on the ,t&bé:of fhetuohk
under cdnsideration. For examples radiral ﬁétwérks are much
easier to SOlVé than ‘the large closed loo&% . systemse In
radial networks the load flow étudies are uédai;f pertormed
by ignoring the phase shiftsy since.théy aféf nét qéually
important; The problem is usually ﬁormﬁl?ted ian the form of
the ;otal Qoltqge drop élonq the feeder 1in ferm§ of the load .

' Cow - - k ' '
. ‘ g,

‘?:

A



b

currents fed by the feedery and 1ts resistance and

reactances The determination of thé cable resistance and

reactance is usually ased on the feeder ‘type- ?%FBt'
éxamplev if it is unde gro a cables 1ts cross-—-section 1is
determined on- the basis o© thg'theﬁmal lim;tation and. the
total voltage drop 1s then calculated. If the voltage drop
along the cable 1is ﬁot wlithin the speciflc“limitSv .the

design has to _be modified« On the other hands if the feeder

. 1s an overhead lines the crposs—section 1s usually determined
| : . o

on the basis of a specific vdltaqe drop rather than thermal

limitations. | )
Large closed loops network fequiges mﬁch more effort in
calqulapinq its load flow.. At the beginﬁnq iﬁrqe networks
were solved by what were, known as "alternating current
analyzers". Some time léterc . special-purpose electronic
analogue computers wepe_ used to perform the studies. With
the revolution of the diqitél computer developmenty a qrea;
attention has been directed towards the use_of numerical
methods for the analysise Acceordinglys the use of the matrix
algebra for formulatiné ;nd solving the complex problems has
grown steadil{: In ‘the following subsectlons" the main
network matrices :will be discussed briefly along with the

formulation of the network performance egquations in the

-matrix notatione. More details about the subject are given 1in

1561, "

.Q"
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2024241 Element=Node Incidencerﬂatrix E
The simplest way of describing the éeomegfical-
i1nterconnection of a network 1is by‘usinq graphse where each
network branch can :be replaced by a single line reqafdléss
of its characteristicse. In such graph the lines and their
—terminals are cailed elements and nodesy respectivelye
EZlements and ﬁo@es incidence can be ﬁresented by what is
called'"element-nogé incidence métrix“. It is a rectangular
.matrii of rows equal tb the nuﬁber of ;he qrapﬁ.elementSa
and c¢olumns equal to the number of nddeé %n the graphe The_
;_Eglggent ij‘Qf the matrix will be +1 or —H v+ 1f element i 1in
thé graph is incifent to node 5 in the qraph' and oriented
away or toward the node, gespectively. If the element 1 1s
not incident to node j+ the element i1j in the element—- node
incidence matrix will be set to ZerLOe. lFiqpre 2«7 presents
the positive seduénce' network diagram of a simple power
network along with its correépdﬁdinq oriented gqraphe

- orientation of the connected graph of the network 1s

arbitrarye ' B}

. ——

L

The resultant element-node incidence matrix A of the
L

network shown in Fige 2.7y is
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— 4 Node
) ’ .number
Elemeﬁt ‘
pumber 1 2 3 4
¢ &
= 1 l+1§j-1] 0} O
2 1+1] 0]-1] O
. Aos s 3| of+1f-1] 0 C O (4e13)
4 0]l=-1} 0|+
by
5 9 Qf+1}-1

o

-

2e¢2e242 Bué Incidence Hatrii A

The element-bus incidence matrix A can be obgained' by
deleting a colu@n from the matr;x 3 + corresponding to any
arbitrary ﬁode. This node is rerered to as th eference
node and the other remaining nndes will be called-'buses. The
variables of the different buse$ can be meaia;ga- with
respect to the reference.

., Bus : , o
numberd

I bl

Elem
num T 2 3
Sl 7 j+1[-1] ©
. | 2 1+1| G0})-1 _
: A = 3 ] of+1)-1 : (2.16)
- % .
\\\\J 4 -1y 0
5 Q) 0|+1 _ '
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The element-bus 1ncidence matrix A of the network shown

in Figew 27 18 qiven'in<eqhation (216)» after‘selectinq-

node 4 as a referencee.

2020243 Primitive Admittance Hatrix gf

. P p
The primitive admittance matrix Y of a network is a

. : —p
square matrix of dimension equal tb the number of eleménts

in  the network  graphs. The matrix  presents the
self-admittance Y of element-i in the network as well as
1+l . !
the mutual-admittance Y between elements i and j in the
1 o :
networke. B

If the mutual-admittances between the elements of the
network shown in Fige Ze7 qré neglecteds the network

primitive admittance matrix will then be a diagonal matrix

" as given in equation (2+17).

1 : -

t.
L

Elément

~

number : :
Element™\_ ~ o~ _ ’
number 1 2*§?§fwx4 ')5

o = 1 Y. 0 0 o1 o

-T o . (2a17)
. 4 0 F o] 0 [xzaf 0

»

. 5 0 0 0| O JYas




242+2.4 Bus Admittance Matrix ¥, =

Yaus

The bus admittance matrix Y of a network is used” to
' -T
relate the variables of the ' network elements to the network
i ~bus gquantitiese. It can be obtained using the network bus
.- incidence matrix A with the network primitive' admit;éhce
p - - . ‘\‘--: .
matrix Y « The bus admittance matri; 1S
-T
: : . =
T p
Y = A Y A (2.18)
._T - —T - .

The detailed derivation of equation (2.18) is given in
s

rq56l. As an example, the bus admittance .matrix of the

three-bus system shown in Fige 274 is

Bus
numberL
Bus
number . ‘ ‘
17 2 : 3
T Y12 +Yy3 -Yr2 -Yi3 n
Y = ) 2 -Yi2 Y|z+Y33j¥?~ ~Ya23 (2.19)
—T - .
< 3 ~Yi3 ~-Ya3 Yiz+Yas+Ysal

The bus impedance'%atrix Z of the network can be obtained
7 -T . .
by inverse transformation of the network bus admittance

matrix ¥ ¢ ieee

z =2 fy _ . (220D
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details in (56]).

71

. The performance of an interconnected powef network can be

L3

Y

‘studied in different framesof reference . In the bus frame

-

of references the pérformance of the network is described by

n independent nodal_equa%ions,_ where n 1is the number of

s

buseg‘inithe network (number of network‘nodés excluding the
reference node)s The perfo;mance can also be described by b
independent branch equations in. the branch = frame of
references. where b is the number of network tree branches.’
On the other hand. Eﬁg network performance is described'b} 1
independent locp equations in the loop frame of referencer

where 1 1s the number of links or basic loops in the

networke The network loop is simply a closed path 1in the

r

netwofk produced by adding one of the network links,' which

1s an element not included in the network trees to the treee.

Since the main concern in the load flow studies in the .

planning procéés is to determine the values. of the bus

variables in the network: the performance equations

I

discussed here will be in the gﬁs frame of reference« The

formulations in the other frame of references are given in-

A\

Based on equation (2.7). the performance of .the connected

networks in the bus framg of feference' Tcan be written 1in

y
the forme

I =Y v ' ‘ ‘ (2.21)
-bBUS- -BUS =BUS . )

s




.,

T2
where I . 1s a vector of dimension ne+ the number of the
- =BUS_ ‘

network busesy presents the injected bis currents. V 1s a

-BUs
vector of dimension ne presents the bus voltagess while Y

. -gus
is the network bus admittance matrix of dimension nxne

The network bus loading equation can be obtaineds on the

basis of equation (2.8)¢ in the formy

x * -
3 = E I - ‘ (2.22)
- =BUS  =-BUS -BUS ,
. v
"whare S is a véctor of dimension n. presenting the bus
“=8US .
complex powerss and E is a " diagonal matrix of the conmplex

-BUS-

bus voltages. Combining eguations (2.21) and (2.22), the

"following form of the performdnce equations —1n the matrix

notations can be obtained as» - . ‘
% «
s * B Y V. ’ (Z.23)
-BUS -B8US -BUS -80S

¥

For the three-bus examples shown in Fiyﬁ 279 equation
- ) \

(2+23) is written asy : -

*x x

(s,] [V “Y{¥r2+Y:s ~Yi2 “Yi3 Vll
* .

82]= V2 =Yi2 Yi2¥Y2atYoa -Ya3 | Va
% R ) L )

LS3, L iv'.!, L ~Y;:a -Y23 Y13+Y23+Y3q' LV3‘

L)
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- 2024246 Hoggﬁ of Formulating Power Flow Equations

There are basically three modes of formulation considered
load flow studies in electric powWer systems. These modes

formulation are

L

the complex (baslc) forms . ‘.

the ‘rectangular forms and

the polar forme

Degfinitions:

The following definitions will be useful ' in discussing

each of the above modes of formulating the power flow

- equationse.

v N

G

13

pu
1s the number of buses in the augmented network

= n +n +1 ‘ ) g //”_

L G

1s the  number of load buses iﬁ the networks The load

buses will usually be ranked before the generator busess

iseethe subscript 1 refering to a load bus will be given

the values l31¢Zseern o
L , . .
is the number of the network generator buses-.excluding

“the. slack bus, ‘which will be ranked as the last bus in
the networkeSos the subscript g denoting a generator bus

will take the values g = (n *+1)9(n +2)9eees(n +n )eo ¢
L L L G

is the ij=th element in the network bus admittance matrix

¢ ¥
=6 : +3 D .in the rectangular forms and
S i3 ' $ ‘
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Y =|Y || e  in the polar form. .
11 173 J— ‘ (

—

Basic_{Complex) Form_of_Formnlation:

‘Equationl(2-23) is used to formulate the load flow in the
complex.fqrm. Since we Have deéided totwork Wwith thé bus
ﬁfame “of féferénce through out this disScussions the

- 3 _ ) , ) .
subscript 'Bus' could then be dropped and the basic form ot

formulation can then be writtens in the matrix notationy as

% #
E ¥ V-5 =230 (2«24)
- =T - = - - :

Equation {(Z2.24) presents a. set of n complex equations

where the i-th equation in the set takes the form,

v (Y oV )=5 =0 - - o (2.25)
iz 13 3 i :

The above set of egquations (2e24)sy can be organized in

terms of known (specified) guantities on one sidey and

&
AY .
unknown variables on the othery as

f (unknown variables) = b (speélflc quantitleﬁé.-

The unknown variables, sometimes known as voltage

variablesys in electric power network include the bus
voltages the generator bus reactive power and voltage phase
anqlev_aﬁh the swing hus complex powers. The known ua%}ables

in the network are usually the load bus complex powers the

|

a

)t |
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generator bus active power and voltage magnitudes and the

SWwing bus voltage. i

In the complex forms 1t is more sultable if the unknown

*

guantities chosen to be the set of the bus complex voltage

» , .
and their coujugate';g-g: V. and V . Rearranging the i-th row

M

of equation (2.24) to separate the specific and the unknown

quantitiﬂso\ the form of the obtained equation wxll be based
on the type of bus 1. For examples if row i presents a load

bus 1 + the i-th complex equation becomess

*. - #‘ . = B
( Vv -.Y « V )7 = § ) H 1=1’\2\9-09n {226
1 13 3 1 _ L.

Similarlys if row i presents a generator bus gs the i-th

complex egquatidn then becomes Y

1 x * : «1{1/2) '
-V 4V Y + V V Y +31V WV = P +jiv l5
2Lg 9 493 49 1 9] g g g g

g=(n +1)s(n +2)sees(n +n )
L L L -G
- (2427)

Finallys if row 1 presents thigj%ack generator bus ns 1t -

can be eliminated since it will bZ written ase
—~ 1

v = v - | (2.28)
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Kl ‘ As 1t can be seen in the bagic_form; the choice of ¥ and
!* as- the unknown variables'in‘ the system has reduced the
total numbef“gf equationses required to solve théd lcad flows
from n, to n-1 complex equatidns.' \
RQQLQDQnlaL_EQEE_Qf_EQEEHIQE}QD:

- In the rectanqular form

“equationss the unknowq- variables are usually the real and

imaginary componernts of all the bus voltages except that of

the Slack'bus'luhich is usually specified- The complex’

equation of bus i can then be broken .to two real equationsas

>

SMformulating J the load flov

" The form of each of these ‘equationss oOnce again depend§;@n__;_ﬁ;\\
‘ the type of o | o : ‘

bus ];.- -

;f“fgr_load bus ls the following two eqdations‘are used when

the spécified bus quantities are set on the right hand side

of each equation, .
ey ‘-‘ -
n >
;’Y [e( l e «06 -f «B +f [ f «G +2 B ]] = P H "
* 1 3 13 3 13) 1L, 3% 135 3 1§ 1
! - _l=1121oo-1f1 .
3=1 . S
v , : (2429
n I

P .
[ f [e G -t cB_ ]'e [ f oG +2 .8 ]] = Q '
1L 1 19 35 13 1 3 13 0% 19 1
- _1;11‘21\,-‘-!“
3=1 ' , : ' , L
) \ - . {2.30)

For a generator bus, excluding the slack bus the

- N . . “
following two real equations can be used:

b4

By



n‘ . -
[ e [ e G -f B ]+f [ f «G +e B ]] = p '
‘ g 7931 3 9] gl 3 91 3 93 g
=1 : ' ,
-g=(n +1)eln +2)veer{n +n )
T . L L . L G
. | _ , (2.31)
2 2 .2
e |+ £ | =) 1v 1] 59 =(n+1stn +2)saerlng+n )
* g g - g . L L L 6

{232)

From the  above set of eqdhfion§v the load flow 1is

formulated in 2(n-1) real equations in the rectangular form.

oy

-

Polar_Form_of Formularion® . B
Choosing the unknown variables to beuthe'load bus vgltage
. maqnifddes and phase angless as well as thé phase angle of
the generator bus voltagess will reduce the toéal ndﬁber of
_léad f;ou equatibqs,to (2nL+nG)o instead of (ZtnL+né)) ‘in
the rectangul9r forme The reason for that i1is the fact that
the qene;}tor Bus voltage’ madnitudes are usually(;pecified.
The equations then can be formulaiedf in the polar forms- as

followse Lot
- . - 4

(i

u_l.lyl_lco%(é .-S-+5‘)] =P
j'¢-~ll | 13 1 7 1

1 ‘ l =.1"2v---9n
L
(2.33)

- k]

™



.73,
n /o ' . .
o . ‘ ) Aé T . . .
|v Ilv Ily Isin(e -$+6)] ==0 + -
11l o LI 19 1 73 1 ) -
3=1 . . 1 = Teldresern
' ) L
(2+34)
' p_ ¥ Lo
n . e
' '[lv |.|v |.|Y- lcOs(e ?5'*5)] =P 3 ‘
- g -1 931 - =3 g9 3 .9
=1 . -
% g=(n +1)s(n +2)seev(n +n )
4 - L L L G
(2.35)
= .
' 3 . 1
22223 Mesthaods of Load Flow Sglution
There are numerous publications on. the

subject o©f load flow solutione These"intcoduée a large
number of techniques for pOWer. floullsolutién 'in power
networky and‘compreheﬂsive studies about the pecformanceiof
such techniq;és. : There are also different puyblications in
éhelliterature ghich deal with the problems of adihstﬁents
in the different methods as well as the suitability of such
}echnique fqr different applicationse. Laughton land Davies
ES?! reviewed some of the -load flow technique%, They
classified these techniques on the basis of the use of the
network bus impedance matrix {(Z-matrix) or the use of the

: netﬁotkibus admittance matrix {Y-matrix). Although all the

* - . . -l'n. ) )
methods discussed were iteratives thé former were classified
<

as direct methods [58-60)y due to the direct evaluation ot

. __the voltage variables from the estimated quantities. The

&
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latter were classified as iterative methods [53+61-691] since
> .

the voltage variables were obtained -by an iterative approach

—-{
. \ . . ;
from the estimated quantities. The review also included some

N hybrid "techniques [63-701, which combined the above two
v R ‘ . :

classified methodse.

With the development of an efficient sparsity programmed

%rdeced elimination  technique in [71)» the Newton-Raphson

technigue has dominated the field of Jload flow solutione.
Stott {73} presented a revie# of specified classes of load
flow -techniques. Five distinctive cllasses were discussed in
that ceqiéw. As in (57} the Y-matrix iterative methods
(58+61¢62+465-681, ‘were classified as those methods which

were based on the calculation of the bus voltages V from the

estimated bus currents I by the 1terative solution oOf

“equation (2.36)

E = E v \ . . (2.36)

!
On the other hands the Z-matrix methods [58—60¢72]" Were
based on the direct solutidn of equation (2e36), forhtqé)bus
voltages 1n terms of thé. bus estiﬁated caurrents usinq the

inverse of the network Y matrix (2 matrix)e. Due to the wide

spread and the great interest in the Newton-Raphson methods |

it had been classified as a separate class [61:604465+T4=T6]e
The approximate Newton methods [77;801’ were classified as
the decoupled methodse which took ;dvantaqé of the str&!ﬁ
ties bétween the bus active powers and théﬁﬁps\fwinq anglesy

N,

—.

¥
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a0
and between the bus reactive powers and the bus voltage
magnitudeses In additions special class had been reserved for

the rest of the methodss whi¢h had attracted some attention

LY

but could not £it in any of the abovg,classes. These methads
were defined as Miscellaneous umethads [63+70+81-85]. In
recent yearss an adjoint network concept has been employ;d
to develop a new methed fbr solving the load flow problems
{861. In adﬁition td the great number of referencesq .
describind the dJdifferent technigues of load flow solutiony
the discussion of the acceleration.s converqences and

r

sultability of the different methods had been also ﬁackled

‘quite often in the literature £57+73+,87-901.

In the following subsectionss different load flow
solution techwfgﬁes Wwill be described briefly and with

different «classificationgsy The different techniques fall

1nto tWwo maln categories -namelys the derivative and the

non—derivative methodse. Only the 56rmulations in terms of

r

)/
bus admittance matrix will b%/Q;scussed-

224301 Non-Derivative Methods
.These methods are generally based on the basic complex

equation (Z.24)¢+ which takes the forms

* &« . ' ' . -
E YV =35 ' (2.37)

where the 1i1-th row of this set of equations ﬁrgkents the
L}
loading equation of bus i » in the forms
Al

- 4
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% * _
[V e V o ¥ ] =5 i1 = Teivesnri{n—1) (2038)
i - 13 i “

Equation (2.38) applies to all types of buses (except the

slack bus)y where accommodation for generator buses (voltage
controlled) 1s made during the 1terative proceduree.
Different iterative methods can be used to solve equation

(2.38) 1n the network unkndwn voltage variables.

-
4

.“ Gauss_Iterative Merhod:

Rearranging eguaticon (2.38) ir. a more suitable forms for
a
the 1terative procedures it can then be rewritten in the

forms

(L

”

n
¥ * = :
VeVaeY + [v « ¥ oV ] = 5 $i=192vaes(n-=-1) (2.39)
i i ii.E i 19 3 i

7=1

J£4

For the load bus ly the bus complex power is specified
. o
and equation-(2.39) can then be written at iteration (K)»

for this buse+ as followss

n :
{K+1) ~ 1. [ * ®(K) (K)
v Tttt S - V .U .Y ]J ; l=112,..'n
1 . ®*{K) 1 z' 1 3 13 L
1=1 '
1

v X
1 11
(2.40)
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For the generator hbus gs an eguation similar to equation

(2+40) 1s derived and it represents an intermediate step

’(K+(1/2)) in iteration (K} -

(K+(1/2)) 1 *(K) *(K) (&)
e [0 )
g : ®#(K) -~ ~q 9 3 973
i oY ']-_-1
g qg J#g _
g={n  +1}s{n +2)rveer(n-1)
* ‘ L L
(Latt1)
where
- n .
*(K) *(K) (K) :
S = P +3 Im( V E:: (V .Y 1))
g q q 3 91 i
3=1 .
- g={n *1)s(n +2)raer(n—-1)
L L
) (2e42)
< .

Since the generator bus voltage magnitude 1is specified
(tv | )y iteration (X) will  be completed by adjusting the
g sp . ’ (K+(1/2))
magnitude of the intermediate bus. voltage V as

A . q
follows, v .
(K+1) {K+(1/2)) (K+(1/2))
v =V d( 1V | AR )
g g g sp g

g=(n +1)s(n +Z)seerln=1)
L L '
(2.43)
P
(0)

t ) _
Initial values for the bus voltages V are assumed at the

a
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beginmng of the 1terative procedure. It has been common

\
practice to initiate the procedure with a flat wvoltage,

starts i.e. setting the bus voltage mdgnitudess+ where givens
-to their sgecified values and the other bus véltaqe
magnitudes eqeal to one per unity while the bus voitaqe
angles (bus sWing angles) equal to the slack bus angle
(usually equal to zerod.

Gauss—-Seidel lterative Method:

This method is gquite similar to the Gauss method»
discussed abovey excedt that the updated bus voltages are
substituted directly in all followed operations -within the

same iteration. Accordinglys at iteration (K) for load bus 1

y equation (2.40).becomesy,

1-1 4 n :
(K+1) 1 * %¥(K) (K+1) =~  %(K) (K) : //
v - —— S -Z(V Vv Y )L(V oV Y ) '
1 *{K). 1 1 | 13 1 3 13
. y oY 3=1 4=1+1 ’
1 11 _
- o 1=742vee9¢n -
L
(Zald)
while equation (2.41) for generator bus g becomes N
g=1 n 7
(K+0.5) 1, *(K) *(K) (K+0.3) —ii-- (K} (K)
v T ——— 5 -Z(V oV oY )Z(V i oV oY ) )
g “(K) L g g j g7 g 1 93
: Vv «Y 'j=1 j=q+1
g 99

g=(n +1)s(n +2)seesln-1)
L L
(2e45)
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and equation (2.42) will be

. g=-1
={(K) - *(K) (K+1) (K), .
] =P +j Im(V ‘ (Vv (V ) s
g- 3. g . 7
=( D +1)+ln +2)veeel{n=-1)

]
- - : 9
: L L

(2.4%)

and finally equation (2.43) will remain as before

(K+1) (K+(1/2)) . (K+(1/2))
v =V IV I /1v | ) s
g g g sp g
. g={n +1)e(n +2)eeer{n=1)
" L L
(2.47)

Relaxation Method:

Instead of combining the two basic complex performance
equations of the networks (2.21) and (Z.22)+ and solving the
resu%tant equations tﬁe relaxation method offers a different

procedure for the solutione. _The approach depends on the

separate solution of both equationse. Starting with a tlat

to} (o}
voltage set V ¢ the control variables [ can be roughly

. 4 ¢
estimated using equation (2.2Z). Using equation (2.21)s with

' ' (o) Cowey
the estimatedfvalues of the system variables V and I

: , LI : .
will produce a set of residuals R in the gontrol variables

I. Emhgqméthod then depends on eliminating these residuals.

- oo
Ny

Theﬁﬁus'voltaqes and currentss as well as the residuals are
updated in an iterative process and when the residudl‘%alues
decrease to zeros the solution is then obtained. The set of
equations to be solved in each iteration varies with the -bus

typee. For a load bus 1 the following equations will be used:

=



(K+1) .

v o= ¥V
1 )

I . = 5
1
(K+1)

R = I
1
(K+1)

R = R
I

‘and for a

magnitude adjustment should be

(K) (K}
-{ R /

1 1

*  x(K+1)
v .

1 1

. (K) (K+1)
- I

1 1

(K) (
- Y (R

3 Pt 1

generator

X)
/Y

bus gy -

‘11

)-

»

=11 29 ee9(n=-1)

J#£1

85
(2.48)
(2043)
(2+50)

(2.31)

accounting for the voltage

included and accordingly the

followiﬁq set of equations will be useds

(K+(1/72))

{K)

v - { R
g
(K+(1/2))

v
.

P +) Im( V
q
(K+1)

S -/

g

S(K) (X

I - I
g g
(K)

R - Y
3 93

(K)
[t

oIV |

=*(K+1)
. [(--v
g L ]

“#{K+1)
v

g

+1)

(K)

.9 949

/

/

Y

v

99

(K+(1/2))

)3 3=1924eee(n-1)

7#
%9 ,

(2+52)

(2.54)

(2.55)

(2.58)

(2.57}
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~ It should be noted that updating the residuals of <the
busess other than the one under consideration-(equations
(2.51) and (2.57)) should be made for each updating of each
load bus 1, where l=1.2...,nﬂ and for each generé%or hus g

where q=(n'+1)o(n'+2)...v(n-1);
L L

Differeﬁt‘formulations for the rela#éﬁxon Vmethods exist
in.the litefatu:e.

USQ_Qﬁ_A:célexaninn_ﬂasxﬂns=

All iterative methods, described aﬁovev ﬁave to “be

accelerated to decrease the number of 1terations required to

.reach the solutione. The development of different

accelerating techniques presents a wide a4area of research 1in
the field of numerical analysise. 'As an'_exampley only one
method based on updating the formula for each bus voltage 1in

the 1lteration. .process will be given ‘belows and for more

_information about the subjecty the reader is refemed to

references [87-891-and othegs.

'Choosinq acceleration factors 7\ and f ' the load bus

P Ereadlos

voltage eqhdtiong (2-40)y (2.48)y and  (2.43) can then be

updated as follows,

¥

(K+(3/2)) (K) (Kk+1) (K *(K+1)  =(K)

) .
v = v +AY -y )ﬁf(v -V ) ;

1 . 1 1l 1 1 1
1=1420ee9nt
L
(2.58)
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while the generator bus voltage egquations (2-83)e (2.47)

and (2.53) can be updated using the following two equations,

(K+(3/2)) (K
=V

) (K+1) (X) *(K+1) *=(K)
v AV -v  y+fv -v )
g g g- g g g ‘
. b q=(n +1}+(n +2)'-o'(n""1)
L L .
(2459)
then ) ' - \
(K+(T/4)) (K+(3/2)) (K+(3/2))
v = Vv JUlv | /v ) ;
g g g sp g

qéfh +1)s(n +2)seey(n=1)
L L
(2.60)

The acceleration factors can be either real or COmflex
gquantities. As an examples if A is a real guantitys not
e;ual to zeras while‘f equal to zeros both the real and the
;maqinary parts of the complex voltage will be aEcelerated
by the same factors, While if both factors ‘are real non-zero
quantitiess the real part of the complex voltagye will be
acceleratéé by the factor ('}+‘f ) and the imaginary part
will be accelerated by the factor (A-§).

,D;C;_Lnad_ﬁlguﬂleshnigue5

This technigue employs an approximate power flow model
and 1t ?éfghly ‘dsed when an approximate soiution for the
network 1is reqpired- .This method finds wide ranqe‘ of
applications in the long range . planning and/qr in finding a
starting ‘solutibn for other technigques applied to large

networkse The technique has the following characteristicsy
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Te The dc¢ power model 1s based on the relationship
between the bus active powers and the bus voltage
: phases (swing angles): henée it discards the‘reactlve
v powér flow in thé networke

P

The technigue reduces the number - of equations to be

[\ 9]
-

solved to about half of those considered in the ac
modelse It also employs a constant matrix of

coefficients and one direct (non—iterative) solution

-

of a set of linear equations 1s required.
3. The method treats both load and generator buses in .

similar manner, since only the active power flow is

considerede.

LY

Method Description: ' -
The method 1is based'éh ‘the approximation of the active
power equations of the buses in the polar form ((2.33) or

"(2435)) which can be written for bus i s in the form
-

n

P = E‘” |V‘|-|V_|-1Y. i-COS'(‘é..+S_‘—k>2 H l-‘-']vao-;(ﬂ""‘T]

-1 ] lf] .l'] 1 .3

3=1

{(2.61)

Because.of the weak ties between bus voltage magnitudes

and bus active powerss and since'the elements of the network

admittance matrix aré mostly susceptances the f0110u1nq
:assumptioﬁs can be made.

(a) set all bus voltage magnitudes to one per UnLty iece

-3V L = 1+ 3 1 = Te2vesern
i )



‘i;

(b)

{c)

> 83
set the angles of all the admittance matrix elements

to - NN/2 radianss ie.ee

|

8 = =M/2 3 i = 1929eeernl
ij e
3

TeZesensNy

n

since the phase angle differences betwWween the netwo-—.

rk buses are usually small, sin(ﬁ‘-_S) can be appro-
bR :

ximated to ( § - $ ) for i = 1,2V.-,no and 3 = lszese °
— i) '
eesnly where § and § are'in radians.

i 3 —i

Based on these assumptionss equation (2.61) - can then be

wrLitten asse

n
= Z B esin( & - 5 ) (2462)
13 i 3
. j.-_-1
n
= B « (% -85 (2.63)
1] i 9
3=1
n
= Z B o ( S - 8 )
19 gyt 3
3=1 _
L '
: n - n -
:S.[Z(B)]-Z(B 5 (2.64)
i i3 i9 3|
1=1 =1
J#1 31 &
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Neglecting the shunt ground <capacitors In the networks

the following relation is satisfiedy

- B = = B ) ¢ (2-65)
i1 E:: i3 o~ )

3=1
3e1

g

substituting equation (2}65) into equation {(2.68})y - then

w.‘ n | '
T p =T -§. - E (B .8
i i 11 19 3
=1
J#1 -
) j21 . 2
P I - (B o § ) i i=112veerln=-1) (2466)
i j 1y S

3=1

Since the slack bus sWwing angle 6 1s usually set to zero
. . n '
. » |
as a reference. In matrix notations equation (Z2.66) 1s

written as

¢

p =-8 § : o (2.87) .
N -MM =M :

where

P is a cokgmgiﬁactor of (n =n-1) elements representing the
=M . B '
bus active powers. ¢

s 'is a column vector of n elements represénting the bus
-4 E. <
swing angles in radianss and



g1
~
B is the imaginary -part of the network bus admittance
-MM -

matrix after eliminating the row and the column of the

L]
L

slack buse.

k) . -
Equation (2.67) can be solved 1in -one step for the
unkn%wns .

Modified Technique: x

o
X

Wwhen specified and/or approximate values of . the bus

' voltage magnitudes in the network are availables equation

L]

(2463) can be modified to the formes A
. ’ ‘é" 5 <

n . .
g f . .
P = E B L oIV §oB o0 &= S| 5 i=1e2veestn=1)  (2.68)
i Ui 3 i i - -
5=1 -

p =ME SIS T 3 i=1eZeees(n=1)  (2:63)
‘ 13 3 : |

Oor in a matrix form as

P =K . § ' < (2.70)
=M -MM =M ‘“\
where ' \ /
K 2 =1V {%lV |eB
1] i 3 i3

and .
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224342 Derivative Methods

a

- In describing the derivative methods in this works only

the real form of variables is used. since the recent more

general complex mode of formulations does not - concern this

L

e

~ -

WOTLKs | :

4 . -

23

The general form of power flow equations ise

- h (vbltége variables)= U (known quantities) & j
or _
"h (x) T = U : ‘ " (2.71)
where i .
X is an array contains dll the unknown variables in the

power flow equations (stateﬂvariables)y

1y

U is a column vector contains the known quantities in

.-
the network {(&ontrol:rvariables).
2

The elements of. the vectors U and x dépend on the form

of formulation used. For examplers ' ;
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- D -
= -1
in the. polar form u = P (2.72)
= |
Q
| -1
- . * [ P q‘
N -1
, . : P
Wwhile in the rectangular form U = -g {Z2.73)
o - Q
-1 .
Lty D2
» ot zfq- A
_ . e o J .
whezg P an% P are arrays containing the load bus iﬂﬁ‘the'
—l <g (\ J
generator bus active .powerss respectivelys Q0 1s.an agray of
| S = E
the load bus reactive powers, and IV | is an array with the
-n‘--q— J

L . .
square —~of the generator bus voltage maynitudes as 1ts

elementse.
on the other hands the array x may contain the real parts

e of both load bus .l and qenerétor bus g voltagess as well

-
~

as their imaginary parts £ v in the rectangular forms 1i.e.

e r
" -1
L er o
X = -q | C o (2e78)
- . £ - _ g
. - - T
L =g

In the polac form the vector X wi1ill contain the swing
angles § of both load and generator busess along with the

load bus voltage magnitudes 1V | + 1e.€e

, —1-

cx_.
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§
-1
x = éq ) (2.75).
- v 1

Newtop—Raphson (NR) YMethod:

When this method was first described and employed to load ~
flow préblems. it was fgand "that the computer time and
memory réQﬂlrements increased rapidly with the problem 5iie..
Later it was found that the elimination pro?edurey used for
solving the simultaneous equationss wasS the main reason tor
thatye ahd.not the method i1tself. After the i1mplementation of
highly efficient sﬁarsity-pfoqraﬁmed ordered elimindtioﬁ
technigques, the method becamelthe back-bone anq the most
wWwidely used method for solving ldad'flow problemss It has

the advantage 9f powerful convergence characteristics,
kl .

LE

~moderate computer storages and short computing times The

method also does not need acceleration factors and 1t is

’

more robust ih handling 1ll-conditioned systems.
L
General Newton—Raphson (NR) Iteration:

If an approximate solution of the voltage varliables 1in

) (X)
the system at iteration (K) 1is given by X with error of
(K) : - .
ax + then equation (2.71) can be wWwritten ass»
(X) (K) P
h{ x + ax Yy = u ' oL . (2e76)

and by Téylor's theoremy 1t becomes

Vi



‘ 95
T .
dh T .
(K) - (K}
hix Y| — aAX +higher order terms = U (2.77)
= - ax (k) — -
T . - T
w————{ah T - ah ]T

where |- stands for,the value of |—) at iteration

ax (K) lax .

(K) which 1is called the Jacobian matrix of NR method
calculated at iteration (K)e By eliminating the higher order

terms 1n eguation (2.77) and rearranging its the equation

, - €an then be written as.

(K) (K> (K) . '
J ax = U - h{ x )]

= alU - (2.78)

(K)
In the iteration processs the vector ax 15 defined asy

(K) (K+1) {K)

and accordingly.

(K+1) (K) LK)

rD

X
=¥

.
— i

= x + ax ) ' g (2+73)

[}
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From eguations (2.78) and (2.79)s the following general

- . .\
iteration in the method can be obtained.,

(K+1) (K) (K) =1 (K) o
x = x + (3 ) aU (2.80)

(0)

where the initial values of the voltage variables x are

\
assumeds The method can be started with a flat voltage or

with the solution of any other approximate method for
solving load flow (eege dc,load-flo@ solution)e

-~

Elements of Newton-Raphson Jacobian Matrix:
Using the expressions of the power flow equations,
derived above for various modes of formulatione we have in

the rectangular mode

T T T T 2T Yt T ) [ T
a(p P Q (fv 1) ae aP
-1 -9 -1 —g- —1 —1
a e ne aP
-1 —g -=qg
e . = {2ea1)
; -g af ab
f -—1 —1
_l )
f _ 2
=g af AIVgI
L § L. — a4 L .

S



where

o
1]
I
n

then

The-elements

T T T 2T T
a(p < P Q (v 1)
[ &
~1
e -
=g
£
-1
£
. —g
L _
T T T 27T
ap ap aQ aciv
de de de de
-1 -1 -1 -1
T T T ; 27
ap ap ag atlv 1)
-1 =g -1 —g~
de de de de
=g =g =g =g
T T T e T
P ap 3 a(iv 1)
af af af af
-1 -1 -1 -1
T T T" ' 27T
ap ap aQ altlv | )
af af af. af
-9 . -9 -g =g
of the Jacobian matrix 1in

are as foliows:

57

(2.82)

equation (2482)
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A . -
a2tV |
g ] ’
- = 0 v J#g
ae
-.l -
r') 2 -
alv |
g
= 2 e
de g
g
P
aflv |
g o
= 0 3 J#g
af
p|
2 =
alv |. *”
g
= 2 f
y Oof g
g

where both subscripts 1 énd jJ can be either a load bus 1l or
a generator bus ge The definitions of the different terms 1in
the above equations were given before in Table 2.1.

Ih the polar form of representatiocons equation (2.80) can

«

be written as»

C T T T T T 7 i E
~latp P Q) N s|] oP

=1 -qg -1 —1 -1

a - 8 IN% ’ .
él 9] =1 —g (2.83)

~q alv | ay

iv | —_—]—- —1

L —1- i L J | A




where

i T T T 7T
a(p P Q)
-1 -q -1
a [§
- ]_ _
§
-g
v |
| —1- A
3 T T T
ap ap ag
-1 -g -1
ab ag as
-1 -1 -1
T T T
aPp ap T ag
-1 -g -1
a6 ad ad
=g -g -g
T T T
ap ap an
-1 =g -1
alv | alv alv |
| —1=- —]- —1-

-

100 -

(2.34)

The elements of the Jacobian matrix in equation (Z.84)

aree
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ap

i .. .

—_— = |V «V oY | sin (-8 + § - g ) 5 1i#j
ad i3 13 ij 1 3

3.
ap : n | .

i .
— =-§_|V.U.Ylsin(-6 + 6 -6 |
ab i 7 i3 i3 i 3

i S 9=1

J#i
ap
i .
= |V «¥Y | cos (-8 + S - g ) y 171
alv | i 1l il i 1

l .

)
ap , ' ~n

1

=21V «Y lcos (8 )+ [V «Y lcos{-8 + £ - S_)
v | 1 11 11 Z 3 13 13 1 j
1 3=1
3#1
aQ |
l 1]
— = =V .V .Y | cos -8 + & - §) i 321
as 1 35 13 19 1 3
3 .
g n

1
— = iV oV oY | cos (=8 + & - § )
as z: 1 3 13 13 1 3

1 3=1

j#l
agQ -

l .

_ = IV | sin(-e + & =& ) i 1lzl°
alv | i r1e 11° 1 1 :

ul. a . )
aQ

n
1 ' — :
2|V oY Isin(-8 Y+ [lv Y |sin{-8 + 5 - 5 )]
alv | 1 11 S1l E 3 13 13 1 3

1 3=1
3*1
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where the subscript 9 can be ei;her a load bus 1 or a
Benerator bus g

It should be noted here that the Jacobian matrix elements
are functions in the vaoltage variables (unknown variablesiv
hence these elements have ‘to be updated every iterations It
should be mentioned 'also that the quadratic converqgence of
NR method is faster than that of any other load flow
approach and the process reaéhes the solution’ very rapidly
if the updated values of the variables are close to the
solutione.

Decoupled Newton Load Elow Method:

This technigue is only applicable 1in the polar mode of
formulationes since 1t depends on the fact that the
) relatioﬁsh;Ps between bus active powers P and the bus swing
angles §" and between the bus reactive powers Q and the bus

voltage magnitudes |Vl, are stronger than that between P and

Ivis and between O and 5 . Accordinglys the technigue

ignores the elementsy

T T T T

ap AP~ aQ ag
-1 -q -1 -1 : .
’ ' vy and —— 1in the NR Jacoblan matrixe
alv |- alv |l a§ g |
e e o -1 -g

Hence the resulting form of equation (2.34) becomess



T T
ap ap
ag  ag
-1 -1

T T
AP ap

J = —_ —
- ab ag

-qg =g

0 0

o

B9 4% 8% 4 4% e0 a3l

.

© (2.85)

and accordingly equation (2.83) can be writtens at -iteration
F . :

(K)y as

&
T

where the subscript

¢

(Kx)
F-Y -
-_N
(K)
2 iV i
—_l.— ]

M denotes a subset of

B ]
(K)
AP
-_M (286)
(K}
ol
. —1 i
‘the bus indices;

starting by the load buses followed by the generator buseé.

The set of

equations represented

6) can bhe

rewritten as two separate sets of equations as followss
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(k) (K) . (K) -

H A = aP _ (287)
i —H . —nH

(X) (%) (K)

(268)

[
=
—
'—
il
ID
~
—

where
y
(K) , i (KY T
a8 = a8 -
—_M —1
— (K)
a8
L. —9g N + and
-
(0 7
aP = N '
- —NM —1 _
(K)
abP.
L =g J

Both aP and aQ are still functions .in both bus voltage
- —n
magnitudes IVl and bus swing angles § s+ i.e. the evaluation

¢f the bus active and reactive powers is still exact and the
approximations are only applied for- updating the voltage
variablese. Although this technique distorts the gquadratic
convergencé characteristics of the NR methods it saves
considerable computer memory and computational time :per
iteratione.

Fast_Deconpled. Load Flow Method:
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This method is basically a valid approximation to the NR
decoupled load flow ﬁechnlque described aboves. Starting with
the deéoupled forms ‘egquations (2-37) and (2.88), whgre the

i-th equation in (2+87) 1is»

F

pJ - PI = &P TyZyees(n=1) (2.89)

(R
|

(-8 + S —‘S ).b&] v and

o
o)
n
o
ﬂllr\’1
 p—
[ =4
.H. ~
L]
p
-
[ ]
[
}-l
—
0
P.
.

i3~ 1 3 3
=1 ‘
1 . .
n ' ) -
PL = \ [ IV oV oY | sin (-8 + & ~ § Jeaf | -
i 3 13 i i 9 i
3=1 =
&1

and the l-th equation in (2.88) iss

oJ = QL = 8y 37 1 = 1e2veesn - | (24900
1 L - .
where
.n-1
QJ = [ IV «¥ |.sin,(-6 + & = § .alv | + and
1 11 13 1 3 3 F
j:‘[ : ' .
* jfl
QL =24V oY Isin(~8 )+§ [lv Y Isin(-8 +8§-8)l.alv i
1 11 =— 11 3 13 . 13 1 3. 1
. J=1 ,
. J#1
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where alV I= 0y in equation (2.30) for 3=g=(n +1)s{n +2)res,
{n=1)» Th;n thé stm in the first term in eqdation (2%90) can
be made for the load buses onlys up to n only instead of
(n-1). Pré% .equation (2.34) and equatioh (2.30)s after
" multiplying and daviding it byJ;U_I and |lv |y and replacing
the subscripg_ 3j by 1°* for goad busés; the following

expression can be obtained.

QV* + QV = a4aQ v 1=1+29eewn . (291)
1 - L
where )
n
L ' alVv i
1
. QV' = Z [ IU oV ;Y - I sin (“8 ) + S - S ). ___—] '
: .1 "1 11 il 1 1t v |
1*=1 : 1
1v#1
and .
alv |
1
Qv = Q + IV |2,1Y | sin (-8 }]e. ‘
1 1 11 1l |V1]

Noting that the expression for the EB&QE}ve power for any

{

bus i+ 1is

g = [ {V «V &Y | sin (-8 + & -5 )J
i : i 3 i3 i3 i’ 3j
3=1 .
. n :
2 : '
= |V} «lY Isin(-8 )E [1v «V oY Isin(-8 '+S-—S)]
1 ii il 13 13 17 L 9
. . ‘j:‘] .

921 ‘ (2.32) .

then equation (2.89) can be wWwritten ase
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§ .

P + PI = &P [ i=z1920eer{n-1) _ {(Z«33)
. i . & B
Uherg
n-1 ) )
pJd = [ |V ¥ oY |} sin (-8 + s - § )-aS] v and
i 9 13 19 i 3 ]
3=1 e
1
Y ‘ )
. 2 /
PI = (=0 + IV | oY | sin (-8 ))«ab
: .1 1 ii ii i

The following assumptions are then employed to equations

(2.91) and. (2.93), which’are: -
(i) in all “sin" argumentsse S =03 i=1y2feeeln-1)y and
. . i .
, 2 _ 2 .
(ii).lQ I <<—|V I =D = IV l OIY |Sin(“6 ‘)
: i i i1 i i1 ii

then equa%ion‘(2.93) becdﬁes:

PJ + PI = ab H 1=192vese(n=-1) ' {2+594)

1
TPJ. = 9{ IV:.V lelY | sin (;B }.Agi] s+ and
*\‘Z SR 5 .
=1 | : -

s
31,
')
PL.= (IV | 1Y 1ﬂ;:;\(-e‘ ))en
i ii L. i

w

where

and equation (Z.91) becomess

)
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QLY = gL = 9 H 1=1e2veeeni (2e35)
1 L
Wwhere
n : . _
L alv |
. ) 1
QL' = : iV «V lolY I Sin/{-e )o‘_" H an_d
: 1 .1 11 ' 11 v |
ll: - . 1' ~
121 .
alv 1
_ 2 4 o1 -
QL = V.| «FY | sin (-8 )e—
1. -1l 11 fv |
1
e R . T
Since B = 1Y | sin (8 ) i then equation (2.94) and
13 1] 19

(2.95) can be rewritten in the form of equations (:«96) and

n-1
AP = [ =1V lelV |eB. & 8% } $ 1=192veer{n-1) (2367
1 i 3 0 I | o ’
3=1 -
_ ' . A
n . .
L o alv | w
. ) . , 1 ‘ .
AQ = AV eV (B = P 12142veyn (2.57)
1 1 11 v i ) L
1*=1 1t

Due to the weak ties between bus active powers and bus
voltage magnitudess L1t can be assumed furthery in equatici

(2.96)s that

iV 1.B B + leading to
] 1] 17
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[_B . bg ] = aP / IV | 5 1=1+2vees(n=1) (2.33)

and
I
L ‘ .
-8 e AV | = bQ / lv | 3 l=1-!2'1‘-o'n _ (2.93)
j 11? 1 1 1 L

In matrix notations equations (2.98) .and (2.93) can be

presented as

-8 af = AP (2.100)
-MM ~-—HM —

-B alv i = aQ i (2.101)
-1l —1- —1

i
-— -

where aP and aQ are vectors of components  (aP /IV |) and
-—M el | . 1 i
(a0 /1V 1)y respectivelys and B is the imaginary part of
1 1 -MM
the network bus admittance matrixs after excluding the slack

bus row and columns and

B B
- . -11 -lq
3 = 14
~MM B B /

-9l =gg /

N
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The solution of the decoupled sets of (2Zn=2-n ) linear
: G
equations (2}100) and (2.7101)+ presents’ a very fast

computational scheme with constant LU factors of the sparse
matrices 3 and B » Although the convergence of the method
is not quag:atic' étqtt and Alsac in (79) showed that a very
acﬁurate solution can be obtained for systems ranging from
13 to 205 buses 1in & to 11 iterationse.
Qptimization Methads: -
Equation (271) re@resentlng the load ’flOHrequatlonSo
can be written in the form
h (x) = U = 0‘ (2.102)
where any real mode of representation (rectanqularhor polar)
can be used. This set of equations includes (2n=2) equations
in the rectangular form and (2n-2-n ) in the polar form. All
; G

forms of h have been given in the previous subsections.
i ; ,

, i
The criterion of solving the load flow problem by

optimization is based on the fact thats if a solution x' of
the unknown variables in the network existss each of the

o,

equations inclueded in (2.102) should be satisfieds 1.e.

h ( x*' ) =u =0 3 i = 1s2reeen C(2.103)
i - i E
"where : ' .
' n = 2n—-2 in the rectangular mode of formulations and
E .
. -
n = Z2n-2-n 1n the polar mode of formulatione.

&)

5]
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The conditions presented by equations (2.103) are

equivalenty for examplesto

n
i
2
a |h (x*)-u =0 3 a >0 3 i=1+2vesen  (2.104)
11 - 1 1 E
1=1
or
) Y
M;x (B.!h_(x")-ull) =0 3B > 0 3 1=1¢2vessn (2.105)

bl

i L 1 - 1 .1 E

since the left hand side of either (2.104) or (2.105) for'(

"any x 1S always positive or zeros and hence 1its minimum is

~

zero 1f a solution existse

The optimization technique used for solution depends on
N

the form of equation {(2.102). For examples equation (2.104)
suggests the use of an unconstrained minimization technigque
which can be wr;tten ass

n ’
E \

2
Minimize F(x)=§£::(a_[? (x)—u‘] )
i

WaLCebte X - i=1 i - 1

On the other hands the form of equation (2.105) suggests
. , |
the use of a minimax optimization technigques which can be

wCitten ass

Minimize Max (B Jh (x)-u 1)
WeLste X 1 i 1 - 1

X | C
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It should be mentioned that most. 1f not ally the

- s
I

practical solution techniques available are‘azradlent-type
iterative methods. where the solution obtained débends on
the starting point (initial estimate). Solving the load
flow ?;/nptimization has a particular vélue when the power
flow equations represent equality constraints within a more
general formulationy in which othér equality and 1nequality
coﬁstrainté are included while a éertain obiective function
is optimized (ee.ge "minimizing the cost).

Adjoint_Network Method:

The adjoint network method 1is conventionally used to
calculate poﬁer network sensitivitiese The recentl
development of this method allowed i;s application to the
exact power network model. Consequently the methodology for
load flow solution has been devéloped on the basis of the
adjoint network concept [d6]. -

The ldad flow equations have been written earlieg; in the

real mode of formulations as

h ( x)=U (2.106)

- -

where h 1s a vector of nonlinear functions in the voltage

variables x» and U is a vector of the bus specified

quantities in the networks. The perturbed form of equation

(2.1008)+ at iteration (K)s wWwas also presented earliers as

4
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J ax = aU (2.107)

where : ’ -
(K) (K+1) {K)
%4 = ox - X
and 4 _ '
(K) . , (K) ’ -
AU = U -y ’
— ~specified -

In the NewtonQRaphson methods, the perturbéd equations are -
‘ () (K)
solved at each iteration for. ax where J is updated in

each 1teration. The computational effort per iteration in
this process consists of:

P
: (K) -
( 1 JEvaluating the elements of J since they are voltage

dependent.
_ : (K)
{ ii1)Calculating the LU factors of the Jacobian matrix J .

(iii)Performing forward and backward substitutions.

The solution of each iteration for equation‘ (2.107) is

given byy

(K) (K) 1-1 (K) )
aX = J ‘ Al (2108)

- (K) -1 -
where the elements of [J ] represent the sensitivities of

the voltage variables x with respect to the <specified

guantities U at 1teration (K)s reee



(K)Y -1 T T
J = ax " (21039)
. , ay (K) .
In the adjoint network methode the sensitivities of the
(K)
i-th network state (unknown) variable at iteration (K)s x
: 1

‘with respect to all the network controls U (lsee 1-th COW in

equation‘(2.109)) are calculated by solving a separate set

of equations {(adjoint equations) of the form

(K) o (K) A (K)

T x = b | (2.110)
- -1 -i '
(K ~ LK)
where 1 denotes different elements of x vy and b 1s a
- -1
simple vector having at most two non—zeéro elements and 1t
(K)

depends on the state x considered. T . is an adjoint

i -
network matrix of coefficients and 1t 1is common to all
’
states x « The set of equations (2.110) presents n

1 2.
equations 1n generales - solved in the adjoint network
(K}
Fal . . .

variables x . The required sensitivities of x with
-1 . 1

respect to U are then calculated as linear functions oOf the
’ - ALK '

corresponding elements of x (86]). The computational

-1
effort per 1iteration in the adjoint network method can be
T, - -

summarized in the following:

ey
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(-1 )Evaluating the oniy few voltage-dependent elements of
(K)

T .
- ) {K)

( ii)Calculating the LU factors of T -

(iii)Performing forward and backward substitutions for each

’

s+ state considered.

Comparing the computational effort involved in both
Newton-Raphson method and the adjoint network method: we
find that more effort is involved with NR method than that

in the adjoint network method in evaluating the Jacobian

L]
’

matrix for the former and the adjoint network matrix i1in the
latter. On '~ the contrary there 1is less effort iﬁvolved in
.performinq thé forward and_backward‘substitutions in NR than
'in the adjoint network method. With respect to the
calculation of the LU factorss both méthods have alﬁOSt the
same cdmputational effort involveds Finallys it should be

_ () -1
noticed thate since the elements of |J [ are calculatedy

‘in the “adioint network methods based o©on exact load filow
~— -

1
(S

modely the method then has the same rate of convergence as

that of the NR method. 'ﬁ
After discussing the different techniques available for

L%

load flow solution, it should be clear that the choice of a

certain technique is mainly based on the ,negworkﬂ/under'

considerations the computer facilities availables - the

accuracy required in the solutions and the objective of

performing the solutione
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223 BReliability and_Contingency Analysis

Thé difﬁerent. power. sysgah planning techniques are
usually concerned wWith providing different expansion plans
wﬂich satisfy the system operational - and security
constfaints under normal operating conditions-‘\pne might
think that t@e planning proqesg' 1s completed by.seléctlnq
the plan which has the bes£ performance and. minimum COSt.
Unfortunately this is not the cases because of the need for
testing the network perfor&ance under abnormal conditionss
since no system-ever operates free of disturbancese. TFaults,
lightning strikess and switching surges are some of the

reasons that cause the system to suffer - from abnormal

conditionses such as loss of system elements. Disturbances

are classified based on their time duration into three

gategoriéSv subcycley fc;cle‘(transient)o and.steady—stafe.\
In this sections due to the scbpe of this wWorks we will only
discuss briefly the steady stage disturbances and ‘the
teghniques usegltév determine wether the system is ;eliable

to operate éﬁﬁisﬁé&;oﬂ&'after a disturbance has reached a

.

steady stateae Safisfactory or acceptabler as it has been

defined in Reference {471 and otherss means that no system

component is“overlqa@edl and that all demands are met at
acceptable le%aqes- .

| At the béd}nﬁgqithe performance of the|poyer system‘undgr
coﬁtinqenéy haé been studied by employing the‘effigient and

effectxve“écr power fl&bw methaodse With the growth of the

P
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powWwer networkss the exact ac power flow methods have lost

“A

117

their attractiveness due to the very large computational

i

time involved in studying the large number of outages in the
networks Accordinglyy foster and approximatez téchniques have
been used instead. Even though there ~ was stili aﬁoo much
computatignal effo;t and time %anlved in performing all the
required studiess. Rathers differeht fast methods have been
suqqebted to locate potential trouble spots and subsequently
only. the severe ones could be studled in detalls, using the
ac load flow methods 1f necessary.

.The methods proposed for studying contingéncy analysais
are classified Hp two major. categoriess namely detetministic
and probabilistic téchniques- Those methods which simulgte.
‘the nétwork elemept outages - by actual removal from the
Qetwork and do not model the oﬁ;agé prﬁbabilltles of the
elementsy are clasg}fied toQ be deterministic hetﬁods
[(47991-361. |

Instead. of exhauéfive study of all the possible outages
in a netwérko different pefformance indices havé ‘beén
proposed in the literature {97-1021s to rank the different
contingency cases and only those which are considered severe
are_selectéd to be studieds - by the deterministic methods# in
detaifs. ,

)
In recent yearss L different probabilistic techniques have

been developed to evaluate the relative rolesy each element

. in a network plays in determining the reliability of that
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system {u7.103r1071.‘ These informations can- usually be
obtained throuq? two 1indices, namely the loss of load
probability [LOLP]). and the exbected value af demand not

"gserved [&(DNS)Y .

bus 9 Generation unit loss at bus g
bus g
@ . Partial generation loss at bus g
Fa2 - -

bus 1 Load loss at bus 1

Branch removal across kmn
bus k bus m :

Due to the common use Of the’deterministic approaches in
contingency evaluationy a brief discussion of the basic

principles of such techniques is gaven belowa

- A2del ne;exm;nis:ic_concen;_Qf_Caningencx_hnalxsis

In general an outage - of one of the power neﬁuork
components 1s known a; a sinqle contingencys while a qroup'
of single contingenciess occurs at the same times 1is refered,
to as multiple‘continqency. |

In the steady state on~line (or off-line) operation (or
planninq)_ of power systéms; diffe;ént types'of dutaqes;aré

considereds such as those shown in Fige Ze8.
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Power system contingencies are usually simulated by
assigning the appropriate variations (changes) ©of 'the
corresponding control variabless of the elements involveg in

the outagessy to the power flow model used in the contingency

~

1 . ( i
equal to the outage capacity of the associated component.

The effect of sihqle‘or ‘multiple contingencies on the power
network - performénce ié‘“ usually ' est;mated,_ in  most
approachesi by cdnsidérihg‘one OrC more performanéé indices
£ (e.g. overloading' bus voltage levely etc.) and then
p;edict the changes in them based on first order
approximationse ih most caéés. In other approaches efficient

-

algorithms are used to eValuate_ the exact large change in

the network performance indices. This routine of analysis is

known as contingency evaluations The relative severity of

power network  contingencies is' realized via a routine of

analysis called contingency rankingl

2e3e141 First-otder Approximdtions of Network
' Contingencies

;. o
Since only changes in control variables U are considereds

the reduced gradient eualuation'plays an important role in
[
continQency analysis based on first-order changes.' The

first-order change of a performance index f 3 where i 1s an
: : 7 i .
element of a set of performance indices I +is given bys
. a ) f N

evaluation. Each change aU in the control variable U is

\

A



T T
2 =(Af /ax) 2x+(If /AU) DU ;i itl
i i - - i- - - F
T
»f =(df./dU) U 3 iel S (2.111)

b S R

If the contingency set K 1is defined " as the set of
‘ Q .
control variables associlated with the outages under

‘considerations eege K ={3+5+124.041}0 then equation (2.111)
u .
c¢an be rewritten asy

~ Bf = ZE:: "a (df /du )} U i 1LT ' (2.112)
i k&K ok i k k £ B

TH

where a 1s set to either zero or ones depending on. whether
K ) .
single or multiple contingencies are considerede.

The reduce@ gradients (d4df /dU } can be evaluated by
b k ' :

different.tec niques such as the sensitivity matrix method;
the method .of Lagrange multiplierss or the Tellegan's
- theorem method. The accuracy of the ca;culated‘fifst—order
| changes is mainly affecfed by the accuracy of ;ﬁe load flow
model used. Hence the more accurate the model useds the more

accurate the estimated changes in a performance index ise
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Iﬂu$ome formulations; 'specially those related to ranking
powe£ systen ;ontinqéncieSo an - overall performance index F
for the power network may be. defined as a function of all
performance indices £ + 1i.e. F=.F(f ) to aséess~ in a
general _ gense. the oterall performa;ce 0of the networks

Accordingly. the first-order change of the ' overall"

performance index F-is given bys

A

dF =.§ (aF/3f ) of : o , . (2.113)
i i ' _ .

1E&I : : A
f | S

and by substituting 2f from equatlon'éh.112) 1nto equation

i
€2.113)} We have .
BF= E [(as/af ){E a (df /dU You ]}] (Z2«114)
k I} _
161 : KLK ’
f ‘ u
or : ’ .
E E [a (dF/dU YoU ] (Z-113)
k
lﬂI k&K . ‘
u ) ’

If all the reduced gradients ° of the individual

perforﬁance indices (4f /du ) are already available, ther
' _ i k . -
equation .(2.114) can be useds otherwise equation (2.115) can

be used where only one forward and backward substitution ..
in either Lagrange multipliers method _or the Tellegan's

theorem method can be applied ‘to obtaln the reduced

I3
L

gradients of the overall perfgggggce index de)dU } with
‘ : k
respect to;all outage control variables.



2¢3¢1.2 Simulation of an Element Loss

When a forced outage of a generator occurss ?U denotes
k. .

the corresponding loss of generation capacity (neqétivé)Q'In
practices usdally several generatiny units are presented at

@ - . . )
each generator bus, and so the-contingency associated with a

generator bus k car be substituted by - '

| R ' |
W = E U | | (2.116)
Kk k3 | - -
36d |
?,J‘:_,

i

where 3j denotes the generating unit number which 1s an

.element of the set of outages units J at bus K.

kn
Similarly, the loss of a transmission line .can be

simulateds with the exception-that changes in three control

. variables, assocé%ted With series and shun&%(one at each end

oy

of the line) admittances, are assigned simultaneously for

£

each line outagee. When several circults are carried on the

.same right-of-way ks//fﬁéh‘outaqe of one circuit 9 can be

simulated by an expression similar to that of egquation

(2.116).

Simulation of different types o& outages are given 1in

more details in [(1021].

-
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2e3e1e3 Exampleslof Perfprmance Indices
The performance indices f qenefally denote overloading
i

and/or voltage criteriae The most common types of indices

are: -

Te line indicess which may be represented by
: 2 0 2 i :
£ =11l /1L | {2.7117)
1 t t
where I 1s the rated current of transmission line tv
c .
2e bus voltage indicess which can be introduced in terms
of bus voltage magnitude as
0 d
£ = {Civ I=-1lv |) /7 v | (2.118)
1 m m m :
OrC 1t can be presented in terms df bus swing angle asy
0 0 _ o
f =1(&6~-8) 7 §1 (2.119)
1 m m m ‘ A ,
¢ 0 :
where IV | and § are the nominal bus voltage magnitude
: m m :
and swing angle s respectively at bus me
3s - reactive generation@indicess as for example
’ 0 0
£ =1Q=-0)/7Ql - ) {2.120)
1 9 9 g

4

“ 0 :
wﬁhge Q 1s the rated reactive power at generator hus
. g : ‘

g+ and

Ve
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b line voltage indicess which can be pra&gﬂfgg-in terms
of the swing angle across the 1lines as a measure -for

stabilitys in the forme

0 ' - :
£t =18 7 § s, (2.121)
1 t t ‘ :

¥
0 .

where § is the nominal voltage phase angle of line t.

t
On the other hands+ the overall system performance index F
L 3

is generally ﬁormulated as a function of the 1ndividual

performance indices f s+ €eqge

1
[
(1) FP=>__ 1w (f)2|
iCIf i i
or
(i) F = Max { w «f }°

1EIf 1 1

where w are weighting factors accounting for the importance
1 ‘

of each }ndlvidual 1ndexe.

2e30104 Ranking of Power Network Cohtingencies

This phasé of conﬁinqéﬁcy analysis 1involves the
evaluation of the effects of all possible <contingencies on
an overall system performance 1index Fo".and theq listing
these effects in a proper order according' to the severity ot
each parﬁicular contingencye. The change in the index Py oF =
S§Fy is estimated using equations (2+114) or (2-1155, where
f_ can be any‘of the formshpresented by equations (2.117) ‘to

1
(2121).
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224 S;abilizx-Anﬁlxsis

The power system forms a group lof interconnected
electromechanical elementse The st?bility of such system can

" be defined by its «capability to return to.‘i;s normal or
stable 'qperaﬁiOn after being subjected to a disturbance.
Staﬁility 1s bné of the major requiréﬁéngs in pdweq Systeme.

‘ —~—

The electric power system may become unstable either by the
loss of synchroniém between the system synchronous machines
or by the spallinq of the asynchronous loads. The former can
be divided 1into transient and steady state instabilities.
'Tﬁe transient stabllity of powef system is relaggg to suddén
\xgnd larqe changes iﬁ the network conditions, while " the
stquy state stability ié\basically coﬁcerned with gmall
diéturbanceé. in the systeme. On the other hands | the
agynchronous load stability can be achieved by controlling

¥

" the voltage across the loade.
ra

2+421 Stability of a_Asynchropous_Load | ANy

< Z -

A
- b a
=7

| Load |

I I
— Jd

VR |
N

— e —

Fiqure 2.39: 3Single line diaqram of a line supplying a lan
T S U e - P+jQ. ’ s
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An induction motor may become unstable 1f the voltage
ACross it becomes lower than a certain level. Hence voLtaqe

stability 1s essential for. system load stabilitye. To

A}

demonstrate the effect of voltage stability on load

&

stabilitys let us consider the example given in {11+ for a

conductor line supplying a load as shown 1n Fige 2.9

The relation between the load voltage‘v' and the recelvgq
pdwér\?'at-different constant power factorg 1s given in Fiq.
2.1b..'The seasonal thermal ratings of the line are shown by

broken lines in Fige. 2.70.

L2 - Hot weather ratingl lN‘:'rlmgf'"(:nlt:l weathar rating
er atng [l i)
e
1o
[ 1]
~0.6
a2
g
o -
ﬂ.lr—
r
0.2
|
I
.0 g I | S 1 A
sao 1000 13007 2000 )
Powsr (MW) ) ~

(1:"-

Figure 210: Example of load . voltage-received power
----------- : relaticns at different constant power factors.

It is clear from Fige 210 that there ‘are two load
voltage values at each specific received power value. It is

also clear thats at low lagging power factorses that the load

.
~

power might be on that part of the characteristic where

smal&fpower‘chanqes could lead to large voitaqe changes and
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accordingly voltage. instability would occur. The voltage
then has to be controlled by tap~changing transformers at
the receiving ende. Since the pdwer factor of transmission
plays an 1important rolé in voltage stability, it is
necessary to maintain the power factory speéxallj for long
iines‘ with heavy amount of power transferss to a valpe

. -approaching unitye This can be achieved by reactive bowér
injection at the load buses. for more detailse ﬁeference [11

can be consulted.

22462  Steady=State Synchropous_Stability

| Infinite
. E ] )

(a)

(b)

Figure 2.11: Synchronous machine connected to ."an infinite
- e v e e busbare (a) Schematic . diagram oOf the
connectiony (b) corresponding approximate
phasor diagram - (neglecting the generator
resistance). ‘ ‘

N ) o
The simplified concept of steady state synchronous

stability can be explained by studying the operation of a

generator as if it is connected to an infinite busbar (bus

1
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having copstant voltage and frequencyl)s "Or more accurately

by studying 'the motion equation of the rotating machines

»

244.2.1 = The Concept of a Synchronous Machine Connected to

i

an Infinite Busbar ' \
Thié-ébncept is very simplified ' by the assumption that

the machine is connected to an 1infinite busbary as:well as

by neglecting the generator res;stancg and saliencye. A

schematic - diagram oOf the generator connection to the

infinite busbar along with the corresponding phasor diagram

are shown 1in Fige. 2.11.

Pmax T

0 w2 L .3 (radlan;)

]

Figqure 2.12: Approximate synchronous machine P- § curve.

. r

Since the machine resistance~@nd accordingly the electric

losses are neglacted, the output power from the turbxge 15

°§ .
equal to the output power from the generator. Hence changing

‘the turbine output and consequently S' the generator can
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supply any desired loade The angle S 1s known as the load
angle and it depends on the.input'gower to the turbine.

The per phase output power "from the denerator (delivered

=
to the infinite busbar) ise )
P = VeI.cos{ ) | | (24122)
bUt from qu.' 211(b)

Eesin(®) = LeX «cos(®) : (2.123)
5 : .

rl

Substituting the vaiue of Tecos(®) from equation (2.123)

into equation (2.722)s then

P = (V.E/X )esin($) _ . (2 )
4 = .
For constant Vs Es and X equation (2.1208) 1is plotted as
5

in Fige 2412

Aé it can be seen f;om.Fiq. - 2+129 and from eguation
(2.1Z4) thats the load angle lihit of stability is (7/2)
radianss since_an} increase in Siover this limit to produce
‘more output power'tﬁan P willy on the contrarys lead to a
reduction in the output'zgzer. Subsequently this will lead

to increase in § and the machine becomes eventually unstable

and loses synchronisme

2elbe2a2 Motion Principles of a Rotating Machine

The equatioh of motion of ,a rotating machine ‘has been
_deraved in detailsmln Reference f1]' and'for a constant
Mechanicallinput pOWersy it is v

Me(d?§/dt?)+aP = 0 o | . (24125)

where M 1s the machine rotor angular momentume 3 the load
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—

angles and AP the change in the electrical output power of

the machine. The solution of the -generalized form of

equation (2.125) isy
b et . b et - b ot
1 2 n ‘ )
S= a =2 + a e taesvest a 0 (2126}
1. 2 n

!

where ghg“ coefficients 'a' are the integration constants,

while EB; éze the rodts of the characteristic equations.
Based dn equation {(2.126), all the roots of the
chafacteristic e;uation should‘have real parts for stability
satisfaction. Different charactéristic equations are derived
in 1)y for different system operating conditionss showing
the effect df damping and automaticrvoltéqe contrel. on the
stability limite It has been found ..at the stability limit
iS again obtained at (§= n/2) i he absence of automatic
voltage control. Effect of qovefnor Qperation i;' also
discussed in (1]« Practicallys the normal oberatinq load

afigle for modern machines is in the range of 60 electrical

deqreés; and -since the safe stability 1limit is at 30

electrical degreess this leaves 30 electrical degrees to

Y

cover the transmission networkes

S



. Chapter III _
COMPUTER_AIDED_ DESIGN_OF_LONG=RANGE_DISTRIBUTION
r BLANNING

321 Introduction

The main objective of this work 1is to overcome some of
the 1limitations which exist 1in the  transmission and
distribution planhiﬁq modelse. To demonst:atg the ne&essitv
for dévelOp;nq a neuﬁhﬁagel for 'distribution planninge a
summary of the limitations of “the previous models i1s.given
in the nexg sections Ihe objectives to be met iﬁ the new
models for overcoming the limitations are also given. The
detailed coﬁstruétion. of the model is givens With an

application to a practical sfstem- A comparison between the.

results ohtained from the proposed model and from Oontario

Hydro is also given to demonstrate the capabilitys the ..

. g
efficiencys and the accuracy of the new model.

- 322 Libitaiﬁnns_oi_Ihe_E:eiiQQSLx_Begnxzed_uodelsmfnx
Dis;nibn;ion_Elanning-
The major-‘ limijtations of the existing long rahqe
distribution planning models are summarized belows
1e Due to the complexity of the problem various

approximations were necessary 1in the planning.modelse.

- 1311 -



2e

,%% 132

Some of the models Arelaxed - the right-of-way
constraintses . while others ignored the stability
requirements of the networke. In some cases} both the .
right-of-way constraints and the stability cbnstraints
were 1ignored. Some --models applied 'the concept of.
sampling constraints as a comﬁromise between iqnoring
the coﬂstraiﬁts completely (low accu?acy) and

accounting for some of them (higher accuracy)e.

3

Many of the available techniques produce impractical
expansion plans due tb neqlectinq‘ the- important
ﬁVOltaqe requlation con§traints in the netwprk.'
- The aséumpt}bns of linearity have bheen used in almost
all the previous modelse with different deqfees of

implementatione. Such linear restrictions prevented the

- inclusion of the nonlinear constraints in the network

§raccuratelyo resulting in. producing unfeasible
solutions. On the other hands the linearity
assumpiions have also forced the cost.functions of the
\different elements of the network to be simulated
approximatelys 1eadinq to non-optimal planse.
‘Due to-the integer form of the decisions to be taken
/hutinq the planning processe and in Prde: to improve
the accuracy of the linear programming modeISv' the
research has been dirécted towards the use ofi-mixed
intedér linear programming £echniques. Althouqh these

techniques have improved the accuracy of the results

—_
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obtaiﬁed, they have limited thg ability of the models
to sqlve large or even medium distfibution Systemse
Accordinglye different approximations had to be
applied to solve the planning ﬁ:oblem of large
systems. This- means ‘tﬂ;t the .inteqer . linear
proqramminq methods have iimited effectiveness in long
range planninga. |
The desire for improving the efficiency of the

t .
planning techniques and ‘increasing their capabilities

. of handling large distribution networks more

accurately has led to the implementation of

different branch—and-bound criteriae The function of

" these criteria is ~to fathom a. large number of

alternatives hefore .exhaustive studv' of theme In a

4

senses these approaches have improved the planning

techniquess but there is always thé question of how
sensitive the solution obtained from such model to the
branching and bounding criteria usede

. _ ! ~
Another limitation in the existing ‘di%tribution

planning technigques is the inclusion of the time

factors ﬁost of the available techniques: solvé the
planning problem in the static (one time step) mode of
planning. Over a 1ong~pe}iod of pbagﬁinqo this mode
might not lead to an optimal or evenlto a feasible
solutione The optimal insﬁailétipn‘time'and'operation

schedule of the different faciliiies in the system
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along wWith ;heir _aécumulative costs have to be
formulated in an accurate dynamic forme

Te Most of the‘ models which have accéunted for the lo;¢
growth Hlth time in the planning proceSSv-. have used
either the horizon year ,concegt' or the dynsmic
programming technique.. The former may not produge the
optimal_solution. while" thelld;ter has a = very large
computapional burden and it‘is/E;uaLly‘associdfed with
linear models thus limiting its efficiency and

;
ACCUTAacCY »

-

I The féature of expanding the capacities of some of the

existing facilitiess has not been  included in.any of
. N . §

the existing models. A 2

S
(™

The Aabqve“are‘ the major limitations of the available

'tecﬁnighes for long ranye distributi®n planning. - It can be

-

stated that the available nodels have ldmited accuracy and

poor efficiency due to the "different appgaximations and
assumptions involveds as well as the large computational
y T

1imit their capabilities.

]

effort and large number of variables and constraintss whach

i

3;3. Qg;?c:iugs_xo_he;Achiékéd_in_LQng_Ranne_histnihnxion
Blanning
Based onl tﬁe abbﬁp limitations 1in the distribution
planninge the‘need for a model capable QE ovefcéminq theée-

drawbacks 1is essentials The .following are the -objectives

L1

o
@2
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sought in developing a model to enhaﬁce the efficiency and

_'the accuracy of the distribution plannings

1e

-

faciliticSu\ s

A nonlinear-modél in the plannimqg variables. 'muét be
capable of simulating accurately the differeﬁt cost
func;iOns of the diffetent components in t§3
distribution systems as well as ghe network security

: . " .,
and operational constraints. Achieving this goal leads

- to overcoming mainly the first three limitations

bt

discussed in the previous sectione The decisions can

also be formulated in a nonlinear &orms in terms of

the original netwOrk parameters f(é\q. power flowlse

" This eliminates the need for large number of integer

' . E+
variablesy which 'limits the applicability of the

i

This form of presenting

moﬁels tblsmall systems only.
the decisions in the forﬁﬁf%tion'would also ‘é;ke the
u;é " of the different branch=-and-bou f crif?}la
unnecessaryes This will elimigaée thé above fourq‘~ahd
fifth limitationse o |

The time factor has to be included explicitly and

accurately in the .new model to allow the accumulated

overall cost of the network to ‘be accurately

)

\\_ -

calculated. This will lead also to the determination

of the optimal - installation ,htime . of the ‘pew

c-ﬁﬁhis senser the model has to be
M1t the .implementation of both the

B ,
2

flexd

ey " 4 -\ . . . t 4 . R . L] .
static (one={EEPY "and the dynamic (multi-steps) modes

“

?'



&
4

Jo o
i 136

of long range planninq. Such a model w;ll also allow
the investigation of _{he accuracy of each of thé tWO
time modes of planning. - oot

3. The Optldh of possible exbansion' in 'some _of alY
Fapacities of' the neﬁﬁork- ex1stinq facilities,
wherever and whenever it is possibles’ has to be also

included 1in the model. ,This new feature could produce

more practical and valuable plans than those obtained
L. ="
under restricted element capacitiese. :

-

324 Model Description

‘ .

Based on the above discussion the objective of the

distribution system planning  1is to design systems that can

——

efficientlys economicallys _and reliably satisfy the load

w

.demandses - which may grow in time.  The sections of the
-distribution system being planned include the Substations

and the primary feeder circuitse. Expanding from an existing

- system (if any)s new substation sites and feeder routes may

-

be added at certain times, to meet the changing load

requirements..

b

{ .
"3abat nis;:ihn;ing_zlnnning_la:iahles'
| Thé first step in the planning processs» is to estimate
the future load gﬁggnd in thé system. Knowing the spatial
load variations in ~tH& —area under ‘considerations the

distribution planner has to consider the following different
_ _ N ,

o

variables. ' 'ﬁﬁ
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The existing system facilities  (substations  and . .. -

feeders) have to be conSidered inﬁordec ~to  take -
aanntaqeg as much as possibles of their capac;tiés.
The existing facilitieé. can be wuseful either by
providing additionél power capacities without the need
for additional‘ capital investmen€: or by dié¢grd;nqi
them; if they are not needéd in the plans and using
their sale prices if anys as a saving in £he capital

COStes

-

All the possible sites for ‘ﬁew substations and routes

for potential right-of-ways should be included in the

plannings in order to obtain the most economical ‘and

acceptable designe The word "pcssible“ refers tc the

availability of such sites and routes and satisfying
the environmental and social requirementse

The possible expansion in the capacity of the existing,

facilities has to be accounted fors since it might be

cheaper and render better performance to expand sbme.!
of tﬂe éxistind facilitieé rather than construct new
ones. | : I .

The  installation 6 and operaiion times.-must be

considered explicitly in the planning model to allow

.

for the dynamic formulation. Consequentlys accurate

-

timing of the installation decisions and the operation

~

schedule can be made.
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Se The voltages at the différent network nodes have to be

considered in the planning models .since the voltage
‘regulation is important for the systenm stability.

It seems that thére are much details to'be included in

"the planninﬁ model in order to have efﬁicien£ and accurate

h .
results.

3s8.2 Objective Function

In this work an accurate and continuoug cost modei Hith a
dependénce on:the timé and;the power flow in each element of
Fhe netkorkiis -presented. This model simulates the actual
relation yﬁetueén the planning variables.s - the. time of
installation and the Eower flow in the different elementé;l
and their fixed and variaﬁle costs in addition- to thé cost
of the energy lossese. .The model 1s formulated in a flexible
format which makes it  suitable for long range s;a£ic and
dynamic planhinq.

The overall present worth cost function of the network
inciudes the variable costs of;all the feeders and the

4 .
substationss the capitalized costs of the potential. feeders
land substafions- The mgintenance and the operatidn[gosts are
includéd.in‘the vqriable costse In addition the capitalized
:Fosgﬁof ihg possible expansions permitted in the féeders and
tﬁE{Spbstations_are also taken into account. The cost of the
enerqgy losses is included in -the accepted form of a

nonlinear relationship with tha planninq' optimization

variabless« The objective function Ce which is the togal

oy
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present worth _cost _of the distribution system under

consideration 1s» ) '
: - (NS+NF) . _
c = g P+ E F + E (£ +L ) ' | (3.1)
S i 3 3 : _
SENSEP iENEEP 3=1

-

i
e .

where NSEP 1is ~the subset of all potential and. expandable

substationss NFEP the subset of all potential and expandable

feederss NS the total number of existing and potential
substations forming a complete sety and NF the total number

of existing and potential feeders forming a complete set. F
: s

15 the present worth value of the «capitalized cost .for

potentials Or expansion permitted fors substation.s which is

an element of the subset.NSEPv F the present worth value of

. 1
the capitalized cost for potentials oOr expansion permitted

fore feederAic f the present worth value of variable costs
for element 3 (fe;der or substation) without the cost of its
energy lossess and'L_qthe present Worth value of the cost of
penergy losses in elegent Je
Each component in equation (3.1) isr a conﬁinuous
nonlinear function in the power flow of its elemente. This
allows more accuracy and flexibility in presenting tﬁe

o . / .
different cost componentss as will be demonstrated "in the

following subsectionse - e
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Jellalel Capitalized Substatioﬁs and'Feedefs Costs

The capitalized costse presenting coSt of lande
equipmentes installation s+ etce are accounted for in‘the cost
either in the case of substations and/or feeders to be
'constructed at. a future datg; or in the case of expanding
the power 'capacity of some  existing fegders And/oc
substations.‘ Since these costs are dependent on the amount

.of power capacity additions to the networks a certarn size

and type for each of the future facilities. as well as a

certain size for the expansion allowed for Jdifferent

£

existing elementss are assumede. Since the capitalized costs

vary wWwith the ;haanS in econdmy' s0 these costs have t0o be
fgrmulated as functions 6f.timeo ”i.e. in- a dynamichO:m.
Usually the capital costs of the new facilities %t the time
of planning are knowns ‘but again sinée they are likely to

change by the time of installationy statistical data for the
infldtio; rate hés, to be employed™ to these cogts. The
‘capital cost of the new facilities can then be Eocmulated as
a function of times .

If fo. 15 the capitalized cost of the new element i at
the timelof plannings r the inflation rate .of fhe capital
" costs and t the‘instaliatiod time of facility iy the cost
of this ﬁewlfacility at the installation Eiﬁe Will bes(1031,
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: t
future ‘ i ,
F . = FO «(+r ) . (3.2)
1 i £ ‘
’ PV
Assuming an interest rate r » the present wortn value F of
' t 1
: future
the capital cost F . s can then be formulated as in
. 1 -
equation (3.3). .
-t
PV future i
F = F e (1+r )
i i t
t
A N _
C .= Fo -C(1+r )/ (14 D . (3.3)
.1 f t

This fo;mulation makes 1t possible to deterﬁine the
optimal ‘installation time of the new facilities since these
times are considered as optimization variables in the model.

To ensure that these costs will only be included in the
overall cost if these facilities are needed ‘in ;ervice¢ a
decision continuvous function is introduceé in terms of the

power flow in each of the new facilities. Hence

, P10 = 1= EXR(=KC(IR  1/U ) (3e4)
ist iet 1

where F1 is the decision function of facility i at time to
IP. 1‘t;;tabsolute value of the power flow in element 1 at
ti;étto U- the power capacitvllimit of element i' K ~a large
positive teiqhtinq factori\?nd EXP the loqarithyic exponent

I

functione

The formulation'in equation (3.4) allows the capital cost
: 4 N - . Sy
of the .new facility t&:be 'ignored if the power flow through

this element is small enough to be considered as zeroe N

~

o
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In the time-phased planninge once the decision is taken.

to add one of the new facilities at certéin time periodsy 1ts
capital ;bst shouid be included then and only once. To
ensure that thé capitél cost of any néw element used at
certain time period wilg not be gonsidered 1f this-element
has been used in any of the previous time ﬁeriods, another
function F2 ' éor facility 1 rat time segment to 1s
included 1n;'§ormula£inq the capital cost of this elément;
This function is presented in the form of equation (3.5) as
multiplied functionss each corresponding to the power flow
in the facility i'in;one of‘_thé time segments prior to time
seghent t« Each of tgese individual functions is responsible
for_séttlnq the capital cost of one df the new facilities,
QeJe 1 at time_ segment ty to Zero if.tge facility has_ been

f/\.
used previously.

-

t-1 /( ‘
F2 = |\ (EXP(=K(lP - I/U )) ‘ ‘ (3.5)
iet 3=1 i¢9 i -

Based on the above discussions the terms F and F  1n

» 3 [ i
equation’(3-1)' are represented 1n the cost model 1n the
following forms,

s . : '

ssxp NT t ' -1 s
s s s s
(ﬁt 1-EXP1=Ke.P /U i i EXP[—K.P /U
Z Z TGe—ejli=1 ) Jve e
g r—\ /
e=I+1 - ‘ : (3.6)

/
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i : 1
PEXP NT t

- , .45 C-1 | i )
1 e i i 4 i i

F =S F ) [(p.c) [1-EXP[—K.|P' I/0 ]]l [EXPL—K.IP /U ]]
i £ e Te e))i=1  jee e

i T=
e=I+1 . (3.7)

S

where SEXP is the total power segments permitted for
i

potential or expandable substation sy FEXP the total power

‘ S
segments permitted for potential or expandable feeder 1y I
s
an integer constant for each new substation facility s I = 0
5
if element s is potentialy and I =.1 if the element s 1s

i s
expandables I simylar to I but for feeder iy NT the total

number of time-phased planning segmentss and NT= 1 for long

s
range static plannings F the capitalized cost of the new
e 1
power s&gment e of supply s at time of planning, F similar
S e
to F but for feeder is B =0(1+r (T))/(i+r (TI}] 3 where

e f t
r () and r (T) are the inflation and the interest rates
f t

at the planning time  segment T» respectivelys K welghting

. s
factor »> 0 i to obtain ramp decision function, U the power
_ e
N i
capacity limit of power segment e of supply sy U similar t&
s s e

u but for feeder 1+ t. real variable presents the
e - : ‘e

installation .time of the new power segment e of supply

: i S s
facility s+ t similar to t but for feeder facility i.+ P
e e : Tre
positive real. variable presents the power flow in power
ES ' P -
i R -
- . \\
A\
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: ‘ 1

supply s at planning time segment Ts and |P |
: : i Tre
the ‘absoluye value of the real variable P presents

L T2
the power flow 1in the power segment e of feeder 1 at

segment e Of

planning time segment T .

Because of the limitations on computing the exponential

functionss some constraints have been used to avoid the very
- 8 i
small values of the variables P and p ' and then
Tre e

"those values have been rounded up or down at the solutione.

]

3elelae2 Variable Substations and Feeders Costs

The variable‘cést of any element in the negwork presentss
operational costs fuel costs maintenance costy etce. The cost
of substations and feedersy excluding ;he cost of their
energy lossess is linearly related to the pouer'flow-in each
of thege elements. This can be represented 1in a 51ﬁpie
continuous functions which depends on/the power flow in the

: 4

elementy as wel; as on the period of time in which the

element is operatede While the capital costs are only paid

onces at the installation‘timeo the variable cost of an

. 4, .
‘element J (substation or feeder). is introduced as the sum

of equal payments paid during all the years of the eiement_

service. The equivalent present worth value of those

payments is formulated as a function of time {1081 ,As in

the capital costs the value of the vzriable cost at the
-

planning time is considered and the corresponding value at

the in-service time is then calculated on the basis of the
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inflation rates. Accordinglys the term fj in equation (3.1)
can be formulated as follows:

3

NT - t -T ESP _
g T-1 [1-(ag) 1 3
£ = E Z (B _— > fp” | (3.8)
I t{T) Tre
: T=1 t e=1

3 .
where ESP 1s the total power segments oOf an. element j» Tt

the lenqtﬁ of time segment € in yearss and t,cthe sum of
timé segment lengths to’ the_end of rseqment'tv ‘in yearss
where t0 is equal to zero ( starting point of plénninq). E-j
1s the variable cost of element J af the time of planninge
and a, = (1 + 1 (T)).
t

Selbalal cdst of Energy LoSses

“.Since the cost of the energy losses ' is related to the
power flow in an element in a nonlinear rélationshipv it is
considered separately in formulating the cost functione
Althougﬁ a secqnd order relation has been uséd in this
model, it can be presented by any other differentiable
nonlinear forme Similar to both capital énd variable costss
the cost of the energy losseQA at the pianning time 1S used,

- . . '

and then 1its predicted valué‘at the in~service time for each

element is -formulated as a function of time. Finally the

present wor;h value of the energy losses cost 1s formulated.
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Hence the term L in equation (3«1) is presented as follows:

j -
].
NT t - =T ESP ‘ ,
3 T-1 (1=(ay) I B
L =c (p,) E P (3.9)
3 r(T) © Tee
. =1 ot e=1 .
e

where L. is the present worth va%ue 6f the cost of the
energy lgsses in element 3, and C1 the cost of the eneragy
losses in element j at the gime of planninge.

After formulating the different cost components, the
overall presént cost is_minimi;éd sqbﬁect to gonstraints
representing the conservation of the  poﬁer £1ows the

capacity constraints on the substations and the feederss in

addition to the constraints on the voltage drop in the

"networke More detailed description of the system constraints

-

b

is-given belows

dabed Ennhlem_cnns:xaingsi
| In the des;qn of the distribution system, the optimal
values of the planning variables are determined‘ such that
they must satisfy the network operéﬁional and security
constraints with minimum overall cost for all elementéjof
the systeme Hence the. optimal desSign should satiéfy _the
following constraints:
Te The net power received at fthe load points should be
equal to at least the demandi at each of these points.
Also the dispatch2d power from any substation should

not exceed its capacity lihL;L_

a
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2o The net power at the transshipment nodes should be
'A_'Zepo to satisfy the conservation of - the péwec'flon.
3. Thé pouef flow tﬁrough a feeder shoiuld not exceed the
‘feeder“power cabacity limitsy which is based on the
the;mal limitations of the feeder.
be Thé voltage at the source and the load points should
be within certain specific valuesy for the stability
reasons.
Thel mathematical forhulations of -the constraints are

given in the following Subsections.

o

Jelbe3el Viltage Constraints
The voltage constraints are included in the model in two
different setss. The first set simulates the voltaqé\drop'ln

the feederss neglecting the phase shiftse. Since the future

feeder conductor sizes have been assumed ,prior. to _the

solution. the  1impedance of each 'feeder, existing or
potentials 1s known and hence this set of cSnstraints is
represented in a linear form asy

i
.ESP ' '

z T (4 1 1 )
v -V -Z p /U ) = 0 3 1i=1s2veesNF .
iv1‘ 12 1 Tre e T=19Z2s0esNT {3.10)
e=1 -
T ' ' .
where V ‘15 the per unit voltage _magnitude at the sending
ie¢1 z o ' '
node of feeder i at time seqment Ty V the per unit voltage
102

magnitude at the receiving node of feeder i at time segment

T . .

T + and 2 the per unit impedance magnitude of feeder i at
i o

time segment T .

e

977
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This set of constraints (3.10)y relates the node voltage
variables to the feeders power flow variables in the

networks

The second set of voltage constraints introduces upper
and lower values for the voltage magnitudes at all nodes in
the networke. This set of lLimits on the network node voltages

is essential for network stabilityy_ and it 1s presented in

the model in the forme

v >V >V 3y N=Te2saeeN
n - n n T=192944sNT (3.11)
U L .
where V and V are the per unit upper and lower limits
n . n T —
on the voltage magnitude at node ny V the\per unit voltage

. n ~ . .
magnitude at node n at time segment T y and N the total

number of network nodeSoisupplyv loads .and transshipmente.

32302 Conservation of Power Flow

The.coﬁservatioﬁ of pouec\flou {aﬁ 51mplf‘stages thdt%éhe
amouht of power delivered to a node should be éqdal to the:
powef psed at andfsent from this node}L\whife the'amquntl@f
powér..sent from a node should be equal "o théf poﬁgr
generated at and received by.fhis node. ﬂathema%xcally th}s
set of constraints can 5é introduced in the folloﬁfnq formL

NF . ESP

3 i ,
- a ‘ P =D, .+ 1% 1s2vecasN
Z ij z: Tre c T= Te2vesesNT  (3.12)

nn
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where a is the ij-th ‘element of the nqde-feeder inc;denée
matrix.lgnd D; the demand at or ﬁro; nodé iat time seqment
T+ where it 1s less than zero £0r load nodes. equal zero for

transshlpﬁih: nodesy. and greater than zero for supply nodese

JeBe3e3 Capacity Constraints’

To ensure that the feeder thermal limitations will be
satiéfied in ‘ﬁhe oﬁtimal' plans ~a set of feeder_capacity
cdngtra;ntsl is included 1in the new -model. This set of
cqnstrainfs presents. upper limits on the power ,flow through
the différent feeders in order not-to exceed their capacity

limitse. These conditions have to be held for all pdwer

i ' : :
segmggts ESP 0f feeder 1+ . for all feeders NF. and at all

iblanninq time segments NT. Mathematically this set of Iimi}é

. . . . k!
is written as in eguation (3.13).

i i 1 i

vI P I < W e U t 2 = TeleeeerESP
Tre e e i = 102‘10..’NF_ .
T= 1e2veeesNT . (3-13)
. | A1 . } .
where U 1is the power capacity 1limit of power segment e of
¥ e i . , .

feeder i+ and W lS a welghtlng factor less than or equal to
cne associated with power segment e of feeder 1.The function

s i
of theffactor W is to ensure the existence og_gpme reserve
. . . ! ' . .
‘capacity in the,feeder to be used if needed .in ‘case of emer-

. ‘ AT ‘
P , - :

gency. o N

) .
A : - -

-3
-
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The proper use of these factors for the feeders and %he

substations improves the rellébility 0of the syster.

Another set of capacity constraints is also used. This

set 1s concerned with setting upper 4s well as lower limits,

s
on.the power dispatched P + from anypower segment e of any
Tre
substation s at’ any time segment ¥ during the planning
periods. The lower limit is set to zeros where the power flow
is oriented out of the substations forcing the substations

~to only deliver power and not to receive any. The upper

s

bound is set to the power capacity limit U of the power
. . : . e S5

segment "under considerationy multiplied by the factor W to

ensure the availlability of the power even in the emerqency

casess This set of constraints are given in equation (3«74}

B4

' i
=1 s ‘ . 8
0 <P < 4u j-\i € = T9lreasrESP
- Tre - e . - S = TeloaaassNS
T = 1925seasNT (3.14)

]

Jelte3e4 Radiality Constrain:s «'

The model: does not include radirality constraints since
the practice showed tﬂap the‘loptimal solutions of- the
distribution systems are_al#ays radiale. Even if a solution
has a point or mdre fed from twWwo Or mgre féédQQ§' the lcad

splitting technique presented .in {361° can be applied at

o 10 b

these pointse This technique is based on the fact that each

of the load points 1is actually an area 0of customers which .

.can be redivided on power demand bases according to the
» “\\5 ’ ’

] L
amount 0f - power delivered by each of the feeders serving

- -

this node. - ' ' n\

-

e -_-—-\W
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3e8e345 Qther Necessary Constraints

The inclusion of the’ new feature of expanding the power

capacity of some of the existing facilities has required the ;'-

- "“‘“ . + ’ v
satisfaction of some additional practical conditionse. It is
logically accepted that none of the additional power

i . o
segments of an element 1is tc be used unless 1its existing

power limit is reachede These conditions are formulated

mathematically in the model for both expandable feeders and

‘ substations as 1n equations (3.13) and (3.16) oy
respectivelye.
i .t ) i 1 . i
Me|lP ’ I - U oip/l + lP l >0 3 e=2!3',-9FEXP
‘ Tele=1) (e~1) (Cve Tre - 1ENFEP
}/\ : * T=192v0e+NT .
. _ ?k;\\ . .(3.15>J
s - s [ . s s
Mej P ~ fLygT . .P + P > 0 3 e=2+3vessSEXP
L Trle-1) te=1) Tve Tre - SENSEP ‘
. - T=Te2ZresoNT
(3.16)
where M is a large positive numbere s

Equations (3«1) and (3.6) to ¥3.16), present the
Qmathematical_fotmu@ation. of the new model for long ranqé
distribution planning. The objective function (3.1) is
minimizea subject” to ‘the gbnst:aints i3-10) to (3.167
producing the optimal choice of the %ﬁgilities ﬁo be used in

each of the planning time s& ntss along with the power

fiow in each of these facilitiess’ The optimal installation
-time of each of the required new facilities 15 also

e

o
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determined the solutione In addition the node voltages

at-each planning time period.

-

3elell uodel_ndxan:ages -

~
)

Investigating the formulation of the new model shows that
the model has the following advantages over the other

available models for distribution planninge

W e 3

1«  There is only minor approximation in accounting for

1

the different planning aspectsa.

. ' .
2e The nonlinear nature of the model allows more accurate-

formulation for the differenf cost terms as well as

for the systeﬁ constraintse S | n(;

3. * The ,number d&f variableé required to cover all -~the

planning itemsq .'éf felativelv much smal%a; thag the

corresponding number in - the previocus _mhifférené

planning models perfor@inq similar studies. This
LS

reduction.in the number of variables 1is due to the

elimination of the integer constrained Vaxiables in

.the model.

-y

—

4. The hranch—and—bédnd critgria are not required in the

new model and hence the question of the solution

sensit;vity to the criteria used -is no longer

relevant. ‘ i

Se The. .model includes.accudéEEJv and practically the
- stability constraintse. These requirements are included

in the form of nodes voigg e requlation as well as

feeder voltage drop constraintse

1

™
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6o The effect of the time factor has been accounted for
“in the model -1n a more accurate way allouiﬁq the
calculation of the present worth cost value of the

system componentse The formulation also allows the

13

satisfaction of the network operational and security

constraints over the wholé period of planninge.

Te The new option of increasing thé power capécity of
some or all .existinq elements in the networks if
possibles has been included in the neu%model.

The above advantiqes \prOmiée a better accuracy and a
: /

higher e}ficiency 05 the planning modele. fhese assumption;

are validated by appiyinq the model t0 a practical system

and the results are<jompared with those obtained using Other

‘techniquess,

. '}f/r .

325 Qptimization_Routine

Due:to !€he.larqe number of the optimization variables
involved 1n the planning of a distribution SQStems the
nonlinearity of the éontinuou; functionss ind to abtain
accurate and highiy efficient optimal solutiaﬁs, there 1s a
need for an gdvanc;d commercial nonlinear optimization
routine. MINOS/Augmented routine has been used:» which
lmplementsrﬁﬁé. proigcted Laqfanqian algorithm and has the
sparsity facilities (10341101 The routine Sucqessfuly dealt

with such large scale nonlinear problemss The model is

tested on IBM 3031'Coqputer‘at the University of Windsors
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3«6  Applications
g \
T
. s
i Lad
38 S
: | () Existing Substation
p 44 B Future Substatlon(Non
48 41 60 o 30 - —__ Future Foeder
I —-Ex!aunq Feoder
4 J4__ 85 8 —+—Transshipment Node
a1 zq‘ 5 ,I l——<v-Load Point
N 83 l ’
33

{

Figure 3.1: 0Original b4 Kv distribution network' under
—————————— consideration. (S, to S are exi1sting

substationss 4 to 60 are transshipment nodes,
61- to 87 are load points).

\

To 'show the applicability, the efficiencys afid the

accuracy assumed for the new developed modely it ‘has bean

applied to a practical distribution system of Ontario Hydroe.

-
r
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The detailed description of this system is given in the
following subsection followed by the,conditions under which
the optiﬁEl expansion solutions” of the system are qbtained.

The results are presented alonq}with an earlier solution

obtained by Ontario Hydro for comparison. .

’ 3 5 -
32621 Descripxign_of,mhe_mxpinal_Dis:nibution-ﬂxstem-ﬂnﬂer

%

Study

'

t N
The system is a typical 44 Kv subtransmission system in
an area located in Eastern Ontario (Fige 3.7). The network

has three existing substationse shown-as circles with the
"

substation number .inside. Two of/the substations (S, and S2)

have 1?0 MVA ratings, while substation S3 has 200 HMVA
cipacitys. There is no new substations to be built within the
period of plahninq. These substations supply 27 load- points

in the systemy shown as solid sgquares in .Fige 3.1 (nodes

61-87) g

Table 3.1 presents the load-time variations at each of

—_

the lpad pointss For each load node five parameters arg

¥ listed: load deé numbery 9?d at its saturation values

initial load perceftages the -£iCst~year of load growthe ad%@

finally thé\yeaf'at which the loadisaturatese.

A L
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Table 3.1: Netwcrk load data
LOAD LOAD FIRST YEAR LOAD
NCDhE SATURATION INITIAL OF LOAD SATURATION
NUMBER| VALUEs KVA PERCENTAGE GROWTH . YEAR
51 7770 7742 1983 v 1988
62 8230 5442 1983 2002
" 63 7370 . S4.3 - 1583 2002
54 9200, 5443 1383 2002
65 |  302¢= 5443 . 1983 2002
66 750 100.0 1983 1083
67 1 3000 10040 © 1983 5 1983
68 4050 54.3 © 1983 ’ 2002
69 8840 543 1983 ~ 2002
70 7920 5443 1983 2002
R - 10509 . 54.3 1983 2002
72 5uu5\\ 5443 1983 2002
73 16650 7540 1983 1951
74 7370 ° She3 © 13983 2002
75 11050 ~° |-  54.3 1983 . 200%
76 20500 7742 1983 1988
77 8600 100.0 1983 © 1983
78 20680 - 484 1583 2002
79 11050 = S4.3 1983 2002
30 70440 9440 - 1983 1985
81 . 7770 000 1983 1983
g2 N 7800 - \{go.o 1983 19a3
83 393 50.9 © | - 1983 1992
84 13810 5443 1983 2002
85 23220 2508 )_0rn 1983 2002
86 NI540 5540 1983 | 2002 |
87 | 1670 91.3 1983 1985 e

X -

‘The rest of the nodes in Fige 3+1 (nodes & to 60) present

‘transshipment nodess with zero load and zero generations The

network cé%tains 114 feasible feederss out »of which 33
. ¢ )
3-phase existing feeders and 30 3-phase future feeders. The

remaining % feeders present the load branches which are the
y _

means of cénnectinq the 3-phase feeders to the lead demand

pointsa These branches 'do not necessarily represent the

1.
i

actual physical cégzzz;ctlon. , -\'
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The typical cost datas at year 1983, Of the network under
' h

consideration are as - follows: the cost for constructing

subtransmission feeders, which are typicaliy 556 KCmal

aluminum conductors is estimated at 3 66+000/Km. The cost of

constructings primary distribtion feeders = (336 KCmil
aluminum conductors) is estimated at $ 40.000/Kme ¢ The

. variable cost of substatigons and feeders, using 1983 prices,

is set to 1.0 '3/KW/years }ﬁcludin?) the cost of energy
P . ,

lossese.
* The capacity limits of the feeders are 335 MVA for the 356
Kiﬁfil aluminum conductors and 25 MUA@:ﬂn: the 336 KCmil

aluminum conductorsSes

: . . . . ( . . B ‘- B .

The inflation rates used are assumed in this application
to . be constant at 5.0% and 67% for the fixed and the
variable costs ¢ respectively. The interest rates are also

assumed to be constant at 17.0% and 10.0% for’the fixed and

-

the variable costs » respectively.
A e ' 4

- >»
3s6s2 Qa&%s-s;ndieg %

13

The objective of the planning study is to determine over

a period of twenty years (from the begirning of_year'1983 to

the end of year 2002) the 53&; configuration -Qf_ﬁhe above

. '
subtransmission. system {(Fige. 3.:). The one time-step optimal

solution for the systems which sauisfys the load deman& at .
- é’ .

‘year 2002 (secondfcolumn in Table 3.1) is obtaineds The new
- . + - . g !
facilities are added to the network at the mid-point of the

planning period (end of year 1592). The static optimal

2
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solution of the same system under the same conditions has
been obtained earlier by Ontario -Hydro (111)e A comparison "

between the solution obtained in [111) lahd that ©obtained.

from the new model is derivedy to prove the suchssxpf/lhe

developed model in terms of its accuracy and efficiency.
Since it has been always said that the. static planning

solutions are not ne;éssarily optimalys the optimal

time—ph?sed ekpansion very 5 years) for the s§§; 

;
subtraﬂ;mission syste#/:;jj:\3.1) is obtained to investigate
the following: -

Te The capability Of the new model to,hezii:ythe dynamic

mode of planning accurately and efficiently.

2e The accuracy of the static mode of planning compared

to the dynamic modes

32623 - RBesults_and_Discussion
The one time-step optimal solution for the system for ‘the

period 1983-2002y is introduced in Table 3.2+ along with the

\optimal .solution obtained earlier by the ngéélo Hydro

4

f

) \ )
;" @felv for the same twenty years period.  Both power flow

o =

§%
patterns through the network feeders as well as the

receiving end node voltages are given.

TN

Y

L.
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'Table 3.2: Comparison between °~static optimal soldtions of
————————— earlier Ontario Hydro model and the . pew

introduced model.
* FROM* {*TO* EARLIER ONTARIO PRESENT MODEL
NODE {NODE HYDRO MODEL :
. ’ FLOW *TO' NODE PLOW *TO* NODE
(KVAd) VOLTAGEs Kv (KvVa) VOLTAGEy Kv
Sa2 4 7954. 464473 7770, 46.476
4 S ~ 7312. 46.055 7770. b6.066
Sa2 s 6 3790. 46e554 7800 46510
6 i " 3784, 464341 7800« 46.070
7 "8 757. 46-317 'A\ 750. GG-OQE
8 'Z.—'g -— - - -
9 10 -y - - - -
10 .11 - . - - -
8 12 751. 464293 - 750, b6.022
7 13 3003. L6.316 7050. 464,011
13, 14 - - - 4050, 45.962
15 {214 . 4068 45,954 - -

Ss €16 37797. 454365 34560. 45.458
16 1j 29961. L5448 32230. 44.574
17 18 024, 44,297 7920. 44.330
17 13 10701. 44.189 10300. 44,226

|53 20 - - .- -
~) "0 | 21 - - - -

Si 22 11681. 46.134 - 7370, 464304
22 15 - 4082. - 462057 - -

S3 2 - i - 31730 44.1986
26 27 11125. - 43.736 11050 44,0045

Ss 23 - - 15110. 460220

59 ; 49 37726, T4 .881 6110. 46.318
40 57 32921 43.882- | - - -
57 26 31692 43.888 - -
, 16 26 - -}' - - -
- w17 - - - -

Sa 44 35908. 45,769 35000. 454790

Sa 45 23989, 45.703 23093. £5.736
B9| 46 | 16865, 454295 166 45.334
60 | 47 - - 8600 46274
47 43 - - 8600. 46.004

7 51 - - - -

351 S2 . - - - - e

52 | 33 - - - - 19
53 54 - - - -

54 55 - - - -

S4 56 - - - -
53 63 - - - 0.

54 64 - - - -

A

Tty
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.442
STwonrmEOWU

oMo

20500.

7579.
8613.
7875.

35336.

23336

11844,
44738
4000«
9823d
6585

35832.

27261

26428

13450.

- 9093.

20673

36623,
24552.
16223,

37456
3000.
4050a

750.

7770.

11050.
20630.
7370.
7920«
10500.
13810.
5570
3270.

11050.

7670,
§600.

5290.

Fu
46.298

444497
Bl o85S

464279 .

BE. U2
464322
464440

46.307
464229
44262
46.403
46.334
45.477
44.803
Gha5u9
44.308
464298

454751
444937
44.878

-

46596

'360316

454954
46.293

464055

43.736
43.388
46.134

44.297
44,189

46.228
454365

54331

4547541

48,937

L4.845

36Q334 ?

20500,

15110,

7770

31013,
23220,
7733.
353.

13810.
6540,
33880«
25590,
25590,
18220.

9020.

20500

911050,

-7640.
T440.
6110
30000”\
4050.

- 750.
7770«

11050

20680a.

7370,

7920,
10500.
13810.

2730.

6410-.4

11050.
7670

8600,
8290.

|~

464301

464679

46,283

46,5905
454335
Le.u71
G46.453
hy.178
45.405
46.3u8
45,544
444891

-4l .640

44,401
464301

T 464341

45.652
45,302
46596

45.962
464022
454066
44045

L4e136
464304
4Y4./330

444226
444173
45,458

464318
464341
45,679

—

464006
46,348
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_ | | 181
8 | 63 7370. 4  44.803 7370. 44.891
39 | 65 3200. 4l 563 9200. 444640 |=
10 | s - - : - -
11 | 65 - - - -
49 | 65 9020, 44.308 9020 B4 o401
29 | 81 7770. 46.279 7770. 46.283
47 81 . - ) ' - Co- -
31 | 8z 7400 | - 46.440 7400, | - 46.471
32 | 83 393. 464307 393. | —T6359
36 | 85 | 232204 464322 23220. /[ 46.335
23 | 80 7440, | 44.497 - e
50 | a0 - - 76450. 45.302
35 36 . 6540, 464403 6540 N\ 464405
_ s | 86 | 35000 45.76 35000 \45.730
20 |72 - - . - N\
4s | 72-|  suus. 45.703\ EULS . 433736
21 | 73 - - - *
46 |73 |. 16650 45.295 16650. 451334

Figure 3.2: Optimal network _confiqurdﬁﬁen ‘obtained by the
——— present models : ' )
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" -The optimal network configurationss for the present model
solution and for Ontario- Hydro earlier solutions are shown

in Figures (3.2) and (3.3) o respectively. ~

17m—

a7 '
] "1“
. 75
AN 15
. .
: A Y
. 33 ;é}——___gz

T2/
¥V .
& 7

Fiqure'3.3= Optimal network confiquration obtained by
---------- .earlier Ontario Hydro modele.

-

Comparing the results obtained from both modelss it is

found that:

Te The variable cost produced by the preéent method &ﬁ $

3+4891.181 and the fixed cost 1is 3 3+475.412 prpduéﬁnq

a total of $ 743664593 for the overall coste. Thgﬁe-

values are compared to the costs of the earlier
(; solution presented in [111) which are 5'4!535?795 fbn
the variable_cosig, 3 3;013,159 fog, the fixed costsand

i

A . _a'. -
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53 7+648+357 for the overall cost. This shows that the
+

overall cost of the plan produced by the new moQdel is

less than that \of the earlier model by about $

282,35u: _It is noted here that the optimal plans have
been assumed to ope ,'f the last ten years of the
plannlnq-'peridd ohly and accordingly the . variable
cos£s have been calculated for these qurs‘(1993—2002)
onlye | o

In reference (111]y there were some ééedérs which have
been slightly overloaded (Ss=16+ Si-3» S$z-36s S3-83,
S3=55¢ . sl-uu;7 and759-u0)' .since the ;ouer capacity
limits of.theée feeders are 35 HVA.‘ The present
solution on the other ﬁand has no overloaded feeders.
This démonstrates the model capabll;ty of satisfying
the thermal constraints Of the  network .-more

efficiently. )
Substation Sz in the case of the solution obtained by
the earlier Ontario Hydro quel has been overloaded.
Thefe was a shortage of about 7.5 MVA in the power
required from Sz in that solutions This had to be
handled either by adding some new generating qn;ts to
$z to cover this shortages leading to an increase in
;he capital costy or by éuitchinq some of the loads
éerved'by Sz to_the other two substations (3, and S3)»
léadinq to rgconfiquratiqq the networke. In the

present. model howevery none of the substations is
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overloaded. Again this shows the higher 63pability qé
the new model of sdtisfvin; the system operational and
éecurity constraintse. ‘ (T o : o

be Load point nuﬁber 69 is fed from two sources -din both

" solutionss violating the radiality reduifements in the

network. This problem can be solved by applying the
load splitting technidue [33) to node 69. In addition,
the solutién: obtained in [111] includéd one of the
transshipment nodess node number 33+ - which had been
féd from £wo §our;es. ‘

Sa * The voltage requlation constraints aré not violated in

both solutionse. For the nominalﬁuu "Xv distribution

networks tHE supply voltage is set to 46.6 Kvs while
the minimum voltage is set to 41.8 Kve.

After 'validating the efficienéy end ;he accuracy of the
newly developed model in handling the distfibution plannirg
problemsy in 1ts gtétic—mqéeo it is necessary to investigate
its capability in dealing with the dynamic mode of planning
as weli. For the purpose of comparison betwee;LEBe static
and the dynamic mod;s of plannings the dynamic optimal
solution (every 3 years) for the same system shown in Fige .
3«1y and for the same twenty years period\(1983-3902)' is
obtained.  The optimal ngtwdrkz;onfiqufations} for the four

planning time segments: obtained by the dynamic solution are

shown 1in Fige 3eid.
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It can'/ be seen that the system existing facilities are

gulite sufficient for operating the system up to the end of
4 .

4

year‘1992 (the end of the second time segment), since RO new

feeders are required to be added to the network in the first
ten yearse Table 3.3 includes the power flow pdtterns

through the network along with the receiving end node

LY

voltagesy for the

4

four interval time periodse.

Figure 3.4: Dynamic optimal solution (every 5 years) of the
----- ———— system given in Figure 3e7.

\

F

L}
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Table 3.3: Optimal power flow patterns through the network
————————— along with the receiving end node voltages for
* the four time pericds.

E"to P* are the powers in periods 1 to 4» respectively. V!
to V¢ are the node voltages in periods 1 to 4, respectivelye.-.

nooE yore ! vt p? v P Y pt ! .
3, Yo 23981 16,228 | 28270 48,159 | 78276  46.15% | zB270 46.199
& 3 7416 4%,41] 7770 . A%, 748 770 45,748 7770 45.748
"2 & %407 46.316 26580 46.303 26263 46.307 26340 46.306
& . 7 20108 4%.181 20184 45,164 26263 44.824 16340 44.819
7 [ 17108 as.68) | 20184 es.may 23263 44.090 | 26340 41,988
a s 16358 44,123 | 19434 43,918 22511 43.38% 5830 —43.106
9 . 10 11647 43.732 | 13837 43,447 16029  42.839 | ‘18720 42.566
10 1n 2788 43,397 saso +3.00 7935  42.313 5020 41.97%
[} 12 740 44,617 730 - 44,503 40 4+4.066 750 43. 364
? 1 000 45,1854 - - “a000  44.799 - -
12 4 - - -3000 45,830 - - -3002 45.579
14 15 -1389 +%.133 | -607e 45.866 -3353 45.081 -70%50 45715
3 18 25353 a5.741 | 31m 45,580 36131 45.420 | 37087 43.308
16 7 10602 45177 | 26477 44.910 28354 44.643 | 28247 44.5614
17 18 083 45,071 6015 “. T £968  44.438 7910 44.370
37 19 712 44,974 7974 44,645 9237  44.336 | 10%00 44,265
s, 0 18529 45,558 | 21348 45,398 22320  43.392 | 23098 49,309
20 1n 144909 45,033 | 188%0 44,792 6850  A4.749 | 16630 44.706
3, 22 1300 46,307 | 11672 46.13¢ 10047  46.198 | 14420 46.023
2 15 pE11Y 44,258 6076 46.01% %63 46.131 7050 45,892
5y 26 19319 45,133 | 13456 44,822 27993 44.309 | 1730 44,196
z 17 7083 4%.030 8392 44,707 w721 44.376 | 11050 44,045
1, n m7 46.044 | 23302 46.011 24031 43,978 | 26160 43.943
23 : 7] 15110 as.s03 | 1310 45,470 18110 4%.437 | 19110 43,404
4 8 7440 —45.13% 7440 45.0% 7440 43,083 TA40 4%, 030
5y 29 16370 45,937 | 18370 44,937 16370 45.937 | 18370 44.038
1 1 1500 45,546 8600 45,546 B500 43,646 8800 £3.747
3, X 17304 46,548 | 21948 16,532 6479 46518 | 34394 4. 594
10 " 9818 6.478 | 182 46,420 18886  46.362 | 23720 424
10 n 7686 46,511 7793 4,498 7793 46.484 | 11776 4,541
n 32 186 4_..503 39] 45. 408 193 46.472 4378 44,409 -
12 n | - - - - - - 3983 44.232
11 17 - -0837 44.92¢ | -10488 4,609 | -12149 44,294 | -9827 | 44,332
s, 1S Wl 45,82 | 11702 45,648 38600 43,571 | 3so0o 43.672
LN 1Y - - - 7293, 46,543 8290 46.93%
5n 4" [ ot - - 1521 46,3599 6540 44,346
4 i 16563 46,229 | 10800 4s.1%9 20800  46.159 | 20%00 ' 48,159
. 81 5299 46,216 4296 46,1303 - - - -
s - s - - - - 7193 48342 8230 46,533
L ¥ € anl 44,129 5597 437918 &48¢  431.38% 7370 43.136
i1 54 sanl 43.732{ e3B? 43,447 80%4  43.539 9200 41.566
11 1 1705 41,187 €830 43,001 7933 43.123 9020 al.979
13 7 | ..J000 9.5 3000 49,430 3000 44,739 3000 45,5679
14 1] 1589 ~46.193 | * 2078 45,866 1383 46.041 40%0 45,7154
12 “% T %0 44,617 7%0 44,303 730 A4.066 750 43,584
3 (31 C 018 45,233 770 € an,7e8 7770 AS.748 7770 Tas.7em
27 ™ 7083 45.010 aIn 14,707 3721 44.376¢ | 11050 44,049 |
% 78 12358 A%.133 | 15064 44.822 17872 44.509% | 20880 “.1%
22 ™ a1 46307 5597 45,134 6484 . 48,198 7370 6,018
18 10 2043 43021 6013 M. 72¢ T 6968 a4.428 7920 44.370
19 n , 44,954 974 44643 9237 44.336 | 10%00 44,288
.33 .1 2817 44,974 | 1048m 44,609 12149 - _44:294¢ | 13810 44,132
18 Y SB51 45,740 714 43.580 TIT7  a45.420 | sseo 45,388
n 1] 708 45.044 2392 46,011 3721 48,978 | 110%0 45,945
14 a7 870 45,503 w0 43,470 TET0 48,437 7670 45,404
4 13 ” 8400 48,448 w800 45,548 BEOO  45.648 8500 43,747
2y 8 1770 43,337 770 45,937 770 «8,937 | . 7770 44,033
n 2 MO0 4y 5L 7400 48,490 00 48484 7400 44,541
2 83 188 44,503 a3 %.458 3193 46472 193 44,409
LT3 (1] H1A 46.479 | tas2 .28 | 1ms8e  4s.383 | 23220 14,420
28 a0 7440 45,319 T440 45.0% M0 45,063 7440 45,030
bt ] " 6762 as.012| mnzo 19,6588 %000 4S.5N1 35000 43,672 \
“ »n - - - - 1621 - 45.559 6340 44,548
20 n aw 43,358 1598 4%,398 %70 4%.182 [IYT 45,109
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From examining these results it is fourd that:

L

Feedér; Ss=16 becomes slightly ove:loaggd‘after the’
first twé time segments (i;e. aftet 10 yearsl)s The
pefcentaqe overloadinq-in this feeder 1s 3.2% 1n the
third period and 6.0% in the fourth period. .If the
power capacity of this feeder i; increased by‘ 25%
after the sgcond H}me seqment; ' to eliminate any
possible violation for the thermal constraints of this
feeder; th;s expansion costs § 44,9480 présent WOLth
valuey assuming that the capital cost of the-feédef is
linearly proportional to its capacity limite. -

Power demand from each of the substations is held
satisfactory below their power capacity.limi;s.' |
The transshipment node number 33 is fed from two
sources in the fourth time segment violating the‘
radiality constraints. Although this 1is not a load

nodey but a careful look at Fige 3«4(d) shows that

this non-radiality problem can easily be solved by the

i

load splitting techniques applied to load node €4. In

addition load point 86 is algdg-tfed through two feeders
during the”last tWwo time perlods: The reason ‘for that
is due to the fact that the loéd demand at this node
i1s higher than sthe capa;ity limit of a single feeder
(35 MVA) durinq the tﬁird Eime periéd (364867 KVA) and
in the fourth time period (u1.540'kvn). Once again

this can be handled by the load splitting technigquee.
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The more. interesting and valuabl? observation is that
only two new feeder$ (s!-uu and S>-36) have been added
to the hetﬁork and they have to be iq service starting
at the third time segmente  This is ’compated to the
onéygtep solution (Fige 3.2)y where 15 new feeders

,have been used« This dramatic difﬁe:ence is due to the \
sequential build up of the load demand in the dynamic
solutions which accordingly directs the additions of
the new facil&ties towards satisfyinq‘the incremental
increase in the load demands period by periode On th@"
other hand the static solution 1s faced-wi;h the load
saturation values directlys opening a wide range of
alternatives of adding new facilities to‘satisfy these
loadsy leading to non-optiqal solution in most casese. S
With respect to the cost comparisons the variabie cost
over the planning period is 3 7.0ﬁ7i688¢ '_w;th fixed
cost of 3 1814053,  producing 3 7+228+741 for the
overall cost in the dynamic optimal solutione This 1is
less than the overall cost produced fé: the one-step
solution (3 71366?593)0 aithouqh éhe system costs in
the multi-steps solutidn is calculated for the twWenty
years operating period. instead of only.ten years in '
the one-step solution. Even if the expahsion,suqqésted
for féeder Sa-aég n the %irs; commeﬁt aboves is ‘made

the total cost will still be lesse.

[ v
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all system nodes throughout t\g planning time periodse.
.From the above results we can see,that the new model has

proven 1its capability of handling the dynamic mode of

planning. - It is also seen that ‘the efficiency and the,

accuracy of the. dynamic mode- in obtaining the  optimal

solution are much better than that of the static mode. This
, LS . '
supports the assumed limitation 'thaé the static solutions
may. noi lead to the ogerall optimalldesiqns- over the whole
élanninq‘time périod-‘The.effiqiency of the dynamic solution
can hg improved using shorter %ime segments "(e.ge 5 seqments
of 4 years ééch). . This woﬁld make i? easier to modify the
.« .
design should unexpected .events occurs such as a downturn in
the load growthe It should be -nthd also- that there 1is a
‘ o e
minimum period for each time segment due to the installation
time required for eacﬁ new facilitye. This is typically 3
years‘for substations and one year for feedet;-.In additipn.
a limitation‘ i1s necessarily imposed'on reducing the time

segments within the total period of -plannings by the

accompanying increase in the requirement for. the computet

memorye.

X

The. new continuous model for long range distribution

327 Concluding Bemaxks

planningrh&s been applied successfully-in - its static and

dynamic modess It has been shown that the model has a high

-\

-

6o The voltage regulation constraints are satisfied at -

L3
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accuracy and good efficiency 1in Handlinqz the distribution
planning problems It has been also shown that the dynamic
solution is‘ prefefable to the static solution in terms of

lower coste Despite the continuity nature of the variables

1in the proposed modely the advanced optimization routine

-

usedys. Wwith the sparsity facilities 6 available-in itss makes
the model capable of deallng _with large distribution
systemsa. An example of che reduction of the number -~ of
variables inveglved in the hew model compared to the number
of variables in the previous models 1S that’' the number iﬁ
‘the present model in-the static case studied 1is 231//’While
in the modgl;used by Ontario Hydgo for the same study was
-~ .

261 « This.is due to the addition of integer variables for
the 30 future feeders. This diffegenceo'rénderinq advantage
‘to ;he neWw modeles increases further. in the dynamic mode éf
uplanninq.

Among the other factors affecting the soletion obtained
are the interest and the ihflation rates which‘ strongly
influence the decision of the installation time. For example
if the inflation rates are highér than the 1lnterest ratess
the decision tb build the new facilities might be at an

earlier point of time during the planning periode.

r



" - Chapter IV

AUTOMATED _LONG-RANGE._TRANSMISSION PLANNING

4.1 Introduction 4

., The amount of power that must be transferred from the
- .

generation sites to the major load areas has been qrowﬂig—
in the past-few yearse. Due to 1ncreasihq5§osts and the need
for reliable electric systems. optimum designs for the
different sections of the power systems are requirede The

"

optimal designs must satisfy efficient performancgs with
minimum éos£ Oor wWithin . certéih plénninq budgetary
conéfraints. Ip the  previous =~ chapter a powerfulf new
nonlinear model for distfibptinq the poﬁer delivered from-
the traésmigsioh netwofks at the substationss ;o _the
customers served by the distribﬁtion - systems has bheen
deVéloped. To enhance the effectiveness, of the planning
procédure "for .the overall elgctric ‘power systeme it 1is
necessary to develbp a new accurate and efficient model for
trahsﬁiséion planning as wells. To appreciate the need for a
neu‘ planning models a summary of the limitatioﬁz and
drawbacks of the different . available techniques for
transmission planning is given ia the neit sectione. Any
proposed model has to overcome most of these limitations. A

new transmission planning model ! is developed satisfy;pq the

- 171 =
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t M . -
objectives given in sectfion 4.3. A description of the new

model is then given in details and followed by applications
to, two differéh: systems toO show its- capability and
advantagess. .

ks

b+2 Limizatinns_nf_;gf_Exisxing_minnsmissioﬁ_Elanning

nédels , | 'f _ : -
‘From the review q%ﬁen in the first chapter it can be
shown that there are some é;itical limitations affecting ﬁhe
performance of the existinq transmission  models. These

'draqbacks are similar to those fouqd in*the distribution

planninq‘models and they can be summérized in the folloﬁinq:

Te -,Lineaf cost models are assumed \ in most of the
technigues in one way or anothere The aésumption of
linearity usually leads to inaccurate .results
producing close to but not Optimal'solutlgns.

P Some of the important network constraints are either
ignored or relaxed in many oOf the'e#iéting models
leading to impractical planse Among the most common
neglected conétraints are «the™ limits on the different
bus swing angles and the reactive power congf;gints.

3e The techniques used previously to handle the accura;y
problem of thé models required a large number of
variables and a great deal of effort' in formulating

the probleme This limited the ability of'these‘models

to handle large systemnse.
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To improve the «capability  of handling = large
transmission. systeééq different branch—-and-bound
-criteria have been \dsed. The sdlution acturacy is

. alwafﬁ dépendenf on the -cdriterion _used% whjch. is
hqﬁeétionahle in mahy casess
" The sensitivity analysig’ has been widefy used in the

screening algorithmgs the filteriag ‘schemess and in
210

LEpY ;
the different sgoppingscriteria used in searching tor

the optimal solutions in  most of the recent

techniques. The sensitivity terms used i1n such models,

- were usually. linearized giving .a doubt fn the accuracy

-of the resultse. In additions - the use

sensitivity analysis imposes limits ‘on the

occur in the network to be small.

Among the other E€asOnsy ‘which limits

Fl

applicability of most of ?ij'availa§le- transmission

planniﬂg-moiels" is the cont\puous need for load flow

.

solutions for every change that occurs in the netwQrke

This process 1s accqypanied by the need for long

1

computing timee. T o
In almost all previouq\ cases the dynamic mode of

planning has been ignored or handled by a'sequence of
. » _
static planse As has been mentioned and shown 1in the
\ ‘ :
%! . .
“previous chapters = this may not produce the overall

. optimal solutionse .



‘terms of objectives to be achieved in the following sectione
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Be The reliability testsy simulated by deterministic

contingecy studiess are usually performed by repeauu¥1

the ~ planning procedure for. each outage case

considerede. RS

.

'overcoming the above limitations requires a derivation

of a new modele The technigue uwsed in: this-work is given in

4+3 Trapsmission Planning Qbiectives™ - d

To improve the performance of the transmission plannings

the development of a more accurate model -is requirede The
,,') - . -- ! : ... . .
accuracy of the results can be ‘-enhanced by introducing a

@y,

Pl

.nonlinear ;model cappblé. of including ‘and presenting the

-

. different cost components in the system more accuratelye.

Achievinq‘the nonlinear form\of modeling not ‘only improves

1
-

. 1 . .
the cost ‘analysis but'alsq allows the import§nt nonlinear -

constraints of “the system to be included accﬁtatély.' The

time consum9§~in the planning process can be reduced by

-

includiqg the severe contingency cases as a part of the.

basiC'planninq stepss and not by repeating these stepse

Including the céntinqency analysis will _.also enhance the .

%
reliability of the solutions obtained. Finali; the model has

to be able to handle the dynamic mode of planning more
accurately and not "as a series of stét;c build-up planse.
To achieve tﬁ%se objectives a new médelris'developed_fo:

long rande transmission planninge. The following section

8
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describes the construction and the formulation of the new

e

modele.

4.4 Hen_InansmiésiQn_Blanninq_ﬂodél_ﬂonmnlation,
In order to-attain an optimal 'desiqn for transmission

plannings the"model'must be «capable to furnish the plhnher
. Ty -

Wwith the decisions of where and when to add the new

facilities. At the same time the -design obtained should

-

satisfy economlcally and reliably the system constraintse.

In the present work—an accurate and continuous cost model

with a dependence on th?gﬁ%mé and thé lines power flows 1s
pIESeﬁted- The model ?:;_the ‘capabrlity of spl;ing the
sta;ic and the ‘dynamlc transmission system planninge. It
takes into éccoqnt the fixed and the variable costs of the
plénned- facill£ies. In addition the cost of the energy
“losses 'in  the difﬁerent' lines 1is- alngJaccounted for.

Operational constraintss presenting demand satisfaction and

overloadings are included in the optimization models rﬂhe

-
i

model - has the advantage of adding.security constrainti on

the bus voltage magnitudes as well as on the bus .swing

anglese. The accurate ac load flow equations are satisfied

within the optimization procedures since they are included

in the constraints. The contingency studys simulating the

%

4 ' : R
deterministic  reliability ﬁgvaluatlono 1s also performed

during the planﬁing_process« The perf?rmance of the system
.

under severe outages 1s presented as a. set of constralnts to
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_“be satisfied. Finally the model can be rearranqged in a form
\ . .
' capable of prpducing the désign of a highly efficient

network performance Wwithin the availability of
' . . )

. L
predetermined budgetary constraintSe -

s

3

Bslel ﬁodel_cos;_zuns;ion ' ) -

-

7" The optimal selection of the most eConomicaldfaéilities -
to be used in the systém duriﬁq‘the different planning time
segments has to be made on ﬁhe basis of a <common costiof-
the different elements at all times. The present worth value

,
of the cost of each of' the individual components in t

system is considered as the base.of the cost selections
where the overall present worth cost function can  then be
minimizede The cost function includes the variable cost of
all the existing facilities and those which may be installed
du;inq.the planning periode in addition to the cost of their
energy losses. The capitalized cost of the future facilities

is also includede The model present worth cost function C

is then presented ass ) : -

NT NL 4;
C = E E { CF = + CV + CL ) ' Y ge )
' ' Tri Tsl Tel . <

T=1 1=1
where CF is the present worth value of the fixéd cost of
Tl .
line 1 at planning time segment ‘T CV “and CL the

Tel Tri

Y
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corresponding variable and energy loss costsy respectively.
NT the total number of time-phased planning segments (NT = 1
for statitc planninﬁ&f and NL: the total number of"gxistinq

&

Y

and future right-of-ways.

The detailed formulations of the different cost terms 1n
equation (4.1) are given in the following subsectionse.

X

u.u.1.1\<:apita1 (Pixed) Cost CF,
Vo |

28
& sl
( O
1 1 |
v 1 2 3
| | Pzl /CAR
YA

. Figure 4.71: Presentation of the caprtal cost per - unit

line 1 at the first planning . time
segment (T = 1).

The presenf worth value of the installation fixed cost

CF is formulated in the model as .follows:
Tria
1 —
CF = L e« C1 . ﬂ Yy 1=T92eeeeNL

Tel i Tl Tri T=TelaeasNT
ot (Ga2)
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where L is the length of line i in kmes c1 a continuocus
i Tri

function in the power flow in line i .at the planning time

seqment T » presents the 'capital cost per km at the

planning —times of adding new paths to line i at planning

time segment T » and B accounts. for the present worth
Tei B
value of the cost at the planning time seqment T
The formulation of C1 depends on the time segment under
' ‘ Tei

-

consideration. Since accounting for the use of element i in
any previous time péEiOd should be considered, the function
Ct  for the first time seqment (%= 1) iéldifferent than
ﬁgg;lof the subsequent time segments. Hence this function is

formulated for the first planning time segment as followsy

C1 "= cf +(05(NC =145  -=SI ) 3

1=T92seeeNL
o Tei i b3 Trl Tri T=1
== - ' (4e3)
where - -
5 = TY ea «((2/M)atan~t(=P1e(IP = }/U ))) )
Tri i1 Tri i (Gels)
and o - .
NC -1 .
i
ST . = E , (1/Metan~d(Ple(n-(1|P 170 )))
Tl - Tl . 1
n=1

where cf is the capital cost per kmes at the planning timees.
i ' o :
of .any power .capacity added to the figst power seqment.in

the right~of-way i+ a the ratio between the capital cost of
i .

. -\‘
- the first power segment of line 1 (including cost of towers

and accessories) to the cost of any additional single power,
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segmentsy TY an integer constant equal to zero if line i
i _ .
originally exists in the network and equal one for the

potential lines, U  the power capacity of single power
i .
segment in line 1i. [P | the absolute value of the total
‘ Tel ' .
power flow through line i at planning time segment = » NC

i
the number-of power segments (parallel paths) permitted in

the ;iqht-of—uay_%g and P1 - a large positive constante. The

function €1 - 1in equation (4.3) is plotted in Fig. 4.1,
Tei '

For any time segment following . the first ones | the

fiunction C1 used in equétion (802) 1is formulated as 1in
’ Tri ' ‘ '
equation (4.5). - -

cl- = cf «( C +{0+5)e51 -52 } 3§ T=243sseyNT
Tri i Tl Tel Tei 1=1e29eseNL
- (445)
where
c = TY e a2 o638 od : (46)
Toi i T i Td
o 4
d = TV (EXP(=P1.¢IP 17U )
Jed 3=1 Jei i
a = 1=-EXP(~P1.(iP 1/U ))
Toi Tyl i
. \
B /\~ NC -1
_ i o :
T-1 R
) - i’
S1 = : (0.5)7r‘ 1-(2/Mletan {(P1e(1/n )*(U“IIP AN
Tei n=1 3=1 T PR

(8e7)



NC -1 -
i -1 .
52 = E ({(z )-; i (z )] (4.8)
Tei Tei 3= Jel . -

3]
|

(0uS/T)etan™ 1 (P1e(n2=-(1P 1/6 )))
‘ Tei 1

1-(2/M)etan~*(P1.(U/n2)~(U /iP__1)))
Jel 1 Jrl

N
"

The formulation of C1 in equation (4.5) only considers
o Tri .
the cost of the power segments reguired in the time segment

T if they have not been used ~ prior to this seqment; The
function B in equation (4.2) 1is formulateds .as in the gﬂ

Tri
distribution planning models as follows

FIE

i /
P = F(1+r (TI)/ 1+ (T)) ) D (Le3)
Toi . f t & /
where r© (7)) and r (T) are the inflation and the interest
£ - t

rates at the planning time segment T+ and T the installation
- i

‘time of the new power segment 1in line 1.

Gelhele2 Operating and Haintenance.Variable Cost C%;i

The present worth value of the defatinq and maintenancé
variable_cost C(t ~ of line i at planning time segment ‘T has
been treated in'la similar way as in the distribution

planning model. The sum of equal payments over the operating

periéd of time To of line 1 in .the planning time segment
_ - i
T+ presents the variable cost €V » which is formulated
i

mathematically ase
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-CV - T CV e L o K « d | t T=1+21se9NT
Tei 1 i T T i . 1=T1elseerNL . (4410)

where cv is the annual variable cost per km of line i at the
i :
planning time and ¥ a function converts the cost value of
. Tei
line 4 operates at time segment T+ to 1ts present worth

valuey ' . "
: ¥

-To

' ! i 'C! 1
X =(1/c (T |1+ (T))/G+r (TI)| «|1=]1+r (T)
Tri t £ t t

(4.11)

The function dt is a continuous‘decision functicn in the
power f£low 1in 1152 i at planning tlme beqment't. It is equal
to zero for a future right-of-way 1 at plannlnq time segment
T» if the absolute value of the power flow throuqh this llne 
ip | is small enough to be considered zeros otherwise d

Tl Tri
.15 equal unity.

d = 1-EXP{-P1.(IP i/u )] . (4a12)
Tri Tri i

The use of the function d ensures that the variable
. - Tel ,
costs of only the existing and the new added lines at any

period of times are considered.

Belde1e3 Energy Losses Costs —

Although there 1is an argument that -the cost of energy
iosse; in transmission lines does not affect the pygnninq'
designs since it is small compared to the fixed and the

. variéble COStSy it has been 1included 1in the model to

investigate this assumption.
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The power losses E in any line i at planning time
Tri . [T—

segment Ty is derived first as follows, {

B = (V )2¢Y «PN «cos(8 JeVABLF ) (4.13)

Tel 'tvi 1 Tod 1 Ti
where V is the per unit (peus) voltage magnitude d4cCross
Tyi -+ '

line i at .time segment T+ Y the peu. admittance magnitude
AV - N

of a single path 1n the'riqht-of-way 1s 8 thé phase angle
of ¥ v VAB the volt—ampere base chose; for the networks
PN % a continuous‘lfunction in power flow in line i at time
seggént 7T + which approximates the number of parallel ©paths

in line i (Fige 4e2)y and F ‘ similar to @ {equation
- : Tri Tel .
(4.12)) to ensure that the energy loss in the used lines

r -
only is calculated. . . -

The present cost oOf this power 1s then calculated using
the annual cost of enerqy losses per unit power at the

planning timee C3_ » Finally the inflation and the interest
i

rates are employed to obtain the present worth value of the

energy losses cost of this line 1i. 50 CL presented in;n
equation (4.1) 1is introduced in tﬂe modeltzi £he following
fbrm '

\
CL = W «E  «C3 ¥ . (4.18)

Tel i Tl 1 Tl

where W is a weighting factor usually equal to unity to
i

wnclude the cost of the energy losses of line 1 in the cost
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fuhctions W = 0 if the cost of the energy losses is not

i .
required to be included in the objective cost functionsywhile

—

it may take values higher than unity according to the

importince of taking the cost int0 accounte

4-
- ’/”
- /‘
.
g I P <
% /S exact
e BN
5 /
a 2 ' approximate
s fa
s| _7
1;
[ AI [1 b
1 3 4

: 2
|&l/cag .

Figure 4.2: Nonlinear continuous approximation of the

~===—-Zf-—- pumber of parallel pafhs required 1in the
right-of=way i at planning time sSegment T « tO
carry the power flow P .
b Tri

Developing the above cost termssy fixeds variables -and
energy loss costs: concludes the formulation of ° the cost
function which is usually required to be minimized 1n the

procedure subject to the system constraints which are given
' - L

in the following subsectionses

T

o



4a%+2 System Qperational_and_Security_Constraiots
Usuaily the optimal desiéﬁ- searched fo} in the planning
procedurces is the one whichrminihiies the overall system
costs and at the same time satisfies the system operational
and sechity constraintse. Another concept of planning could
be optimizing a cergain performance index for the network
(eege stabiiity criterion oOr energy losses) within a
pfedetefmined budgets. ' The performance index required to be
optimized, usually simulates one or more of the system
constraints. In any case satisfying the system constraints
is required in any acceptable designs but we can go further
and say that the accepfance of_ any design 15 based on
satisfying the system qonstraints.' In the foliowinq

subsections_ the transmission system constraints are

introduced in the way that they have been formulated in the

2

new planning modele.
t,

[ T A | Demand aﬂd Power Flow Constraints o

The démand constraints are dividgd into two different
sets. The first set 1is introduced in the form of equation
(4015)s It presents the load active power . satisfaction
constraints for the 1load busess and the actige power
capacity constraints for the generator buses. It ensures
that the amount of active power that could be delivered to
(or sent fromi-a load (o} a generator) busey is at leést {or

at the maximum) equal to the active po&er required (or

available) at this bus. . o ‘ )
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P < W « D ? T=19240«NT
: Ti - T3 Tv] J=1e2+e0+NB ) (4e15)
itN . .

"3

where W 1s a weighting factaor for the power received at

Te] .

or delivered bys bus J at the time segment T ( W < 1 for
- ’ . Ty -

generator buses -and W > 1 for lcocad buses)sy D the

Ty = A “Tey !

active power at bus j at the planning time seqment 7 ( D >

Tri=-

0 for the generator buses and D < 0 for the load buses).

. " ' Ty -
NB the total number of @existing and future buses in the

networks N a’ subset of all -transmission lines connected
1. _ .
to bus Je and P the active power through line i at the
' Tl .
planning time segment 7 . The active Power flows in the

different lines at the different time segments are then:
formulated in terﬁs 6f.their terminal bus voltage maéﬁitudes
and swinq angles to satisfy the active power flow
.constraints in the networke. This set of active power flow.

equations is presented in the model in’the polat form as

followsy ' :
VB oV oY PN ecos(d - @ = 8° ).F =P /VAB 3
Tr] Tei 1 Tei Ely! Trl 1 Tri Tei -
T=1¢2¢eesNT
iTe2veeeNL
JENS
(4+16)
where VB is the Pele vbltaqe magnitude of bus .4 at the
‘ aly . )
time segment T+ 5 the swing angle of bus 9 at the time
Te3 " '
segment T & the phase angle of the voltage difference

Tei -
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across iine % at the time segment T » Ft ~a continuous
decision function tO ‘ensure that the leétrﬁand side.of
equation (#.76) is equal to zero if gt ~ 'ls equal to zeror
and NS a subset Of the'sending end buse;lof the lines.

The second set of the system demand constraintéi is
responsible for sagisfyinq the system reactive power flow
equationss the Loadﬁfeactive powery and the reactive power
capacity constraints of the generator busese. These

constraints can be simulated in two ﬂéets of eéuétions
similar to egquations (4.15) and (u.15§. Since the liﬁe
ceactive pOWers do. not affect the cost function -and do not
have limits imposed on their valuesi. the reactive power

conditions are introduced - in the combined form shown. in

equatipn {4417 )a

E VB oV oY 4PN esin(8 -8 =8 )eF < W  «Q0
Teyl Tei i Tl Ty Tei i Tri = Ty T3
1EN ' -

J ‘ : . j.=1'2|¢-1NB

. t=1’2|oo'NT‘\_

(417)

where Q is the injected reactive power at bus j at time

T
segment T « Once aqqﬁp we should notice that.;he use of the
weighting factors W in equations (4.15) and (4«17) 1increases

the reliability of the systeme.- - In addition. satisfying

"equations (4.15) to (4+17) ensures the solution of the ac

load flow eguations as well as'. the load and the qener&tor
& | )

buses demand satisfaction.

nl



- ; 187
belaZe2 Lines Capacity Bounds

) A set oOf upper bounds on thg power flows-in the differént
rithof-uayé . is included in the models - to impose
, restriction on the number 6f parallel paths permitted in
.each right-of-waye. - Since the power flow is alloged in the
lines in bbth directions their bounds are ﬁresented as upper

P

: L
limits (for the positive directions) and lower limits (for

the ' negative directions)e The positive and neqat3<g

A : A . .
directions of ‘the power flows in the network are arbitrarl.
chosen. These bounds have to be.held for all lines at all

timess and they are introduced as followss

PL <P < PU 3 T=Te29eeaNT |
'C’i - Tei - Tei . i=192veeeNL (4.18)
! -
~ where PU - and PL - are the upper(and the lower active
' Tl : Tri ‘

‘power capacity limits of line i at the plannidh timé.seqment
'C-.' .‘
3;4.2.5 gi;bility constraints

The model has the advantage of including security
constraints on both the bus voltage magnitudes 'énd the‘bus
swing angles. These constraints are simulated by dpéer and

lower limits on the bus voltage magnitudes (equation (4.13))

. W, .
and on the bus swing angles (equation (4.20)). These bounds

are essential for load and synchronous machines stgady state

stabilitys as " has been explainéd in section Z2eb4.

[
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VL < VB <-VU ? T=1929eesNT )
Tej - o T3 "J=1e290«+NB (4.19)
8L < § < §U ’.' 3 T=1929ee9NT ' R
Ty =0 . Ty - T 3J=19292sNB ' (4.20)
where VU and VL a;e'tne upper and the lower limits on
Ty - T3 : '
the peus voltage magnitude of bus j at the time segment T
n . ST
and §U and §L~  the corresponding values for the swing.
R T3 :
anglese :

o

b.4.3 Advantages_of The New Developed Model
étudyinq the construction of the new models developed for
. -4 ]

the transmission plannings iti®s found that $t enjoys the

following advantages:

C?1. Amere accurate cost function is introduced in the
model, accounting for . the nonlingar&tieSﬂ,in the
dlffereht cost-compqnents in the systeh;:i If N

de Thé model includes all the. system.Bpérafiénal and

security constraints in\mofe accurate forms- The modei

aiso has the superiority of iﬁtroduc;nq the stability
constraints in terms of bounds on both bus voltage
maqnltudes and swing angles.

3.  The number df the pladninq variables in the model is
small due t6 introducing the integer decisions‘ in
terﬁs of the line pouer'flows without lhe need for any
extra inteder‘variables. In addition the functions PN

introduced in the model have reduced the number of -

variables for each right=of-way - (eeqge i) at each

3
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planning time segment by the factor (1/NCi{ )« This is

¥

due to presenting the power flows in all the paraLlel
‘paths NCi permitted in line i by only. one
optimization variable. _ ' .
4. / Presenting the planning éecisions by continuous
nonlinear functions eliminates the’ need for. the
sensitive_branch—and-bgﬁﬁﬁ Ccr %eria. In addition: the
‘sensitivity terms used for filterings screeninges and
bounding in the previously reported modals are no
longer neededs and this.leads io a hiqhef efficienév
and accuracy in the resﬁlts obtained féom the new

model.
;Sf . _I?e accurate form of including:- the time factor allows
thé model to handle the dynamic mode O@aplanninq)in a‘
' more realistic and accufate waye
6e The inclusion of the e;act ac power £low equations as ﬂ
constraints have to be satisfied in the optimization‘

| 8
procedures. reduces the computational timee. This

is because the need for -a ioad flow solution for é;ch
change in the network is no longer requiréd.m
~ The above advantaqe; make the new model very useful since
they almost solve ‘all the limitations listed for the other
available models in the literaturee.
Due to the approximations involved in presenting the

number of ©parallel paths in each vright-of-way by ‘the A'

functions_PNo an ac power flow solution for the system has
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. : A\ .
to be applied with {the exact discrete number of parallel
paths after obtaining the optimal solution. This Etep 1s
required for the final gqdjustments oOf the different

optimization variablese.

4.5 Applications

-y - ’ {)_,

en order to study the suitability of the new developed
model for lond rangé tranbmission planning and to check its
capabilitys the model S been applied to two different

transmission systeﬁs. " The first - 1s the 6-=-bus system
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described in [111s and 'ﬁsed in - other references as well
{16+22]e A comparison between the results obtained from the
"present model .and that obtained earlier in (111 15 given.
" The second system used is d fictitious 14<hbus system
supplied by Ontario Hydro. Different cases have been studied
for both systenms, to investiqaée the different features
available in -the model. ‘

. - . .
445215 Example of The 6=Bus_System

UeS5ele1 System Description

240 80 UNITS
30
"o
30
- 80

UNITS
120
2490
240 _

Figqure 4.4: Future conditions of the 6-bus Systeme
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The 6-~bus system descraibed in [11] fs shown'ln Eld. Le3y
before expansion (i.e. existing conditions). The system
consists of 3 existing load Buses (bus 2z with load demand of
60 MW, bus 4 with load demand of 40 MWs and bus 5 with load
demand of 60 MW)e The system’ also has 2 existing genecator
‘buses (bus 1 with generating capacity of 150 MW and local
load demand of 20 MWs and bus 3 with Qeneration capacity of
12ﬁ MW and local lcad demand of 10 MW). Single 3-phase path
exists between each of the. busess 1-2y 1=y 1=3, 2-3+ 2-84,
and 3-3.

The conditions for the expanded system are shown in Fige.

4.4, where the loads of the network are 1increased by a

—

factor of s Two additional 120 MW generating units are
added at bus 3. A new generating bus 6 with a total
generation capacity of 600 MW 1is aiso added to the networke
The connectign between any two buses is allowed uith a
«limit of 4 parallei‘paths in each right—-of—-waye The data of
the different lines {(existing and -futurel‘ in the systém is
given in Table de1 where the capacity of each line 1is
determined based on thermal limitations lana stability

criteria {111].

£33
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Table 4e1: Transmission line data for the 6-bus system ‘
‘ D
FROM |TO LENGTH REACTANCE RESISTANCE POWER
BUS BUS (miles) \ in psue in peus CAPACITY
. ~ T T (MW)
1 2 40.0 Gelh ‘ 0.10 100.0
1 3 33.0 0.38 0.08 100.0
1 4 60,0 D60 : Q.15 800
1 5 <00 0.20 0.05 100.0
1 6 680 . Q.63 0.17 70.0
2 3 ¥ 20.0 0.20 0.05 100.0
2 g 4040 0«40 0.10 100.0
2 6 30.0 030 0.08 100.0
4 5940 0.59 0.15 2.0
3 5 200 0«20 0.05 100.0
3 6 43.0 0et4d 0.12 10040
4 5 6340 T 063 0.16 75.0
4 6 30.0 0.30 0.08 100.0
5 6 67140 ' 0e61 ' 0.15 78.0

An assumed practical installation cost of $ 240+000/km
for any new right-of-way (with a single path between its
_ terminal buses)s and 3 150'600/km for any additicnal path in
an existing or future right-of-way 1$ usede. An annual
operation and maintenance cost of 3 800/km is also assumede.

,@hemacbst of the energy losses 1is assumed to.be 3

O« 1/KW/year.
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b.5.1.2 |Static Bxpansion Design
The model has been applied to the S—Qus system at first
in the static mode of planninge The optimal one-step -
expansion‘desiqn of the system is_obtqined twices Firstly

with “neglecting the cost of the eqeriijﬂosses in the cost

functions . and secondly with minim}z' the ‘gostﬁéf the

energy losses as a part of the objegfive functione. - This has
been done.in ocrder to qtudy the effect of the enerqgy lbsses
cost on the network designe In both cases the obﬁé;tive
function (equation (4#.1)) was minimized without impbsiﬁg any
constraints on the bus reactive powers (is.ee subject toO
equations (4+15)s (4.76)s (4.18) to (4.20) only). The reason

kyf“\Jfor neqglecting the reactive power constraints in this case
is that the planninq.procedure used by Garver [11] was based
on the active p;wer onlyy so we tried to keep the same base
of comparison between the tﬁo models;

The variable cosz of the system was calculated for each
cases for an’ assumed & years operating time periods while
‘the new facilities were assumed to.be added at the time of
plfnninq;' The optimal netwbrk configuration obtained by the
present models ' with or without minimizing the cost of the
enerqy loésés; is shown in Fige #.5. 1In addition the power
flow patterns of the network in both casess along with the
powWer floﬁ pattern repqrtéd in }111 are given ianable ba2o

for the sake of comparison. Table 4.3 shows the peus bus

voltage magnitudes and the bus swing angles in the three
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different cases {minimizing %%he; enerqy losses costy

neglecting the cost” of the energy lossesy and Garver's

solution). °

—— Exlsting Line -

"= == Future Line

Figure Ue5:

Optimal expansion solution of the 6-bus system.
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Table 4.2:

Optimal power flow patterns of the 6=-bus system

196

.
FROM [TO POWER FLOW FPROM POGWER FLOW FROM
BUS 'BUS {GARVER SOLUTION PRESENT MODEL SOLUTIONy MW
‘ IN [11)s MW
neglecting cost minimizing cost
of enerqgy loss |of energy loss
- before |after befare after, before |after
adjust~|adjust~f{adjust- adjust-fadjust~}adjust~|
ment ment ment ment ment ment
2 1 70.0 570 53.4 57«7 63.4 55.1
4 1 0.0 32.0 0a0 2845 0.0 33.1
1 5 40a0 5440 334 5641 33.4 58.2
2 3 750 73.0 81.6 763 81e6 4.0
2 4 0.0 5«0 0«0 Telt De0 348
6 2 335.0 403.0 38540 384.9 385.0 37640
3 S 200-0 197.0 206-6 19805 205h6 196-“
6 4 160.0 203.0 16040 184,38 160.0 191.3

Table 4.3:

Bus voltage variables
the 6-bus systenm

at the optimal solution of

BUS |GARVER SoQLU- PRESENT MODEL SOLU- PRESENT MODEL SOLU-
NOe {TION IN [11}]TION, neglecting TIONs minimizing
cost of energy lossjcost of enerqy loss
Pele bus Palle bus swing Pelle bus swing
bus swing |bus angles radian|bus angles radian
volt-langles|volt- D volt—]
age radianjage |beforel|arfter age before|after
. |adjus~fadjus- adjus-}ladius-
ment. |[ment ment ment
1 1e02 [-0.548[1.02 |-0.532 =04538|1402 {-0.552]-0.519
_2 0096 “00295 1.0“ -0.325 '0.303 1.0“ “00325 ;0-295
3 1204 [-0e464]1.04 |-04433 ~0ed35011e04 [-04439|-0.438
4 10480 1-0.302]0.50 =0e2431-04297]1.00 |-0.282 -0.302
5 098 |-04651}0490 |-0.571 =0.63410490 [-0.571}-0.619
6 1. 04 0.0 1.04 0«0 0.0 Te08 0.0 0.0 °
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Due to tﬂe approximations 1n presentina the number of
parallel paths in each right-of-way in the system in the new

model s an ac load flow solution is .required after the

optimal solution is obtainede. Since only the active power 1is

included in . this cases the parameter adjustments are

power portion of the ac

obtained by solving only the active

load flow equationse

LY

Table 4+4: Optimal power flow patterns of the 6-bus system
e e under different solution conditions
FROM TO JACTIVE POWER FLOWs (MW) REACTIVE POWER FLOW
BUS BUS (MVAR)
FROM FROM FROM FROM FROM FROM
GARVER |PRESENT|PRESENT|GARVER |PRESENT|PRESENT
SOLUTI-|MODELs |MODELes JSOLUTI-{MODELes JMODELS
ONsl11)l|without|with Q |JONs[11}|without|with (
Q cons-{constc- Q cons—{constr-
traints|aints traintstaints
2 1 57.0 55-1 53.8 -35.0 - -3703
4 1 32.0 331 30.3 ~32.0 - -33.3
1 5 54.0 58.2 S5U4e 10.0 - 1042
2 3 73.0 T4.0 76.0 ~45.0 - ~49.9
2 4 Sa0 T 3.8 4.5 -13.,0 - -13.5"
() 2 43340 | 37640 378.4 -54.0 - =-5741
3 5 197.0 1964 18645 32.0 - 3Za3
6 4 203.0 19743 189.0 70 - 5.3

The model has been reapplied

including

t

he reactive power

equation (4.17),

lossese.

the same as that in Fiqe.

and

to the 6=-bus

constraintse

presented

system after

with minimizing ¢the cost of the enerqgy

The optimal configuration obtained in this case was

P —
5'“.‘

the bus

voltage variabless

obtained

at the

LeSe while the power flow patterns

optimal

by
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*solution 1in this case and the above cases are presented, in

Tables UYe4 and Ue5 fespectively.

Tahle 4.5

- —— -

Optimal

bus

voltage

variables
system under different solution conditions

of

the

6-bus

BUS |P.Ue BUS VOLTAGE MAGNITUDE{BUS SWING ANGLE (RADIANS)
NO . :
GARVER |PRESENT |PRESENT GARVER |PRESENT |[PRESENT
SOLUTION|MODEL MODEL SOLUTION{MODEL MODEL
WITHOUT |WITH Q WITHOUT IWITH Q
Q CONST-|CONSTRA-, Q CONST-|CONSTRA-
JRAINTS INTS RAINTS INTS
1 1.0 1.02 1.02 |-0.568 [-0.51909]-0.56153
2 0.95 1.04 04959 |-0.29496[-0.29508}-0.30043
3 1.06 | -1.04 1,06 |~0.46426[-0,63841|-0.47880
4 0.90. 1.004 | 0.898 {-0.30194}-0.30167}-0.30573
5 | 0.98 0.90 0.979 |=0.651 |-0.61936}-0.66502
6 1.04 1.04 1.04 0.0 0.0 0.0

The values listed in Tables 4.4 and 4.5 are the variable

values after the final adjustments in each casee.

4e5¢143 Discussion of The 6-Bus Example
The timal network configuration obtained by the present
model similar to that obtained earlier {11]y whether the

reactive power constraints and the cost of the energy losses

are accounted for in the model or nota. A total of 7 new

. - ;’ + - ' .
lines are added to the existing networks - Jhe fixed cost of
these linese based on the installation’cost assumeds is 3

35,400,000 in all the cases studiede Also the variable cost

(excluding the cost of energy losses). is the same in all
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cases; and equal to '$ 6594332 over the assumed 4 years
opéfating periode The cosi of the energy losses over these U
years 1is . $ 3244594 in Garver's -solution (111. The
corresponﬁinq energy loss costs calculated based on the
optimal power flow patterns obtained from the present modélv
for the case of not inclgdinq the eﬁerqy losses cost in the
objective function and for tﬂe case of includinq ity are 3
315,148 and $ 313,158, respectivelye These results give
'small_savinés of § 94446 and $ 11,443 uhén using the new
model 1\ for the absence ;nd the inclusion of the enerqgy
lossesy respectively. Even though the cost of the enerqy
losses did not inflﬁence the planning decisionsy from using
the différent facilities point of v{éu' it did however play
aﬁ impo:taﬁt role in adjusting the bus voltage variables
more suitably. Minimizing the cost of enerqy losses squeezed
the bus wvoltage magnitudeé and swing angles away from their
limits towards the permitted regionse The upper and lower
limits on the bus voltage magnitudes used in this example
are 1.04 peu. and 0.9 Dele ' respectivelye. The
corresponding limits on the bus swing angles are +0.652
radianse COmpafinq columns 4 .and 7 in Table 4.3 as well as
columns 6 and- 9 1in the same Table shows:- the effect of
minimizing the cost of enerqgy losses on ~the bus voltage
variablese. This effect makes the 'system relatively more

stable inTaddition to being slightly more economicale
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Another advantage for the new developed model is 1its
capabi}ity of 'satisfying the overloading constraints more
efficientlys. since there 1is no line overloading in the
solutioqs Bbtained from tﬁe neWw model while there are twag\
lines (6~-2 and 6-4%) which were slightly overloaded in the ‘
solu£ion reported in [11].
Since the bus voltage magnitudes and the bus swing angles
in [111 have been obtained from a ébmplete ac power flow
_equationSc there are some differences which are shown in
Table 4.3 between these values and those obtéined from the
active power ac load flow ;Plution used 1n the present
model. These differences have been reduced significantly by
presenting the reactive power constraints 1n the new model.
Hénce accounting for the reactive power constraints leads.-to
more accurate and informétiveAresults as well as providing a
simple method for bounding the bus reactivé powets which

play an important rcle in the system stabilitye.

42522 Exapple of 14=-Bus_Sysiem ',_

| To check the model in the dynamic mode of planning and
1ts other featuress it has been applied to a fictitious test
system l.(w-bus) suppli%F by Ontario Hydro. 'The optimal
solutions for planning thé_systém over 10 years peribd (from
the end of year 1987 to the end of 1997) are obtained in
cne-step aiminq—to 1957+ and in "3 time-steps (from the end
of year 1987 to the end of 1991, from the begining of 1992

\ , .

“to the end of 1994, and from the beqgining of 1955 to the end

o
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of 1997)e a comparison between the two solutions‘is given at
the end of this sectione

4

4254241 System Description

Existing Line

12

-

b
k)
1
|

i
1
"

Existin

g facilities of the T4-bus systeme.
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The sysfem in its exlsting condltion; at the end of year
1987 is shown in Fige Uebe

and 6-

The system has 7 load buses (1 to 5. 12, and 13),

existing generator buses (6» 8 to 11y and 14)e Bus 14 is
connected to a large transmission network and is considered

as an-infinite bus in the system under consideration. The

existing load and generation data of the system buses 1s

given in Tahle 6.

Table 4.6: Existing load and géneration data of the 14-bus

--------- system
BUS - GENERATOR - INITIAL PEAK DEPENDABLE CAPACITY
NO e« TYPE LOoAD {end of
year 1987)
MW MVAR MW MVAR MVAR
(gener—j{absor-
ated) bed)
1 36.0 9.8
\2 28.8 8.7
3 132.0 1.6
4 81.2 2642
] B8el4 . 277
6 |Thermal - - ) 200.0 120.0 0.0
8 [Thermal 135.5 53.0 1000 “60.0 0.0
' 150.0 1000 0.0
15040 100.0 - 0.0
9 HydI.‘O 150.0 10040 50.0
* 11 |Hydro . . 15040 10040 50.0
1Z |Synchronous 11245 19.0 de0 "60.0 30.0
Condenser . 0a0 43.0 24.0
13 “, 182.5 61.7
14 jInfinite Bus -
The system consists of 13 existing lineS shown 1n Fige

~4e6s ' An annual load growth in the range of 3.0% to 3.4% is
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load demandse. Accordinglys 3

in the

An additional
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also allowed.

can be in service
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A new
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transmission line data of the system 1s given 1n Table 4.7.

Table 4.7%

Transmission line data of the 14-bus system

T
FROM|TO |NUMBER CONDU-|PER CIRCUIT IMPED=|AMPICITY (Amps)
BUS |BUS| OF ctor ANCE (peus/km)
: CIRCUITS|KC mil| =~ -
R X summer |winter
1 12| 1-double| 735 |0.000164 000103 |[1000.0 | 120040
1 i4{1-double| 785 0.000764 |0400103 {1000.0 |[1200.0
2 3| 1-single| 795 0.000164 |0.001 1000.0 [120040
2 5{1-single| 795 0.000164 10.001 1000.0 11200.0
2 6j1=-single| 795 0.000164 J0.001 10000 |1200.0
2 12]1=double| 755 0000164 |0400103 |1000.0 |1200.0
3 4|1-single} 795 0.000164 G001 10000 }1230.0
3 511=singley 795 0.000164 |0.0C1 1000.0 }1200.0
4 5li-single| 795 [0.000164 |0.001 700040 }1200.0
4 | 11| 1-double| 477 ]0.00096%5 |0.00339 | 3500.0 | 700.0
7 12¥1-single| 795 00007164 04001 1000.0 120060
8 13j1-double| 60% 0.000797 0.00335 350.0 |1100.0
9 1031=-single| 477 0.000965 J0.00333 50040 700.0
9 12|1-dodblel 477 0.000965 |0.00339 200.0 700.0
‘10 12} 1-doublel| 477 0.000965 |0.003393 500.0 700.0
12 13| 1-double}| 605 0.000797 |0.00335 | 950.0 |1100.0
12 4| 1-single|4x585 0.0000113]0.000134|2400.0 ]3200.0
The future conditions of the system "are shown 1in F1g.

el

b
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4e542+2 .Results of The 14-Bus System Plannﬁhg
. N

L

T

———Existing Llne
————Fulure Line

il
— e T S N g— o — — e

'

Figure 4.7: Possiblg future facilities of the 14~bus systeme.

-——— ——— -

The optimal network cphfigura;ion of the system obtained
. <
by the static mode of pldnnings .including the reactive powWer

- - K . -‘. . . B _ r
constraints and With minimizing the cost Of energy lossess

is shown in Fige 4.3. The solution shows that/ none of the



. ' ' | 205
new facilities is required to be added to the system d&rinq
the planning period -(1987—1997)- The p0g§r flow pattern
albng with the recelvinq‘end bus voltage magnitudes .and
swing angles in the network, before and after adjustment.

_are given in Table a8

———Existing Line
——~= Future tine

-
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-41.7
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-l
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a .
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m Qm . P,. 30.2 .

' 1.03@13"'3—""
- 264.5]| fro2.4
81 foas

Figure 4.8: Static optimal network contiguration of the
| mmm—————— 14<«bys system.
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Table 4e.8:

T s mp——— o —

Optimal values
-obtained by the static solution

of the 14-bus

206

network variables

FROM|TO 'TO'_BUS *TO* BUS ACTIVE POWER REACTIVE POW-
BUS |BUS|VOLTAGE SWING ANGLE FLOWs (MW) ER FLOWe
MAGNITUDE| (radians) (MVAR)

(p.u.) :
hef-|aft-|befo-|after|beforejatter |before|after
ore |er re

adjustment -
"1 112 11.09]|1.08|-0+15}-0.18 5283 75.9) =41.5| =417
1“ 1 1.05 1.05 -0010 “0.12 98-3 121.“ -29¢1 "2903
2 3 1402|099 |~0e35|=0.483] 11948 130.1 2647 41.3
2 5 1-02 0.98 "0-32 -0038 111.8 11“.8 © 3541 53-5
2 6 [109)1.09{=0s17}=0622|-2000|=-198:7|- =6226|=10141
12 2 1.07 1.06 “'0-20 ""0-25 68-0 82-6 10.2 408
3 L 1.05 1003 _0.31 -0-39 "'u7-3 "'“‘1.0 -26-0 "36.0
3 5 - - - - 000 0-0 X 005,9\ 0'0
4 5 - - - - 0.0 t0.0 D0 0.0
8 F11 1131 1e13|=023]-0430|-150.0|—14442] =3646} =695
12 7 - - - - 0.0 0-0 0-0 0.0
13 3 |1e11]1e11)1=0e11}=0+15]-268e5]|=264e5] —80e5]=102+4
9 |10 - |- - - 0.0 0.0 0.0 0.0
12 9 |1413}113|-0.06)1-0.10] =31.07 =510 =3e1] =121
12 110 [1e13]1e13|-0.06]=010} =73«tb} =T3alk]| =11.3 -1646
12 113 109|108 ~0141~0+19f —-33«1| —-30.2 -245] =121
12 1“ - - - - 0.0 000 0.0 0.0
From Table 4,3 it can be seen that all the system
overloading and stability constraints are satisfied. Upper

and lower limits imposed on the bus voltage magnitudes are

113 Pele and 0.96 Peley

limits on the bus swing

radians {(£30.0

electrical

derived from Table 4.8 is

1n the different variables

+2% for the bus voltage magnituder *15% for

respectivelye.

angles

are

degrees).

that the maximum

are +20% for the

+0.5236 and

“flows and +56% for the reactive power flowe

Another remark

The corresponding

-0.5236

can be

adjustments made
bus swing angles

the active power
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The dynamic optimal expansion (3 time—steﬁs) for the-
network is also obtained and the power flow éattepns for the
different pfgnninq time segments are given in Table 4.9. The
bus voltage variables 3t each of thé time periods are.also
given in Table 4.10. The values ,(listed in Tables 4.9 and
4,10 are the final values of the  parameters after
adjustmentse It i; found that the ne£work configuration 1in
the dynamic solution is the same as that obtained from the
static solution (Fige 4d+8)¢ The -reason that the 6ptimal
static solution and ﬂthe optimal solution for each time
segment inlthe dynamic solution are‘almost the same 1s due
to the large power capacities of the existinq. lines of the
network -compared to the network demand. thé small number of
fuéure alternativess and the near radiél configuration of
the networks Nevertheless the example ghows the capability
of the mddel of producinyg the optimal solution in the
dynamic mode of planninge. In caléulatlnq the differept costs
of the networky different interest .-and inflation rates have
been used due to the continuous ch;nge in qhéveconOmy- s51nce
the fixed cost of the network in the dlffeneht cases 1is
zeros only the present worth values 6f the operating and
ﬁaintenance costs CV and the costs of khe enerqgy losses CL

are given in Table 4.11.

.
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Table 4«9: Power flow pattg;ns of the 14-bus system at
e different time segments of the optimal dynamic
solution -
FROM TO FIRSTLTIME SECOND TIME THIRD TIME
BUS BUS SEGMENT SEGMENT SEGMENT
activelreactivelactivelreactive activé reactive
POWEL s | pOWeT s powers | power: poWwery | pOwers
(MW) (MVAR) (MW) (MVAR) (MW) (MVAR)
1 12 | =89.2] =-12.2 | =59.5{ =16.4 73.1| =42.1
14 1 { =50.0 -1e6 | =172 ~4ed | 12446| =29.7
2 3 9043 31.6 | 110.0 35.9 | 130.1 3143
S22 5 9845 43e4 | 10646 4843 | 114.8 53453
2 6 |“196.59] =71.1 |~-198.8} =87.2 “158.7] =107.4
12 21.3 1345 51.8 73 3246 445 (
3 b | =55.5] =-25.7 | -48.4] =30.8 | -61.0] =-36.0
. 3. 'S 0.0 0.0 040 040 0.0 b.p
4 5 0.0 00| 0.0 0.0 0.0 0.0
4 11 [=144e7] =55.7 |=144.5] =62.5 |=144.2] =69.6
12 7 0.0 0.0 0.0 0.0 0.0 00
13 8 [-264.5 =-96.7 |-264.5| =103.5 |-266.5| -102.4
) 10 040 0e0 0.0 0.0 0e0 0.0
12 9 | =601 -9.3 | -88.7| -6.8 [ =51.0§7 -12.0
12 10 |-119.5 -840 |-119.5] =10.1 | =73.4 _16.8
12 | 13 | 8241 -16.6 | -u6.1| -182 | -30.2] -12.1
12 14 0.0 0.0 0.0 0.0 0.0 0.0
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Table 44103

Optimal dynamic values of the bus voltage'
e ———— variables of the 14-bus system
BUS FIRST TIHE SECOND TIME THIRD -TIME
NO« SEGMENT SEGHMENT SEGMENT
Pels VO=|Swing Psle VO=|SWiny PelUs VO-|swWing
ltage ‘anglee ltage angley ltage angles
oy radians radians radians
T/
1 1.65@7 0«0676 | 1.0578 Q.0453 140521 {=0.0555
2 1.0746 0.1125 10715 § . 0«0540 10716 |-0.2022
3 10274 |=-0.0317 10194 [-0.1050 1.0206 |-043572_
4 10540 |-0.0052 "} 1.0464 |-0.0778 1.0544 }|-0.3173
5 10360 |-0.0406 1.0164 "|-0.1055 1.0519 |-0.3264
6 1.0870 0.1403 1.0870 00814 10670 |~-0.1743
71 - - - - - -
B 1¢1163 02155 11141 § 01654 11110 {-0.1162
9 1.1300 003600 11300 0.3285 1.1288 {-0.0674
10 1.1300 03458 11300 0.30931% 171294 |=0.0662
11 11300 0.0801 - 1.1300 0.0063 11300 |=0.2313
12 10932 } 041650 1.0974 | 01197 | 1.0875 |~0.1579
13 1.09835 01830 1.0851 01324 140905 (-0.14483
14 | 1.0440 0.0 - 10440 00 10440 0.0
Table 4.11: Present worth values of the vériable and the
---------- ~ energy losses costs of the 14-bus system at
different annual interest and inflation rates
MODE |T|To] r =10%s r =8% { £ =16%y © =10%| ¢ 8%, ¢ =2%
OF ' t b t f- t £
PLAN- '
NING ’

CV;:S CLy 3 fCVe 3 CLy 3 CVo 3 CL+ 3
stat={1[10}18759+116)53+453|1241+151]35+309§1373+227|39.+066
ic ‘
dyna=| 1|4 2097814544739 17064933 544,540]1935,013|50491
mic : .

S b213 11985,456| 584557 1455+526)42+928]16304036|43,076
| -
3|3 |1875+116|53+534)1281+151)35+35311373+227}36+121

o . -
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-
where r anq r are the annual interest and inf%ation rates
' resp;ctiveliv T denotes the time segment  under
considerations and To the length of the time - segment
in years. o

It can be seen from the above results that the system
operational and security constraints are satisfied in the
different planninq;time segmentse |

=

4,6 Beliability Evaluation

It has been menti&ned in discussing the objectives to bé
achieved in thé new model that the reliability test has to
bes and can bes included in the model. So far the modelland
its applicqtions which have been intrdducéd, have 1ignored
the system  reliabilitys with the exception of ;sinq the
weiqhtihq factors W in equations (u;15) and (4.17)s In
this section the reliability test in the model 1s discussed.
The reliability critefion 'used is -the. deterministic
contingency testse. The concept 1S that the désiqped network
has to operate satisfactory and'iéjhout any violatibn to its
constraints even under severe outage of one or more Of 1ts
cComponentse The network performance under contingencies
requires ‘introducing some additional constfaints to the'
model to simulate‘ the different outage -cases under
considerations. This technique ensures that the network
design obtainedA at . the Optimal‘_solu£ion will ©perform

satisfactorily under these sets of outages as long as none

v
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of the problem.constraints has been violated. The sttatéqy
used in .this Hdrk is that the problem (in 1ts static or
dynamic mode of planning) can bBe simulated as an equiualent
dynamic problem with planning segments egqual to the sum of
the different cases to be studied (normal operation case and
the outage cases) 1in each planning time seqments lfrom tﬂe
point of view qf introducing the system constraints. Ffor

example 1f a dynamic solution of 3 time segments 1s reyguired

1

where

one outage case (single or multiple) in both the first
and the third time segmentss and two contingency cases in
the second time segment are reduired to be evaluated, then

the total number of planning segments 1se

I

N = 1+1 for the base (ngrmal) case and the outage
case of the first time Segments,
+1+2 for the base case and the twWwo outage cases
of the second time seq@gnt

+1+1 for the third time segment .

So there are 7 planning segments in the problem, each to
be presented by a group of constrapnts similar to equations
(4415) to (4+20)e .

Froﬁ the cost and the operating facilities point of .views
two different modes of study have been fqlloued. The first

. o .
mode is. refered to as "mode 1"y where conditions are set to

use the same elements in the base case of each time segmenty
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in the contlnqéncy' cases (after_ eliminating the elements
involved in the outages) of this particular tihe segment. In
the second méde, refered to by '"mode 0", these conditibqs
are ignored where any set of facilities, eﬁen if it includes
future ‘chilities, - can be used 1in the contingency
conditionses Then the combined facilities used in the base
case and in the outage cases for each time seqment obtéined
“in this mode (mode "0")y.  are considered the design of the
network in each partlculér time segment. Accordinglys the
Capital c0st of only the facilities built in the base cases
is);onsidered in "mode 1"+ while the capital cost in all
éaSes (bases and outages) is considered 1in "'mohe 0" is it
can be seen that introducihq the contingency +evaluation to
the model requires modifications in  formulating both the
constraints and the objective functions Thié rcoﬁcept will .
hecome more clear after introducing such modifications in

the following subsections.

" 428.1 Objective Function Modifications

zﬁfﬂobjective cost function of the modely presented in

e

equation 4.1y can then be modified to account for the
capital cost of all new facilities used in either the base
cases and in the contingency cases 1in "mode 0", OC only for

those used 1n the base cases—in "mode 1* as f£ollowsy
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NK NT KC(T) NL

NT NL
, k , K k
C=YYTCF +L? _L(cv +CL )] 3
. 'C’]_ : t!l .c'].
T=1 k=1 i=1 -

T1 k=1 i=1

NK=1 for “mdde 1", and
Q =KC(z) for "mode 0".

(4.21)

where KC(T) 1is the number of cases to be studied at time
segment T (outage cases plps the base case)s CFk 'the present
worth value of the fixg& cost of liﬁe 1 at‘gi;nninq time
segment T built in case k (k=1 for the base casels Cvk__
and CLk . the vgriable and the enerqy 1losses co;f;:
respedgf;gly of line i which operates in case k at planning

time segment T e

Modifications in the variabl® and the enerqgy losses costs
are also introduced due to the different operating time
periods assumed for each 'ling\ during the base and the

contingency casese S0 the formulation of‘each‘ term 1in

equation (4421) is as followss A
k. k.
CF .= L .P «C1 . (3.22)
Tri i Tei Tel ‘
where
K : k k o
C1 ) - Cf -fO-S(NC ‘-1)‘-5 -53 l H (“.23)
Trl 5 T i Tl Tl
' =1
k=1
i=1!2!009NL



214

- { .
: 0
k ' -1 X
5 =TY «d » (Z/N)-tan(fP1.(|P 1/u }) ’ (h.254)
T1 A1 T i i : ;
NC -1 :
1 .
k -1 . k
S3 = E J(1/M)etan (Ple(n=(iP 176 -)))
Tri . Tyl 1
n=t1 £ _ :
k . e ,
where [P 1 1is the absolute value of the total power flow
K Tyl X .
P through line i at the planning time seqmenp't during

i ) )
the contingency case ke For the cases other than the base

case (k = 1) of the first planning time period (T= 1)y the

k
term C1 is formulated ase
Tri '
k k k . k
C1 = cf 0[ C +(0a5)a51 -52 ]; 1i=1e2vee9NL {4.25)
Toi i Ti ' Ti Ti ' . ¥
where - ‘ )
k , L
KT -
T ” .
k ‘ : : k k
C =TY «a -[ 7-Y'§EXP(*P1o(IP. | /U )))]-54 ‘ (4e26)
Tri 101 1=1 Jel i Tri ‘
NC -1 k .
- i KT | L S
T : ‘
X E 7-Y =1 . k
s1 = (0.3) 1=(2/mMetan (P1.{{(1/n)=(U /{P ¢ 1))
Tri n=1 - 3=1 L i Jel 4
' ' ' (4e27)
k "k :
St = 1-EXP(-P1.(lP t/u )

Tri ] Ti i

-
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i

n=1
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]

k : =1 . I3 -k '
52 = E (0e5/M)atan (Pla(n-(|P /U ))) eSO+ (La23)
Tei . Tei i Tl '

kK -1 X%
s5 = 7_V 1-€2/M)etan (P1.((1/n)=(U /iP |)))
. | S '

K,
KT _ =T-1
T )

T-1

Jr1

for "mode 1"+ and

K o .
Ktt =[§ KCO“)}+(k-1) tor "mode 0.

m=1

L4

Thé modified present value of

in equation (4.29) as

the variable cost is given'

ko k k |
cv = ¢V L ¥ od 3 T=T9ZresyNT
Tri .1 1 T Ted ’ j.=112vo-1NL
k=1429e++2C(T) (baZ29)
where
: ' K
T -To

k » ] 1 i 7 Tel
5 =(1/T (T))e |1+ (TY/ (141 (T)). S| 111+ (T)
Trl t ‘ £ . t t :

k ’ k ‘
d = 1=EXP(-P1.(iP /U ))
T ' Tl 1

(4.30)

(4431)
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k ‘ o
where To is the operating time of line i in case.x at the

Trl : .
planning time segment T . It 1S equal Eo the oyerall time

segment ¥ 1f k = 1 (base case)s otherwise a smaller value is
k . . ,

set for ToO based on the probability of occurance of outage
Tel _ g

conditions of case k during the time segment T .

%

The present worth value of the cost of the enerqy losses&l

presented earlier in eguation (q,du) is modified as followss

-

k k %

CL ‘ = N o E 0C3 -K ’ . (3.32)
- Tl i el i t’_i', . :

where « - '

k k - ko - k_hﬂ‘;;;’///
E =<V )20Y « PN ‘QCOS(B )“UAB.F ! ’ (“033)
.’C,i Tl i Ci i. CTed

4622  Constzﬁints;ﬂodiﬁibations_ﬁequixed_Eor_CQniingencx
Analysis .

The system demand'satisfactionfconstraints as well as the
active and the reactive power 't 1ow eéuatio@s have to be
satisfied in egéh contingency cése'as in the Sase:casé' -at
‘every plénninqitime seqmente. Since' the_puﬁbér of‘parallel
paths in éhcﬁ :ight-offwaf varies 1in the ouﬁage_cases based
on uhether ”"mdde 0" is used M(free number}: or "modé‘.1“ is

ehp%pyed (the number is restricted to those ﬁsed in the base

case of each time segment under consideration)s . then the

»
~

above conditions are presented as follows:
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k k k _ o :

; P < W « D M j = 1'2'..'NB '(4.3“)
L Tl = T3 T3
1EN

|

X k m, k k k. ko
VB WV «Y «PN +cOs(f =2 =8 )JoF =P /fVAB . ;

Ty Tei 1 Trd T3y i 1 Tri Tei -

T=192reeyNT ‘
' g l . kK=Teiras e KC(T)
- i l=1’2!.I!NL
JE&NS
(4e35)

kK "k Sm k kK - k  k k -
:E VB oV Y «PN esin(§ -4 -8 )a.F <W «Q /VAB:
Tl Ti i Tl Tyl Tl 1 Tri= Ty T3 '

16N
I - , A
e ‘ ' 1=1l21--'NB
- ! . “t=1!2'novNT
k=192 2a9KE(T)
. | C (4a36)
where
‘m = k if "mode 0" 1s used, and
m = 1 if "mode 1" 1is used.

The ueiqhg}nq factors W are - functions in the continqenéy

case (k) since slight overloading 1in the 'generating units
’ <

can be. aliowed under contingency cases as well as certain
cuﬁ in the loéd'aemdnd, if necessarys- In addition 'some lxhe
'OVerloadinqs and voltage variable violations to their.normal
stability limits can aiso be permitted. Then the upperAdnd
‘the lower bounds on the optimization variables g:e presented

-

as follows,

(=]

Ao
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k- X Kk - i N _
PL < P -< PU ' ;’C?1!29--vNT
'C'i - Tyl - Trl ’ . k=1|29--1KC(‘t)
. : ’ ) ' : 1=T¢2vessNL
_ . (4.37)
K. k : k
VL < VB < Vu ) ’C=1!2!.QONT
Ty - Ty - Tl ' ‘ k=1921o.|KC($§)
’ : ‘ J=Te2raeeNB '
- - (4.38)
k k k L .
5L, < § < 8U : ) 3 T=1eZreaslT
Tyl - Tl -~ T k=1929ee e KC(T)
j=112!.¢'NB

v | . (6.39)

. #;'l

Modifyihq the formﬁlation ot the model objective function
and constraints makes the model capablé of hgndlind the’
performanée of the network under the anmal'and steady state
contingency cases. The advantage of the modified medel
formulation is? mainly that it .is always sure t;;;_ the
optimal design will percform -sati;factqry. even underx the
severe outage conditions studigdi In addition thefe are no
restrictions on fhe type-of outages to bg studied since thes
model'can handle any of the contlngency types: such.§s those
qiveﬁ,in chapter 2»  whether they- are single or multiple
outadéé. on the'other haudv the larger the numbér of dutages
to be studied. theJldréef fhe -size of thé‘p;oblem becomes.
Accordinglys an accurate contingency .seiectidﬂ_and Eanéinq
routipq has to be used 1in order tO‘inciude onlyr the most
severe contingencies in‘thé studys ' - |

il
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4+6.3 Apelication For_Rlapning_Hith_Contingency
The new developed trénsmission planning model has been
applied in its'modifigd form (equatioﬁs (4-21)1t0 (4435)) to
tﬁe 14-bus system- shown in° Fig. u.a{ and - described in
section 4-5:2.1. .The optimal designs of the éystem for 10

years%(1987-}997) ‘.using the static mode of plahninq are

obtained with the contingency testy usan‘botht"mbde 0" and
"mode 1"& T y//

4e6e3¢1 - Reliability Criteria &

-y

‘The fo%%%yinq reliability criteria are used in the study-
1. peakmaoaﬁs where ﬁinter peak _;oad to be met securely
with all transmission are in service and the two
-largest ﬁhermal generating units are out oOf servicee.
By consulting Table 4.6+ the dénératinq'uﬁit at bus 6
(200 MW éfépacity) and one generating unit at ‘bus &
€150 MW capacity) have been taken out \bﬁ service in
the outage case studied. The choice oOf these two units
" simulates most of tﬁe different contingency typés
‘—;zﬁﬁied in the 1literature. = For example partial
generation loss at bus 8+ complete generation unit
losswathbus-6, and branch remoﬁal betueen buseé 2 and

6+ are simulated by ;he abqve considered qutagess
2e Qoltaqe dg;line. where the permiss;ble vbltaqe decline

on loss of a  Dutk transmission circuit is 10% of

- pre-contingency voltagee.
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e transient stabilitys where the pre-contingency bus

" swing angle limit is 30 electrical degqreese. _

Be6e3s2 Results

——Enlsllag Line
rewee= Fulure Line

1.033

——Exlating Line
 ——wFuture Line

Figure 4.9: Static optimal solution 0of the 14~bus system
- under contingency conditions using "mode 1".

3
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The optimal network configuration obtained using "mode 1"

in handlj the contingency case under considerations is

. 4e9. Figqure 4.9(a) presents the network
configuration in e base case (k=1) + while Pige U.9(bh)
the network under continqencygconditions (k=2).

Table #4.12: Optimal parameter values of the 14-bus system
—————————- accounting for contingency using "mode 1"

a

FROM |TO NORMAL OPERATION OQUTAGE OPERATION
BUS BUS ; .

ACTI-|REAC-|*TO" |'TO* |JACTI~|REAC-|°'TO* |*TO*
VE |TIVE |BUS BUS VE TIVE |BUS BUS
POWER]POWER} VOLT~ | SWING] POWER |POWER|VOLT~|SWING
+ MW ] +MVARJAGEs jJANGLE]+ MW [+MVAR|{AGE, |ANGLE

Pels s+ Ta- Pele ¢ La-
dians dians
1 412 6709 -ﬂ8.7 1-079 ”0.12 177-5 -6205 1.072 -002B
1“ 1 11304 ‘3602 1.053 —0007 223{0 -50t1 1-0“3 "0-15
2 3 119-8 30.9 1.04 -0«25 119.8 =Tel4l4]1.018]-0.5
2 5 1178] 354114036} -0231111.8] 35.1|0.982}{-0.48
2. 6 =200e|-75.4)1.087|=0.13 0.0 0.0 - 1 =
12 2 6800 1@6 10075 -0-15 268-0 38{7 1.0231-0439
314 =87e3)=2Te7|"14a063}=0.23}{-87.3|-60,1|1.063]|-0,48
3 5 0.0 0.0} - - 0.0 0.01 - -
u ' 5 000 0.0 - - 000 0.0 - -
4 11 =150, -58.“ 1115 —0m17 “1500 ‘9006 1-13 -0.“2
12 7

' ‘12.1 _103 10087 -0.09 -8002 -0033 1.087 ‘0.07
13 8 -210. -71-8 1-089 -0-11 -115. —107. 1.087 =028

9 ~Sal 0e1]1112|=0.04]-33.0 9.411413 |=0.12
9 12 64e6] B8e0F14079|~06121117e0] 1646|1072} -0426
12 10 |=B87e6|=11e1] 1111 -0.084}-153¢ |-25e4|1.13 |~0.13
12 13 | 21.8 6e211076]-0412]11649}-2940(1.073}-0.29
12 14 0.0 0017044} 0.0 0.0 0.0(1.044] 0.0

Figure 4.9 shows that the line facilities used in the
continqéncv case are the same as those used in the base
cases with the exception of line 6-2 which is practically

involved in the contingency. The optimal power Elow patterns
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!
\

along with the receiving end bus voltage magnitudes and

A

swing angless with and without outagesy are given 1n Table
4el2e - .
The corresponding static optimal solution of the 14~bus

system under the same contingency test obtained using "mode

0" is given in Fige. 4.10 and Table 4.13.

s Exloting Lin®
e Future LIn®

e Enilgling Llne®
wemm Fylure Line

1.042/-0.M

Figure 4.10: Static optimal solution of the 14-bus system
m————————— using "mode 0" 1n studying the contingency
conditionse. .

2
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Table 4.13: Optimal parameter values of the 14-bus system
—-—-———--—-= accounting .fbr contingencys using "mode 0" ~

FROM |TO "NORMAL OPERATION OUTAGE OPERATION
BUS BUS

ACTI-|REAC-|*TO* |*TQ" ACTI-|REAC~|*TO" *TQ"
VE TIVE |BUS BUS VE TIVE |BUS aus
POWER|POWER | VOLT~|SWING | POWER|POWER | VOLT~|SWING
v MW |+MVAR|AGEs |ANGLE|+ MW | +MVAR|AGEs |ANGLE
’ Pels |+ ra- . ‘ PeUle |o rTa-
dians dians

*

28]

,Q9.7 -u2.u 1.08& -0.12 131-8 *51.3 1-073 -0025
9542|-300]1053)-0.08)17743]-38.9}1.042|-0.14
119.8 22.8,1.03“ “0029 11908 "31-2 0.996 ‘0055
111.8 35.1 1:026 -0026 11108 3501 0-957 -0-52
=200 |=6441{1.0871~0.14 0.0 0.0} - -
63.0 4.8{1.074|-0416]268.0] 15.0{1.006]|-0.40
=807 e3}-29.9}1.065|=0e26]-4743|=-83.9]11.049|-0.52

=

FHEFWW200K 22
: 3% .
==L EHEFNAUWa 2

000 000 - .- 000 0-0 - -
000. 000 - - 0-0 ' 0-0 - ) - '
1 |=150e|=60el{1e13 [=0+19|=1504]-85+84]|1413 |~0.45
12 7 0«0 00§ - - =126 =-6.5|1.087|0.105
13 8‘ -265. —77;4 1.103 ‘0.09 -1150 "107- 1-092 ‘0027
i0 1 9 - 0.0 0e01141191-0.04]-384.6 9.711.13 [~-0.08
"9 12 523 Te3|10841=0412{115e41 1145}1.073|=0.25
12 | 10 {-7543|=10.6}1+412 |-0%04|=-1544{-18.3|1.13 |-0.09
- 12 13 {-33.1 0ab]1.0B6|=0e12}116+49|-29.0|1.074|~0.28
12 14 00| 04017.044] 0.0 0.0 Ous0|1.0C44) 0.0

i)

e

- Pigure 4.70 shows that the line facilities used in thae
network under contingency are not the same as in the base
cases Combining the facilities used with and without

-

contingency in Fi%. 4.10 produces ;the saﬁ;? network -
é%nfiqﬁration_obtained by *"mode 1". TheJéifferent costs (
fixeds variables and-energQ losses costs) 6f the expansion
design obtained using Qmode LA and."moﬁe»O"g 'aloqq with the

costs in the static case of planning without contingency

testy ‘are listed for comparison in Table 4.14. An annual
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1ntérest<ﬁnd inflation rates of 8% and 2% reSpectivelyrace
used 1n calculafing the different COStsSe An Operatin§~time
periodu of 3 months in the 10 years pl;nninq period 1is
assumed for the continqency Eonditions. A specifit criterion
for determining such operatinq period may be developed 1n
the futurey taking into account the probablllty of occurance
.of the different outages as well as their relatlve severlty.

-2

Table 4.14: Cost comparison for different static desxgn

---------- conditions
MODE OF |TIME CASE FIXED VARIABLE |ENERGY
PLANNING |SEGMENT |STUDIED, |COSTs $ |COSTy 5 |LOSS COST
k ' v 3 )
Istatic R k=1 0e0| 193734227 39406640
without
outages
Static | = 1 ®41  [303,345.0[1+592,007| 4244490
Jwlith "mode 1"| ‘ i
outages k=2 0«0 145,453 14,2340
5 g k=1 0.0 1+3739227] 39409540
"mode 0" ER - ,
k=2 303,845.0) . yﬂé.uas 12464740

4eba3el Discussion of The 14=-Bus System Planning With

kY

Contingency
From. the above applications we can see Fhat the model is
capable o?‘ handling the reliability test wefficiently- The
contlngency evaluation .1s_performed by 1nclud1nq different
sets of constraints with accompanied modifications 1n the

cost function to ensure that %he optimal design c¢btained:
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will perform satisfactorily -under - outagqe conditionse. 11

types of single or multiple contingencies can be included at

the same ‘time segment or at different time segmentss "with
the static or the dynamic mode of planninges Comparing the

netéork confiéurations -obtained wWith {he reliability fest,
using "mode 1" and ‘"mode 0", Fige 4.5 and Fige. 4e1Qy
respectivelys it .is fdund that the overall final design 1is
the same 1n both casese. Future denetator bus 7 and two lines
(existing line (9-10) and future line (7-12)) are used in
this Aétudy_while théy have not been used before in the
static design - obtained without the contingency evéluation

(Fige. Ue8). An increase in the network overall cost 1is

fesulied (Table 4.74), in this case for the sake of"

improving the network reliabilitye. For example. the use of

line (3-10) prevents the isolation of generator 'bus 9 or bus

10y if line (9-12) or line (10-12) ié subjeéted to outaqef;
as it woul& happen in the design shoyn in Fig. 4.3. Due to
the near radiality construction of the networkv‘ 1t 1s
noticed that somé of the bus swiﬁq aﬂqles become at thélr

stability limits under the contingency conditions. To

appreciate the addition of the new facilities to the static

‘design to improve the network  performance under

disturbancess the static solution of the network with the

same outages is obtained Q;ing *mode 1"y since it 1is the

 practical mer of operation under contingencyes but without

imposing any limits on the bus voltage magnitudes and swing

~
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ahqles in the nétwork- The overall network design in this

case 1is-shown in Fig. 4.11.

——=Existing Line
* —m—=Future Llne

103020379

32212
Q- P

13112
B

114.5]| 21045

§1°_ 1102fosms

Figure 4.711: Network -configuration under outagess using
——————————— "mode 1" and' without limits on the bus voltage
variables.

+

T



Table 4.15:

Values of

27

the network parameters under.
————————— contingencys obtained using "mode 1"
-FROM {TO ACTIVE _ REACTIVE *TO* BUS *TO*' BUS
BUS BUS JPOWER» MU POWERy MVAR|VOLTAGE MA=-|SWING ANGLE
. GNITUDE, relectracal
Pale degrees
1 12 322.12 ~13%e28 13457 -31.377
14 -1 ,367+62 -118.34 1.0302 -21.727
2 3 132.19 ° =32«305 1.1218 -584350
2 3 A14.65 - 52«457 1.01481 -55.31 .
2 6 0.0 0.0 .- -
12 2 2583.23 31.202 10811 -U3.653
3 -4, -38.6886 ~103.29 1.2241 -57.43
3 5 - - - -
4 5 - - - -
4 11 -143.11 -145434 1.3499 -30.6384
7 12 - - - - : .-
13 8 |- =114.5 —270.45 1.162 -38.89
12 9 -117.25 -80.317 1020239 -41,126
10 12 152.14 1103 1.3457 =-31.377
12t 13 121.33 =171.28 143575 -54.54
12 1“ - - 100“4 0-0

The - power -flow pattern and the

(voltage magnitudes and swing angles)

the outaqge

of generator

bus 6

and one of

bus voltage

variablgs

in the network under

the largest

generating units of bus 8y are given in Table 4.15 for "mode

1", From Fige 44711 1t is found that the design obtained is

the same as
without
account of

their stabil

performance of the network under outage conditionse.

that obtained
contingency evaluation

severe vioglations of

ity limitse

(F

before in

1ge bed)s

the voltage

These violations lead

the static

solution

but. on the

parameters to

—

to unstable

The

advantages eof inéluding the reliability test in the planning
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model would be more appreciated‘ 1f. the system under
consideratioﬂ has more alternatives to. be used (forming more
_closed Ioops-éystem}' and with more outages to be studied in
the designe The lack of practical,data prevented s0 far the

further applicaﬁions for the model.
. B
4.7 Concluding Remarks—

’The above applications and results show that the new
optimizZation model for long range transmission planning is
capable of perfbrmiﬁq ' efficienﬁly and accuratelys both ‘the
Vstdtic and the dynamic modes of planning. The nonlinearity
nature of the model formulation allows  the accurate
presentation of the diffe:ent_netwprk cost functions as well
as the-system ope:ational and seéurity constréints. The
model in its final form is capable of handling the diffgrént
types of outages as a method for a reliability teste This
test is very iﬁportant in the planning process to make sure
that the system will pecform s;tisfaéto:ily uhder;
disturbancéSo otherwise  unstable systeﬁ performance may
OCCUrs Since the inclusion of the contingency evaluation
procedufe increases the size of the prob;emf_an accurate and

highly efficient contingency ranking routine is required to

allow the model to examine only the severe outage cases.



Chapter V

CONCLUSIQNS AND_EUTURE_HQRK.

The results obtained from the applications Of the new’
mode;s preseﬁted and discusséd in chapters 3 and 4y suggest
the overgll concluéions of this Wwork which are summarized in-
the followinqmséctions. The conclusioné are folléwed by the
recommendations for future work in the'aréa of pover system

planninge.

5.l Long_Range_Distribution_Plannipng _Conclusions
The conclusions derived £from chapter 3 concerning. the

long range planning for distribution systems are listed as

follows:
"1« . An accurate and a continuous model in the variables of

long range distribution planning has been sudcessfully

developed.
Z. The ﬁodel overcomes most of the limitations existed in
the previously reported models = . in  the power

distribution system' planninge

3. The néw model taKes into account‘the exéct functions
of the running costy the cqpitalized coét.v and the
cost oﬁ‘ the energy losses of both feeders and

substations in the networke.
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The formulatioﬁ‘of the model 1s suitable for both
Stétlc (one- time step) and dynaﬁic (time-phased)
planning of large distribution networkss and has beeh
applied successfully in both modes. -
It' has been shown that the dyﬁamic solution 1is

preferable to the static solution in terms ‘of lower

overall network coste

The continuity hature of the model permits further
implementaticn hof-' otﬁer " nonlinear applications
associated with the planning‘rétudieSv ‘such as
reliability and continqehcy analysis. | ,
The number of variables involved in the.‘new model is
muéh less than the - correspondihg humber in the
previéusly reported models. |

Despite the confinui;y and-the humber of variabies in
the prOpos%d MOdel; the advanced optimization routinel
used allows ;the optimal solutions to be always
obtained efficiently. |

The sparsity facilities available in the routiﬁe makes
the model capable of dealing with large distribution
systems'accucately and efficiently.

The‘ model permits the . implementation of the new
féatuce ofr possible expansion in- some or all of.the
existlhq netwozk facilitiese.- This feature Qouldféive

s

more economical and practicargﬁlans.

<
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Transmissian_Planping_Conclusions

The following are the conclusions obtained from the

applications of the new transmission planning model. .

1.

3e

Te

"cost of the energy losses. .

A'new optimization model for long range transmission

planning is developeda.

The model presents an .accurate CONtlNUDUS C¢Oost

function which includes the fixed cost  of any new

" liness the operating and maintenance costs  and the

r
1

The model has the advantage of including accurately

the system operational apd security constraintss.

The ‘model has the superiority -of accounting for the

'stability limits on both bus voltage magnitudes and

- - & :
SWing anglese. -

‘The reactive power constraints aré 1included 1n the

- ° .

-model producing more accurate and informative resultse.

In addition they provide a simple mean for bounding
bus reactivé ‘ﬁouers which play an iﬁpdrtant Tole 1in

the system stabilitye.

'Bqth static and dynamic plans of the transmission

systems .can be obtained easily and accurately by the

modele.

The advanced optimization routine useéd overcomes the

’

- difficulties that may arise .due to the contlnuity

natucre of the model. -
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The intensive study of the results obtained in this work

232

The model can be rearranged to optimize a certain

-performance index of the system under predetermined

budgetary constraintse

. The contingency analysis 1s considered in the model as

a part of the planning process where the different
. . D
types of outages can be handled at the same times with

the static or the dynamic modes of planninge

: } .
Although : the effect of the energy losses cost 1is

s relatively small and usually has no aeffect on the

planning decisionss it hasfbeen shown that it affects

b ]

the values of the bus voltage variables, leading to.

relatively more stable systemsj\

Presenting ths/;ecurate ‘ac power flow equgtlons as a
i . ._ .

set of constraints in the model :éliminates the

continuous need for load flow solutions for each

change occurs 1in thé’;Zkuo:k during  the  planning

g

. PLOCesSs : A

The model has relatively smaller‘number of variables
compared to the other models ' which perform similar
studies.

-

Becommendations _for Future 4ork

Aed

~—

offers uide ranging possibilities for different areas to be




ey

3.

o ‘ 233

S . ‘
The <careful study of the effect of the different.
welghting factors..as well as the model parameters on

the results obtained from both the transmission and

T ¢

‘the distribution models. This study is necessary in

order to unify the constants iﬁj eaéh model to ,bé“*l
suitab;e for ény system-requlred to be studied by
these models.

Furtﬁer‘implementation of the models td more practical .
systems }s regquied in order to establish the fuil
strengtﬁ and the different points of Qeakness. in the
new developed modelse. The lack of practical - dqta in
the literature Rrevented so fars the satisfaction og
this pointe The availability of such practical data
will also allow the determination of the largest
system which can be kandled by éach of the new models.
Dﬁe to the spé&ial format ° required for presenting the
systems data to the cptimization routine useds then
the éevelopment of a routine capable of writing the
mode)l data from the system data 1s necessérv for
reducing the effdrt imposed on tﬂe USere

Inéludlngﬂah accurate‘and efficient - load forecastiqq
routine in each model would'qive additional advantaqes
in the directidn of producing a complete planning
model i1n each area of planning in power systema

The development of a continqency‘rankinq rattine 1s -

another area for improving the performance of the

developed modelsiy - J
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- The i1dea of pro&ucinq a complete package for planning

the overall electric power - systems  suggests the
inclusion of botﬁ transmiséioﬂ: and distribution
planning models in oné.-model. This achievement could
lead to the global optimal planning of the power

system instead of planning each individual area in the

-system separately. ‘This packages 1if it 1s developed,

will not of course be <capable of handliﬁq lane power
sYstemé in accurate details,” due to the computer
memory limitationss It can qive‘however cutlines for
the overall optimal design of the system and then

further specific studies can be performed.
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