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ABSTRACT

This paper presents a methodology for the long tptamning of power transmission systems that
includes in the optimization problem the cost alvaee interruptions for the customers. Thus, tressic
transmission expansion planning and the value bagiedbility planning are integrated.

The proposed methodology combines the Chu-Beaglegialized genetic algorithm for solving the
nonlinear integer mixed optimization problem cop@sding to the expansion planning analysis, the
sequential Montecarlo simulation method to asskesreliability of the alternatives considered ir th
expansion planning analysis, and the AC power flovassess the system electrical performance of the
operative states corresponding to the expansiemaliives. As result, this methology allows theliexp
(objective, quantitative) assessment of the thsgeets that define from a technical point of vidwe t
service quality: reliability, security and poweradjty.

This methodology is tested on a real power systsimgucustomer damage functions obtained from a
study based on personal interviews. Conclusions(ayelhe results obtained by means of the tradtio
expansion planning analysis that is based on thep®4zr flow and then—1 loss of component criteria
are very different to those obtained by means ofletailed analysis as the proposed in this pagar th
includes an explicit asessement of the reliabibggurity and power quality aspects and the casthi®
customers of the service interruptions. (2) Itasgble to integrate the transmission expansionniha
with the reliability planning, two important tecloal fields that have traditionally been worked
independently. (3) More research is needed to eedlve computational time required by the proposed
methodology, a very important aspect for its agtian on large power systems. (4) For the systedeun
study, is observed that the reduction on the arstdstomers due to service interruptions is a gengl|
part of the required investment to improve theatality.
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1. INTRODUCTION

Under a competitive electricity market environméhtnecessary to evaluate the economic impact of
service unreliability in a more detailed way thahas been performed in traditional planning stsidie
adittion, the evaluation of other technical aspedii®ctly related to service quality, like voltage
regulation, it is a must due to its impact on otbperational aspects, like energy lossess, andigts
correlation with customer satisfaction with thevies.

Service reliability can be incorporated in the powsgstem planning problem formulation as a constrai
or as part of the objective function. When it isarporated as a constraint it is generally expresse
operational targets like a maximum failure frecoenmaximum hours of service unavailability,
maximum loss of load or maximum energy not ser¢the other hand, when it is incorporated as part
of the objective function it is expressed as th&t ob service interruptions.

The cost of service interruptions has two diffengoiints of view: The cost for the utility and thest for

the customers. The current trend in power systeamnihg studies is to use the cost of service
interruptions for the customer and this kind oflgsia is called “value-based reliability”. This nmsathe
mathematical problem of a power system will seek itnimization of investment costs, operational
costs and costs for customers due to service upgons.

The cost for customers due to service interruptisrefined as all the expenses the customerstbaile
due to blackouts. For example, if a blackout ocamd a customer buys a battery to power a radio to
listen to the news, this expense is a cost dirgetigted to the electricity service interruptiordda the
minimum value the customer accepts to pay to racone of the services supplied by electricity.rfra
theoretical point of view, is expected that thetdms customers due to service interruptions can be
translated into investmens for reliability improvemts.

The most common way to model the cost for custordeesto service interruptions is a function of cost
versus interruption duration that is called “cuseordamage function”. This function can be obtained
fitting a function, by means of regression analysisthe average cost reported by the customers for
different interruption durations that were askethiem in interviews.

2. TRANSMISSION SYSTEM EXPANSION PLANNING FORMULATI ON

The transmission system expansion planning prolol@msidering the cost of service interruptions far t
customers is expressed as the optimization profilém(10).

mnv= Y C:n: +9C 1)
@pn Y
Subject to: F;(\/,e,n)—PGi +PDI =0 (2)
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0<LC<LC (7)
0, from 0y cMmax
0,\to 0y cMmax
(M +mj)S; < (hj +1j)S; 9)
0< n” < nirjna.X (10)
Where: ijeQ,ieB, kel
G : Cost of a circuit that can be added in the rightval ij
n: Number of circuits added in the right-of-way
SC: Cost of service interruptions for the customers
n Maximum number of circuits to added in the rightvady ij
PGT , QGi : Real and reactive power generated atibus
Po» Qp, - Real and reactive load at bus
1 1
max min . . .. . . -
PGk , PGk » Maximum and minimum active power generation linaitdusk
Qé“kax, Qg‘ki”: Maximum and minimum reactive power generation nait busk
VDV Expected number of voltage violations
VDV Maximum number of voltage violations
LC: Expected value of the active load curtailed
—Mmax . . .
LC : Maximum active load curtailment
S”from, gtjo: Power flow in right-of-wayij , both >0
qrjnax: Maximum power flow in right-of-wayij
B: Number of buses
I: Number generation buses
Equations (2) and (3) represent the AC power flowations, where:
(12)

Where:

Vv, 6.
% G-

Voltage nagnitude and phase
Conductance and susceptance matrixes

The set of all possible expansion alternativesnésfihe solution space of the optimization problem.
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This formulation is a non-convex mixed integer timear problem that includes an explicit (objective
guantitative) assessment of the three aspectsidiiae from a technical point of view the qualitiytbe
service:

« Reliability: By means of the minimization of thestdor the customers of service interruptions and
the maximum value for the total load curtailed.

« Power quality: By means of the assessment of weltagulation and the maximum value for voltage
violations

e Security: By means of the convergence of the pofiaw that is performed for the proposed
expansion alternatives.

Even for systems with very few components, thetamluspace(? is of huge order. On the other hand, in
a strict sense, for every expansion alternativeQinis mandatory to evaluate the system electrical
performance of every operative state, i. e. alldtaes resulting from the loss of the componértisis,

the combination of all the expansion alternativethe solution space and all the operative statdbeo
expansion alternatives leads to a “combinatorigll@sion” that makes the power system expansion
planning problem a task almost impossible to sotve rigorous way for real power systems.

The strategy to overcome the problem of combinat@xplosion is to reduce the number of cases to be
studied i. e. the analysis will seek for a gooddibie solution not for the best one. The most commo
approach that have been applied since long agodasaluate a small set of expansion alternativéaet

by an expert (engineeging judgment) and for therav@luate the system electrical performance of the
operative states defined by the very knomn1 loss of component criteria by means of DC load/flo

3. PROPOSED METHODOLOGY

The methodology proposed in this paper combines:

* A genetic algorithm (GA) to search it for a good expansion alternative. In this procedilre
expansion alternatives are called “individuals”.eT@hu-Beasley Specialized Genetic Algorithm
(CBGA) is used because it is more efficient tham titaditional GA algorithm: CBGA replaces per
iteration only one individual that has been impibwehat is very different to the conventional GA
algorithm that replaces all the population of indials per iteration. Thus, CBGA keeps constant the
size of the alternatives population which improwkg convergence process and reduces the
homogeneity of the population. Details of CBGA &r¢8], [10].

« The sequential Montecarlo simulation method (SM3M)assess the reliability of the expansion
alternatives selected by the CBGA: A simulationgists of N iterations or artificial observations of
one year of system operation under the conditipegifed by a scenario defined by the expansion
alternative that is selected by the CBGA and th&esy maximum demand. Within iterations, the
sequence of component outages and restoratioene&aed. Details of SMSM are in [4], [6], [7].

« The AC power flow to assess the system electrieafopmance of the operative states of the
expansion alternatives selected by the CBGA: ThepA®er flow is performed for the periods when
a component is lost. There will be a “failure” ofoad point if: 1. it is isolated, 2. load curtaént is
applied, 3. there are voltage violations (895, <1.05). Details of this procedure are in [4], [G]].[

Figure 1 shows the flowchart of the proposed methary/
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Figure 1. Flow chart of the proposed methodology

The modeling of the system includes: load pointrlyoactive and reactive demand for ordinary days an
holidays, two state probability models for all gmstcomponents, internal generationg dispatch taking
into account the availability of the primary enemggources and generator capability curve, randesne
on the availability of the support that externabteyns can give and operative actions such us load
shedding and adjustment of reactive equipment. &tegeerative actions are applied when there is
abnormal system operative conditions like overloaflbusbar voltages out of limits. More details are
given in [4], [6], [7].

The CGBA uses the objective functiofitriess) and an unfeasibility functiorugfitness). The unfitness
function correspond to a penalty when the relibitionstrains are not met. The value of the objecti
function is used to implement the selection procedand in the substitution of an individual in the
population when all members of the population @asibles. The unfeasibility is used to substitute a
individual in the population when there are prof®sd unfeasibles solutions in the initial popubati
More details are given in [8], [10].

The process finishes when the pre-specified nurobeterations is satisfied or if the better solatio
obtained do not vary in a pre-especified numbeteoétions.
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4. EXAMPLE AND RESULTS
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Figure 2. Power system of the city of Pereira

The proposed metodologhy was applied to a powdesythat serves approximately 115,000 customers
in Colombia. See Figure 2. Data of this systemiiemy in [4], [5], [6], [7]. The customer damage
functions (13) and (14) were taken from [2], [3h€eBe functions were obtained by means of a survey
based on personal interviews.

2
2

Day: C = (~0.009X
Night: C=(-0.0074

+ 13.407 — 181.47)/2310.568% KW (13)
+ 12.159 — 80.288)/2310.5600% KW (14)

Where:C : Average cost of service interruptions per kWeogtomer demand
T : Average time to restoration of the element thabnsidered lost

An expansion planning study was performed for a y@tgh a maximum system demand of 100 MW.
Only single outages on transmission componentscansidered although the methodology can also
consider double outages on any kind of compondmg. cses of study shown in Table 1 were defined to
compare the proposed methodology with others miarplistic. The global results for the test systam a
shown in Table 2. The upper indexes in the compsnenbe added indicate the number of transmission
lines required in a given right of way.
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Table 1. Cases of study for the test system

Case Description Observations

I System without expansion Solved using sequentiahtéoarlo Simulation, AC power
flow, and single outages on transmission components

I Expansion obtained by means of | This method adds components until there are ndaads. It
GRASP uses DC power flow.

1l Expansion obtained by means of the Lo _ 5%, Vov™ _ 40, 100 iterations
methodology proposed in this pape

Table 2 — Results of the expansion study for teedgstem

Case | Case Il Case lll
Results System without expansion | Expansion obtained by Expansion obtained by means of the
means of GRASP proposed methodology
Components to be added| - | el 1-3t,1-6, 3-&, 4-5, 6-7, 7-11
Load curtailment [MW/year] 1322.65 0.00 0.59
Voltage Violations 19.02 Not calculated 1.66
[event/year]
Investment Cost [USD$] 0.00 0.00 7'000,000.00
Cost of interruptions for
custormers [USD$/year] 588,550.00 Not calculated 510.26
Required computational time 06 15 900
[hours]

o

CONCLUSIONS

The results obtained by means of the traditiexaknsion planning analysis that is based on the DC
power flow and then—1 loss of component criteria are very differentitode obtained by means of a
detailed analysis, as the proposed in this papat,includes an explicit asessement of the reitgbil
security and power quality aspects and the coghficustomers of the service interruptions. Fer th
conditions defined for the expansion planning &f $igstem under study, the results of the simplified
approach are misleading because they show thahsixais not required.

It is possible to integrate the transmissionamgon planning with the reliability planning, two
important technical fields that have traditiondllyen worked independently.

More research is needed to reduce the compugtione required by the proposed methodology, a
very important aspect for its application on lapgaver systems.

For the system under study, is observed thatdtiection on the cost for customers due to service
interruptions is a very small part of the requinedestment to improve the reliability. However,ghi
result depends on the specific economic conditmithe customers and cannot be generalized to
power systems of other countries or regions witly dfferent economic development.
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