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Reliability and Costs Optimization for Distribution
Networks Expansion Using an Evolutionary
Algorithm

Ignacio J. Ramirez-Rosad®lember, IEEEand José L. Bernal-Agustin

Abstract—This paper presents a multiobjective optimization and geographic conditions of the analyzed distribution system
methodology, using an evolutionary algorithm, for finding out zone). However only classic multiobjective optimization tech-

the best distribution network reliability while simultaneously niques were used [11], [12] to obtain a subset of satisfactory
minimizing the system expansion costs. A nonlinear mixed integer - . ’ .
optimal nondominated solutions.

optimization model, achieving the optimal sizing and location X . e .
of future feeders (reserve feeders and operation feeders) and Particularly, in specialized technical papers, very few works
substations, has been used. The proposed methodology has beehave studied the network reliability optimization simulta-

tested intensively for distribution systems with dimensions thatare neously with the minimization of the economical network
significantly larger than the ones frequently found in the papers expansion costs for the multiobjective optimal expansion of

about this issue. Furthermore, this methodology is general since distributi t Th thi timal ion has b
it is suitable for the multiobjective optimization of n objectives IStribution systems. us, this opumal expansion has been

simultaneously. The algorithm can determine the set of optimal Carried out, occasionally, by a single objective (mono-objective)
nondominated solutions, allowing the planner to obtain the of a function corresponding to a linear combination of the
optimal locations and sizes of the reserve feeders that achieve theeconomic costs and a reliability costs function [13], [14].
best system reliability with the lowest expansion costs. The model o yvever, the economic evaluation of the reliability worth is
and the algorithm have been applied intensively to real life power . .
systems showing its potential of applicability to large distribution a complex and often subjective task [15]. In this papgr, Fhe
networks in practice. presented methodology, and the treatment of the reliability
by using the concept of objective function, avoid having to
evaluate such reliability economic values.

Common papers about optimal distribution design do not in-
clude practical examples of a true multiobjective optimization
. INTRODUCTION of real distribution networks of significant dimensions (except

HE OPTIMAL design of an electric power distributionin [171), achieving with detail the set of optimal multiobjective

T system has been usually approached as the minimizatf#ndominated solutions [11], [12] (true simultaneous optimiza-
of a single objective (mono-objective) function which representi@n of the costs and the reliability).
the economic costs of the global system expansion, considerind NiS Paper presents a new application of a evolutionary al-
the optimal size and/or localization of the feeders and/or subs@ithm for the multiobjective optimal design of distribution
tions of the distribution system in a single planning stage or fiystems that allows for optimizing objectives simultaneously
several stages (multi-stage) [1]-[8]. (base_d on Pareto optimality [1_1], [12]), as a new muItiobjective_

The multiobjective optimal design has been dealt with by feflanning approach. This algorithm has been used for the multi-
authors showing examples of application to distribution sy§bPiective optimal design of distribution systems that present sig-
tems. In previous works [9], [10] several optimal mumobjecmﬂcantly larger dimensions and optimization complexity than
tive planning models were tested and validated intensively H%St of the networks frequently found in the specialized papers
computer experiments for multi-stage planning under a co@out distribution system optimal design. Also, the new algo-
pletely dynamic methodology [4] and a pseudodynamic o,qg;r_nm uses a non_blnary alphabet, which allows for more flexi-
[1], [5], optimizing simultaneously various objectives (distribuPility and for easily taking into account some relevant aspects
tion system global economic costs, system reliability, V0|tagg the design such as, for example, various feeders sizes and di-

profile, aesthetic values associated to the distribution systeff'Se substations sizes. However the evolutionary algorithm of
this paper obtains the optimal reserve feeders (feeders that are

not usually operating except for failures in the distribution net-
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life distribution systems that shows its potential of applicabilitwhere

to large distribution networks in practice. Nrg
Il. PROBLEM FORMULATION Nrp
A single objective (mono-objective) constrained optimization
problem is the search for the optimum of a function of variables £ #
subject to several constraints [11], [12]:
min 2(z)
subjectto: g (z) <0 i=1,2,...,m Ng
z; >0 3=12 ...,p Ne
Nsg
wherez = (z1,%2,...2p) € R, R = setofreal numbers.
The objective function(z) and the constraintg;(z) canbe  Nsp
either linear or nonlinear functions of the variabigs The fea-
sible region is: Nsr

X ={ziz € RP, g;(z) <0,z; > 0forall, j}.

A multiobjective optimization problem is associ-
ated with a n-dimensional vector of objective functions
z(z) = [z1(x), 22(z), ... zx(2)] in the feasible regionX. Ns
Instead of seeking a single optimal solution, the sulet N,
of “nondominated” solutions is sought [11], [12]. The main (¢, j)
characteristic of the nondominated subSeif solutions is that ~ (X%),
for each solution outsid& (but still belonging toX), there
is a nondominated solution for which all objective functions (X;;),
are unchanged or improved, and at least one which is strictly

improved. (Xi)r
Formally, the multiobjective problem
min-dominatez(z) subject taz € X (X))
ij)E
has an associated s&of nondominated solutions [11], [12],
S = {z:z € X, there exists no other’ € X such that
(CVij)E
z,(z") < z,(z) for someq € {1, 2, ...n}
(CVij)a

andz(2') < zi(z) for all k # g}.

In this paper, the multiobjective design model is basically a (CFij)a
nonlinear mixed-integer one for the optimal sizing and location
of feeders and substations, that can be used for single stage ¢€'Vi) e
for multi-stage planning (under a pseudodynamic methodology
[1], [5]). The vector of objective functions to be minimized is (CVi)s
z = |21, #2], wherez; is the objective function of the global

economic costs [18], angb is a function related with the reli-  (CFy)s
ability of the distribution network. Then, the objective function
21 is: (Y)s
1 =

Z Z [(CFL)u(Ya)s + (CVi)u(Xa)i] + Z Z (Yij)a

kENg bEN, (i,5)CNp acNg

A(CF)a(Yij)a+(CVij)a [(Xi))3 + (X;i)2]

+ > (CVie [(X)h + (X7
(#,5)ENFE

+ Z (CVi)e(X))E (1)

k€ENsE

= set of routes (between nodes) associated with
existing feeders in the initial network.

= set of proposed feeder routes (between nodes)
to be built.

= set of routes (between nodes) associated
with selected routes for building feeders. The
planner selects the routes of this sAt(g) for

the building of feeders. Only the feeder size is
a variable.

= Npp U Npgr

= set of proposed feeders sizes to be built.

= set of nodes associated with existing substa-
tions in the initial network.

= set of nodes associated with proposed loca-
tions for building substations.

= set of nodes associated with selected locations
for building substations. The designer forces to
the program to select the routes of this(@€t r )

for the construction of feeders. Only the substa-
tion size is a variable.

= Nsp U Nggr

= set of proposed substation sizes to be built.

= route between nodesand.

= Power flow, in kVA, supplied from nodé €

Ns associated with a substation size

= Power flow, in kVA, carried through route
(¢, j) € Nr associated with a feeder size

= Power flow, in kVA, supplied from nodk as-
sociated with an existing substation in the initial
network.

= Power flow, in kVA, carried through route
(4, 4), associated with an existing feeder in the
initial network.

= Variable cost coefficient of an existing feeder
in the initial network, on routé:, j).

= Variable cost coefficient of a feeder to be built
with sizea, on route(s, 7).

= Fixed cost of a feeder to be built with size

on route(s, 7).

= Variable cost coefficient of an existing substa-
tion in the initial network, in the nodé.

= Variable cost coefficient of a substation with
sizeb, in the nodek.

= Fixed cost of a substation to be built with size
b, in the nodek.

= 1, if substation with sizéh associated with
nodek € (Nsp) is built. Otherwise, it is equal
to 0.

= 1, if feeder with size a associated with route
(¢, j) € (Npp) is built. Otherwise, itis equal to

0

An original method has been developed which allows for ob-
taining the functiornz, related to the distribution network reli-
ability in order to carry out the optimal multiobjective design.
For example, in Fig. 1, a portion of a distribution network is
represented, including all the actual feeders, that is, the feeders
in operation (that usually supply the power demands). It has
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where

Ny = set of “fictitious” routes (fictitious feeders)
connecting the network nodes with the ficti-
tious substation.

(Xf)w e = power flow, in kVA, carried through the
fictitious routef € Ny, thatis calculated fora
possible failure of an existing feeder (usually
in operation) on the routé, j) € Npg. In
this case, reserve feeders are used to supply
the power demands.

B Substati (Xf)@,55a = Power flow, in kVA, carried through the
ubstations fictitious route f € Ny, that is calculated
©® Demand nodes ; . L
O Fictitious substation for a possible failure of a future feeder (ini-
Feeders in operation tially proposed feeder, that is built in a given
""""""" Reserve feeders solution), on the routéi, j) € Ny with a

T Fictitious feeders feeder size:, considering the reserve feeders,

as above mentioned.
(uij)E, (1ij)q are constants obtained from other suitable re-
liability constants in the distribution network,

Fig. 1. Representation of fictitious feeders and the fictitious substation.

been assumed that the distribution system can be completely including several reliability related parame-
automated. Additional “reserve” feeders are connected to the ters such as failure rates and repair rates for
distribution network when a feeder failure appears in the ac- distribution feeders, as well as the length of
tual feeders in operation of such network. The substation that the corresponding feeders on roufés;) €

is located in the node number 11 does not really belong to the Npgor(i, j) € Np.

network. It is a “fictitious” substation that is connected, using The simultaneous minimization of the two objective func-
the “fictitious” feeders, to the demand and transshipment nodésns is subject to technical constraints [16], which are:

(network nodes) in order to calculate the values. Further- ) The Kirchhoff's current law constraints for all the nodes
more, the “fictitious” feeders are not real feeders but useful el-  of the distribution network.

ements for evaluating the objective functien corresponding ) The capacity constraints for the feeders (and for the sub-
to successive single feeder failures of the actual feeders. Thus,  stations), that limit the power that can be carried by the
first order failures are approximately emulated, by applying this  feeders.

method, in order to carry out the multiobjective optimal design. c) The voltage drop constraints, that limit the voltage at
Therefore, the electric power, that can not be supplied to the de-  the distribution system nodes to the minimum allowable
mand nodes by the actual feeders and the “reserve” ones in such yoltage value.

failure events, is provided by the “fictitious” substation using th presented multiobjective optimal design model has
mentioned “fictitious” feeders. More fictitious feeders, than thﬁeen applied to several real distribution networks. Also, a

“necessary” ones, exist because in this way the algorithm d‘?ﬁano-objective model, that minimizes one single objective

not need to “examine” the distribution network for determinin@costs) has been applied to such real distribution networks
the minimum number of fictitious feeders in order to supply ey, sing the technical constraints mentioned previously.
mand nodes in case of single contingency (thus, the algorithm

needs lower time of CPU for calculations). The total amount
of power flows carried by the “fictitious” feeders for each one
of the emulated first order failures, and for all the failures, are
used to obtain the, value. This function is measured in kwh A. Optimization Technique (Evolutionary Algorithm)

and, in this paper, it is named function BIZN S (function of A non binary (integer) alphabet has been used instead of
“expected energy non supplied”), 6tE N S. This described the binary alphabet (frequently used in various evolutionary
method also allows to represent several feeder failures S'mbligorithms), which allows to implement easily the optimization
taneously, without increasing the complexity of such methogyodel of this paper, including relevant design aspects that
The substations have not been considered in the calculation@fyid have hardly been considered with a binary alphabet.

the functionz;, but they can be included easily using the evolu- The possible solutions (individuals) obtained by the evolu-

I1l. OPTIMIZATION TECHNIQUE AND MULTIOBJECTIVE
OPTIMIZATION

tionary algorithm described later in this paper. tionary algorithm of this paper are coded as follows: For ex-
~The objective functior, for the optimal multiobjective de- ample, a possible solution of the optimal distribution network
sign Is: design can be represented by a set of two strings,
m= D> > (w)e(Xp)a e 030102111 12,

i, J)ENER fEN, ' . L
(b )ENTr ! where the first string represents the distribution feeders routes

+ 3 S ST WialXp)ise (2 and the second represents the substations locations. The first
(i,5)CNF fEN; aENg string of the example of a given distribution design solution,
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minimize them simultaneously. The solutions 1, 2 and 3 are non-
Objective 2| dominated solutions [11], [12], and they are the best ones from
] the multiobjective optimization. If a given solution is “domi-
nated” at least by some other, then it is named dominated solu-
tion. In this paper, the dominated solutions are classified as fol-
4.(5) 7 (7) lows: if a solution is only dominated by another, then it is clas-
sified as solution of degree 1 (solutions 4 and 5 in Fig. 2); ifitis
dominated by two other solutions, then it is named solution of
degree 2 (solutions 6 and 7 in Fig. 2); and so on. For example, so-
243) lution number 5 is dominated solution of degree 1 because only
the solution 3 has better values for the two objective functions.
‘ The nondominated solutions have the best aptitude values, the
solutions of degree 2 the worst ones, and the solutions of higher
degree are not considered in the optimization. A range (humbers
in brackets in Fig. 2) has been assigned to the solutions of the
contains zero positions of the string indicating that the COITRig. 2. The nondominated solutions (solutions 1, 2 and 3) have
sponding distribution routes are not used for feeders buildingeen ordered from the best value to the worst value (from range
and its remaining positions give the used routes and the sizeg g range 3 respectively) only considering one of the two objec-
the feeders in the distribution network solution (sizes 1, 2, 3jye functions (for example, the objective function 1, assuming
The second string represents the substations locations wheregyis the decision maker considers it as the most important one).
positions give the used locations and the size of the built suphe dominated solutions of degree 1 (solutions 4 and 5) and the
stations (size 1, 2). Ina more general case, this string could alggninated solutions of degree 2 (solutions 6 and 7) are succes-
contain positions with values 0, representing locations not usggely ordered with the same approach as the above mentioned
for substations building. Furthermore, reserve feeders are réPrat is also applied for dominated solutions of higher degree).

resented by positions of the first string, with integer numbejgierwards, the aptitude [19] of a solutior™is obtained as:
greater than 100. For example, a string position with the number

103 indicates that the corresponding network route contains a__(Range of the worst solution range of solution)
reserve feeder that has been built with the feeder size number 3.2 (Range of the worst solution range of solutiory)
The number of integer variables (that is, the number of positions
of the feeders string and the number of positions of the substa- 3
tions string that can change during the optimization) can be cal- ) L
culated with the expressiotNgp U Nrg U Nsp U Nsr where Z (Aptitude of solutionj) = 1. (4)
Nrp, Nrr, Ngp and Ngg have been defined in Section II. J

The evolutionary algorithm works with a population of indi- For example, for the solution 5 of the Fig. 2:
viduals (solutions), that can evolve by means of the application . )
of several procedures of selection, reproduction, crossover and ~ Aptitude of solution5 = (7 — 5)/21 = 0.095.

mutation [19]. Each possible solution can be evaluated (usingThe complete multiobjective optimal design is composed
the objective function), and a certain aptitude value is assigngqe, o g multiobjective optimization processes, carried out
to it. Thus, a higher aptitude value is associated to the SOIUtiOQ?ccessively. They stop automatically when thé number of
with a better value of the objective function (evaluation funcﬁondominated solutions becomes equal to, or greater than, the
tion). The aptitude determines a higher or lower probabilityforl,ffuumber of individuals of the population m,inus ten. When, a

given solution of surviving during the optimization. After usingpr cess finishes, the evolutionary algorithm saves a sample

the habitual operators, some of the solutions will disappear aﬁ'ﬁnondominated solutions (thirty solutions distributed in an

qther new ones W!” appear, this leads to a new populat|_on aﬂlqiform way along its nondominated solutions curve), and the
finishes a generation (iteration) of the evolutionary algor'thmfollowing process starts from these nondominated solutions.

All the new operators, C”t?”a and method; from a p.reV'OLﬁuring the evolution of the various multiobjective processes,
paper [18] have been used in the new algorithm of this PaRfk resulting curve of nondominated solutions moves, im-

for the multiobjective optimal design of distribution networks roving the two objective functions values of such solutions.

as wgll as a special simplex algorithm [20], much faster than t e movement of the curve has been observed experimentally
classic one. by measuring the displacement of a point named “center of
ideals.” This point is located in the middle of the linear segment
between the end nondominated solutions of the curve, named
The model of this paper, can be used for the multiobjectiValeal solutions” (ideal solution of costs and ideal solution of
optimal design of distribution systems considering n objectivegliability). When the displacement of the “center of ideals”
although it has been applied for two objective functions (ects lower than a given small value during several successive
nomic costs and reliability). For each design solution of the digiultiobjective optimization processes, then it has been noticed
tribution system, the values of the two objective functions atbat the curve of nondominated solutions practically stops and,
represented as shown in the Fig. 2, where the planner wantshterefore, the complete multiobjective optimal design finishes.

142)

Objective 1
Fig. 2. Representation of solutions of a multiobjective optimization.

B. Multiobjective Optimization
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43 41
TABLE | m 1ss 154 | 40 39 37 13152 151 1712 181
DISTRIBUTION SYSTEMS CHARACTERISTICS 16 N 153 [
) 36 22

42

CASE 1 2 3 i o

48 45 19 18 17
b 4

Existing nodes 114 45 88 1574 go P oo
Total number of nodes 201 182 417 ) L“.’ 0 sl e o m om ||
Existing routes 113 44 86 138¢—0 & - -
Proposed routes . 113 163 387 [26 5 21w
Number of variables 0-1 339 328 776 !

20} 30 31 148 3
-

*The variables 0-1 refer to equation (1) of the mixed-integer model 51 30 _J1so 175 4
of section 1. o7

o
*

32 9 72
p

A new operator, named “filter” operator, allows for deter
mining a maximum allowed limit of the global economic cost I
. . . . - 52 53 56 82 81 [80 79 78{76[74 73 163 83
of the distribution system solutions. Thus, the planner este I/\ ey p-—e
£
L]

33 34 135 7 8 10 82 174

lishes a percentage value (“filter” operator value) representi 160

an increment percentage, that has to be applied to the objec 55

function (z1) cost value of the ideal solution of cost, in order tc 60 1 e

determine the mentioned economic limit. Therefore, the filte " . o 14 117 118 16 112

operator leads to drop expensive solutions with global econon

costs larger than that limit. In this way, distribution network sc  's—'*’ )’ b e -
75 6: /.

An

58

lutions with too many reserve feeders, and therefore unsatisf o g0 | [02p\ N
tory solutions for the planner, are discarded. es] o 127 126 68

2
. 1014

176 \J104]
>
177

65 66 67 180 54

IV. COMPUTATIONAL RESULTS 0 MNP

d
The new evolutionary algorithm has been applied intensive 15 | o6 N9t lso g8 87/ os 115 o7

to the multiobjective optimal design of several real size distribi i

144 | 167 140 139 166 1/138 137 |53 |59 [95 94 Jo3
- . o oo

tion systems. A compatible PC has been used (CPU Pentiun o
150 MHz and 16 Mb of RAM) with the operating system Linux
3.0 and the compiler gcc.
Table | shows relevant characteristics of three real distributis 13413312 128 i1 g0
systems used for testing the evolutionary algorithm. m.ﬂ,_lm
Most of the distribution networks data has been provided by a
Spanish electric utility. Notice the high number of variables O-ig. 3. Existing and future proposed distribution network for the case 2.
of the three distribution networks indicating that the complexity
of the optimization and the dimensions of these networks are TABLE 11
significantly larger than most of the ones usually described in  POWER DEMAND REQUIREMENTS IN kVA, FOR THE DISTRIBUTION
technical papers. NETWORK NODES

124 97

B Substations
* Network nodes

145 142 141
122 98
p

In this paper only the main data and results of the case 2w~ 224(1) 35 448 140 7 112 15 140 197 0 0
be presented due to the lack of space. Fig. 3 shows the exist 224(2) 176 224 6 34 125 4 119 168 0 0
10 kV feeders network (darker segments), for the case 2, and 81(3) 140 140 29 67 140 0 224 10 0 0
. 90 224 0 20 62 0 73 140 32 0 O
proposed routes (remaining segments) for future undergror 128 45 32 140 140 38 0 27 15 0 0
feeder building with two proposed feeder sizes,1%x400Al 131 90 10 90 131 9% 67 1;% 2(5) 8 gs
i i istin 353 140 5 0 140 66 105 5 5
and 3<150Al, Whlc_h are al_so t_he feeder §|zes_of t_he existin 179 224 0 140 224 140 0 172 0 0 0(178)
feeders. The existing distribution substation size is 40 MV/ 149 20 20 46 11 161 21 25 40 0 0(179)
and a future substation is proposed to be built at node 182w 66 224 50 0 140 224 74 34 5 0 0(180)
two proposed sizes of 8 MVA and 40 MVA. Table Il gives the 27 118 36 31 224 56 20 140 10 0
S 27 194 68 33 353 46 37 14 8 0
power demands of the distribution network nodes, that ha S 193 90 90 91 224 23 62 0 0
been included correlatively from the node number 1 until tt 140 126 140 224 140 85 37 133 0 0
node number 180. 62 224 25 353 24 179 47 140 0 0
i ; i hiant 69 0 15 196 14 530 58 448 0 0
Table 11l gives relevant results from the eight multiobjectivi 0 224 20140 79 75 48 90 0 0

optimization processes of the complete multiobjective optim

design that have lead to the final nondominated solutions cur From node (1) until node (180)
This Table Il provides, for each process (defined in Section lll,,
the objective function values (“cost” in millions of pesetas, and

“I'EENS”in kWh) of the ideal solutions, the number of generfrom the point of view of the reliability and in a radial op-
ations (Gen.) and the objective function values of the best toperating state (radial operation—best reliability). The complete
logically meshed network solution for the distribution systemmultiobjective optimal design finishes when the stop criterion
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TABLE Il

RELEVANT RESULTS OF THEPROCESSES OF THECOMPLETE MULTIOBJECTIVE

OPTIMAL DESIGN

Ideal solution

Ideal solution

Radial operation-

of cost of reliability best reliability
Process Cost FEENS Cost FEENS Gen. Cost FEENS
1 1061 8543 1140 305 150 1113 372
2 1059 8611 1166 263 18 1110 371
3 1059 8663 1168 248 76 1133 288
4 1059 8669 1175 233 18 1112 334
5 1058 8656 1173 206 48 1123 297
6 1058 8656 1173 206 41 1113 328
7 1058 8656 1167 200 41 1108 333
8 1056 9020 1157 208 60 1144 220
FEENS (kWh)
9000 I T 7 ]
8, e
%
7500 — -
6000 |- e —
-] [+
%%
4500 |- ]
m";h:B
LY
3000 o —
D 4
'lljn+m
1500 — S x‘&% -
e
%gmo%
Mgt opo o 0 o @ o o
th 0 omitng G5k o + O‘mm
0 Loy g el co am
1.05E+9 1.07E+9 1.09E+9 111E+9 1.13E+$  1.15E+9
COST (pesetas)

Fig. 4. Evolution of the curve of nondominated solutions.

(mentioned in the Section 11l of this paper) is met, showing th
the movement of the curve of hondominated solutions prac
cally stops. The used crossover rate is 0.3 and the mutation |1
0.02 in all the executed processes. The population is 150 ingji-
viduals in the first four processes, and it is 200 in the lasts fo
The operator filter is 15% for the first 7 processes, and 10% f

the last one.

Fig. 4 shows patrtially the evolution of the curve of nhondomi-
nated solutions during the complete multiobjective design. The

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 16, NO. 1, FEBRUARY 2001

horizontal axis represents the cost objective function values in
pesetas and the vertical axis thé& E N S values in kWh. Fig. 4
contains the nondominated solutions after 100 generations (rep-
resented by the symbg}), the solutions at the end of the second
process (symba}), and the ones when concluding the complete
design (symbol) that constitute a curve of nondominated so-
lutions. The algorithm does not obtain the complete set of non-
dominated solutions, since an evolutionary algorithm does not
guarantee the optimal set from a strict mathematical point of
view. However, according to our intensive computing testing of
our algorithm, the achieved computer results indicate that the
algorithm obtains a good practical curve of nondominated solu-
tions very close to the optimal one.

Then, after analyzing the curve of the final nondominated so-
lutions, the planner can select the definitive nondominated so-
lution, taking into account simultaneously the most satisfactory
values of the two objective functions. We believe that the set
of nondominated solutions is the best set that can be offered to
the planner in order to select the best satisfactory solution from
such set. Furthermore, he/she might decide to use a reliability
cost value and, thus, select the nondominated solution that is the
“closest” one to such reliability cost condition.

As above mentioned, Fig. 3 shows the existing and future
proposed distribution network for the case 2. Fig. 5 shows the
final selected multiobjective nondominated solution in this
paper, corresponding to the nondominated one that represents
the topologically meshed distribution system in radial operating
state with the best reliability achieved by the complete multi-
objective optimal design. Its reserve feeders are represented by
dashed segments.

On the other hand, the best mono-objective solution corre-
sponding to the optimal global economic expansion of the dis-
tribution system has been obtained from the mono-objective op-
timal design model mentioned in Section Il of this paper. There-
fore, the topological differences between the mono-objective so-
lution and the selected multiobjective solution can be observed.
Thus, there are 61 differences, in terms of feeders sizes, between
the two solutions. Therefore, notice that the simultaneous op-
timization of the economic cost function and the function of
reliability of the power distribution system has a very signifi-
cant influence in the result of the optimization, when compared
with respect to the classical single optimization of the economic
costs.

Similar computer results have been achieved from the mul-
tiobjective optimal design and the mono-objective one for the
case 1 and case 3, when analyzing the topological differences
between the obtained distribution system solutions.

Table IV gives the feeder fixed costs (F.Costs), the variable

gpsts (V.Costs) and the objective function values of the global

conomic costs (O.F.Costs), in millions of pesetas, as well as
%FEENS values in kWh, for the three cases, corresponding
the solutions from the multiobjective optimal design model
ultiob) and from the mono-objective one (Single Objec).

able V gives the percentage of variation (%VAR) for each one
of the economic costs and for the EN S, where

Multiob value — Single Objec vaIueX

VAR =
VAR Single Objec value

100
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Fig. 5. Solution from the multiobjective optimal design model.

TABLE IV
COMPUTER RESULTS FROM THE OPTIMAL DISTRIBUTION SYSTEMS
DESIGN MODELS

CASES 1 2 3
Single Multiob Single Multiob Single Multiob
Objec. Objec. Objec.
F. Costs 321 364 417 516 1108 1205
V.Costs 61.0 60.8 215 247 599 594
O.F Costs 1215 1258 1043 1144 2408 2504
FEENS 16760 1935 9803 220 22429 5073

TABLE V
PERCENTAGE OFVARIATION OF ECONOMIC COSTS AND OFF EEN S

CASES 1 2 3

F. Costs
V. Costs
O.F. Costs
FEENS

13.4%

-0.3%

3.53%
-88.4%

23.6%
14.9%
9.7%
-97.7%

8.7%
-0.9%
4.0%
-77.4%

design model, is logically lower than the one from the multiob-
jective model, what can be explained considering that the se-
lected multiobjective solution contains reserve feeders invest-
ments and large investments for built feeders in operation. Then,
the distribution system solutions from both optimal design (mul-
tiobjective and single objective) present different distribution
network topological structures, which illustrates the significant
influence that the simultaneous optimization of several objec-
tives can have in the distribution system design solutions.

The comparison of the multiobjective algorithm of this
paper (evolutionary algorithm) with other existing ones (for
distribution systems of significant dimensions) has not been
possible since such existing algorithms are not able to consider
the characteristics of our mathematical model used in this
paper. In terms of computational savings, the superiority of a
preliminary version of our algorithm (using a previous simple
mono-objective planning model) can be found in some previous
works in [16]. This superiority was more evident when the
number of binary variables of the model increased.

V. CONCLUSION

The conclusions are presented in four sections: a) Model for
the multiobjective optimal design of power distribution systems.
b) New developed evolutionary algorithm for the optimal de-
sign. ¢) Computer results. d) Future works.

a) An optimization model of nonlinear mixed-integer pro-
gramming has been presented for the multiobjective
optimal design of distribution networks, achieving the
optimal expansion of an existing distribution system, to
meet its forecasted future power demands, determining
the optimal sizing and location of future feeders (reserve
feeders and operation feeders) and substations, and the
optimal feeder reinforcements and/or substitution of
the existing feeders as well as the optimal size increase
of the existing substations. This model can be used to
optimize simultaneously: objectives and it has been
applied for the simultaneous minimization of an ob-
jective function of the true nonlinear economic costs
and an objective function representing the distribution

Thus, for all the optimal design cases carried out, the feeder
investment (built feeders in operation and built reserve feeders)
is larger in the multiobjective design solution than in the single
objective one, what leads to an important decrease of the values
of the function of EEN S (FEE N S), thatis, it achieves a very
significant improvement in the reliability of the optimally de-

network reliability suitable for optimal design, subject
to mathematical constraints that reflect the technical
aspects of the design. The multiobjective optimal design
model has been applied for single stage and multi-stage
optimal expansion of distribution systems under the
pseudodynamic methodology [1], [5].

signed distribution networks. The objective function value of the b) A new evolutionary algorithm has been developed to im-

global economic costs, for the solution from the single objective

plement the mentioned model, using an integer alphabet
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¢) The nonlinear mixed-integer programming model and the

d)

(1]
(2]
(3]
(4]
(5]

(6]
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that allows us to consider relevant aspects of the optimal[7]

design easily, such as several sizes for the feeders and

substations, and reserve feeders to improve optimally the[8]

distribution network reliability. A new operator, named
“filter” operator, has been applied in the evolutionary al-
gorithm, in order that the planner limits the investments
in reserve feeders. This operator also contributes to im-
prove progressively the two objective functions values of
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