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Reconfiguration of Distribution Networks
with Dispersed Generation
by Pareto Optimality and Evolution Strategies

B. Tomoiaga, M. Chindris

Abstract--In  an open electricity market environment,
dispersed generation is predicted to play an important position.
A high level of penetration and dispersion with distributed
generators of an electric network imposes some additional
problems, among them, of significant importance is the
reconfiguration. The problem of reconfiguration has become
mor e difficult because the customer s ask more and more quality
in power supply and reliability. The paper presents an original
algorithm, aiming to find out the optimal open-looped points of
electrical distribution networks with dispersed generation in
order to obtain optimal radial configurations using Pareto
optimality and evolution strategies.

Index Terms--Distribution networks, reconfiguration,
dispersed generation, Pareto optimality, evolution strategies .

I. NOMENCLATURE

DG — dispersed generation/generator;

EDN - electric distribution network;

GA — genetic algorithm;

SAIFI — system average interruption frequency index;
AP — active power |osses;

L\ —failurerate.

Il. INTRODUCTION

HE reconfiguration of an electrical network consists in

modifying the existing configuration by exchanging the
functioning links between its elements in order to improve
different performances. In general, electrical distribution
networks are operating in radial configurations. The
reconfiguration problem is one of multi-criteria
optimization, where the solution is chosen &fter the
evaluation of a group of indexes, named partial criteria (in
this case active power losses, reliability, etc.), which
represent multiple purposes.

Many solutions for onset the multi-criteria optimization
problems can be found in the literature; among them, a very
used one is the main criteria method (frequently used in the
distribution networks reconfiguration problems): the main
criterion is chosen, concomitantly indicating acceptable
values for the other criteria, and the problem is solved in
these conditions. To eliminate the subjectivity of the above
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method, this paper proposes to formulate the reconfiguration
problem as Pareto optimality. On the other hand, in order to
search the optimal solution (configuration of electric
network) authors propose an original algorithm based on
evolution strategies (considering the main genetic operators
as crossover, mutation etc.).

The paper presents an origina agorithm, aiming to find
out the optimal open-looped points of electrical distribution
networks with dispersed generation with the purpose of
obtaining optimal radial configurations. The problem of
reconfiguration is expressed in an original form (Pareto
optimality) allowing considering al criteria in an objective
approach in the optimization process. On the other hand, an
original solution to solve the problem (using evolution
strategies) in a non-prohibitive time is aso presented. The
proposed agorithm has been implemented in the visual
environment programming language C++ Builder that, due
to its graphic interface, ensures an extreme lightness in the
use. This software product was implemented for several
electric distribution networks where optimal configurations
were obtained in avery short time.

I11. RECONFIGURATION OF DISTRIBUTION NETWORK AS
MULTI-CRITERIA PROBLEM

The reconfiguration issue represents a multi-criteria
optimization problem, where the solution is chosen after the
evauation of a group of indexes, named partial criteria,
which represent multiple purposes.

A. Criteria for Reconfiguration
Some criteria are taken into account to operate a network.

1) Active Power Losses. For balanced and sinusoidal
regime, the active power losses (Joule-Lenz) can be
calculated considering the following relationship:

AP =3 3[R [I7la, (1)
ij0E
where: AP — active power |osses;
E — set of network lines (branches);
lij — electric current through branch ij;
R; — electric resistance of branch ij;
aij — binary variable, represents the status of atie line
(0 —open, 1 - closed).

To evaluate this criterion, it is necessary to perform
power flow caculus. In radiad electric networks with
dispersed generation we can use a specific method, named
backward/forward sweep, considering besides different
kinds of node loads (constant powers, constant currents,
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constant admittances or a combination of the above), twdt must be also specified that the contingencies are

types of distributed generators [1]: considered simple and the EDN components are independent
- generators which provideconstant powers(PQ from the reliability point of view.
nodeg; 3) Other criteria: These criteria are, usually, considered
- generators that provideonstant active powerand as restrictions and they arise from operation and
constant modules of voltagé3U node}. technological considerations.

In a same manner, it is possible to formulate relationships
for harmonic polluted or/and unbalanced cases.

2) Reliability of electric networkfhe essential attributes Ea" =n-p )
of interruptions in the power supply of the consumerstee | haren is the number of electric network nodes arid the
frequency and the duration While the durations are , mber of connected components

predominantly influenced by the electrical network structure

and the existent automation&;he fl’equencyis mainly b) Safeguard of power Supplies for all customers:

influenced by the adopted working schentigey can be The attached graph of electric network should be connected:;
minimized by the suitable choice of the loop opening points ) . . .

For any fault that will lead to the interruption of power . C.). It must be p(.)ss.|blt.e to impose and/or interdict the
supply from the main distribution network, the existinﬁ“""‘"aIOIIIty of an electric line:
distributed generators will be switching off because of a d) Maximum number of admitted maneuvers:
variety of reasons. We will mention only two of them:

- an operation of a power island purely with dispersed

generators is considered unacceptable; Iy <1 LI OE (4)

- itis important to create conditions for auto-reclose of

main circuit breaker, if this equipment is used in the f) Voltage drops limits:
distribution network. min max.

The network reliability can be considered from two points . U=y, <UmOox ®

of view: whereXis the network nodes set

- that of a particular consumeknowing failure rates B. Pareto Optimality Problem Formulation
of the equivalent element of the attached reliability’ P y ) ) o )
block diagram (where restoring of supply is The presented criteria (partial criteria) can be grouped in
performed after the fault repair and/or the faufvo different categories: o o _
isolation) we can estimate different indices as well as~ ~ Criteria that must be minimized/maximizeabjective
the number of interruptions (possible restriction inthe ~ functions; _ .
configuration problem — some consumers can impose” criteria that must be included within some bounds
maximal limits in contracts); (restrictions. S

- that of the entire supply networin this case, we Therefore, the reconfiguration issue represents one of
propose to consider SAIFI (system average multi-criteria optimization problemsIn addition, these
interruption frequency ind@x defined as [2] Total criteria are incompatible from the point of view of
number of customer interruptions (longer than éasurement units and often they are conflicting criteria.

a) Radial configuration of the network:

e) Branch loads limits through lines:

minutes) / Total number of customers served Many solutions for onset the multi-criteria optimization
Knowing the failure rates for each supplied node, we cBFPblems can be found in the literature; among them, very
estimateSAIFI using the relationship: used are:
- the main criteria methodfrequently applied in the
y A, N EDN reconfiguration problems): the main criterion is
SAIFE2——[T 2 chosen, concomitantly indicating acceptable values
N for the other criteria, and they try to solve the

where:N — total number of customers served;
N; — total number of supplied customers from npde
T —the reference periog¢af;

problem;

the conversion of multi-objective problem to a single
n —the number of load nodes of the system; obJ:ect@ve one making a sum (W_eighted °T not) qf
N, — total number of supplied customers from npde .ob.Jectlve functions. To create this 'synth.eS|s. fqncnon
A — total failure rate of the equivalent element, to the it is necessary to convert all partial criteria in the

attached reliability block diagram, of nodgyearY. same measur.ement units; a very useg method is to
convert them in costs (usually, a complicate and often

Total failure rate for a nodé can be calculated as: inaccurate operation).
Ai =i+ K- 2", wherel, is the failure rate when restoring of  the major difficulty in these kinds of problems consists

supply is perform_ed aiter the fa_1u|t repall, is the failure in the incompatibility of different solutions. It is of interest
rate when restoring of supply is performed atter the fa%[ exist a model, which permits to take into account, in a

isolation, k J[01] s acoefficient that estimates the We'ghtsame time, more objective functions and restrictions.

of restoring after 3 min. (sustained interruption restored afterr,,s we can usPareto optimality concept that defines

lf(aﬂltl isolation). In-a first approximation, it can consideg y,minate relatioramong solutions. In Pareto optimization,
T central concept is namedn-dominated solutignif it
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satisfies the following two conditions: w [A]a[a[ [ [a[a [t [i[i i 1o o]
- there exists no other solution that is superior at lei ., (A [s s 6 n s [w]7]
inoneobjectivefunction; p: (4 [ 5[ 6 [ 738 [ ® [10][11]12][13][14 15 [16] 11 | 14 [ 16 |
- it is equal or superior with respect to other objective
function values. Fig. 3. Lists of branches obtained through decoding chromoaome
The set of Pareto solutions forRareto-frontassociated
to a problem. To solve theses kinds of problems, evolutionUsing this codification, a population consists in a set of
strategies have proven to be of potential. chromosomes of type; by decoding each chromosome, a
particular operation scheme will be obtained and its
IV. MULTI-CRITERIA RECONFIGURATION USING EVOLUTION  performances can be tested (taking into account different
STRATEGIES criteria).

In Iiterqture there are a lot of proposed methods to solye geanetic Operators

the reconfiguration problems. The most of them are based ory . .
. L - elow different genetic operators used to solve the
different heuristic or meta-heuristic (branch exchange ) .
. . e[%f blem of reconfiguration are presented.

branch and bound, simulated annealing, tabu search, c% ) _ )
approaches. 1) Selection: The goal of selection operator is to assure

On the other hand, some authors have developB8'® chances to replicate for the best chromosomes of a
attractive methods based on evolution strategy, in particubgPulation.

on genetic algorithms; some significant results are presented N€ selection is performed taking into account the fitness
in [3]. of chromosomes; it chooses the chromosomes with the best

fitness. Most used selection methods for mono-objective
feeder | fesder il fesder il _ problems aréMonte CarloandtournamentFor multi-modal
function optimization we can use thecological niche
method. To detect more optimum points (ecological niches),
13 a genetic algorithm (GA) must have a supplementary
mechanism that encourages apparition of some sub-
populations corresponding to different optimum points. For
this goal, apartitioning function defined between two
chromosomes must be defined. We propose the relationship:

b {d(xi,xj))=; (6)

Fig. 1. Three-feeder distribution network with two dispersed generators 1+ ed (Xi , Xj )

. . here:s— partitioning function;
However, an important drawback of these methods is tWe d(x p)q) _ distgnce between two chromosomend

fagt that they solve the reconfiguration problems as single x; in binary codification; this can be the

objective problems. . Hamming distancéthe number of different
The method proposed in this paper solves these problems positions between chromosomes).

as multi-criteria problems using evolution strategies. o ) . )
Taking into account the fact that the graphs attached to” Partiioning function must satisfy the following

electric networks areare graphs(for instance, the network ¢onditions:(i) it must be an increasing functiofi) s(0) = 1

presented in figure 1 [4]), the representation using tABA() lim s(d) =0 [5].

branches lists was preferred because a binary codification Otonsidering thepartitioning function we can calculate

the problem — binary chromosome with fixed length can Bge partitioning fitness functionfor a chromosome (as
obtained. Binary values of the chromosome will indicate tigiterion for selection):

status of any electric lin€ —open,1 - closed).

Fig. 2 presents a graph attached to an electric network * f(Xi)
represented bybranches lists(o and ) and thebinary fx)=5 B\ (7)
attached chromosone(network coding). ; d(xl,xj))
=

where:f is the partitioning fithess function;

f —fitness function;

n — number of chromosomes from an ecological
s« T [T T T T T T T [T [T T T niche.

w [1 [4]4[6]2]8[s[9]9[3[B[1B]15]s5 [10]7]

p: [ 4 [S]6 [ 7 [ 8] 9 [10] 111213 ] 1415 [16] 11 [ 14 | 16 |

Fig. 2. Branches lists of network attached graphr(dp) and the attached ~ 2) CrossoverThe selection of the number and positions
chromosome (g of cut points for crossover operator depends on the network

S ) o . topology. If these points are selected in an inadequate mode
Considering this codification, operation scheme of thgs il obtain “bad” chromosomes(i) un-connected

network will be obtained by making the preservation of theyorks with isolated nodes ) connected networks with
corresponding branches witch value equa({& operation). loops.

For example, by decoding the chromosomethe radial
operation scheme will be obtained (figure 3).
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TABLE |
RESULTS OFDIFFERENTRECONFIGURATIONMETHODS

=

System| Method Tie lines Au:tll‘;esspe:wer CPU time Generations | Reference
16 |Base cass S-11,7-16, 10-14 AO051 ] pu. [4]
Olptimum 7-iq, 810 8-i1 0004658 pa. |84ims
Branch-exchange |5-11, 7-14, 8-10 0.004834 pae. |70ms
SIGRECOfParsta |7-16, 810, 9-11 0004658 pas. |51 ims 2
33 |Buse case 821 9-15, 12-23, 18-33, 25-20 202.6771000kW (7]
Clotimum 7-8,9-10, 14-15, 32-33, 25-29 1305513510k W |27m:475:080ms
Branch-exchange |8-0, 821, 0-15 1833, 2520 153.4033250kW |400ms
SIGRECOfPareia |7-8, 0-10, 14-15, 32-33, 25-29 1305513510k W |5]e:464ms 7
70 |Base case 11-70, 13-31, 15-64, 30-49, 37.55 208736000k (2]
Clotimum 14-15, 48-49, 51-52, 11-70, 13-21 Q. 4285800k W |Gk:02m:1 3527 1 Smg
Sranch-exchange  |43-40, 11-70, 13-21, 15-64, 27-535 12.6006700kW |020ms
SIGRECOfPareie |14-15, 48-40, 51-53, 11-70, 13-21 0.4285800kW |105:388ms 4
TABLE I
RESULTS OFPARETO RECONFIGURATION WITHTWO OBJECTIVES
System Method Tie lines Actll‘;esslzt;wer SATFT | CPU time |Generations Reference
16 |Branch-exchange | 5-11,7-1g 810 | 0.004378pu.| 0.2345 | 110ms [4]
SIGRECC/Parefo | 7-16, 810, 9-11 | 0.004183pu.| 0.2241 &8i0ms 2

To avoid these situations, we propose that the numberSat. We consider that each chromosome frémaR fitness
cut points must equal thecyclomatic number (of equal with v*;
fundamental circuits) corresponding to attached gragh8. The fitness of chromosomes frofis recalculated
| =m —n + p (wherem —number of branches, —number using the ecological niche method;
of nodesp —number of connected components). S9. The population Pis excluded from the remaining

3) Mutation: By simply altering the value of a chosen population P(®).

f dial sch t obtai i dial Process described in steps S5. — S8. is repeated until
geng, “”T‘ a radial scheme we cannot obtain another radial ), \,n_jominate solutions sub-sets are obtained;
configuration.

. . S10. Apply selection operator to chromosomes from P(t);
Hereby, we use this operator only in the case whegyy apply crossover, mutation and inversion operators.
performing crossover operator, it results

non-radial
configurations. This algorithm establishes un-dominated solutions from a
4) Inversion (permutation)it is the most important populationP(t); for this population, its fitness is recalculated
operator used after performing crossover and mutation (iiging the ecological niche method. Based on this algorithm,
iS necessary). authors have developed an original algorithm dedicated for
This operator makes some branch-exchanges, repaififigN reconfiguration SIGRECO/Paretowith a population
existing “bad” chromosomes, and increases the diversity af@ntaining ten chromosomes), which considers:
population. - objective functionmin AP, SAIFI];
- restrictions:criteria presented in chapter 111.A.3.
The initial population is generated using the

Srinivasand Deb [6] have given a genetic algorithm fory, o oh_exchangaeuristic algorithm: a potential solution is
Pareto optimization using theeological nichemethod. The .gnsidered only if all restrictions are satisfied.

proposed algorithm is described below:
S1. From population P(t) the chromosomes representing

. . i . V. OBTAINED RESULTS
un-dominated solutions are established. This ) ) )
population is detonated by-P The proposed algorithm has been implemented in the

2. A high value of fitness is generated and it is attach¥{ual environment programming language-+ Builder
to each member of populatiori;P that, due to its graphic interface, ensures an extreme
8. The fitness for each chromosome front B lightness in the use. In this software, two common used
recalculated applying the ecological niche method. Weconfiguration algorithms have been also implemented:

B. Pareto Optimization Using Genetic Algorithms

choose yas smallest fitness for chromosomes froam P -

Optimum which generates all possible configurations

S4. Subpopulation Pis temporary excluded from total and chooses the best solution;

population P(t) the resulted population is @); - Branch-exchange which implements the same
S5. The un-dominate solutions from(tp are calculated heuristic.

and then introduced in populatiorf;P In order to test the correctness and the convergence speed
6. An appropriate value but smaller than, w*, is of the proposed algorithm, we have studied, first of all, some

establ

ished;

single-objective (active power lossd§EE test networks,
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short time (table I). The networks parameters can be foundThe paper addresses the problem of electric distribution

where the optimal configurations were obtained in a very VI. CONCLUSIONS

in [4], [7] and [8]. ' network reconfiguration in an open electricity market
It is important to specify the fact that for these tests W@\ ironment. In this context, dispersed generation is

used a PC equipped with Pentium 4 (1.4 GHz) processgfedicted to perform an important position as the customers
Analyzing data from table 1, we can conclude: ask more and more quality in power supply and reliability.

e The execution of the absolute method, in order to Taking into account the multi-objective nature of
obtain optimal configurationQptimum algorithm), reconfiguration problem, the introducing oPareto
imposes prohibitive execution times; a combinatorightimality concept assures an objective and robustness
explosive phenomenon appears if the netwogqset. Hereby, we can eliminate the weak points of usual
dimension are increase. However, this method can pgthods: (i) errors caused by the conversion of objective
used when normal summer/winter operating schemggctions in the same measurements units &idthe
are established; subjectivities caused by introducing of weights for different

» Branch-exchangemethod is very speedy (withcriteria.
running times smaller than one second) and obtainsThe existent reconfiguration methods used nowadays,
some feasible solutions (better than in base case) Biher demand for prohibitive execution times or obtain non-
not optimal; optimal solutions (in the case of most common heuristics).

+ the proposed algorithm have obtained the optima@he of most promising direction consists in to use of
solutions in reduced times (seconds); a small numhgfolution strategies, representing specific methods of
of generations are necessary for convergencgtificial intelligence (in particular, genetic algorithms),
However, in the case of the 70 buses network, in [#hich provide optimal solutions in reduced times. These
is presented a genetic algorithm which obtaingnds of methods, with the equilibrium between the
optimal solution in 10 seconds, but the authors do ngfploration of the potential solutions space and the
specify what type of processor is used and tk&ploitationof obtained information, offer a robust frame in
standard error considered to perform power flowtrder to solve reconfiguration problems in the case of large
calculus (in our implementation this is ab@&®0001 rea| networks.

p.u); all the same, that algorithm solve only single- The paper presents an original paradigm to solve the
objective reconfiguration problems reconfiguration problems (Pareto optimality) and the

Considering 16 buses network from [4], we introducesbrresponding algorithm (with its implementation in original

two DG units: G7 and G14 (figure 1). These DGs agedicated software). The comparative tests performed on
considered constant PU units, with following parameters: |EEE networks have demonstrated the correctness and the

- G7:Pg=2 MW, Qpmax=20.5MVAr, Ug=1p.u; promptness of the proposed algorithm. Reconfiguration of

- Gl4:Py~1.5 MW, Quamax=10.3MVAr, Up~1p.u.  electric networks operated in unbalanced and/or harmonic

polluted environment (produced or not by DG units) will be

TABLE lll developed in future works.

FAILURE RATES OFNETWORK BRANCHESFROM FIGURE 1

. VIl. REFERENCES
Branch i j A [year!]

1 1 4 0.6525 [1] A. Augugliaro, L. Dusonchet, S. Favuzza, M. G. Ippolito, E. Riva
2 4 5 0.696 Sanseverino, "A new model op PV nodes in distribution networks
3 4 P 0.783 backward/forward analysis", iRroc. 39" International Universities
4 6 7 0.348 Power Engineering Conference UPEC 20®istol, UK, September
5 2 3 0.057 6-8, 2004, paper on CD-ROM.

! [2] IEEE Guide for Electric Power Distribution Reliability Indiges
6 8 9 0.696 IEEE Standard 1366-2003, Dec. 2003.
7 8 10 0.957 [3] M. A. N. Guimaraes, C. A. Castro, R. Romero, "Reconfiguration of
8 9 1 0.957 distribution systems by a modified genetic algorithm'Pinc. IEEE
9 9 12 0.696 Power Tech Conferencedausanne, Switzerland, July 1-5, 2007,
10 3 13 0.957 paper on CD-ROM.
11 13 14 0.783 [4] S. Civanlar, J. J. Grainger, H. Yin, S. S. H. Lee, "Distribution Feeder
12 13 15 0.696 Reconfiguration for loss reductionflEEE Trans. Power Delivery,
13 15 16 0.348 vol. 3, no. 3, p.p. 1217-1223, July 1988.
14 5 11 0.348 [5] D. E. Goldberg, J. Richardson, "Genetic algorithms with sharing for
15 10 14 0.348 multi-modal function optimization”, irProc. The 2% International
16 - 16 0.783 Confe_re_nce on Genetic Alg(_)rith_msk_ew York, _1987, p_p.l41-l49. _

[6] N. Srinivas, K. Deb, "Multi-objective function optimization using

non-dominated sorting genetic algorithmBYolutionary Computing

Performing reconfiguration, as Pareto problem, we obtain no. 2, pp. 221-248, 1995.

functioning schemes optimizing two criteria: active powé?]
losses an®AIFI (table Il). Shown in table Il are the failure
rates of branches considered in reconfiguration calculus. [8]

We can observe that, in the analyzed case (table lI),
Pareto-front is reduced to a single solution (the optimal one
in the case 08IGRECO/Paret@roposed algorithm).
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H. D. Chiang, R. Jean-Jumeau, "Optimal Network Reconfigurations
in Distribution Systems: Part 2: Solution Algorithms and Numerical
Results",|IEEE Trans. Power Deliveryol. 5, no. 3, p.p. 1568-1574,
July 1990.
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