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Large-Scale Distribution PlanningbPart
II: Macro-Optimization With Voronol's
Diagram And Tabu Search

Alejandro NavarroMember, IEEE and Hugh RudnickFellow, IEEE

AbstractD This paper is the second of two and presents a plan- each mini-zone. An iterative algorithm, based on the relation-
ning methodology for low-voltage distribution network planning.  ship existing between transformation capacity and associated
_Combilneccli optim_i;at_ion ?[: tratnsfotrrrwers ?ndhgisociatedtnettr\]/voijlgfs networks, is applied to each connected component. This proce-
is applied, considering the street layout which connects the dif- . L . : : ;
fereﬁ?consumers. In trg1e ®rst section),/a planning zone division into dure, known as micro-optimization, starts with th'e identi®cation
smaller mini-zones is performed: the smaller zones are optimized ©f @ transformer at the load center; the capacity of the trans-
independently. former is determined in terms of associated consumers. Sub-

This second section develops macro-optimization methodologiessequently, the network topology was determined by means of a
that use the results and techniques of the previous stage, which minimum expansion tree aligned with the street topology. Then,
allow performing a global analysis of the planning zone. Three o -5ndyctor to be used in each segment of the network was

methodologies are proposed, one based on Voronoi polygons to . .
obtain irregular mini-zones that incorporate proximity between determined and, lastly, the cost of losses which act as penal-

consumers. Another is based on network recombination, with the ties for voltage drops were included. Thus, the global cost of
purpose of ®nding potential savings produced by combining neigh- transformation, conductors and network losses was calculated.
boring networks. Lastly, the sequential application of Voronoi The following iteration de®nes two transformers using k-means,
po%;ons "a:‘d dn?twor.k recolmg'?at'on IS pﬁrfo.rmezdd 15 and the same procedure described was performed, ®nding the
distriguTe% ir? a%%%:o?q%.'g | ° ?igﬂgspivr:g?ng toa dﬁsot?ii??;erstotal cost o_f insta}lli.ng the two transformgrs. The process is re-
the city of Santiago, Chile, to subsequently apply this to the en- peated until a minimum has been identi®ed, that is, when the

tire city, an area having a surface of 2118! ~ and approximately ~total costis higher in the following iteration. Reference [1] illus-

1300000 customers. trates that this micro-optimization process allows a basic Green-
Index TermsBLow voltage, network planning, power distribu- ®_e|d planning. However, division into regular mini-zones is ar-
tion planning, tabu search, Voronoi. bitrary, because it does not allow a less expensive supply, for cer-

tain mini-zone loads, from a transformer in another mini-zone.
In order to incorporate such effect and recognizing that
. INTRODUCTION division into smaller zones is necessary for large-scale net-
HE problem which is solved in the ®rst part of this papeWork planning, this paper proposes three alternatives for a
T al arge-scale distribution planningbPart I; Simultaneougllobal overview of the problem. These alternatives are called
network and transformer optimization® [1] consists in the de@?acro-optimization and are the following: Voronoi polygons
nition of a set of optimum low-voltage facilities for supplying dSection ), network recombination (Section II), and, ®nally,
set of loads, for which only location and demand are presentl}e sequential application of both of them (Section IV).
known. That is, the size and location of the distribution trans- In €ach section, procedures are applied to the same analysis
formers, the layout of the low-voltage network associated &Nne as in [1], that is, a set of 20215 consumers distributed
each of the transformers and the type of conductor in each rigoughout a geographic area of 129, to ®nally apply the
work are identi®ed. The available types of transformers and c§a&Me to a larger-scale zone in Section V.
ductors, capacity limits, voltage drop restrictions and connec-
tivity between among the various consumers are considered. IV ORONOI DIAGRAMS
In order to solve this problem, following the line of [2] and Assuming P is a set of n different points in the Euclidean
[3], which solve real problems, in part | it was decided that thepace{p;,. .., p;, ..., pn}, called generating points, then point
large-scale planning zone would be divided into smaller zongsn the plane belongs to the Voronoi polygdn, generated by
called mini-zones. p;, ifand only if pointz is closer tg; than to any other generator
Connected components were determined for each mini-zoftd, That is
that is, all the independent street network sets existing within
Vi= o e/l —pill <lle—pill, Vigi} @
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11500 TABLE |

110001 MACRO-OPTIMIZATION WITH VORONOI DIAGRAM

10500~

,, Installed | Processing

10000 Level (kVA) ':,';’I';ZZ:: T°t?,!/§°s' T:::lfzer:n‘:s Capacity time
L (MVA) (minutes) |
9500 10 252| 99.7| 375 54.3 3.2
T P 15 238 99.3 363 54.4 3.1
= g000F . 30 228 99.1 356 54.1 3.1
2 45 221 98.8 354 53.9 3.1
8500 75 211 98.2 336 53.2 2.9
100 203] 97.4 331 52.9 3.0
8000 150 183 96.5 301 52.5 2.9
- 300 100 96.1 229 475 3.2
7500 500 15 128.8| 113 41.2 212

7000

versus the initial case. If the limit amounts to 500 kVA, only
15 polygons exist and, therefore, the zone covering each of
Fig. 1. Planning zone Voronoi diagram. these is larger. This requires a longer execution period and
worsens the solution by increasing costs related to losses. The
greatest saving in the case analyzed results when taking into
where control centers for power quality control are located tonsideration the 300-kVA limit and amounts to 3.9%.
function of demand and voltage. For the creation of the generating points, a complete micro-
This paper proposes the use of Voronoi polygons for the deptimization process is used, which only requires the location of
velopment of irregular planning mini-zones. The assumptiontimnsformers. This situation increases execution time because,
that consumers are better clustered in each polygon. Therefauhsequently, the micro-optimization process must be applied
the network cost for each one of the polygons is less than in again to each polygon created to ®nd de®nitive results. For this
arbitrary division of the planning zone. reason, the following simpli®ed micro-optimization process is
The methodology proposed is to: performed.
1) perform the micro-optimization process in the zone to bel) The planning zone is divided into regular zones measuring
planned. That is, dividing the region into mini-zones and  500x 500 meters.
optimizing each of one of them; 2) Foreach mini-zone design power is calculated for the mini-
2) elaborate a Voronoi diagram (with MATLAB). The loca- zone under the assumption that such power is supplied by
tions of transformers found in step 1 are used as generating a single transformer.

points; 3) Design power is assigned to the most inexpensive trans-
3) apply the micro-optimization process to each Voronoi former able to supply such power (considering the growth
polygon and each irregular mini-zone. of demand). If there is no transformer within the feasible

In applying the procedure to the zone analyzed, the ®rst domain able to do so, a higher-capacity transformer is as-
step results in 284 transformers, with an installed capacity of signed. Unsatis®ed demand is de®ned as the difference be-
54 MVA and a total cost of CLP 1837274 576. The output of tween design power and the capacity of the transformer in-
this step, micro-optimization, is the base case with which the stalled.
macro-optimization methodologies developed in Il, Ill, and IV 4) If the unsatis®ed demand is zero, it goes to 5, otherwise it
are compared. goes to 3. Design power is de®ned as unsatis®ed demand.

Subsequently, in the second step, 284 irregular polygons res) Once the number of transformers is known, the trans-
sult (Fig. 1), and, ®nally, when the micro-optimization process formers are placed using a k-means algorithm.
is applied to each irregular polygon, step 3, the result is 37%) Design power is calculated for each cluster and the op-
transformers with an installed capacity of 54 MVA and energy timum corresponding transformer is assigned.
savings of only 0.3%. This process does not consider street connectivity or the

The number of transformers after step 3 is, necessarilggyout of the low-voltage network, but rather seeks a fast
greater than or equal to the number of transformers obtaingtd good approximation to the location and capacity of
in step 1, since these correspond to the generating pointstraihsformers. This reduces execution time for the creation of
the Voronoi diagram. Therefore, if the desired result is thgenerating points and the construction of Voronoi polygons and
potential for reducing the number of transformers and thisegular mini-zones from 3 min to 10 s. It should be noted that
reducing costs, less Voronoi polygons should be developed. &ach of these irregular mini-zones will be later optimized using
this purpose, locations in step 1, whose associated transforitier nonsimpli®ed micro-optimization process.
is greater than or equal to a speci®c capacity, are considered. By performing the simpli®ed micro-optimization process

To the purpose of correctly observing the effect of the numband considering as generating points for the creation of poly-
of polygons, the proposed procedure is applied taking as lingibns those transformer locations, whose capacity is equal to
different capacity levels (Table 1), where 100% represents tbe greater than 500 kVA, 68 irregular mini-zones result. By
total cost of the base case. optimizing each mini-zone according to the nonsimpli®ed

To the extent that the limit level increases, and therefopgocess, savings of 3.8%, 240 transformers and an installed
the size of polygons increase, greater savings are achieeagacity of 47.68 MVA are obtained.
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neighborhoods and network clusters, given that m is established
as the number of neighborhood networks.
1) Determine the Delaunay triangulation. Neighborhood
transformer locations are taken as generating points.
2) Determine all the combinations of n networks, with n from
1 to m, from among m neighborhood networks.
3) Review the feasibility of each combination. A combination
is feasible if:
a) all combination elements are connected through tri-
angulation edges;
b) the combination does not produce connected compo-
, , _ nents, that is, all consumers associated to the combi-
Fig. 2. Delaunay triangulation example. nation are connected by means of the street network;
c) it generates savings. That is, the global cost is lower
than the sum of the global costs of each one of the

This procedure does not alter the quality of the solution found networks that make up the combination. The total
and improves the exepution t.im'e by eliminating the need to per- cost is calculated by applying the micro-optimization
form the complete micro-optimization process twice. process on the zone determined by consumers that be-

long to the combination, but only analyzing the instal-
lation of a single transformer.
4) Given the set of feasible combinations, all following po-

This methodology seeks to improve the solution found after tential combinations are applied, complete enumeration,
the micro-optimization process by analyzing the existing rela- taking special care to ensure that the combinations which
tionships between different mini-zones. The methodology con- make up a cluster cannot share a common network.
sists in looking for potential savings produced by the combina5) The global saving is determined as the sum of the savings
tion of adjacent networks into one single network and, therefore  of each combination belonging to such cluster. Finally, the
into one single transformer. cluster which produces the greatest global saving is chosen

Since the networks are spatially distributed throughout the as the neighborhood solution.
planning zone, it makes no sense to attempt all combinationsYhen applying this methodology to the base case, consid-
and only those which involve adjacent networks should be us&ding as generating points for the creation of neighborhoods
The use of Delaunay triangulation is proposed to determiffeose transformer locations with a capacity greater than or equal
vicinity relations among the various networks. That is, givel® 300 kVA and modifying the number of networks to be com-

a set of points in plané, a family of disjoint inner triangles, bined, from 2 to the greatest number of networks present in one
which vertices are” points and in which interior nd points 0f the neighborhoods created, the following results are obtained.
exist, is de®ned. As illustrated in Table Il, although the number of combina-

In particular, aP triangulation is a Delaunay triangulation if, tions increases savings compared to the base case, it also re-
and only if, the circumference circumscribed to any of its triduces the speed of problem solving. Therefore, a way to pro-
angles does not contaif points. Thus, the edges will connectduce relevant savings without the need for extensive execution
close nodes, only if the nodes do not intersect each other. Fidirpe is required. To this purpose, the proposed procedure is used
illustrates Delaunay triangulation for 30 generating points urfiyclically, but only considering combinations of two networks
formly distributed over a surface of 10 0Q¢F. in order to compare only those cases which take less time, since

In this manner, the only feasible combinations will be thogéey encompass a smaller planning zone and, additionally, also
networks which associated transformers, representing the géave a greater likelihood of generating savings than combina-
erating points, are connected by the edges of the triangulatidiens among a greater number of networks. The algorithm pro-

Once the feasible combinations have been identi®ed, fiesed is the following.
problem must be solved and, to this purpose, two methodolol) Divide the planning zone into neighborhoods by means of

gies are proposed and analyzed below. the Voronoi diagram.
2) Perform all possible combinations of two elements in each

neighborhood.
3) Determine all feasible combinations that produce savings.
This methodology consists of using the advantages of di4) Combine feasible networks to produce the ®nal solution.
viding the problem into smaller problems, reducing the numbels) Update the network, including the combinations per-
of feasible combinations and applying an intelligent clustering formed.
of the different networks by means of Voronoi polygons. 6) Return to step 2 until there are no savings in network re-
Those transformers which have an installed capacity higher combination.
than a certain limit, for example 300 kVA, are chosen as gener-Development is cyclical because even though combinations
ating points and, therefore, each Voronoi polygon incorporatestwo networks are more likely to be feasible, this does not
the rest of the closest transformers and their respective assgciarantee that combinations of more than two networks will not
ated networks. The following process is applied to each of the feasible. Therefore, allowing the new networks created to

I1l. NETWORK RECOMBINATION

A. Solution by Means of Neighborhoods
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TABLE 1| a combination of a local search and a short-term memory. An-
SAVINGS V/S NETWORKS TORECOMBINE other element to be considered is the aspiration criteria, that is,
_ if any of the prohibited movements stored in the Tabu list meets
Number of | o ;s | Processing a certain condition and improves the solution, it may be released
networks tof o/, time and used in the optimization process, a phenomenon known as
recombine (minutes) ic f . 61 [7
> 551 507 strat§g|c org_ettmg[ 1, [7]. . _
3 265 314 This technique has been widely used for the solving of com-
4 2.65 3.73 plex combinatory problems, and is also used for distribution
5 2.68 4.18 system planning [8]+[10]. Speci®cally, in this work, it is used
6 2.71 447 to determine the best set of combinations among networks. The
7 2.73 4.55 \ 9 :
8 573 254 methodology proposed is as follows.
9 273 455 1) Perform the Delaunay triangulation. The locations of all
transformers in the planning zone are taken as vertices.
TABLE Il 2) Allpossible two transformers and associated network com-
SAVINGS FOR NETWORK RECOMBINATION binations are executed, only if the same are connected by a
triangular edge and a street connection between networks
Level | Savings | Processing exists,
9 time 3) Savings produced by executing the process are calculated
(kVA) (%) . T ; -
(minutes) for each combination. If no savings result, the combination
10 0.00 0.1 is no longer feasible.
15 0.22 0.4 : L .
30 052 06 4) The feasible combinations are organized from greatest to
45 0.84 0.8 least, in terms of the savings produced by them.
75 1.06 1.0 5) The solution is initialized by choosing as the initial value
100 1.41 1.2 the combination in the above list producing the greatest
ol
- - 6) The best combination is selected from the following.
500 4.16 16.3 Lo :
a) If the new combination does not combine networks
which have already been included in the solution, it is
continue to be combined with new networks or with noncom- addedtoit.
bined networks of the former stage, permits the possibility of ~ b) If the new combination uses at least one network be-
combinations among a greater number of networks, but makes longing to the present solution, the new combination
unnecessary the assessment of all possible combinations, im- is added (worsening of the solution and/or increase of
plying execution time reduction. Fhe search space) and all _former combma_ﬂon; which
With this cyclical modi®cation and considering various limit involve networks included in the new combination are
levels for creating neighborhoods, results indicated in Table I eliminated from the solution. The eliminated combi-
are obtained. nations go to the Tabu list and therefore cannot be
Savings increase to the extent that the neighborhood creation used until they are removed from the list.

limit increases. A limit increase implies less generating points’) The Tabu list counter is reduced by one for each combi-
and, therefore, larger neighborhoods with a greater number of nation included in the same. If the counter reaches zero in
networks within them. Thus, if the zones entail greater savings, & SPeci®c combination, this means that it can be released
the possibility of considering the planning zone as one single from the Tabu list and can be added once again to the list

neighborhood may be analyzed. of feasible combinations. S _
8) The present list of feasible combinations is organized from

largest to smallest.

9) The process continues on to step 10 if

Consideration of the entire planning zone makes the afore- a) the maximum number of iterations is reached;
mentioned process nonfeasible, since the number of combina- b) the list of feasible solutions is empty.
tions increases exponentially in step with the size of the net- Otherwise, the procedure is to return to step 5.
works to be combined, which also happens with the number @D) If there are no savings, the process comes to an end, other-
feasible combination clusters. For this reason and, in keeping wise the procedure is to return to step 2.
with the combinatory nature of the problem, a Tabu search isThe application of the methodology proposed for the base
used to ®nd a solution to the global recombination problem. case leads to savings of CLP 78054 181 or 4.2% in 19 min.

The Tabu search was proposed by Glover in the 1980s. It con-Two ®gures are presented as an example; the ®rst represents
sists of an iterative algorithm that explores the solution spattee output of the micro-optimization process, made up of 252
without necessarily being con®ned to a local optimum. To tmetworks (Fig. 3), whereas the second indicates the output of
purpose, movements which worsen the solution are allowed ahd macro-optimization process after recombining the networks,
the last movements are stored in a list called a Tabu list amthich produces 190 networks (Fig. 4). In both cases the trans-
cannot be applied in the following iterations, in order to avoitbrmers are indicated by a point and the load associated to each
cycles during the optimization process. Thus, the Tabu searcimé&work is enclosed using a convex hull.

B. Solution by Means of a Tabu Search
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Fig. 3. Network con®guration after micro-optimization.

12000 : : . . . . . . Fig. 5. Large-scale planning zone.
. j’\ R S ‘.TS?:
r e o o Y 8 . . .
1000 . o N}f’\?&‘/—b‘\ . @Cﬁ/ /75 distributed between 197 networks, representing a reduction of
\e _ B @Q | 4_.®;\4[1 @,'/ 7.34%
e 89 w@iﬁ@;< N o WTENN e ] o @8 - : :
10000 e L."’(‘E.S v <o - ‘L&. S //
p K\JLé 'ﬁg L ‘G&E": Sooxw V. APPLICATION TO LARGE-SCALE SYSTEM
U O™ = 4@ '
E 9000 B ;&.&}{C | To the purpose of guaranteeing the applicability of the proce-
& éﬂ?{fﬂ@to/ '.L@D dures described above, a large-scale application is performed,
8000 - . /E(ﬂﬁq\ Sl . both for the micro-optimization process explained in [1] as for
L\i‘i\v yFe °\.( ‘/,ﬁ@fw,‘ . the macro-optimization methodologies studied in the present
o000l e WA -~ | paper. Green®eld planning is therefore resolved for Santiago,
a surface of 2118m? which supplies approximately 1 300 000
low-voltage customers.

6000 I I I I I 1
36 365 37 375 38 38 39 395 4 4.05 41

[m] ¢ A Application of the Micro-Optimization Process

The methodology developed in [1] is the fundamental struc-
ture of all the tools proposed, since the same enables the opti-
mization of zones into which the main problem is divided, be
IV. SEQUENTIAL APPLICATION OF THE VORONOI these regular mini-zones, irregular mini-zones, or zones with

DIAGRAM AND THE TABU SEARCH networl; recombinations. o the |
. . In order to ratify its convergence, it is applied to the large-
Considering the bene®ts of the two methodologies proposgﬁ fy 9 bp 9

Fig. 4. Network con®guration after the macro-optimization.

; . ; : ale zone, considering a division into regular mini-zones mea-
the sequential execution of the previously mentioned methg fing 500 M x 500 m
ologies_ is_propos_ed_. Thus, smart clu_st_ering_resultin_g frc_)m_t ®Thus, a total of 3103 regular mini-zones may be optimized
Voronoi diagram is included and additional information is 'n(Fig. 5). After ten algorithm executions, a total average cost of
corporated, aiming at improving the target function through tr@ '

S LP 80093113476 is obtained for an average execution time
recombination of networks thanks to the Tabu search. Theref(g)rfe168 3 min. Results are indicated in Table IV, considering the
the recommended application sequence is the following: . : '

o : S : 2* ___average cost of these executions to be 100%.
1) simpli®ed micro-optimization, without street restrictions

or consideration of the electrical network; _ B. Application of the Macro-Optimization Process
2) layout of Voronoi diagram, considering as generating

points the location of transformers obtained in the pre- 10 the purpose of avoiding a potential transformer surplus
vious step; and eventual additional costs associated to the arbitrary division

3) complete and detailed micro-optimization of each of trf the area covered by the analysis, additional methodologies
\Voronoi polygons; have been developed to provide an intelligent fragmentation of

4) macro-optimization of the recombination of all network&€ Problem; these methodologies are applied to the larger-scale
obtained after the micro-optimization process. planning zone.

Greater S{-:lVingS are produ.ced USing this solution, versus thQ:hile's capital city, speci®cally the zone to be planned corresponds to the
base case: in fact, total savings amount to CLP 135 972 39adhe supplied by the distributor Chilectra.
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a) simpli®ed micro-optimization (14 min);

b) complete micro-optimization (170 min);

c) macro-optimization of Tabu search with single neigh-

borhood (207 min).

The tools developed were successfully applied in the 2008
tariff process of the Santiago distribution company, Chilectra,
process that requires the optimal Green®eld design of both the
low voltage and mid voltage networks, in a model company
tariff approach. The tariff study is done every four years, and
the proposed methods were used to design the optimal low
voltage network. The authors plan to share the results of this
application in a future publication.

TABLE IV
PLANNING ZONE MICRO-OPTIMIZATION

VI. CONCLUSIONS

This paper proposes a methodology that allows Green®eld
planning for a real size distribution company. The existing rela-
tionship between transformation capacity and network cost are
considered, as are current street restrictions.

Given that division into mini-zones proposed in [1] is arbi-
trary, a series of methodologies which rescue the relationships
between load and nearby mini-zones were created. Thus, the
procedure which provided the best results is the one that applied
Voronoi diagrams and Tabu searches in a sequential manner.
Thus, optimum planning requires a simpli®ed micro-optimiza-
tion process in order to obtain preliminary transformer locations
and, thus, the creation of Voronoi polygons. Subsequently, each

Since the comparison is done versus the micro-optimizatiésh completely optimized by means of the micro-optimization
process and such methodology is nondeterministic, a speci@ecess indicated in part I, and the networks obtained are re-
methodology launch will be considered as the basis, to ensggmbined in pursuit of savings by means of the Tabu search.
that the reference is the same in macro-optimization processERis enables the establishment of a planning zone with over one

Results of the large-base case and the application of thdlion consumers in 391 min.
macro-optimization procedures are presented in Table V, where
100% represents the large-scale base case appraised at CLP

TABLE V
MACRO-OPTIMIZATION OF SANTIAGO
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