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This paper presents the combined algorithm for determination of locations and sizes of capacitor banks in the radial
distribution networks for practical minimization of power losses and costs of these losses and banks. The method of
concessions and modified PSO-method are applied in the proposed algorithm. Additionally the technicalcoenosis
criterion is applied for the specific account of technical and economic factors. The proposed approach allows to obtain
the efficient practical solutions and increased stabilization of voltage profile in the radial distribution network.
References 9, tables 4, figures 2.
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I. Introduction. A significant part of active power losses in radial distribution networks (RDN)
occurs due to the flow of reactive currents and therefore the application of capacitor banks (CB) for reactive
power compensation is very important.

In this paper, the combined algorithm of CB selection (sizing and placement in distribution network)
is developed as a combination of traditional optimization criteria, i.e. power losses and investment cost
minimization, and additional technical-coenosis criterion. Also the method of concessions and modified
particle swarm optimization (PSO) method are applied.

The comprehensive survey of the literature from the last decade that has focused on the various
heuristic optimization techniques applied to CB selection in RDN was presented in [6]. This analysis of
published papers shows that PSO is the most popular technique applied because of its advantages, which
include simple implementation, small computational load and fast convergence.

Il. Problem description and solution method. Two main criteria for CB placement and sizing are
usually considered as the following two objective functions used to minimize yearly active losses and costs

q
of these losses and shunt CB installation AR, = AR — min, (1
i=1

n
where AR, — total active power losses and ZAPI — losses in the isection/node distribution system, g —
i=1

number of nodes. B, =K, AR + ZKcchi — min, )
i=1

where K, — annual cost per unit of active losses AR ($/(kW*year)), K, — annual cost of reactive power

Q,; corresponding i -th CB ($/(kVAr*year)), nc — total number of CB to be installed.

The function (1) may have many constraints, but in this paper we are considering only one of them,
which is the voltage profile constraint: voltage magnitude at each node must be maintained within the limits:

Umin S| Ui | = Umax > (3)

where U — minimum and maximum permissible voltage.

min >

U

max

The analysis of problem solutions by using only traditional criteria (1) and (2) shows that they do not
always give a positive result in the presence of such circumstances as inadequate pricing in conditions of
economic crises, the technical information imprecision, specific features of the networks requirements and
sometimes in terms of engineering logic In these conditions the additional criteria, approaches and analysis
methods should be applied.

II1. Solution algorithm. In order to overcome the above mentioned problems in this paper the
application of well-known method of concessions is proposed. It allows to find theoretically only the quasi-
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optimal solution, which can be interpreted as rational and efficient for practical purposes. For the objective
function minimum value can be assigned the concession ¢,%, as its permissible decline for practical
purposes, accuracy requirements etc.

The proposed algorithm for solving the CB selection problem consists of the following procedures.

1. According to the results of PSO procedures application, for each swarm particle m the vector of

n CB (in the nodes of RDN) conductivities y,; is formed. The basic set of solutions Y, is formed by these
vectors y; by criterion (1) with constraint (3). The set of solutions Y; is formed of y,; vectors, which are in
the range of allowable concession &, of minimum losses in RDN
Vi Y2 V) 1 AB (Y1, Y05009,) S (L+ 6))AR 1y -
2.  From the solutions set Y, we form another set of solutions Y, cY;, which is composed of

vectors y, by criterion (2) and its allowable concession 9,

Yo (W15 250 3) : B Y2500,) S (1465) By -
The set Y, also can be defined by PSO-method separately from the set Y, . The resulting set can be
defined as the intersections of corresponding solution sets
Y, =Y, NY,%2QD.
In the case of empty set & the allowable concessions J;, J, then sequentially have to be changed

and calculations of 'Y, or Yé have to be repeated.

3.  From the set Y, (or Yé , in case when intersection method is applied) we choose the best solution

by additionally applied the Technical-coenosis (TC) criterion. This criterion establish the conformity of ranged
values of CB conductivities to hyperbolic (power law) H-distribution [4] from the set of solutions Y- CY,.

According to TC-approach the electrotechnical systems can be considered as TC [4], where a certain “family” of
electrical products (for example CB in our case) can be arranged by particular species-forming parameters [2,4]

C(r)=C/r’r=12,...4d, 4)
where r — parametric rank; C; — parameter value of individual with a rank »= 1; S - rank factor

characterizing the degree of curve distribution steepness, d — total number of ranks.
The values of the first rank and rank factor are very important, since together they define the range of
CB in RDN and their quantity: C; — min with the condition of the best approximation to hyperbola with

0,5< f<1,5, which corresponds to highly effective state of TC [2,4]. At the same time, to determine the most
acceptable H-distribution of the first rank and rank factor we can apply the concession o5 for C; parameter.
The additional TC-criterion for vector of CB conductivities y(y;,,,...,»,) have to be defined by (5)

for the following conditions:

— similarity of normalized target vector y to normalized vector in the form of a hyperbolic
dependence;

— minimization of the magnitude of CB conductivity of the first rank y,_,.

Vie (1= Vi TP

de(Y7¢ Y rami ) < 03 Q)
YI¢(r=1) = min,

where d; (y7¢ »Yroni) — the Euclidean distance between normalized vectors, d; — permissible concessions of

the distance between normalized vectors, vector 'y, — vector y"” after ranking,

yror =sort (y"”" ,descend ), operator ‘sort’ sorting vector y"” in the order specified by mode, mode

nor

'descend' indicates descending order [5]. The unit length of normalized vectors is |y ¢ [=1, |yf:1’;g |=1. The

concession 05 allows to estimate the similarity of searching vector y to vector in the form of a hyperbolic
dependence in accordance with TC-criterion.
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It is known that in PSO-method each particle moves in the multi-dimensional set of solutions [1, 8].
Moreover, the particle position x; is determined by the interaction with all other particles of swarm. All

particles move to the global extremum; the process occurs at the end of the relevant performance of
breakpoint criteria. One of the classical optimization algorithms of continuous nonlinear functions, named in
[7] as “A modified particle swarm optimizer” is used in this paper. To calculate the position and velocity for
n-dimension of m particles, the following expressions are used at each k iteration

Vk+1 S a)Vk +a1R(Pb€Stk —xk)+a2R(GbeStk _xk) 5 ka = .xk +I/k+1 5

where x;, — current position of particle, V), — particle velocity, a;, a, — constants of acceleration, Pbest—

best position found by particle, Gbest — best position found by all particles, @ — inertia factor, R — random
number between 0 and 1.

The distinctive feature of this PSO-algorithm is the ability to control the speed of convergence process
using the number of particles in the swarm and the inertia factor. After PSO-method modification, intermediate
results of each iteration computation x, are not discarded, but are grouped in the appropriate set of solutions. In
addition, at the beginning of the process a suitable total number of particles and the ratio of inertia are chosen.

As a result of the modified PSO-method application, a corresponding set of solutions is formed. In
this set, each mparticle corresponds to the #n-dimensional vector of CB conductivities
Y(»1,2,....,) consisting of n CB, which has to be installed in the corresponding feeder nodes.

The application of criteria (1), (2), (4) and voltage profile constraint (3) with the method of
concessions and modified PSO-method gives the combined algorithm of CB selection for radial distribution
networks. The fixed CB capacities are defined by using the proposed algorithm for the regime of maximum
load in RDN. For the determination of CB steps of regulation the daily schedules, controller switching codes,
and other engineering methods have to be used.

IV. Test results. The proposed algorithm was used for CB selection in the radial network, with a
rated voltage 23 kV, which consists of 27 nodes (¢ =27) and 21 loads (n=21), considered in [9]. Permissible

voltage [0,95 — 1,05]. The calculation was carried out in the absence of harmonic current sources for a period
of 8760 hours per year. The energy losses cost is taken as 0,06 $/KW¢h. Technical data of conductors are
taken from [9]. The base values of power and voltage for calculations are the following: S, = 24 MVA,

U,=23 kV. The types of wires

Table I were chosen previously and this
J 1 2 3 4 5 6 7 8 procedure is not described in the
0 150 | 300 | 450 | 600 750 900 1050 | 1200 | example. The conductor selection
B, | 05 | 035[025 | 022 | 0276 | 0183 | 0228 | 0,17 | problem, as it was done in some
7 9 0 1 B 3 12 5 STt}lidleS [3, 9], 1ls not Eorgglered.

e power values o are
0 1350 | 1500 | 1650 | 1800 | 1950 | 2100 | 2250 considered with discreteness 150
Bc 0,207 0,2 0,19 0,187 0,21 0,176 0,197 kVAr. The CB] sizes (reactive

0,8

R 0’4

power) QO (kVAr) and accepted
costs B, $/(kVAr*year) are taken as presented in Table I.

As the first iteration of the calculation, the CB with fixed capacities (rated power) were installed in
each node with load. Thus, the

or omar |+ 1+ 1 ] 0,2 T T T

y*yre L i1 b Y Wern¥varm | 1 vector of CB conductivities
VI, et y(10p,0,)  had 0221
Aot ) b PP L Variables.
‘!4,_ - I i Subsequently, as a result of
\ -ooimgrdeedecdeecdeeedoodeteer set of solutions  determination,
:\.."_ LA some CB took zero values of the
\...‘.‘...r‘_ o "*"‘:' rated power.
R A T L P .
i FIE i, ofee SR S ST S 2.5 B2 A - The normalized vector of
P i ia L ranked CB conductivities y}q,;
4 8 12 16T 0 4 8 12 16 *  (marked by squares) is shown in
Figure 1. It is similar to the
Fig. 1 Fig. 2
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normalized (approximated) vector in the form of a hyperbolic dependence y7 (marked by continuous line),

nor

which has a low value of first rank y7¢(,_;)=0,5919 and rank factor £ =0,605.
The comparison of CB reactive power QC for two variants respectively is based on the following
criteria: — Variant I: Criteria (1) and (2) are applied,
— Variant II: Criteria (1), (2) and (5) are applied.
The Figure 2 shows the target vector y of ranked CB conductivities (marked by squares), which is
similar to normalized vector in the form of a hyperbolic dependence y,,,.; for Variant I and vector y,, ,; for
Variant II (marked by asterisks), which corresponds to the minimum cost B, after the corresponding

conductivities ranking. These variants of CB placement and sizing are shown in Table II.
Table 11

¥, [p-u.] », [p-u.] », [p-u.] ¥, [p-u.] The results of CB
Criteria of Criteria of Criteria of Criteria of selection by variants I and II
q Variant q Variant q Variant Variant are shown in Table III. In
I I I I I I I /i comparison with the case of
Variant I, the active losses
1 0 0 8 10,0375 | 0,0375 | 15 0 0 22 10,0063 | 0,0063 AP in the case of Variant II
2 0 0 9] o0 0 16| 0,050 | 0,050 | 23 | 0,025 | 0,0187 | icreased by 0,16% and the
cost increased by 0,18%.
3 0 0 10 [ 0,0563 | 0,0500 |17 0 0 24 | 0,025 0,025 . s .
When using TC-criterion in
4 10,0750 | 0,0813 | 11| 0,100 | 0,1125 |18 |0,0438 | 0,050 | 25 | 0,025 | 0,0187 | case of Variant II, the slight
500 0 |12 0 0 |19 0,025 | 0025 | 26 | 0,025 | 00313 | increase of cost allows to
use this criterion for
6 |0,0375]0,0313 | 13| 0,050 | 0,0375 |20 0 0 27 10,0063 | 0,0187 practical purpose of CB
71 0 0 |14100375 00375 |21 0,025 | 0025 | - | - - selection.
Table III
In the Column 3 of Table IV the worst — ——
. . . Applicable criteria Criteria Criteria
case of QB dlsconnec‘Flon is presented. .In this case pp Of VarI | of Var Il
the.m.ammum quantity of nodes, with Voltage Active losses (p.u.) 0.03131 0.03136
deviation less than 0,95 p.u., was found. It is
obvious that in the case of Variant II the result is Cost B (usa/year) 197556 197507
better. All investigated negative voltage deviations Cost CB (usa) 3172 3274
was greater than value U<0,92. Magnitude of conductivity
The results show that the proposed | (¢CB ofthe first rank Yoo [P] 0,1 0,1125

combined algorithm (Variant II) allows to
obtain the reduction of quantity of nodes with voltage deviation less than 0,95 p.u. in all cases of each one
CB disconnection. At the same time active losses and cost slight increase. Combined algorithm is useful for
practical purposes.

V. Conclusion. The combination of traditional criteria of yearly active losses and costs minimization
with additional TC-criterion was proposed in order to obtain the specific solution for CB sizing and placement in
RDN. The method of concessions was used to solve the multi-criteria problem in conjunction with PSO-method.
The proposed algorithm allows to find the vector of ranked CB conductivities in correspondence with specific
hyperbolic (power law) H-distribution according to the considered TC-approach.

Table IV In comparison with a

I ) 3 traditional one, the

The quantity of nodes with voltage The quantity of nodes with voltage deviation application  of  the

U, [p.u.] | deviation less than 0,95 p.u. in all cases less than 0,95 p.u. in the worst case proposed algorithm

of each one CB disconnection of one CB disconnection allows to improve the

Criteria of Varl | Criteria of Var Il Criteria of Var | Criteria of Var Il voltage profile

U<0,95 100 82 19 15 stabilization by

U<0,94 23 19 12 8 decreasing the quantity
U<0,93 6 2 6 2

of nodes with voltages,
which are out of permissible range when single capacitor bank is alternately disconnected. The results show that
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proposed algorithm of CB placement and sizing in radial distribution networks can be quite effective for practical
purposes.
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BHUBIP MICIIb BCTAHOBJIEHHSI KOHAEHCATOPHUX YCTAHOBOK Y PAAIAJIBHUX

PO3MNOAIIBHUX MEPEXKAX

10.11. 3y610k, I.B. Tpau, .M. CeBacTiOK

IncruryT enexrponunamikn HAH Ykpainu,

np. Ilepemorn, 56, Kuis-57, 03680, Ykpaiuna. E-mail: yurizua@gmail.com, igor.trach@gmail.com

Lns minimizayii enekmpuynux empam, apmocmi eleKmpudHux 6mpam ma konoencamopnux ycmarnogox (KY) npedcmasneno kombi-
Hoganuu aneopumm 075t uOOpy nomysucHocmi i micysb posmawyeanns KY 'y posnooinenux mepescax iz padianvnoio kongizypayicero.
YV 3anpononosanomy ancopummi suxopucmosyiomscs Mmemoo nocmynok ma moougixoganuti PSO-wemod. [Jooamkogo ésedero mex-
HOYEHON02IUHUL KPUMEPIL: NPUHATIEHCHICIb PAHICOBAHUX 3MIHHUX 00 KIACY HEeNIHIHUX NOKA308UX NOCAIO08HOCHell. 3anponoHosa-
Hutl nioxio 00360J4€ OMpUMy8amu epeKmusHi npakmuyti piulenHs ma nioguwyery cmabinizayito npo@ino Hanpyeu y padianvhiil
Ppo3nodinvhitl mepesici. [lokazano no3umueHi pe3yibmamu UKOPUCMAHHI 3aNPONOHOBAHO20 AN2OPUMMY, 30KPEMAd 3MEHUIEeHHS Killb-
Kocmi 8y371i6 3 HANPY2010, HUNCUOIO 34 HUJICHIU nopie, y pasi eiokmoventi 6yov-axoi KY. bion. 9, tabn. 4, puc. 2.

Knrouogi cnosa: xoHIeHCaTOpHA YCTaHOBKA, KOMOIHOBaHHMH alropuTM, pajiajibHa PO3MOJUIBHA Mepeka, MeTol noctynok, PSO-
METO/I, TEXHOLICHOJIOTIYHUH KPHUTEPiil.

BbIBOP MECT YCTAHOBKHN KOHJAEHCATOPHBIX YCTAHOBOK B PAIUAJIBHBIX

PACHIPEJEJIUTEJIBHBIX CETAX

10.11. 3y610k, U.B. Tpay, U.M. CeBacTioK

HucruryT 2iexrpoaunamuky HAH Ykpaunsl,

np. Ilo6eanl, 56, Kues-57, 03680, Y kpauna. E-mail: yurizua@gmail.com, igor.trach@gmail.com

Lns Munumuzayuu sneKmpuyeckux nomeps, CMOUMOCMU INEKMPULECKUX NOmepb U KoHoencamopHulx ycmanoeok (KY) npeocmas-
JIeHO KOMOUHUPOBAHHDIL ANCOPUMM 015 8b1O0PA MOWHOCIU U Mecm pacnonodcenus KY 6 pacnpedenumensvhvix cemsax ¢ paouansHoul
KOH@hueypayuetl. B npeonosceHHOM aneopumme UCHOAb3YIOMCSA Memo0 YCMYNoK u mooughuyuposannwiti PSO-memoo. [ononnu-
MenbHO 880EHO MEeXHOYEHONOUUHBII KpUmepull: NPUHAONEICHOCHb PAHIICUPOBAHHBIX NEPEeMEHHbIX K KIACCY HEeIUHEUHbIX NoKaA3a-
menvHblx nocredosamenvrocmei. Ilpednodicentvili NOOX00 NO360J51em NOIYUUMb IPPeKmusHble NpaKkmuyeckue peuleHus u noebl-
WEeHHYIO CIabunu3ayuio npo@uiis HANpICeHUs 8 paouanbHoll pacnpedeaumensvholl cemu. Ilokazanvl nonodcumenbuvle pe3yibma-
Mbl UCNONL30GAHUS NPEONIOJICEHHO20 ANCOPUMMA, 6 YACMHOCMU, YMEHbUEHUEe KOTUYeCmaa Y3108 ¢ HaAnPAJICeHUeM HUICE HUICHE20
nopoea, npu omxniovenuu atoooti KY. bubn. 9, tadn. 4, puc. 2.

Kniouesvle cnoea: KoHIEHCATOpPHAs YCTaHOBKA, KOMOMHHPOBAHHBIM alrOpUTM, pajualbHas pacHpeieluTeNbHasi CEeTh, METOJ
ycrynok, PSO-MeTon, TeXHOLIEHOIOrHYEeCKUH KPUTEPUH.
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