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Abstract

Long medium voltage radial lines are usually usesupply power to large areas with a very low papah/ load density.
Generally, the planning of this kind of lines inve$ both continuous and discrete variables, otherovord, this problem is
a mixed integer programming one. Many available@dgms may experience difficulties in solving tlkisd of problems. In
this work, a Harmony Search (HS) based optimizapproach is developed to solve the radial linenileg problem.
Furthermore, some modifications to the HS are mteskfor improving the computational efficiency optimization
problems with strongly interrelated mixed variablés sample system is served for demonstrating #esibility and
effectiveness of the proposed approach.
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1. Introduction

Power system planning is generally a complicatedinear multi-objective optimization problem witlifférent kinds of
constraints. The difficulty of solving this problestems from the large number of optimization vdgahbinvolving both
continuous and discrete types. The planning ohjeds to determine the most economical scheme séturity constraints
respected. As it is difficult for traditional mathatical optimization methods to solve the planningblem efficiently, many
different approaches based on Atrtificial Intelliger(Al) such as Tabu Search (TS), Genetic Algori{@A) and Differential
Evolution (DE), have been proposed for this purpgngbe past decade.

TS is a restricted neighbourhood search technidtietthe guidance of the flexible memory of the séanistory. Due to its
good performance, many TS based approaches hawedeeeloped for a wide variety of optimization peohs in power
systems such as fault section estimation (Weal, 1997), transmission network optimal planning (W&tral, 1997) and
optimal placement of capacitors in radial distribatsystems (Yangt al, 1995). These applications have shown the high
efficiency of TS in handling combinatorial optimiican problems. In principle, TS based methods aoeensuitable for 0-1
integer programming problems. However, many prattptimization problems cannot be formulated ahsGA represents
a computational technique mimicking the concephefbiological evolution process (Goldberg, 1989).to now, there have
been an enormous number of GA applications forisgldifficult optimization problems (Carpimelit al, 2001; Huang and
Negnevitsky, 2008; Samaan and Singh, 2004). Themeajvantages of GA lie in its adaptability to mdyds of problems
and its speed in obtaining optimal solutions, lsitencoding requirement limits its efficient apptions in some problems
(Donget al, 2006). DE is reported to be superior to GA andl&ionary Strategy (ES) in solving the power sgstganning
problem DE is an evolutionary algorithm similar to GA, Whits ability to operate on floating-point variablmakes it more
flexible. Furthermore, some modifications for DEe amade to better cater for the need of the planpinglems (Donget al,
2006; Yanget al, 2008; Lampinen and Zelinka, 1999). However, updw, there is not a definite conclusion on howvell
handle the planning problem involving differentdénof variables.

In this work, Harmony Search (HS) is employed ttvessahe optimal rural radial line planning probleRS was proposed
several years ago, and has been successfully dpplie@ wide variety of optimization problems witloayl convergence
performances. The rural radial line planning problan instance of the more general distributiotesysplanning problem, is
illustrated to verify the efficiency of the devetap approach. Line selections and the placementgoltdge regulators
(including the decisions regarding whether and wheiltage regulators should be installed) are téakiEnaccount. Moreover,
the placement of a voltage regulator is regardeal\akole, called a mixed variable, in the procdssearching for the optimal
solution. To make HS suitable for handling mixedatales defined in this work, some modificationds are also made.
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In Section 2, the traditional HS is briefly desetib The formulation of the rural line planning peeoh is given in Section 3.
In Section 4, the specific modifications of HS the mixed variables involved in the rural line piarg is presented. A
sample system is employed for demonstrating thsilfididy and efficiency of the developed HS basegraach in Section 5.
Finally, the conclusion is presented in Section 6.

2. The basic principles of harmony search

The Harmony Search (HS) algorithm was originallpgosed by GEEM Z W in 2001 (Geesh al, 2001). HS is a novel
meta-heuristic search method, mimicking the impsation process of music players, and utilizing just solution vector for
each search (Geeet al 2001) (Lee and Geem, 2005). Up to now, it has lseecessfully employed in a wide variety of areas
including power systems such as the combined lrehpawer economic dispatch (Vasebial 2007), power control strategy
of parallel inverters (Baghaes al 2008) and fault current reduction in distributieystems with distributed generation units
(Baghaeeet al, 2008).

To describe the working procedure of HS, an optatian problem is specified as follows:

min F(X)

X=X o X gd=[X X 5 X X ]

con’
Subject to:
X" <x <xY

where X is a n-dimension vector composed of optimization variabte be determined, and its any elemenmay be
continuous Xcon) Or discrete Xqi). F(X) is the objective functionx’ and x" respectively denotes the upper and lower bounds
of xi. The nomenclatures used in the HS algorithm afellasvs.

HM: harmony memory. A list in which some solution t#s are included, and sorted by their correspandaiues of

the objective function.

HMS: harmony memory size. It represents the numbsolotion vectors (i.e., optimization variablesHM.

Memory Consideration: It is used to choose the value for a certain elgnof the new vector from the specified HM

range.

Pitch Adjustment: It is used to adjust the value of the compondmthioed by the memory consideration according to a

specified strategy.

Random Selection: It is used to select one value randomly for daderelement of the new vector from the possible

range of values.

HMCR: harmony memory considering rate.

PAR: pitch adjusting rate.

bw: an arbitrary distance bandwidth.

As shown in Fig. 1, HS is mainly composed of thstps: initialization, new solution generation apdating operation.

v

Step1 Initialize the HM I

| Step2 Improvise a new harmonyI

Is the new harmony
better than the worst

No

Fig.1 The optimization procedure of the HS algoritim
The HS algorithm is carried out by the followingss:

Step 1 Initialize the Harmony MemoryHM).
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Similar to most existing meta-heuristic algorithrimsHS a random rule is also employed to genetagdirtitial solution
vector.

X F Ly X (% =) X is continuous "
e X +Lfand x(X' - >§L)J % is discrete
Where| * | denotes rounding down to the nearest integgy.is a random number uniformly distributed betweean@ 1. At

the end of this step, théM list is filled with randomly generated solutioncters.

Step 2 Improvise a new harmony
A new harmony vectolX =[X, X,,..., X, ], is generated according to the following threesul

® Memory Consideration
® Pitch Adjustment
® Random Selection

For instance,)g' , the value of théth optimization variable in the new vector, is geted in accordance with the memory
consideration with a probability ¢iMCR, while (1HMCR) is the rate of selecting one value by the randetection. The
component obtained by the memory consideratioujisséed with the rate d?AR If the pitch adjustment is carried ouq', is
replaced as follows:

o {)g' tr,, xbw X is continous @
X *| . xbw | X is discrete
wherebw is a distance bandwidth of tiié variable in the new vector.

As described above, the pitch adjustment and ransilection are primarily responsible for maintagnihe diversity of
solutions and for searching the new territory, while memory consideration serves to improve theexgence performance.
It is a disadvantage of the traditional HS algaritto use fixed values for boBPARandbw. In early iterations (generations),
small PARand largebw could lead the HS algorithm to increase the diteeisf solution vectors, while largeAR and small
bw are usually helpful for improving the best soluatim the final iteration stage. Given this backgréuan improved HM
algorithm (Mahdaveet al, 2007) is presented with adaptaBeR andbw as follows:

bw
) ()
Kmax
bw (K) = bw x &% ©)
(PAR - PAR) |

PAR K = PAR, +

max

where
K. ax 1S the permitted maximum number of generatioes, $topping criterion;
bw" < bws bW and PAR < PAR< PAR.
As shown in Fig.2PARandbw change dynamically with the increase of the gdai@rditeration) number.

N N

PARY bw"|

PAR(RK ow(K)

PAR| bwH
U all k 0 b0o K
Fig. 2 The variation of PAR and bw with the increase of the generation number

Step 3 Update theHM
If the new vector generated in Step 2 is betten th& worst harmony in thdM in terms of the corresponding objective
function values, the new vector is then addedénHM and the existing worst harmony is excludediftbe HM.
HS has the advantage of ease to be implementedsrhdveapability at finding areas of the global ioptm and at using
mathematical techniques for fine-tuning within thawreas. Its effectiveness in solving nonlinearstramed optimization
problems has been proven in many applications (&iiad, 2001) (Geenet al, 2002) (Kang and Geem, 2004).
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3. The mathematic model for rural radial line planning

In some developed countries, long medium voltad@atdines are widely employed to supply powerdrgk areas with very
low population and load density. As the lines acemmally very long, voltage regulators are usualged tomitigate the
voltage dropping problem and hence the placemeteltage regulators should be taken into accoanthie planning
procedure. In this work, the line selections aracpiments of voltage regulators are of primary condeig. 3 displays the
typical topology of a rural radial line witk loads evenly distributed along the feeder.

L2 »
Ll —————»
Sio1=P1+Q: S0s=Ps+jQs Sios=Ps+Qs
l S Si2 S S S:
Sw2=P> Q2 Soa=PetjQs

Fig.3 The typical topology of a rural radial line

Based on the given topology structure, the planpirggplem can be regarded as an issue of selegipppriate values for
the design parameteasstated below:

B:{blv bZ"“b"“’b\l}
L ={Ly L2 Li- L} 4
S:{So.l, S 810, B 1,K}

where

B andL are bothN-dimension vectors withl being the maximum permitted number of voltage regus;

b;, theith element oB, is a 0-1 variable, and represents whetheittheoltage regulator should be installed or not (1
or 0);

Li, theith element olL, is a continuous variable between zero and the tetajth of the line, and represents the
location of theth voltage regulator;

S is aK-dimension vector with being the total number of loads;

S,.1n thenth element ofS, is a discrete variablend identifies the selected type of cables forséagtion between
the(n-1th andnth loads.

In fact, if theith voltage regulator is not selected for installat{b0), then it will not be necessary to determiog i.e.,
the designed parametdssand Li are interrelated. In most Al based methods, tisigdeparameters are considered separately.
In this work, M; , a new type variable called the mixed variabledéfined to combine two related design paraméieand
Li as follows:
M, =[b]| L]
M; is treated as a single variable like a continumus. The corresponding modification of HS will loérdduced in the next
section to deal with this mixed variable. Then, sbkition vectoiX can be expressed as follow:

X={M,S} { M, Mg My S S R-ud ®)

The objective of the radial line planning is toued the total cost under given security constralegies of installation cost,
line loss and physical constraints all affect tlsign-making process. In this paper, the mathealdticmulation of the rural
line planning problem is as follows:

Min F(X)=Cg, (X)+Co(X)+ Cp X)) (6)
Subject to

max
|

where F(X) represents the total cost consisting of the ilatah cost, i.e., the cost of voltage regulata@;,((X)) and that
of cables C.(X))), and the cost line losse€{ (X) ). The detailed formulas for calculating these s@se as follows:

{me <V, <V

n-1,n < Imax
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Cav(X)=AxT
SN

Cc(X) = ZEXW( Srl,n) (7

n=1

Ca(X) =X ((R G x Hx )/(1+ )

where
A'is the cost of each voltage regulator;
T is the maximum possible number of voltage regusato be installed;
| is the total length of the line;

W(S.,,) is the cost of per unit length of the selected lietween then(1)th andnth loads;

R is the power loss at the peak load point (kW), eaudl be approximated by calculating the power pesssection
of the line between two loads;

C, is the cost of per kW losses;

H is the hours per year (=8760h);

Y denotes the number of years to accumulate thedpss
f is the load factor.

Taking the time value of funding into account, dost of power loss in thigh year should be transferred to its present value
with annual rate.

4. Modifications of HS for rural radial line planning

In this section, the modifications to the tradittbhlS will be detailed so as to deal with the defirmixed variable in the last
section. The modifications are mainly concernedhwhie processes of initialization and improvisation
First, the formulas used for the HM initializatiare modified as follows:

(o) = [ s <05
: 0, else

L UM, (L1, if M, (B) = ®)
Mi<L>'={M‘(L) + g X (M (L) =M (L)), M (b) =1

null, else
It is not clear that why using harmony search adtef other algorithms.

As shown in Eqn. (8), if théth voltage regulator is not selected for instadiati M, (b) =0), then the location of this
regulator is no longer an issue to considbf, (L) = null). These initialization strategies are consisteith ihe practical
situations.

Secondly, in order to utilize the available infotioa for the placements of voltage regulators ia turrent HM more
reasonably,b; and Li are regarded as a whole in this work. Given thagkground, the following modifications for
improvisation are presented.f, < HMCR, M., the parameter corresponding to itheregulator in the new solution vector,

is generated by the memory consideration in Eqgh.b@ow, otherwise randomly according to Eqn. (Bdr the pitch
adjustment in handling mixed variables, the modifins are defined in Egn. (10).

M =M 9)

{M|(b) = Mi,n+step(b) (10)

MI(L) = Mi,n+step(|‘) + rand XbW

where
M, , denotes théth element of theth solution vector saved in the currétivi;

nis generated randomly between 0 adi1& 1) (memory consideration).

To apply the pitch adjustment on the mixed varialdeep a randomly generated integer, is addedntevith the
constrainD < n+ step<s HMS-1.

5. Test results

In this section, a long medium voltage radial vieh 50 loads evenly distributed along the feed#éirlve employed as a test
system to verify the feasibility and effectivene$she proposed planning method. The details oftélsé system are detailed
below:

* Avradial system will be designed to supply power50 loads.
* The loads are evenly distributed along the feesirh with its own MV/LV supply transformer.
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» Each load is 10 kVA with the power factor 0.85 lmgg(under the peak load condition).

» 7 different candidate overhead conductors are fpdceach with a different cross sectional arewl faence R & X)
and cost (as shown in Table 2).

» The maximum permitted number of installed voltaggutators is 3; each can boost the voltage by aman of
10%. The cost of each voltage regulator is known.

» Different conductors could be employed for diffdreections along the line (between loads).

 The constraint on the voltage at each customer emiiom point is within 6% of the nominal voltagee.
0.94<V<1.06.

The available data are respectively listed in Tdbdend Table 2.

Table 1 Parameters for the planning
C, Y f
$0.076/kWh| 20y 0.333

Paramete

Value

Table 2 Parameters of candidate lines

Cable Nam | Cost [$/km | Maximum Current [A | R [Ohm/km’ | X [Ohm/km]
1| Gz3/2.75 500 49 11 0.45
2| AC 2/2.75 720 76 5 0.45
3 Quince 800 85 4.37 0.346
4 Raisin 1200 131 2.14 0.324
5 Sultana 1500 181 1.21 0.302
6 Libra 1900 237 0.6 0.284
7| Mercury 3100 388 0.26 0.259

22kV 3-phase system planning

The planning for a 22kV 3-phase system is carrigtd Bhe simulation results are listed in Table @ @able 4, and the total
cost is $1807679.24.

19.1kV Single Wire Earth Return planning

The single wire earth return (SWER) or single wgreund return is usually used to supply single-phelgctrical power
from an electrical grid to remote areas at a loat.cbhe planning for a 19.1kV SWER is tested h&he planning results are
listed in Table 3 and Table 4, and the total c®$999351.98.

6. Conclusions

In this work, a modified HS based method is devetbfor the planning problem. The capability of HEhandling
constrained optimization problems with a large nambf variables of different types has been demmatesd with many
application examples. For the given rural line piag problem, a new type mixed variable is defitedeal with the voltage
regulator placement problems more reasonably. Eurtbre, some modifications for HS are made so amdke it more
efficient for the rural radial line planning probie The obtained optimal solution can satisfy thevgoflow and other physical
constraints with low costs. In fact, the modifie8 i$ applicable to many practical optimization peofs in different areas.

Acknowledgement

This work is supported by the Doctoral Fund of kfiaistry of Education of China with project numt00805610020.
References

Baghaee H.R., Mirsalim M. and Saniari M.J., 2008ulEcurrent reduction in distribution systems wdiktributed generation
units by a new dual functional series compensa®nceedings of the 13th Power Electronics and dtotControl
ConferencePoland, pp. 750-757.

Baghaee H.R., Mirsalim M. and Saniari M.J., 200@we€r control strategy of parallel inverter inteddc DG units.
Proceedings of the 13th Power Electronics and Mo@ontrol ConferencePoland, pp. 629-636.

Carpimelli G., Celli G., Pilo F. and Russo A., 20Mistributed generation sitting and sizing undercertainty. In:
Proceedings of 2001 IEEE Porto Power Tech ConfezeRorto.



173 Yang et al. / International Journal of Engineerirfggience and Technology, Vol. 2, No. 3, 2010, §p-1774

Dong Z2.Y., Lu M., Lu Z. and Wong K.P., 2006. A difential evolution based method for power systeanmihg,
Proceedings of 2006 IEEE Congress on Evolutionamn@utation Canada, pp. 2699-2706.

Geem Z.W., Kim J.H. and Loganathan G.V., 2001. & heuristic optimization algorithm: harmony sear8hmulation 76(2):
60-68.

Geem Z.W., Kim J.H. and Loganathan G.V., 2002. Harynsearch optimization: application to pipe netwalesign.
International Journal of Modelling and Simulatioviol.22, No.2, pp. 125-133.

Goldberg D.E., 1989. Genetic algorithms in seapptimization and machine learningddison Wesley

Huang J.S. and Negnevitsky M., 2008. A messy geratjorithm based optimization scheme for SVC piaeet of power
systems under critical operation contingeneeoceedings of 2008 International Conference on @aer and Software
Engineering China, pp. 467-472.

Kang S.L. and Geem Z.W., 2004. A new structuralnoiziation method based on the harmony search aftgoriComputer
Structure Vol.82, No0.9-10, pp. 781-798.

Kim J.H. and Geem Z.W., Kim E.S., 2001. Paramestimation of the nonlinear Muskingum model usingnmany search,
Journal of American Water Resource Associatiénl.37, No.5, pp. 1131-1138.

Lampinen J. and Zelinka 1., 1999. Mechanical engjimg design optimization by differential evolutioNew Ideas in
Optimization (edited by D. Corne, M. Dorigo, et.dlpndon, McGraw-Hill International (UK) Limited,pp 129-146.

Lee K.S. and Geem Z.W., 2005. A new meta-heuregorithm for continuous engineering optimizatidrarmony search
theory and practic&Computer Methods in Applied Mechanics and Engimggehiol.194, No.36-38, pp. 3902-3933.

Mahdavi M., Fesanghary M. and Damangir E., 2007. ifproved harmony search algorithm for solving wytiation
problems Applied Mathematics and Computatjdrol.188, No.2, pp. 1567-1579.

Samaan N. and Singh C., 2004. Genetic algorithnoaph for the assessment of composite power systdiability
considering multi-state componenBsoceedings of BInternational Conference on Probabilistic MethoMsplied to Power
SystemsUSA, pp. 64-69.

Vasebi A., Fesanghary M. and Bathaee S.M.T., 2@xmbined heat and power economic dispatch by haynsearch
algorithm.International Journal of Electrical Power and Engr§ystemsvol.29, No.10, pp. 713-719.

Wen F.S. and Chang C.S., 1997. A Tabu search agptodgault section estimation in power systeElectric Power Systems
ResearchVol.40, No.1, pp. 63-73.

Wen F.S. and Chang C.S., 1997. Transmission neteytiknal planning using Tabu search methigkbctric Power Systems
ResearchVol.42, No.2, pp. 153-163.

Yang H.T. and Huang Y.C., 1995. Solution to camaqgiiacement problem in a radial distribution sgstesing tabu search
method.Proceedings of 1995 International Conference onrgypé&anagement and Power Delivery (EMPD’ 95)ngapore,
pp. 388-393.

Yang Y., Dong Z.Y. and Wang K.P., 2008. A modifidifferential evolution algorithm with fithess shagi for power system
planning.lEEE Transactions on Power Systesl.23, No.2, pp. 514-522.

Table 3 The planning results on line selections

Line 22 kV 3-phase system 19.1 kV SWER
Number Connected Nodes (Unit: Cable Connected Nodes Cable
k\V) Name (Unit: kV ) Name
1 0 1/21.92¢ Mercury 0 1/19.01: Libra
2 1 2/21.85: Libra 1 2/18.96° Mercury
3 2 3/21.78: Libra 2 3/18.92: Mercury
4 3 4/21.65: Sultani 3 4/18.76¢ Raisir
5 4 5/21.52¢ Raisir 4 5/18.68¢ Libra
6 5 6/21.49( Mercury 5 6/18.64« Mercury
7 6 7/21.36¢ Raisir 6 7/18.50( Sultan:
8 7 8/21.33« Mercury 7 8/20.21% Raisir
9 8 9/21.21° Raisir 8 9/20.14: Libra
1C 9 10/21.15! Libra 9 10/20.10¢ Mercury
11 al(o 11/21.04 Raisir 10 11/19.98¢ Sultan:
12 11 12/20.93! Raisir 11 12/19.87: Sultan:
13 12 13/20.82! Raisir 12 13/19.80¢ Libra
14 13 14/22.88- Mercury 13 14/19.69¢ Raisir
15 14 15/22.83 Libra 14 15/19.33: Quince
1€ 15 16/22.74 Raisir 15 16/19.22¢ Raisir
17 1€ 17/22.65! Sultani 16 17/19.12: Raisir
18 17 18/22.61. Librs 17 18/19.06° Libra
19 18 19/22.53. Sultani 18 19/18.96¢ Sultani
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Line
Number

2C
21
22
23
24
25
26
27
28
28
3C
31
32
33
34
35
36
37
38
3¢
ac
41
42
43
44
45
46
47
48
4¢
5C

N
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Connected Nodes

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
3¢
40
41
42
43
44
45
46
47
48
49

Installed or not ?

Table 3 (cont'd) The planning results on line selg¢ions
22 kV 3-phase system

(Unit: kV)

20/22.48!
21/22.46
22/22.44!
23/22.37-
24/22.30-
25/22.26:
26/22.23.
27/22.02
28/21.96
29/21.91
30/21.85!
31/21.80:
32/21.75:
33/21.70°
34/21.69:
35/21.53:
36/21.49!
37/21.35!
38/21.32:
39/21.31:
40/21.211
41/21.11
42/21.03
43/20.95!
44/20.88!
45/20.87!
46/20.82!
47/20.81(
48/20.81:
49/20.79:
50/20.771

Cable Name
Libra 19
Mercury 20
Mercury 21
Sultani 22
Raisir 23
Libra 24
Libra 25
Quince 26
Sultani 27
Raisir 28
Raisir 29
Raisir 30
Raisir 31
Raisir 32
Mercury 33
AC2/2.7¢ 34
Sultani 35
AC2/2.7¢ 36
Raisir 37
Mercury 38
Quince 39
AC2/2.7¢ 40
Quince 41
AC2/2.7¢ 42
AC2/2.7¢ 43
Raisir 44
Quince 45
Raisir 46
Quince 47
AC2/2.7¢ 48
Quince 49

19.1 kV SWER

Connected Nodes
(Unit: kV)

20/18.87¢
21/18.78:
22/18.73¢
23/18.64¢
24/18.60:
25/18.52¢
26/18.44¢
2718.37:
28/18.33¢
29/18.29¢
30/20.09¢
31/20.037
32/19.89:
33/19.95¢
34/19.90°
35/19.86:
36/19.81¢
37119.78(
38/19.63¢
39/19.60¢
40/19.48¢
41/19.37¢
42/19.34¢
43/19.27:
44/19.2(0
45/19.19¢
46/19.18:
47/19.17:
48/19.13¢
49/19.11¢
50/19.09¢

Table 4 The planned results on voltage regulators
19.1 kV SWER

22 kV 3-phase system
Site

Yes
No
No

Final acceptance in revised form March 2010

44 1kn

Installed or not ?

Yes
Yes
No

Cable
Name

Sultan:
Sultan:
Libra
Raisir
Libra
Raisir
Sultan:
Raisir
Libra
Libra
Libra
Raisir
Raisir
Libra
Raisir
Raisir
Sultani
Sultan:
AC2/2.7¢
Sultan:
AC2/2.7¢
AC2/2.7¢
Raisir
Quince
Quince
Libra
Raisir
Sultan:
AC2/2.7¢
Quince
AC2/2.7¢

29.7kn
120.9kn



