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Abstract This paper presents an application of a multi-

objective seeker-optimization-algorithm (MOSOA) for

solving multi-objective design of advanced power distri-

bution systems (PDS) considering fixed cost, non-linear

variable cost and reliability as the objective functions

including DGs (distributed generations) and D-FACT

(distribution-FACT) devices. The proposed planning

methodology uses contingency-load-loss index (CLLI) for

reliability evaluation, which is independent of failure rate

and fault repair duration of the feeder branches. To

enhance the reliability and efficiency of existing PDS,

planning strategy includes distribution automation devices

such as automatic recloser (RA). Performance of the pro-

posed approach is assessed and illustrated on a 54-bus

PDS, considering real-time design practices. Furthermore,

a qualitative comparison is made with NSGA-II, showing

the efficacy of the proposed planning approach.

Keywords Multi-objective seeker-optimization-

algorithm � Non-dominated sorting genetic algorithm-II

(NSGA-II) � Power distribution system design �
Contingency-load-loss index (CLLI)

Introduction

Design of an optimal power distribution system (PDS)

involves simultaneous optimization of frequently compet-

ing multiple objectives such as minimization of the

installation cost of the new facilities such as substation,

distributed generations (DGs), automatic protective devices

such as RAs, D-FACT (distribution-FACTs devices such as

D-STATCOM: distribution-static compensator), feeders,

etc., minimization of operational costs such as energy loss

cost and maximization of system reliability to design a

cost-effective and reliable network (El-Kady 1984; Samui

et al. 2012; Kumar et al. 2014a, b; Najafi et al. 2009; ;

Rosado and Agustı́n 2006; Mendoza et al. 2006; Carrano

et al. 2006; Ramı́rez-Rosado and Domı́nguez-Navarro

2004; Ganguly et al. 2012; Kumar et al. 2015a, b; Nekooei

et al. 2013; Kumar and Samantaray 2014). Research work

based on numerical based methods such as ‘‘Mixed integer

linear programming approach’’ (El-Kady 1984), the

‘‘Direct search approach’’ (Samui et al. 2012) etc. for PDS

planning have limited scope in practical applications as

almost all the practical problems involve objective func-

tions that are non-linear, non-convex, and non-differen-

tiable in nature. In this regard, heuristic-based methods

(Najafi et al. 2009; Kumar et al. 2014b) have distinct

advantages such that it can handle complex problems and

also it do not require any gradient information. Several

multi-objective evolutionary algorithms have been applied

and found suitable for PDS planning problems (Rosado and

Agustı́n 2006; Mendoza et al. 2006; Carrano et al. 2006;

Ramı́rez-Rosado and Domı́nguez-Navarro 2004; Ganguly

et al. 2012). Most of the literature (Rosado and Agustı́n

2006; Mendoza et al. 2006; Carrano et al. 2006; Ramı́rez-

Rosado and Domı́nguez-Navarro 2004) have used expected

energy not served (EENS) for reliability estimation which

is based on average failure rates and the repair durations of

all the feeder branches, that is very difficult to estimate in

practice as the occurrence of faults take place because of

various unpredictable non-technical reasons. To alleviate

such problems, PDS planning based on a reliability index
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(contingency-load-loss index (CLLI)) (Ganguly et al. 2012;

Kumar et al. 2015a, b) is proposed, which is independent of

the estimation of the failure and repair rate of the branches.

In reference (Kumar et al. 2015a) and (Kumar et al.

2015b), authors have not considered the impact of simul-

taneous placement of DGs and D-FACT devices on the

overall PDS planning.

This paper includes the simultaneous optimal placement

of DGs and D-STATCOM while designing an advanced

PDS. The paper is organized as follows: problem formu-

lation (Sect. 1), modeling of D-STATCOM (Sect. 3),

description of proposed MOSOA (Sect. 4), results and

discussion (Sect. 5), and the conclusions (Sect. 6).

Problem Formulation

In this paper in order to carry out the optimal MO design of

PDS, the vectors of the objective function to be minimized

is u ¼ ½u1; u2�, where u1 is the objective function of global

economic cost and u2 is the objective function related to

the reliability of the PDS.

u1 ¼ CSystem ¼ CFixed þ CVariable þ CMaintenance ð1Þ

where,

CFixed ¼
X
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where, NF Set of proposed feeder routes to be built; NS

Set of nodes associated with proposed locations for

building substations; NDF Set of nodes associated with

selected locations for building DSTATCOMs;ND Set of

nodes associated with proposed locations for building

DGs; NbðNmÞ Set of proposed substa. (RA/CB) sizes to be

built;Ng ðNaÞ Set of proposed DG (feeder) sizes to be

built;ðXi; jÞa Power flow in kVA, carried though route

ði; jÞ 2 NF associated with a feeder of size a. ðXkÞb,E
Power flow in kVA, supplied froma proposed substation

of size b or with an existing (E) one.ðXDÞg Power flow in

kVA, supplied from D 2 ND associated with a proposed

DG of size g. CVðFÞ Variable (fixed) cost; CM Mainte-

nance costta Analysis time in years. ðYi; jÞa is equal to 1

if the feeder of size a associated with route ði; jÞ 2 NFP is

built. Otherwise, it is zero. ðYkÞb is equal to 1 if the

substation of size b associated with node k 2 NSP is built.

Otherwise, it is zero.ðYDÞg is equal to 1, if the DG with

size g associated with node D 2 ND is built. Otherwise, it

is zero.ðYDFÞf is equal to 1, if the DSTATCOM with size

f associated with node k 2 NDF is built. Otherwise, it is

zero.

The objective function in (1) aims to minimize the

investment cost i.e., CFixed where, the first five terms rep-

resents the asset cost of reinforcing/constructing substa-

tions, deploying DGs, D-STATCOM, building feeders, and

reinforcing RAs and circuit breakers (CBs) respectively.

The sixth and seventh terms show the asset cost associated

with existing feeders of size a and with existing substations

of size b, respectively.

For variable cost component (CVariable), the first two

terms represents variable cost associated with substation

and DGs respectively, which mainly considers the cost

associated with the fuel used. The third, fourth and fifth

terms is the variable cost associated with (proposed/exist-

ing) feeders of size a (it accounts for energy loss of the

system) and with existing substations of size b (fuel cost),

respectively. CMaintenance, it represents the maintenance cost

per annum involved with feeders (proposed/existing), DGs

and the substations (proposed/existing).

The proposed PDS planning includes a CLLI-based

reliability index which can be defined as the ratio of the

average of non-delivered load due to failure of all bran-

ches, taken one at a time, to the total load. Thus the

objective function u2 can be mathematically expressed as,

u2 ¼ CLLI ¼ NDLAvg:LTotal

¼

PNF

i¼1NDLi=NF

LTotal
ð2Þ

where,NDLi Non-delivered load due to fault in branch

i.NDLAvg: Average non-delivered load.LTotal Total load in

kVA.

The evaluation of CLLI index is given in detail in

(Kumar and Samantaray 2014).The multi-objective prob-

lem can be formulated as:-

MinF ¼ ½CSystem; CLLI� ð3Þ

The simultaneous minimization of two objective func-

tions is subjected to some technical constraints, namely:

(a) Kirchhoff’s current law constraints for all nodes of

the distribution network.

(b) The capacity constraint limits of the feeders and

substation.

(c) The voltage level in load buses.
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(d) Network connectivity and radiality constraint of the

active network (NB ¼ NN � 1, where NB is the

number of branches and NN is the number of nodes).

Modeling OF D-STATCOM

A D-STATCOM is represented by a synchronous voltage

source and its shunt connected transformer. The equivalent

corresponds to the Thevenin equivalent as seen from bus k,

with the voltage source E being the fundamental frequency

component of the synchronous condenser output voltage is

shown in Fig. 1. The power flow equations for the D-

STATCOM are derived from first principles and assuming

the following voltage source representation (Acha et al.

2004):

EvR ¼ VvRðcos dvR þ j sin dvRÞ ð4Þ

Based on the shunt connection shown in Fig. 1, the net

apparent, active and reactive power equations for the

converter and bus k, can be expressed as (Acha et al. 2004):

SvR ¼ VvRI
�
vR ¼ VvRY

�
vRðV�

vR � V�
k Þ ð5Þ

PvR ¼ V2
vRGvR þ VvRVk½GvR cosðdvR � hkÞ

þ BvRsinðdvR � hkÞ�
ð6Þ

QvR ¼ �V2
vRBvR þ VvRVk½GvRsinðdvR � hkÞ

� BvRcosðdvR � hkÞ�
ð7Þ

Pk ¼ V2
k GvR þ VkVvR½GvR cosðhk � dvRÞ

þ BvRsinðhk � dvRÞ�
ð8Þ

Qk ¼ �V2
k BvR þ VkVvR½GvRsinðhk � dvRÞ

� BvRcosðhk � dvRÞ�
ð9Þ

All the parameter details and using these power equa-

tions, the linearised D-STATCOM model are given in

(Acha et al. 2004).

Development of Multi-Objective Seeker
Optimization Algorithm

The step-by-step solution procedure (steps 1 to 9) which

shows that SOA is a simple and straight-forward approach

to implement for distribution system planning problem.

The details of SOA are shown in (Kumar and Samantaray

2014, Kumar et al. 2015a).

Step 1: Initialize the initial set of seekers of size NIS

using fundamental loop generator that pre-

serve the radiality operation (Kumar and

Samantaray 2014) where, each seeker repre-

sents one radial configuration of dimension P,

which restricts the initial population that is

further improved by SOA.

Step 2: In order to add a social component for the

sharing of information, a neighborhood is

defined for each of the NND seekers. Split the

population of size NND into NSP different

sub-populations. Each sub-population is the

same size.

Step 3: Evaluate the fitness value of each seeker

(Kumar et al. 2014a).

Step 4: Determine best personal, global and local

positions.

Step 5: Calculate different components of the search

direction.

Step 6: Update the position of each seeker.

Step 7: Perform a seeker mutation using the inter-sub-

population learning scheme.

Step 8: Perform ‘‘seeker movement’’ operation.

Step 9: Now select the best seekers of size NND from

the set of combined solutions (‘‘seeker muta-

tion’’ and ‘‘seeker movement’’ operation)

using a fast non-dominated sorting algorithm

for the new population Xt?1.

Step 10: Combine Xt?1 (current solution) and Yt?1

(previous solution) of size NND respectively,

perform fast non-dominated sorting algorithm

and obtain the best set of seekers of size NND

and repeat the same procedure from step 2 for

the next set of populations until the stop

criterion is satisfied (either a maximum num-

ber of iterations is reached orthe objective

function does not improve).

Results and Discussion

A system of 54 nodes with a proposed substation capacity

of 4 MVA and total load demand of 2.032 MVA is con-

sidered to illustrate the performance of MOSOA and

NSGA-II. All the details of the load point, CB data are

given in (Kumar and Samantaray 2014). A backward/for-

ward load flow algorithm of the proposed work (Samui

et al. 2012) is developed on a MATLAB-R2010a platform

for radial load flow analysis. A maximum of six RA’s,

three DG units (maximum size of DG is considered to be

k kV
vRZ   -vR vRV

bus k

Ik

Fig. 1 DSTATCOM connected via a shunt connected transformer
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2 MW), and two D-STATCOMs with capacity of ±1

MVAR are used in the network to enhance the overall

system performance index (such as CLLI Index, voltage

profile etc.). The test system is taken from ref. (Kumar

et al. 2015a). The substation installation and maintenance

cost (per annum) is considered to be $7,50,000 and $10,000

respectively. The installation cost of each DG, D-STAT-

COM and RA are considered to be $110,769.23,$50/kVAR

and $15,384.61, respectively. Short circuit capacity of each

RA is considered to be 20kA. The cost of operation of each

substation and DG are 0:001$=ðkVA)2h. The variable cost-
coefficient for each line section is 0:005$=ðkVA)2h:

The abstract of the parameters used for the methodolo-

gies (MOSOA and NSGA-II) are depicted in Table 1. The

complete study is carried out on a desktop PC with an Intel

core i5-2400, 3.10 GHz, 8 GB of RAM, and a 32-bit

operating system using a MATLAB-R2010a platform. In

this paper ‘‘Max–min’’ approach is applied to select the

final optimal solution. In order to select the best multi-

objective planning solution, the value of the objective

functions are normalized using the following expression:

Cmax � Ck

Cmax � Cmin

;
CLLImax � CLLIk

CLLImax � CLLImin

� �

Where, ðCmax;Cmin;CkÞ and ðCLLImax;CLLImin;CLLI kÞ
are the (maximum, minimum, and the value of the k-th

Pareto point) of cost and reliability function respectively.

Afterward, a ‘‘Max–min’’ approach shown in Ganguly et al.

2012 is applied to select the best multi-objective planning

solution. At first, we have evaluated the membership

function values of each of the non-dominated solution in

the range of (0, 1). Then the summation of the membership

values of all the objectives of each of the non-dominated

solution indicates that how well this solution satisfies all

the objective functions. Afterward, the solution which is

having a higher value will be selected as the most suit-

able solution over the Pareto-front. At the start 100 solu-

tions have been obtained from fundamental loop generator

(initial seekers), which satisfy all the system constraints.

These initial set of seekers is then further modified by

modifying their variables using MOSOA, defined in

section IV. Pareto optimal fronts obtained by MOSOA and

NSGA-II are shown in Fig. 2.

While comparing the performance with NSGA-II

(Table 2), it is observed that network B has a total cost of

$3,381,000, which is 2.58 % higher than A (Fig. 3). It is

also found that the CLLI of B is 0.115 which is 3.60 %

higher than A. For the most suitable solution obtained

(Network A) with the proposed approach considering DGs

and D-STATCOMs, the optimal power flow result indi-

cates that the optimal locations of DGs are at buses 34, 50

and 18 with the optimal sizes of 2.043 kW (Bus 34),

14 kW (Bus 50), and 4 kW (Bus 18) respectively. D-

STATCOM generates -20.22 kVAR (Bus 52) and 18.24

kVAR (Bus 34) in order to keep the voltage magnitude

within permissible limit of (0.95 to 1.05 p.u) at all the

buses. The D-STATCOM parameters associated with this

amount of reactive power generation are VvR = 1.0018 p.u.

and dvR = 0.001 (Bus 52), and VvR = 1.0002 p.u. and

dvR = 0.009(Bus-34) respectively.

max mink
Cmax � Ck

Cmax � Cmin

;
CLLImax � CLLIk

CLLImax � CLLImin

� �� �
ð10Þ

Furthermore the substation reduces its active and reac-

tive power generation by almost 1 and 4 % compared with,

without DG and D-STATCOM case. In general, more

reactive power is available in the network than without

D-STATCOM case, and the substation connected at Bus 1

increases its share of reactive power absorption compared

with without D-STATCOM case. As expected, active

power flows are only marginally affected by the

Table 1 Parameters used for different techniques

Parameters MOSOA NSGA-II

Population size 100 100

ðlmax; lminÞ (0.95, 0.0111) –

ðwmax;wminÞ (0.1, 0.9) –

Crossover probability – 0.8

Mutation probability – 0.02

Max Gen 100 100

Independent run 50 50

Fig. 2 Pareto front of MOSOA and NSGA-II for 54-bus system

Table 2 Comparison of most suitable solution with different

techniques

Parameters MOSOA NSGA-II

Cost (US$) 3.296*E ? 06 3.381*E ? 06

CLLI 0.1112 0.1150

Worst voltage (p.u) 0.9995 0.9993

18 INAEL (2016) 1:15–20
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D-STATCOM installation. The Pareto-front shown in

Fig. 2 clearly shows that MOSOA dominates the NSGA-II

reflecting the superiority of the proposed algorithm and is

computationally less intensive than NSGA-II (Table 3).

Conclusion

An advanced PDS, in which primary feeders operate in a

radial configuration, has been explored in this paper using

the MOSOA, which considers simultaneous optimization

of the total system economic cost and overall system reli-

ability. Extensive tests are carried out in order to find the

efficacy of the proposed algorithm to design an advanced

PDS including distribution automation devices, DGs and

D-STATCOMs, which generates the distribution networks

based on a trade-off between cost and reliability. Also, a

‘‘Max–min’’ approach is employed to automatically select

the most suitable solution over the Pareto-front. The Par-

eto-front, results indicate that the MOSOA has a superior

performance than that of NSGA-II, which furthermore is

computationally intensive. Nevertheless, the method pre-

sented in this paper can be effective and helpful to system

planners for obtaining typical designs of an advanced

power distribution system.
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