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In this paper, a method is proposed for sizing, sitting and service area determination of sub-

transmission substations from among candidate and available substations considering 

distributed generations. In this way, an economic objective function along with required 

constraints are utilized for the implementation of an economic-technical design. In addition, 

with regard to the uncertainty in load forecasting, each of the load centers is considered as 
a fuzzy model. Moreover, fuzzy sets are employed to model uncertainties. Due to the 

problem complexity and several factors involved, problem optimization is completed using 

robust GSO algorithm. Several tests on a realistic network have been carried out to 

demonstrate the effectiveness of the present optimization method. 

1. Introduction 

Supplying load demand of consumers in an appropriate 
manner is among the main objectives of utilities. It should be 

noted that optimization of sub-transmission  substations and 

connecting network are primary requirements in this regard. 

Current sub-transmission  network should be able to supply 

distribution substations in a reliable manner. Otherwise, this 

network fails to supply load demand and it should be 

developed further in construction. The aim of planning the 

sub-transmission  network development is to estimate it and, 

if required, add new equipment in order to respond load 

demand growth with the least possible cost and proper 

reliability. Generally, various alternatives exist to develop 

substations and feeders in order to supply system load 

growth. That is, an objective function, consisting of constant 

and current costs, is formed which is used to measure the 

effectiveness of the related alternatives. Thus, regarding 

appropriate placement of substations in the presence of 

distributed generations, response to electric consumption 
growth is met by considering economic and technical 

efficiency. Given the uncertainty of load forecasting in areas, 

the abovementioned method is proposed based on load 

amount’s fuzzy model of electric areas. 

In [1], an approach is presented for optimum sizing and 

service areas determination. The load uncertainty is modeled 

using fuzzy members’ LR method in load point. An 

optimization tool for optimizing transmission system 
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development was extended through linearized power flow 

modeling and genetic [2]. In [3], a mathematical model and 

a dynamically transfer planning method were proposed using 

optimization structure. In [4], distributed generation (DG) 

units were taken as a novel alternative in order to use sub-

transmission  systems’ load. Ref. [5] suggests a multistage 

model based on a hybrid non-linear integer programming for 

programming sub-transmission  system development. Khodr 

et. al utilized probabilistic approach to select optimal 

placement of distribution substations. Proposed algorithm 

selects the best time-varying (hourly) locations of 

substations using heuristic approach. In this regard, each 

substation coordinates are weighted considering total load of 
area (obtained by load forecasting) and the best statistical 

distribution level. Since statistical distribution levels used in 

the proposed algorithm are employed to minimize the 

weighted deviations’ square [6]. In [7], improved genetic 

algorithm (GA) was employed to optimally design 

distribution system in large scales. Accordingly, optimum 

size and site of medium voltage (MV) and high voltage (HV) 

substations as well as LV feeders routing were achieved 

considering long-term load growth of distribution system. 

Network design problem is divided into two sib-problems. 

The first one is optimum placement of HV substations; and 

the other one is MV substation placement and MV feeders 

routing. In [8], an algorithm was invented to design 

distribution network. In this algorithm, the location of 

transformers was selected automatically obviating the need 
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for prior knowledge about location of candidate substations. 

Optimum arrangement of feeders and proper size of 

distribution network conductors are determined regarding 

line current capacity and voltage drop limitations as well as 

heuristic rules. An algorithm was invented in order to find 

optimum feedering route and substations’ location with 

regard to power loss minimization. In [9], an improved 

differential evolutionary algorithm was presented to solve 

planning problem of transmission system in static manner 

using alternating current model and by considering reactive 

power compensation. Ref. [10] proposed a novel dynamic 

method to solve transmission system’s planning 

development problem. In [11], optimum placement of 

substation and distribution network design were evaluated 

simultaneously using a novel hybrid algorithm of quasi-

Newton and genetic algorithm. In [12], a novel model of 

planning for sizing, locating, and scheduling of distribution 

substations and corresponding service area is extended.  
In this work, sizing, sitting and determining service area 

of subtransomission substations in the presence of DG 

resources as a novel alternative is modeled and solved in 

order to supply required capacity in a static manner in a time 

period for minimization of costs and by considering 

technical and economical constraints. 

2. Fuzzy Model of Load Points 

Fuzzy model of triangle and normal LR used to balance 

forecasted power in each point and in each time period is 

according to Fig. (1) and Eqs. (1) and (2) 
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where m, L, R and m(x) denote load average, left and right 

extend, and membership function, respectively [1]. 

 

Figure 1. Fuzzy model of load point power 

 

3. Problem Formulation 

In this section, mathematical formulation of sizing sub-

transmission  substations and DGs in a set of candid 

locations is performed to establish substation and DG. In this 

section, the aim is to minimize costs related to connecting 

lines of substations and loads, power loss of lines and sub-

transmission  substation transformers, constructing or 

extending sub-transmission  substations, installation of DGs, 

operation of sub-transmission  substations, operation of DGs, 

and accessibility of upstream network by substations. In 

addition to reduction of abovementioned costs investigated 

in most of the reported works, other design constraints are 

also considered in problem formulation: uncertainty in load 

and other economic parameters, violation of voltage 

permissible limitations in load points, increased cost of 

supplying network energy, overloads in DGs (violation of 

DGs’ maximum capacity).  

3.1. Economic Objective Function 

Costs related to investment, and operation of sub-

transmission  substations and DGs as well as connecting 

lines of sub-transmission  substation and loads, and power 

loss cost can be represented in a single objective function. 

Thus, economic objective function is deined by Eq. (3) 
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where ndg, nl, and ns denote the number of candidate 
locations for installation of DG, the number of system load 

points, and the number of candidate locations for installation 

of sub-transmission  substations, respectively. AC(i) is the 

cost of access to sub-transmission  substation I ($), max ( )sP i

loading peak of sub-transmission  substation i (MVA) and H 

is a large number. ij specifies binary decision variable, 

indicating connection or disconnection of load point j to 

substation i. CS and CF are respectively the cost of installing 

a sub-transmission  substation and LV network ($/km). Dij 

and gijD are the distances between sub-transmission  

substation i and load point j (km) and the distance between 

generating unit i and load point j (km). CDG ( ( )DGP i ) is the 

installation cost of DG and jpf is the power factor of load 

in consumption point j. R and ( )V j  are resistance of MV 

network (Ω/km) and voltage drop in load point j (kV). 

Annual inflation rate and annual interest are shown by infr 

and intr, respectively. KS (i) is electricity purchase price from 

transmission system in sub-transmission  substation i 

($/MWh) and nt is effective life time of equipment (in year). 
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)( jPi
, )(iKDG

 and )(iPDG
 are load of point j, generation 

cost in DGs ($/MWh) and ith source power, respectively. 

3.2. Problem Constraints 

Objective function along with a set of constraints forms 

overall model of sub-transmission  substation and DGs. With 

regard to observing of constraints in network as well as 

operation of equipment, consideration of following 

limitations is necessary in optimization model. 

3.2.1. Loading Limitation of Sub-Transmission  Substations 

In order to consider reliability constraint and operational 

consideration, a loading limit is considered for sub-

transmission  substations such that loading of each substation 

should be in the permissible range. Mathematically, this 

constraint is defined by Eq. (6) 

 

. . .0 .        1,2, ,   ,   SS j i SS j SS i iP K S i nss S    Ω        

(6) 

where Ki is the maximum loading capacity of sub-

transmission  substation i (as a percentage of nominal 

capacity), Sssj, the capacity of sub-transmission  substation i 

(MVA) and Ωj stands for the total installable capacities in 
substation location i. 

3.2.2. Operational Limitation of DGs 

Loading amount of each generating unit should be less 

than the capacity of that unit. 

 

. .  0                1,2, ,DG i DG jP S i ndg                       (7) 

where SDG, j is the capacity of ith generating unit (MVA).  

3.2.3. Voltage Drop Limit 

Voltage drop in load points should be in permissible 

range in each load levels. Since each load point is supplied 

by a sub-transmission  substation and one or more DGs in 

the proposed model and if generating units exist, power 

flows is used to calculate voltage drop amount in 

consumption point. If ∆Vjd is voltage drop of load point j in 

load level d, thus we have 

.0       1,2, ,  , 1,2, ,j d MAXV V j nlp d nld                 

(8) 

where   ∆VMAX is the maximum permissible voltage drop in 

load points (kV). It should be noted that this constraint is 
considered to prevent connection of load points to 

substations and DGs far away from them. It should be 

mentioned that the parameter of ∆VMAX in the proposed 

model may be considered as a criterion to control the 

maximum distance between load points connected to 

substations and DGs, such that these maximum distances 

will be decreased by selecting lower amounts for ∆VMAX. 

3.2.4. Load Points Supplied by Generating Units Limit 

In distribution networks, design in the presence of DGs, 

it is tried to supply loads mainly through sub-transmission  

substations as the main source, and DGs should not meet the 

network load demand. Thus, in the present problem, 

maximum power limit that can flow through each load point 

and supplied by DG is given by  

. 0.35               1,2, ,                       1,2, ,
ndg

ij d

i l

j nlp d nld


    
     (9)    

3.2.5. MV Network Radiality Limit 

Supplying all load points of system is considered one of 

the main constraints in design and development of 

distribution systems. In addition, each load point should be 

supplied from one sub-transmission  substation which holds 

network radiality. 

Considering abovementioned discussion, radiality limit 

of load points’ supply from sub-transmission  substations can 

be expressed as  

1                     1,2, ,   
nss

ij

i l

j nlp


    (10)

 

 

3.2.6. Substation Installation and DG in Candidate 
Locations 

In general, installation of substation in a candidate 
location or development of available substations considering 

technical and geographical constraints are limited, such that 

installing substations with a capacity more than specified 

values or developing available substations are not allowed. 

This limit is given by Eq. (11) 

,   ,  0             ,  1,2, ,   MAX
SS I SS iS S i nss                        (11) 

In this relation, MAX

iSSS ,
 is the maximum installable 

capacity in location of substation i (MVA). Although 

installing DGs is less limited than substations in terms of 

position, there exists a maximum limit in terms of installable 
capacity of DG in each candidate location for installation of 

generating unit which can be given by  

, ,0                          1,2, ,MAX
DG j DG jS S i ndg        (12)

 

where SMAX is maximum installable capacity of DG in 

position i (MVA).  

 

3.3. Modeling of Sub-Transmission  Substations and DG 

Considering the functions presented in previous sections, 

single-function model of placement is presented by Eq. (13)  
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where TPF is the inactivity value of particle, and Cp is penalty 

factor (a large number). If h is the ith constraint of the 

problem, the impracticability of particle is obtained by above 
relationship. In addition, di is the value of passing from ith 
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constraint and Ic is a set of constraints violated by the 

chromosome.  

Due to greatness of penalty factor Cp, in first iterations 

of searching process and until the practical solutions are 

obtained, the algorithm searches solutions with less 

impracticality in order to make the second term of objective 

function (FTotal) zero. 

4. Problem Optimization Based on Global Search 
Optimizer (GSO) Algorithm 

GSO algorithm is an optimization process inspired by 

animals searching behavior. GSO algorithm is implemented 

based on producer-scrounger model. It should be noted that 

based on the above pattern, scanning mechanisms of animals 

are considered symbolically in this algorithm to solve 

optimization problem. In order to find foods, living 

organisms move from one point to the other point to 

approach food source. And determining that a food source is 

the best one is evaluated by specifying objective functions. 
Optimization which, indeed, is finding the optimum point in 

search space is comparable with food search process by 

animals. GSO algorithm which benefits from population-

based logic is an appropriate option for optimizations in 

electrical engineering. Each particle in population is named 

member. GSO comprises of three operators:  

Producers, that are group leaders, search for food and 

share their information with the other members in group. The 

number of producers is considered equal to the number of 

discussed objective functions. Scroungers pursue producers 

and the uncovered food searching process is done by them, 

which 80% of the group members are selected randomly as 

scroungers. The rest of the group members are rangers. They 

move randomly in search space and their behavior allows the 

group to explore food sources in remote places. This 

algorithm optimizes the problem based on the following 

relationships. The flowchart of implementing GSO 

algorithm is observed in Figure 2. Figures 3 and 4 represent 

field view and coding procedure of decision variables in the 

problem [13]. 

 

 
Figure 3. View field in 3-D space 

As can be seen, each of population is expressed as Figure 
4 where each population is comprised of two substring. The 

first substring is related to the way of connecting substations 

and loads and it specifies which substations supplying loads. 

The second substring is related to DGs and specifies each 

source capacity and type in corresponding location 

 

 
Figure 4. Proposed chromosome structure 

5. Study Results on Realistic Network 

In this section, in order to show the efficacy of the 

proposed algorithm, the problem is implemented on a 

realistic network. In this paper, considering the possibility of 

installing DGs in each candidate locations that can be 

connected directly to the load points, the problem is solved 

for simultaneous placement of substations and generating 

units. Other input information and conditions are given 

below. This network is a part of Zanjan City sub-

transmission  network, and its data are presented in Table 

A.1 and depicted in Figure 5. The region under study has 26 

load points which their predicted load data are in fuzzy load 

framework. The economical and technical data required by 

these numerical studies are given in Table A.2. Eight 

candidate locations are considered in order to install DGs. 

Locations 5 and 7 can be used for installing hybrid wind and 

solar generation. The other locations are used for installing 
diesel generator with proposed prices. The maximum 

installable capacity in all locations is 5 MW. In this research, 

DGs are assumed in module form and as 1-MW proportion 

and are connected to load points directly. In addition, 

calculations are obtained by power flow of load distribution 

which is, in fact, the branched routs from each sub-

transmission  substation to the load. In addition, Newton-

Raphson method is used for DGs where diesel generators and 

loads are considered as PQ bus, hybrid power plants are 

taken as PV bus, and substations are regarded as slack bus.  

In this section, two tests are carried out on system. First 

test is completed in the absence of DGs and system loads are 

supplied through substations. And the second test is 

performed in the presence of DGs. Next, the obtained results 

are compared. 

 
Figure 5. The region under study 

In this section, the obtained results from the tests are 

presented in the following tables. By completing multiple 
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tests, GSO parameters in the numerical study are regulated 

as given by Table 1. Results of selected substations and 

servicing area of each substation are  given in Table 2 and 

Figure 6.  

Table 1. Algorithm parameters 

Number of population Number of Generation Varmin Varmax 

200 100 0 10 

 

Table 2. Selected substations’ results 

Number of substation Capacity Load point 

1 60 1,2,3,7 

2 

3 

60 

45 

4,5,9,10 

8,15,16 

4 45 11,12,17,18,19 

5 0 - 

6 30 6,13 

7 0 - 

8 45 14,20,21 

9 0 - 
10 60 22,23,24,25,26 

11 0 - 

 

 
Figure 6. Servicing area of each substation in obtained 

results by GSO algorithm 

DG capacities are presented in Table 3. By employing 

proposed method of sub-transmission  substation and DG 

placement as well as GSO-based searching method, 

problem solutions are obtained in the distribution system 

under study. Figure 7 depicts convergence trend by GSO 

algorithm. 

Table 3. Results of selected DG 

DG Capacity (MW) 

1 4 

2 4 

3 4 

4 4 

5 6 

6 4 

7 6 

8 4 

Figure 7. Convergence trend by GSO algorithm  

The numerical results related to the best solution by 

GSO algorithm are presented in Table 4 for various parts of 

the objective function. 

6. Conclusions 

In this paper, an optimization model for sub-

transmission  substation in the presence of DGs are 

presented where an economical objective function along 

with proper constraints are utilized to implement an 

economical and technical design for problem formulation. 

Due to the available uncertainty in the load forecasting, load 

centers are considered as a fuzzy model. Minimization of 

costs related to investment and operation as well as power 

loss reduction along with observing economical and 
technical constraints were main objectives of this paper. For 

modeling of uncertainties available in loads, fuzzy set 

theory was utilized and GSO algorithm was employed for 

optimization of the problem. By employing the proposed 

method, effective solutions of the problem were obtained. 

The solutions indicate interaction between plan objectives 

in placement of substation and DG. In order to show the 

effectiveness of the proposed method, the model was 

implemented and optimized on a realistic network and the 

obtained results were given.   
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Table 4. Objective function components obtained from test implementation on standard network 

Parameter Value ($) 

 (ACss) Cost access to substation 450000 

 (ICSS) Cost of substation installation 3000000 

Cost of  DG installation 12840000 

(OCSS) Operation cost of substation  10^10(1.8485, 1.7267, 1.6786) 

(OCDG) Operation cost of Distribution generation 10^10(6.0389, 6.03331, 6.0287) 

(ACLP) Cost access to load point 2570425 

 

 

Figure 8. GSO Algorithm flowchart for this problem 

NO 

Npop: initial population in random 

manner 

 

Calculation of final objective function, costs, and fitness of 

each population 

 

Selection of the best population as producer (substation capacity and DGs) 

 

If the producer 

is updates?  

 

Producer is returned to the previous 

location and new vertex angle is 

changed with regard to rotation angle. 

 

Updating producer in n-dimension space with view angle max and tracking 
distance Lmax in three directions of zero degree, right and left 

 

  Production of 80% of new population by Scrounger operator 

 

If this condition is 

established? If the 

generation numbers are 

satisfied? 

Printing the results 

 

Production of the rest of new population by Ranger operator 

 

No 

Yes 
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Appendices 

Table A1.  Load forecast data for real zanjan network 

Power (MVA) 

Lowest Possible value Highest possible value Maximum possible value Load point 

4 8 13 1 

4 8 13 2 

4 8 13 3 

4 8 13 4 

3 6 9 5 

3 6 9 6 

3 6 9 7 

4 7 10 8 

3 6 9 9 

4 8 13 10 

3 6 9 11 

4 7 10 12 

1 3 6 13 

3 6 9 14 

4 8 13 15 

1 3 5 16 

1 2 5 17 

1 2 4 18 

3 6 9 19 

3 5 8 20 

4 8 13 21 

3 6 9 22 

1 2 4 23 

4 7 10 24 

5 9 14 25 

4 8 13 26 

 

Table A2. The required technical and economical data for Zanjan real network 

Value Parameter 

50 The Maximum Cost possible of energy in substations 

30 The highest Cost possible of energy in substations 

20 The lowest Cost possible of energy in substations 

280000 Construction cost of DG ($/MWH)    

27 Operation cost of DG ($/MWH) 

0.125 Resistance of medium voltage network  (Ω/Km ) 

0.127 Reactance of medium voltage network  (Ω/Km ) 

20 Nominal Voltage(KV) 

5000 construction cost of medium voltage network($/KM) 

510000 construction cost of Hybrid DGs($/MW) 

30,45,60,75 Authorized capacity of building substations in the candidate location 10 to 20  

30,45,60,75 Authorized capacity of building substations in the candidate location 1,2,4,7  

45,60,75 Authorized capacity of building substations in the candidate location 3,5,6,8,9 

150000 Cost of accessibility to candidate substation 

0 Cost of accessibility to existing substation 

15 Effective functioning period of equipments.   ( per year) 

0.07 Annual inflation rate 

0.12 Annual interest rate 

5 maximum possible voltage drop (%) 

5 production cost of Hybrid DGs($/MWh) 
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