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Highlights 

➢ The majority of electric energy demanded in different countries is supplied by using fossil fuels. 
➢ The use of renewable energy sources is essential for supplying electric energy.  
➢ Due to the fluctuations in RES, DG units are used as microgrids to prevent problems. 
➢ A novel two-phase method is proposed to find the optimal location and operation of DGs. 
➢ The owners of DGs installed can bid higher prices for selling power to the grid. 

 

Article Info  Abstract 

Nowadays, the majority of electric energy demanded in different countries is supplied by using 
fossil fuels. As fossil energies are non-renewable and cause environmental pollution, the use of 
renewable energy sources (RES) is essential for supplying electric energy. Due to the fluctuations 
in RES, dispersed generation (DG) units are used as microgrids (MGs) to prevent problems in 
supplying the energy demanded by customers. Here, a novel two-phase method is proposed to 
simultaneously find the optimal location and operation of DGs. In phase 1, the DG location problem 
is formulated as a multi-objective problem, aiming to reduce active power losses, improve voltage 
profile and increase voltage. This multi-objective problem is solved by using the firefly optimization 
algorithm and the optimal DG location is determined. In phase 2, the revenues of DG owners and 
the total payment of the distribution network (DN) are calculated. The optimal sales prices of the 
units are also calculated by the game theory. The proposed method is implemented on a 33-bus 
system in MATLAB and its results are compared with PSO and GA results to demonstrate the 
efficiency. 
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Nomenclature 

Indices Variables 

𝑃𝑙𝑜𝑠𝑠: Actual active power losses 𝐶𝐼𝑛𝑐 DG owners’ revenue ($) 

𝑃𝑑𝑖: Active power demanded by bus i 𝑃𝑓𝐷𝐺: DG operational power factor 

|𝑆𝑛𝑖|: Apparent power of bus  𝜂𝑝𝑣 Efficiency rate of the photovoltaic system 

𝑖, 𝑗 Bus indices 𝛿𝑚𝑖𝑛: Minimum bus phase angle 

𝑃𝑔𝑖: Generated active power delivered to bus i 𝛿𝑚𝑎𝑥 Maximum bus phase angle 

𝑄𝑔𝑖 Generated reactive power delivered to bus i 𝑉𝑓 Nominal speed of the wind turbine 
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𝜕𝑠ℎ𝑎𝑟𝑒 Maximum permissible reaction distance 𝑃𝑅𝑎𝑡𝑒𝑑  Nominal power of the wind turbine 

𝑄𝑑𝑖: Reactive power demanded by bus i 𝐶𝑜𝑝𝑒&𝑚𝑎𝑖𝑛 ($)𝐷𝐺Maintenance and performance price in each T 
time interval per hour 

𝑑𝑖𝑗:  Reaction distance between two elements 𝑅𝑖 Resistance of branch (𝛺)𝑖 

𝑌𝑖𝑗: The Yth bus of the admittance matrix of the value 
of element ij 

𝑋𝑖: Reactance of branch (𝛺)𝑖 

Parameters 𝑆𝑝𝑣: Total level of the photovoltaic system 

𝑇𝑎 Ambient temperature 𝜃𝑖: The Yth (order) bus of the admittance matrix of the 
phase angle of element ij 

𝑁𝐵 Bus number 𝐶𝑇 ($/𝑀𝑊ℎ)𝐷𝐺𝑠Total maintenance and performance 

𝐼𝑖 Current of branch i 𝑉𝑐𝑜 Upper cut-off speed of the wind turbine 

𝑁𝐷𝐺:  DG bus number 𝐼𝑛𝑓𝑅, 𝐼𝑛𝑡𝑅 Inflation rate (9%) and interest rate (12.5%) 

𝐶𝑠𝑎𝑙𝑒−𝐷𝐺  DG power sales contract price ($/𝑀𝑊ℎ) 𝑉𝑐𝑖 Lower cut-off speed of the wind turbine 

𝑃𝑓𝑚𝑎𝑥
𝐷𝐺  DG maximum permissible operational power 

factor 
∆𝑡 Length of time interval T per hour 

𝑃𝑓𝑚𝑖𝑛
𝐷𝐺  DG minimum permissible operational power 

factor 
  

 

1. Introduction 
The daily rise in power demand has extensively 

developed distribution networks (DNs). DN is often 

radially operated due to protection and control problems. 

These factors increase voltage drop, losses and power 

imbalance as well as reducing voltage stability [1]. The use 

of small-scale generators that are directly connected to DNs 

and have local consumers prevents the establishment of 

power stations, transfer lines and new distribution. 

Systemic advantages of installing dispersed generation 

(DG) sources in DNs include loss reduction, voltage profile 

improvement, line capacity enhancement, reliability 

improvement and system stability promotion. Reactive 

power control is a practical problem in electricity 

engineering [2]. Disregarding this important point causes 

problems in grid stability and severe voltage variations. In 

most of the DNs, the use of devices such as engines and 

transformers lead to power factor lags, which reduces the 

usable capacity. Paying attention to the simultaneous use of 

active and reactive power by consumers, tendency to reduce 

costs and need to increase and improve power quality has 

motivated most of the advanced and industrial countries to 

daily expand reactive power compensators such as 

capacitor banks besides other energy sources [3]. DG 

sources such as wind and solar power stations can generate 

active and reactive power.[4] However, the extensive use of 

such equipment is always challenged due to the limited 

installable capacity, heavy costs of installing power 

electronic-based devices compared to capacitors and 

uncertainty in the wind and solar energy [5]. Various 

factors affect the design of power systems, including DGs. 

Infrastructural needs include the number and size of DG 

sources, DG location and type of power grid connection. 

The use of DG sources can have a variety of motivations and 

objectives, as discussed in the literature. In [5], an 

optimization algorithm called the coyote optimization 

algorithm (ECOA) was proposed. This method was applied 

for optimally selecting the location and capacity of DGs in 

radial DNs. In this multi-purpose optimization problem, 

the correct installation of DGs must simultaneously reduce 

power and cost of operations as well as promoting voltage 

stability. In [6], a method was introduced for optimal 

location and operation of battery energy storage systems 

(BESSs) and DGs in moderate-voltage distribution 

systems. A mixed-integer linear programming model was 

promoted to formulate the problem and an operation 

discretization method was introduced to solve it. In [7], an 

optimal DG allocation method was proposed to promote 

the performance of DNs and reduce environmental 

pollutant emissions. The proposed method aimed to 

maximize the advantages of using electricity in terms of 

reducing power losses, surplus energy sales and pollutant 

emission, as well as minimizing annual maintenance and 

operation costs. In [8], the modeling of combined heating 

and power systems (CHP) was comprehensively reviewed. 

Based on the optimal operations, this modeling was 

examined from five dimensions: displaying dynamic 

properties, improving operational flexibility, performance 

under uncertainty, EPS and DHS joint dispatch as well as 

joints DHS and EPS market clearing. In [9], a two-stage 

optimization method was proposed for optimal DG 

programming. The first stage determined the location of 

installation and the primary capacity of the DGs. The 

second stage determined the optimal DG capacity to 
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maximize the benefits of investment and system voltage 

stability as well as line losses. In [10], the performance of 

DG units was optimized in a competitive market by 

combining game theory and evolutionary algorithm. In [11], 

a mixed-integer linear programming optimization 

algorithm was introduced to determine the optimal size of 

DG units and BESS based on operational capacities, 

investment costs and estimation of environmental 

advantages. In [12], a comprehensive review of different 

concepts and applications of energy hubs in different 

energy consumption sectors, including residential, 

commercial, industrial, agricultural sectors as well as their 

integration, was presented. The potential role of the energy 

hub as an integrated energy management system was 

evaluated to resolve the main challenges in these sectors. 

By introducing the concept of smart energy hubs, this study 

concentrated on the benefits resulting from integrating 

conflict-side management, RES, DG systems, energy 

storage systems (ESSs) and smart technologies. In [13], a 

DG was proposed to minimize power losses in the 

distribution system based on high line resistance in the 

distribution system and increasing the power losses in the 

grid. In [14], an optimization strategy was presented for 

microgrids (MGs) comprising DGs, and a strategy for 

maximizing grid storage by using the genetic algorithm 

(GA) and optimal power flow (OPF). In [15], a novel 

optimization method was introduced, in which both 

optimal DG location and their generation profiles were 

determined based on the power demand profile and type of 

DGs during the DG lifetime. Diesel generation and wind 

turbines (WTs) constituted the DGs. This method was 

based on minimizing the cost of investment and operation 

of DGs, cost of power delivered by the external grid and the 

power loss costs in the grid. In [16], a smart MG comprising 

PV power generation, CHP system, ESS and load 

management was modeled to study the optimal 

programming strategy of these units while considering 

price-based demand response. To this end, an optimization 

model was formed for the MG economic operations. The 

model mainly aimed to minimize the cost of operations of 

the MG system and fully use clean energy while assuming 

distributed power generation and demand response. In 

[17], DERs were integrated with conventional systems as a 

smart solution for uninterruptible and safe power supply, 

even at peak load demand times. In [18], a model was 

presented for optimal energy management when using 

time-of-use (TOU) load management and critical peak 

market (CPM) in a microgrid. This MG comprised DG 

alternative generators, ESS and multi-household power 

demands. In [19], the distributed generations besides the 

Energy storages are used for improvement on reliability of 

power systems. The evolutionary optimization algorithm is 

applied using proposed model in 30 and 69 buses IEEE 

systems. The blockchain model-based management 

strategy is applied for energy management of distributed 

generations in microgrid structure [20]. The new 

operational management strategy using complex model 

optimization for day-ahead market is proposed in [21]. In 

this model, the wind turbine and PV systems are considered 

in study microgrid system as undispatch[22]able power 

sources. In [23], the global review is done for central 

management models of energy systems for grid-connected 

and islanding microgrids. In this paper also, recent papers 

in this field are study and compared the models. In [24], an 

improved coordinated optimization model beside EO 

algorithm is applied for PV generation systems. In this 

paper all of PV parameters in operational considered 

horizon is done for reducing power and energy losses 

reduction. 

Most of the articles have disregarded the profit of 

selling electricity for DG owners and neglected the technical 

and economic objectives resulting from the perspective of 

DG owners and distribution companies. The current study 

resolves these deficiencies in two phases. In phase 1, the DG 

location problem is formulated as a multi-objective 

problem, aiming to reduce active power losses, improve 

voltage profile and increase voltage. This multi-objective 

problem is solved by using the firefly optimization 

algorithm and the optimal DG location is determined. In 

phase 2, the revenues of DG owners and the total payment 

of the distribution network (DN) are calculated by using a 

two-level optimization method. 

 

2. DG resources 
In integrated electricity systems, based on scale 

savings, electric energy is centrally generated by large 

power stations. In the first years since the emergence of 

integrated systems, the systems usually faced the annual 

growth of 6-7% in electric energy consumption. In the 

1970s, the oil crisis and environmental issues caused new 

problems for the electricity industry. In the 1980s, these 

factors coupled with economic changes and diminished 

power growth by 1.6-3% annually. At the same time, electric 

energy transfer and distribution considerably increased. 

Thus, central generation by large power stations has 

become impractical due to the reduction in power growth, 

increase in transfer and distribution costs, exacerbation of 

environmental issues and technological changes as well as 

enactment of different regulations [25]. In recent decades, 

the electricity industry reconfiguration and privatization 

have been proposed and implemented in some countries. 

To increase operational efficiency and incentivize the 
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inverters, the electricity industry underwent fundamental 

changes in terms of management and ownership. To create 

a competitive atmosphere, different sectors of this industry, 

including generation, transfer and distribution became 

independent. In a reconfigured electricity industry setting, 

it is difficult to convince the market players to invest in 

multi-billion-dollar projects of power generation and 

transfer. These evolutions, coupled with environmental 

pollution problems associated with the installation of new 

transfer lines and technological advancement in 

economizing the construction of small-scale generation 

units compared to large-scale ones have increased the use 

of small generation units, known as DG. DGs are mainly 

connected to DNs and do not need transfer lines. Most of 

the DG technologies are flexible in operation, size and 

expandability [26] The use of DGs causes a flexible reaction 

to electricity pricing. DGs are often designed radially where 

there is no generation on the load side. Therefore, the 

presence of a generator in the DN affects the flowing power, 

load voltage conditions and electric grid equipment, which 

can positively or negatively impact the system’s operational 

parameters. In most of the advanced countries, the electric 

energy generated by DGs has evolved energy generation 

and distribution systems that meet all the basic needs and 

advantages of generation and transfer technically, 

academically and commercially. 

DG of energy is not a new term. It emerged when 

people started to require different forms of energy to meet 

their needs because this energy is generated near its 

consumption place. DGs are locally used; as they are in the 

vicinity of consumption centers, there is no need to transfer 

their output electric energy to far-away places. The closer 

the consumer to the generator, the lower the electric energy 

supply costs would be. Accordingly, DG has become a good 

option for generation and responding to the rising 

consumption demands. There are different definitions for 

DGs, but its comprehensive definition is an electric energy 

source that is directly connected to the DN or the consumer 

side. The nominal values of these generations differ, but 

their generation capacity is usually from several KW to 

about 10 MW. These units are placed in substations and in 

distribution feeds in the vicinity of loads. Regardless of 

their method of power generation, DGs are relatively small 

with the capacity of < 300 MW and are directly connected 

to the DN [27]. 

 

3. Problem formulation 
Technical and economic aspects of the problem are 

presented in two phases. The first phase is concerned with 

the optimal location of DGs in a radial distribution system 

(RDS). A multi-objective function is adopted to find the 

optimal location. The second phase focuses on finding the 

optimal profit between the parties involved in power sales 

and purchase, known as the Distribution Company and DG 

owners. Results of the first phase, as well as the wholesale 

market price, are the input variables of the second phase. 

The game theory is adopted to find the optimal contract 

prices suggested by vendors (DG owners). Distribution 

companies select the optimal wholesale bids to minimize 

their final payments. These two phases are explained 

below: 

A. Phase 1: Optimal DG location 

The optimal DG location includes the following three 

objective functions: 

1) Active power losses: The first objective function is 

active power losses that can be reduced by the optimal 

location of DGs. The mathematical form (pu) of the active 

power losses is as follows:  

𝐹1 =∑𝑅𝑖 . 𝐼𝑖
2

𝑁𝐵𝑟

𝑖=1

 (1) 

2) Voltage stability index: The VSI in the second 

objective function aims to measure the stability of an RDS 

line (Fig. 1). The VSI for each bus must be positive for an 

optimal RDS operation. Therefore, DG can be installed and 

operated on the bus with the minimum VSI, in which there 

is high probability of voltage drop. 

VSI can be obtained from the following objective:  

𝑉𝑆𝐼(𝑖 + 1) = 𝑉𝑖
4 − 4[𝑃̂𝑖+1𝑋𝑖 − 𝑄̂𝑖+1𝑅𝑖]

2
 

−4[𝑃̂𝑖+1𝑅𝑖 − 𝑄̂𝑖+1𝑋𝑖]
2
𝑉𝑖 
2

 

(2) 

Therefore, the second objective function for VSI is 

expressed as: 

𝑓2 =
1

𝑉𝑆𝐼(𝑖 + 1)
     𝑖 = 1,2, … , 𝑁𝐵 (3) 

3) Total voltage variations: The total voltage variations 

(TVV) constitute the third objective function 

mathematically expressed as:  

𝑓3 =∑|1 − 𝑉𝑖|

𝑁𝐵

𝑖=1

 (4) 

By minimizing Equation 4, the obtained voltage profile 

can reduce TVV in the RDS. The proposed multi-objective 

problem has several constraints. These constraints, along 

with solving the optimization problem by optimized 

Equations 1 3, and 4, are discussed below. Results of phase 

1 optimization determine the optimal location of DGs which 

is used as the input to phase 2. 

B. Phase 2: Seller-buyer contract optimization 

DG owners aim to maximize efficiency regardless of 

distribution system operating conditions. The efficiency of 
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a DG owner depends on its revenues and costs, as 

considered below.  

Investment cost: The investment cost includes the 

costs of installing DGs (primary costs), construction costs 

and equipment costs calculated from [10]: 

𝐶𝑖𝑛𝑣𝑠 = ∑ 𝑃𝐷𝐺𝑚

𝑁𝐷𝐺

𝑚=1

× 𝑐𝑖𝑛𝑣  (5) 

Cost of operation and maintenance: The cost of DG 

operation and maintenance includes the costs of fuels, 

maintenance and repair, inspection, workforce, etc., 

calculated using [10]: 

𝐶𝑜𝑝𝑒&𝑚𝑎𝑖𝑛 =∑∑∑ ∆𝑡

𝑁𝐷𝐺

𝑚=1

× 𝑃𝐷𝐺𝑚,𝑡 × 𝐶𝑇

𝑇

𝑖=1

𝑁𝑦𝑟

𝑛=1

× (
1 + 𝐼𝑛𝑓𝑅

1 + 𝐼𝑛𝑡𝑅
)
𝑛

 

(6) 

DG owners’ revenue: DG owners’ revenue from selling 

energy to the distribution company is based on the contract 

price. The current value of the owners’ revenue is calculated 

by [10]: 

𝐶𝐼𝑛𝑐 = ∑∑∑ ∆𝑡

𝑁𝐷𝐺

𝑚=1

× 𝑃𝐷𝐺𝑚,𝑡 × 𝐶𝑠𝑎𝑙𝑒−𝐷𝐺𝑚

𝑇

𝑖=1

𝑁𝑦𝑟

𝑛=1

× (
1 + 𝐼𝑛𝑓𝑅

1 + 𝐼𝑛𝑡𝑅
)
𝑛

 

(7) 

Note that to create competition among owners, the 

owner of each DG should bid his/her prices based on 

market prices and the prices of other units. The price 

proposed by the DG owner is somehow affected by and 

affects the distribution company’s decision about the 

amount of power purchased from them. Still, other factors 

such as the DG installation location, its capacity and the 

lines’ operational limitations impact the agreed-upon price. 

1- Price of electricity purchased from the substation: 

The amount of power purchased from the substation by the 

distribution company is calculated using: 

𝑃𝑠𝑢𝑏,𝑡 =∑𝑃𝑖,𝑡 +∑𝑅𝑖𝐼𝑖,𝑡
2 − ∑ 𝑃𝐷𝐺𝑚,𝑡

𝑁𝐷𝐺

𝑚=1

𝑁𝐵𝑟

𝑖=1

𝑁𝐵

𝑖=1

 (8) 

The current value of the power purchased from the 

substation is calculated by [10]: 

𝐶𝑠𝑢𝑏 =∑∑∆𝑡 × 𝑃𝑠𝑢𝑏,𝑡 × 𝐶𝑠𝑢𝑏−𝐷𝐺,𝑡 × (
1 + 𝐼𝑛𝑓𝑅

1 + 𝐼𝑛𝑡𝑅
)
𝑛𝑇

𝑖=1

𝑁𝑦𝑟

𝑛=1

 (9) 

2- Contract price: A two-level programming is 

performed by formulating the electricity contract price 

problem. First, DG owners bid their prices. Then, the 

distribution company chooses its optimal bid to minimize 

payments by considering grid constraints and using 

optimal economic power flow. The contract price 

calculation formula is: 

𝑓4 = 𝑚𝑎𝑥 (𝐶𝐼𝑁𝐶 − 𝐶𝑖𝑛𝑣𝑠 − 𝐶𝑜𝑝𝑒&𝑚𝑎𝑖𝑛) (10) 

𝑓5 = 𝑚𝑖𝑛𝑠𝑢𝑏  (11) 

Here, 𝑓4 denotes the DG owners’ profit. In this way, the 

proposed firefly algorithm calculates the optimized bid. By 

having the bid of DG owners, the market wholesale price 

and system constraints, the distribution company decides 

how much energy it will purchase from each seller to 

minimize its power payment calculated via𝑓5. 

C. Integrating the DG location and sizing and seller-

buyer contract optimization problems 

In this section, the economic and technical objectives 

of the DG owners and programming problems are 

simultaneous. Due to the number of variables (size, 

location and contract price), the use of analytic methods 

with low convergence speed will not be effective. Thus, 

heuristic methods will be used to solve this problem. 

 

4. Constraints 
The optimization problem solving involves three 

constraints:  

1) Load-generation balance: The generated active and 

reactive power must be equal to the load of all buses given 

below: 

𝑃𝑔𝑛𝑖 = 𝑃𝑑𝑛𝑖 − 𝑉𝑛𝑖 ∑ 𝑉𝑛𝑗𝑌𝑛𝑗 𝑐𝑜𝑠(𝛿𝑛𝑖 − 𝛿𝑛𝑗 − 𝜃𝑛𝑗)
𝑁
𝑗−1   

𝑄𝑔𝑛𝑖 = 𝑄𝑑𝑛𝑖 − 𝑉𝑛𝑖∑ 𝑉𝑛𝑗𝑌𝑛𝑗 𝑠𝑖𝑛(𝛿𝑛𝑖 − 𝛿𝑛𝑗 − 𝜃𝑛𝑗)
𝑁

𝑗−1
 

(12) 

2) Voltage: The bus voltage range must fall in the 

optimal operating range: 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑛𝑖 ≤ 𝑉𝑚𝑎𝑥  (13) 

3) Current: The current in grid lines must be within the 

permissible limits: 

𝐼𝑖 ≤ 𝐼𝑖
𝑚𝑎𝑥           𝑖 = 1, … , 𝑁𝐵𝑟  (14) 

4) Power generation constraint: 

For an MG of DG units, the power generation 

constraint is defined as: 

0 ≤ 𝑆𝐷𝐺𝑖
𝑚𝑎𝑥 −

𝑃
𝐷𝐺𝑖
1

𝑘𝑝𝑖
∗ (𝜔〗𝑖

∗ − 

𝜔_𝐷𝐺𝑖 ≥ 0 

(15) 

0 ≤ 𝑄𝐷𝐺𝑖
𝑚𝑎𝑥 − 𝑄𝐷𝐺𝑖┴

1

𝑘𝑞𝑖
∗ (|𝑉𝑖

∗| − |𝑉𝑖|) − 𝑄𝐷𝐺𝑖 ≥ 0 (16) 

If the power generated by DGs exceeds the determined 

range, the values of 𝑃𝐷𝐺𝑖  and 𝑄𝐷𝐺𝑖  will be set in proportion 

to its maximum value and is converted from the horizontal 

form into a PQ bus. 
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4.1. RES  

Since the primary energy sources are wind turbines 

(WT) and PV units, the literature has used probabilistic 

functions to model their output power, as explained below. 

4.2. Probabilistic model of the PV system 

in this study, the beta probability density function 

(PDF) is utilized to model the PV system power. 

𝑓(𝐼𝑇
𝑡 ) =

{
 

 
𝑇(𝛼 + 𝛽)

𝑇(𝛼)𝑇(𝛽)
× 𝐼𝑇

𝑡(𝛼−1)
× (1 − 𝐼𝑇

𝑡 )𝛽−1𝑓𝑜𝑟

0 ≤ 𝐼𝑇
𝑡 ≤ 1, 𝛼 ≥ 0, 𝛽 ≥ 0
0         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (17) 

Based on the predicted irradiation intensity 

distribution in each region and irradiation to power 

conversion function, the PV system’s output power can be 

calculated per irradiation intensity at each time. 

𝑃𝑃𝑉 = 𝜂
𝑃𝑉 × 𝑆𝑇

𝑃𝑉 × 𝐼𝑇
𝑡 (1 − 0.005 × (𝑇𝑎 − 25)) (18) 

4.3. WT probabilistic model  

In this study, the Rayleigh probability density function 

(PDF) is utilized to model the wind speed behavior. The 

Rayleigh distribution usually applies to random variables 

or vectors, the values of which are related to the vector 

direction component. For instance, wind speed depends on 

two factors: speed and direction. Assume that each factor is 

uncorrelated and has normal distribution with the mean 0 

and equal variance. In that case, the resultant of wind speed 

(speed vector value) will be known by the Rayleigh 

distribution. Assume a variable with mixed values, the 

imaginary and actual parts of which are independent of 

each other and follow a normal distribution. The mean of 

these distributions is zero and their variance is equal. In 

this case, the absolute value of this actual value will follow 

a Rayleigh distribution. This distribution is named after 

British physicist Load Rayleigh. 

𝑓(𝑣𝑓
𝑡) = (𝑘/𝑐 ) × (𝑣𝑓

𝑡/𝑐)
(𝑘−1)

𝑒−
(𝑣𝑓
𝑡/𝑐)

𝑘

 0 ≤ 𝑣𝑓
𝑡 ≤ ∞ (19) 

The momentary WT output power can be calculated 

from the power conversion function given below: 

𝑃𝑤 =

{
 
 

 
 
0            0 ≤ 𝑣𝑓

𝑡 ≤ 𝑣𝑐𝑖          

𝑃𝑟𝑎𝑡𝑒𝑑 ×
(𝑣𝑓

𝑡 − 𝑣𝑐𝑖)

(𝑣𝑇 − 𝑣𝑐𝑖)
           

𝑃𝑟𝑎𝑡𝑒𝑑              𝑣𝑇 ≤ 𝑣𝑓
𝑡 ≤ 𝑣𝑐𝑜

0               𝑉𝑐𝑜 ≤ 𝑉𝑓
𝑡             

 (20) 

5. The proposed solution 
Based on the problem formula, the proposed solution 

has two phases. Phase 1 performs the optimal location of 

DG, while phase 2 finds the optimal contract price. 

 

5.1. Metaheuristic algorithms 

Novel methods have been developed for modeling and 

predicting different phenomena, among which 

metaheuristic algorithms have a special status. In many 

complex and, especially non-linear systems, the modeling, 

prediction and control of which are very difficult or even 

impossible via classic and analytical methods, 

metaheuristic algorithms are used owing to their 

knowledge- and expertise-based intelligence. Inspired by 

the nature, evolutionary algorithms create a population 

structure and grow it based on certain rules. In this method, 

any individual in the population is assigned a value of 

fitness based on its fitness function and position in the 

environment; then, based on certain rules, different 

operators are applied to each individual to promote and 

improve the outcome. Although biologically speaking, this 

method seems too simplistic, it provides a very robust and 

efficient adaptive search mechanism that can find the 

optimal solution in many complex problems. The 

advantages of these algorithms over the classic ones are 1) 

they work with the coding of the set of solutions, not the 

solutions themselves, and search a set of solutions, instead 

of searching a single solution; 2) they use the information 

of the objective function, not quantitative information or 

derivative; and 3) they utilize probabilistic transformation 

rules, not the deterministic ones. The current study 

adopted the firefly algorithm and cuckoo algorithm (as 

evolutionary algorithms) for simulation. The theoretical 

foundations of these two algorithms are discussed below. 

 

5.2. Firefly algorithm 

The firefly algorithm (FA) was proposed by Yang [27]. 

This metaheuristic algorithm was inspired by the flashing 

behavior of fireflies which serves as a signaling system to 

attract other fireflies. In 2009, this algorithm was 

compared with the PSO and GA, and it was found that the 

FA had better efficiency and speed in finding the global 

optimum in some of the tested applications. In the FA, the 

objective function can easily be adapted to the light 

intensity of fireflies. The fireflies’ light intensity can also be 

defined by a simple solution or efficiency in GA or BFA. The 

optimization process of FA follows variations in light 

intensity and attractiveness. The attractiveness of a firefly 

is determined based on light intensity or flashing, obtained 

from the objective function. In the simplest form, for 

optimization problems in which the maximum of the 

objective function is to be calculated, the maximum light l 

of a firefly in a unique place X can be adapted to the 

objective function. 

𝐼(𝑋)𝛼𝑓(𝑋) (21) 
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Nevertheless, attractiveness 𝛽 is completely relative 

and lies in the eyes of the beholder or is judged by other 
fireflies. Thus, this attractiveness changes with distance 𝑟𝑖𝑗  

between firefly i and firefly j. Light intensity decreases as 

the distance from the source increases and the light is also 

absorbed in the environment. Therefore, attractiveness 

must be permitted to change with the absorption degree. In 

the simplest form, light intensity 𝐼(𝑟) changes continuously 

and exponentially with distance r. Intensity is 

mathematically expressed below: 

𝐼 = 𝐼0𝑒
−𝑦𝑡  (22) 

𝐼0 is the primary light intensity and y is the light 

absorption coefficient. The degree of absorption of a firefly 

is proportionate to the intensity of the light irradiated from 

the surrounding fireflies. Now, the attractiveness of a firefly 

𝛽 can be defined as: 

𝛽 = 𝛽0𝑒
−𝑦𝑡2  (23) 

𝛽0 is the degree of attractiveness at distance 0. The 
distance between every two fireflies in 𝑋𝑖 and 𝑋𝑗 can be 

obtained from Cartesian coordinates as: 

𝑟𝑖𝑗 = ‖𝑋𝑖 − 𝑋𝑗‖ = √∑(𝑋𝑖,𝐾 − 𝑋𝑗,𝐾)
2

𝑛

𝐾=1

 (24) 

𝑋𝑖,𝐾 Is the kth element of firefly i. 

In this algorithm, fireflies move towards more 

attractive fireflies. In each stage, the displacement 

magnitude of the attracted firefly i towards the more 

attractive or lighter firefly j is determined via: 

𝛽 = 𝛽0𝑒
−𝑦𝑡2  (25) 

The second term of the equation is related to 

absorption, while the third term is stochastic and changes 

with a random vector that follows the normal distribution 

function. In most applications, 𝛾 = 1, 𝛽0 = 1 and a∈ [0,1] 

can be assumed. 

 

6. Simulation and results 
The performance of the proposed method was studied 

in MATLAB. Results of the DN (33-bus) by the reported 

parameters are discussed below. The commercial 

information of DGs is based on [28]. It is assumed that the 

load of the distribution system has 3% annual rise and the 

design time is considered for five years. It is also assumed 

that the maximum capacity of each DG is 1 MW. 
Table 1. Objective function before DG installation 

𝒇𝟑(𝒑, 𝒖) 𝒇𝟐(𝒑, 𝒖) 𝒇𝟏(𝒑, 𝒖) Network 

1.49 0.314 0.211 33 bus 

6.1. The 33-bus system 

The 33-bus system is depicted in Figure 3. It has 32 

lines with the maximum load of MW3.72, MVar2.3, 

Kv12.66 with the power loss of MW0.211 [29]. 

1 2
3

4 5

6

7 8 9 10 11 12 13

30 31 32 3326 27 28 2923 24 25

19 20 21 22

14 15 16 17 18

DG DG

DG

 

Fig. 1. The 33-bus system 

Table 2 shows the non-dominated solutions obtained 

via MPSO in phase 1 and the results of GA and PSO for 

optimizing DG location. 

The TVV index aims to determine the deviation from 

the nominal voltage per bus. When the TVV is 0, the grid 

has appropriate performance. Therefore, this index must be 

minimized to improve the voltage level. Solutions of the 

proposed method, PSO and GA in phase 1 are presented in 

Table 2. This table shows the location of DG units, active 

power losses, stability index and voltage setting index after 

DG installation. The grid demonstrated marked 

improvement after DG installation (Table 1). Based on 

Table 2, after using the DGs, the values of losses, stability 

index and voltage setting index are less than the case 

without DGs. The installation of DGs far from the 

substation was effective in reducing losses and improving 

voltage more than the installation of DGs nearby. 

Table 2. Results of FA, GA and PSO 

𝒇𝟐(𝒑, 𝒖) 𝒇𝟑(𝒑, 𝒖) 𝒇𝟏(𝒑, 𝒖) 

Bus 

number 

(network 

1) [bus1-

bus2-

bus3] 

Method 

1.0712 0.0524 0.0842 31-29-12 FA (1) 

1.0492 0.0113 0.0933 11-24-30 FA (2) 

1.0438 0.0086 0.0992 12-27-30 FA (3) 

1.0862 0.0042 0.1312 16-27-30 GA[29] 

1.1295 0.0983 0.0803 11-24-31 PSO[30] 

Table 3 lists the standard deviation (SD), worst value 

(WV) and best mean (BM) of the objective function with 50 

iterations for PSO, GA and FA. The indices are based on 
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[31]. BM displays the convergence ability of the method and 

SD is its stability. 

Table 3. Results of BM, SD and WV for GA, PSO and FA (1) 

 

GA PSO FA(1) 

S

D% 

B

M 

M

V 

S

D% 

B

M 

M

V 

S

D% 

B

M 

M

V 

𝑓1 
0

185 

0

134 

1

13 

0

094 

0

081 

1

19 

0

103

4 

0

052 

1

03 

𝑓2 
1

356 

1

065 

2

11 

1

248 

1

171 

1

52 

1

034 

1

077 

1

25 

𝑓3 
0

034 

0

021 

1

09 

0

135 

1

08 

0

95 

0

056 

0

038 

0

82 

Based on Table 4, FA has lower SD and BM than PSO 

and GA. This comparison shows the ability of FA in finding 

the appropriate location for installing the DGs. 

Table 4. Contract equivalent price of DG units (MWh/$) 

1 0.8 0.6 0.4 0.2 

Capacity 

(MW) 

Bus DGs 

47.7 48.3 49.3 50.2 52.5 21 DG1 

45.6 46.8 47.6 49.2 51 10 DG2 

46.4 47.5 48.2 49.3 52.4 28 DG3 

Table 5. DGs’ revenue and distribution company’s total payment ($) 

1 0.8 0.6 0.4 0.2 
Capacity (MW) 

Bus DGs 

530485.3 489429.9 457409.6 412028.6 360234.3 22 DG1 

494009. 3 450308.9 413121.8 370323.6 339003.5 10 DG2 

501653. 4 450438.5 419512.3 388506.3 359012.2 32 DG3 

3949015 4006197 4011003 4017193 4028785  DISCO 

 

Table 6. Revenue of each DG and total payment ($) of the 

distribution company 

Profits  )$(  Units 

558268.95 DG1 

604815.21 DG2 

582544.38 DG3 

4564986.06 Distributed company 

In phase 2, after locating the DGs, the contract price 

(strategies) are proposed and determined by DG owners. It 

is assumed that the DG generated power reaches 1 MW and 

increases from 0.2 MW in 0.2-MW steps. It is also assumed 

that the contract price proposed by DG owners has a value 

between 45 and 55 (MWh/$) and rises in steps of 0.1 

(MWh/$). Table 5 lists the contract price calculated in 

phase 2 by the proposed method. The DG revenue and total 

payment of the distribution company are given in Table 5. 

Results in Tables 4 and 5 present the optimal solution for 

the contract price problem with the proposed method. 

Table 5 shows that the distribution company’s payment is 

reduced, while DGs’ revenue is increased by increasing 

their capacity. 

Figure 2 illustrates the voltage profile level in the 

presence and absence of DG. When DG is applied to the 

system, the voltage level is markedly increased and the 

system has better stability than the case without DG. The 

case without DG has great fluctuation in the voltage profile.
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Fig. 2. Voltage level with and without DG 

 
Fig. 3. VSI with and without DG 

 

Fig (3) shows the VSI in the presence and absence of 

DG. When there is DG in the grid, voltage is better supplied, 

while in the absence of DG, this status is unstable. 

Table 7. Simultaneous economic and technical objectives of DG 

owners and DISCO 

Values Fitness 

0.163501 𝑓1(𝑝, 𝑢) 

1.19508 𝑓1(𝑝, 𝑢) 

0.12748 𝑓1(𝑝, 𝑢) 

18-22-30 DG's location 

0.8 – 0.7 – 0.9 DG's size (MW) 

In phase 3, as we aim to minimize the functions but 

maximize𝑓4, this function is multiplied by -1 and included 

in the optimization problem. To find the final solution from 

the Pareto, the solution with lower deviation in voltage is 

taken into account. The data, e.g., DG size and location, 

voltage profile indices, losses and voltage stability, are 

given in Table 7. Evidently, voltage profile indices are 

declined and voltage stability rises. 

Fig (4) and 5 aim to display variations in voltage 

profile and voltage stability, and show improvement in 

these indices.
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Fig. 4. Voltage profile under the simultaneous effect of both phases of the problem 

 

Fig. 5. Voltage stability under the simultaneous effect of both phases of the problem 

 

The proposed method helped both DG owners and the 

distribution company gain optimal profit by increasing the 

capacity of DG units (Table 5). Such economic benefits 

accompany improved technical aspects. Voltage setting 

indices and gird stability were improved besides losses. 

Results are discussed in phase 1 of the proposed algorithm. 
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Note that the lowest contract price and profit belong to 

DG2 (Tables 4 and 5). As DG2 is near the substation, its 

effect on grid loss mitigation is not comparable to that of 

other units. The distribution company gains no benefit 

from purchasing more expensive energy from DG2 than the 

wholesale price proposed in the substation. This term holds 

for DG units when they are installed far from heavy loads. 

 

7. Conclusion 
This paper used fundamental concepts of multi-

objective optimization and proposed a novel method based 

on the firefly optimization algorithm for optimal DG 

location and sizing. The findings proved the ability of the 

new algorithm in optimization. The proposed method was 

developed in two phases. In phase 1, a multi-objective 

optimization problem was formulated as power loss 

reduction, voltage stability and voltage profile 

improvement to find the optimal location of DGs. In phase 

2, the optimal DG operation was obtained by developing a 

two-level objective function. This objective function 

maximized DG owners’ revenue and minimized the 

distribution company's payment through finding optimal 

contract prices. The results revealed that the competition 

among DG units enabled the distribution company to 

purchase energy at a lower price than DG units.[30,31] 

Moreover, installing DGs near the substation would not be 

effective, while DGs far from the substation can be more 

effective in reducing power losses and enhancing voltage 

profile. The owners of DGs installed farther from the 

substation can bid higher prices for selling power to the 

grid. In the future works, its try to illustrate the 

effectiveness of Energy storage and demand side 

management effect of management strategy in microgrid 

resources. 
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