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ABSTRACT 

 

Exponential growth in Distributed Generation (DG) penetration to low voltage (LV) distribution networks has been 
observed in recent years. This huge penetration of DG can be advantageous in light of environmental, economic and 
technical aspects when properly planned. However, if these systems are not appropriately planned, the reliability and 
stability of the network will be endangered or quality of the supply will be dreadfully jeopardized. Among the 
measures taken to avoid such is determining the optimal location and size of each DG unit in the distribution 
network. DG optimal placement is a non-linear, multi-objective, constrained and highly combinatorial optimization 
problem. In this study, an analytical approach coupled with meta-heuristic optimization technique; Mix-Integer 
Genetic Algorithm (GA) are employed to optimally determine the best locations and sizes of various types of DGs and 
electric vehicle (EV) charging stations in primary distribution network. The sole objective of the proposed technique 
is to minimize the power loss and improve bus voltage profile. Three well-known IEEE test distribution systems; 15, 
33 and 69-bus systems modelled in MATLAB environment are used for testing the proposed technique. The 
simulation results demonstrate that the proposed approach is capable of finding both the optimal site and size of DG 
units simultaneously and accurately. From the optimized solution, the power loss and voltage deviation are reduced 
by almost 79% and 91%.  

 

Keywords:  Distributed generation, mix-integer genetic algorithm, siting and sizing, power loss, voltage deviation. 

1. INTRODUCTION 

 

Electrical power systems are experiencing rapid 

changes from bulky thermal and hydro generation 

plants into dispersed small generating systems 

connected directly to the distribution networks (DNs) 

adjacent to load centers. These state-of-the-art 

generation systems are known as distributed generation 

(DG) (Naik, July 2014.). The most widely known 

definitions of these terms available in literatures are 

based on DG power rating, technology, location and 

fuel type  

Accordingly, by considering the definitions given in 

(M. Gómez, 2010), DG is defined as non-dispatchable 

electricity generation smaller than 100MW, usually 

connected to part of distribution network closer to 

customers than central generation station like solar, 

wind or other natural movements such as geothermal 

and tidal energy. Electric vehicle (EVs) are often 

considered as DG due their ability to inject active 

power to the DNs when discharging. Lessening power 

losses, improving voltage profile and deferring 

network expansion cost are among the benefits 

derivable from DGs (Q. Hung, 2010). 

DGs are classified according to the type of power they 

produce and technology used. Type 1 refers to DGs that 
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generate only active power like photovoltaic PV and 

fuel cell. Type 2 DGs, like synchronous conditioner 

which can be coupled in wind turbines (WT), provide 

only reactive power. Type 3 DGs generate both real 

and reactive power like synchronous based generators. 

Those that generate real power and in turn absorb 

reactive power are termed as Type 4 generators like 

generators coupled with FACTS devices. 

Numerous research carried on DG focus mainly on 

how to reduce their adverse effect on distribution grid 

or/and simplify its integration to grid (Ravadanegh, 

2015). Optimal siting and sizing (OSS) of DG is 

among the leading research work carried out by 

applying varieties of methods and optimizing 

numerous objective functions (OF) (P, 2004). These 

techniques are either analytical, ordinal or heuristic 

(Hatziargyriou, 2013). 

One of the earliest research works carried out to 

address optimal placement proposed in (Nehrir, 2004) 

was mainly concerned with finding the optimal 

locations of distributed generation analytically. In the 

study, authors proposed different analytical methods 

for optimizing many issues related to low voltage 

networks, but failed to optimize the size. In (N. 

Acharya, 2006)also, an analytical expression is 

proposed to compute the optimal size and determine 

the best location of a single DG unit using approximate 

loss formula. This work is extended in (Garcia, 2015) 

to solve same problem for multiple number and type of 

DGs.  In all these aforementioned research works, the 

sole objective is minimizing the power losses 

analytically. 

However, when additional objectives are considered 

thereby making the problem more complex, the 

assumptions used in order to abridge the problem may 

compromise the accuracy of the solution. In most of 

the analytical methods, search space reduction 

technique is applied due to high combinations of the 

solution space (Jordehi, 2016).  

On the other hand, classical and ordinal optimization 

methods were equally applied to solve OSS (Garcia, 

2015).  The main drawback of classical and ordinal 

optimization methods is approximating a non-linear 

constraints by linear functions which resulted in loss of 

accuracy (P. Paliwal, 2014) and (M. Kefayat, 2015). 

Notwithstanding the difficulty arising from high 

solution space, artificial intelligence (AI) techniques 

became up-and-coming means for the DG optimal 

location and capacity determination problem 

(G.Hegazy, 2014). Particle Swarm Optimization (PSO) 

algorithm is used in (Khatod, 2016) to find the optimal 

site and size of DG with different load models. Using 

similar technique, but with an addition of production 

and loss costs in the objective function, dealt with the 

problem of multiple distributed generation sources 

using discrete PSO and optimal power flow. However, 

the voltage profile is heavily deteriorated as voltage 

deviation is not considered in the objectives. Part of the 

shortcomings of this method is its inability to solve 

OSS with higher search spaces. 

In this paper, meta-heuristic optimization technique; 

mix-integer GA (MI-GA) is employed to optimally 

determine the locations and sizes of single and multiple 

DG in primary distribution network. The OSS is solved 

simultaneously with the integer side of problem being 

the locations while the non-integer being the sizes. The 

objective of the proposed method is to minimize the 

power loss and voltage deviation subject to various 

constraints including demand and generation balance, 

voltage limits and line thermal overloading limits. It is 

basically a non-linear, multi-objective optimization 

problem. MI-GA has many upper hands compared to 

other heuristic AI methods. It can rapidly locate the 

solutions within large search spaces even if the 

parameters are discrete and continuous. With no 
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derivatives of the OF required, GA can handle 

complex, ill-conditioned or loosely defined problems. 

Conclusively, outline of the paper is summarized 

below. After this introductory section, Section II gives 

an overview on mix-integer genetic algorithm while 

Section III analyzes the problem formulation. Section 

IV describes the test system. The simulation result and 

discussion is presented in Section V.  Section VI 

presents the conclusion and future works. 

 

2.. MIX INTEGER GENETIC ALGORITHM

GA is essentially a flexible heuristic search algorithm 

developed to mimic the evolutionary concept of natural 

selection and genetics (Abedini, 2012). As a global 

search technique, GA may escape local optimal solutions 

by regenerating solutions randomly. The working 

principle of genetic algorithm, in this study, is 

summarized below:- 

- At the beginning, the algorithm generates initial 

random solution called the chromosomes with which 

the fitness function will be evaluated. In this study, 

every string of the chromosome represents a vector 

(population) constituting two distinct but equi-

dimensional sub-vectors. The first sub-vector of the 

population is integer valued vector of DG locations; 

l1, l2,…, lm while the second is their respective sizes 

in MW; s1, s2,…, sm as shown in Figure 1. 

 

Figure 1.  Chromosomal sub-vectors among genes. 

 

An array of new population is generated iteratively. At 

each step, individuals in the current generation are used 

to create the next population via the following steps: 

 Scores each member of the current population by 

calculating its fitness value. 

 Selects members, referred as parents, based on their 

fitness values. MI-GA use special generation 

function called binary tournament selection 

function. 

 Those individuals in the current population with 

lower fitness are chosen as elite. These elite 

individuals are retained to the next population. 

 Creates offspring from the parents either by 

randomly modifying a single parent called mutation 

or by conjoining the sub-vector entries of two 

parents referred as crossover. 

 Substitutes the current population with the 

offspring to create the subsequent generation. 

- The algorithm stops when specified number of 

generations is reached. It can be stopped using other 

stopping criteria like time limit or fitness function 

tolerance. 

3.0 PROBLEM FORMULATION 

 

3.1 DG Optimal Siting 

Some assumptions are made while formulating the 

proposed technique, these are; 

 A single bus in the distribution network cannot take 

more than one type of DGs. In another words, if 

Type I DG is placed at a particular bus, Type II 
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DG cannot be installed there neither the EV 

charging station (EVCS). 

 Rated load demands are used in the modelling 

instead of the forecasted time-varying demands. 

 The EVCS are considered to be in charging mode. 

The objective of the proposed technique is to minimize 

the overall active power loss and improve voltage profile 

in the radial distribution system. 

 

The objective function is the combined indices of power 

loss and voltage deviation, f1 and f2 respectively. Each of 

the components in (1) are normalized with their 

respective inherent values prior to the DG placements. 

This gives the algorithm room for adjusting the weight at 

each iteration, unlike in (W. Sheng, 2015) where 

constant, pre-determined weights are used throughout 

the iterations. 

3.1.1 Index of power loss 

The first part of the OF, f1 is the index of active power 

loss computed using exact loss formula (Elgerd, 1971) 

expressed in (2). The index is obtained by normalizing 

the power loss with its inherent value, . 

 

The loss coefficients α and β are expressed as 

 

 

 

Where: Vi, δi, rij and xij are the voltage magnitude, phase 

angle, line resistance and reactance respectively as 

shown in Figure 2. 

 

 

 

Figure 2. Single line diagram of 2-bus radial system. 

 

3.1.2 Index of voltage deviation 

Voltage deviation at a particular bus is the absolute 

difference between its voltage and the rated 

valueexpressed in per unit (pu) as depicted in (6).  

 

 

 

The second part of the objective function, f2 is the 

index of voltage deviation obtained by normalizing total 

voltage deviation. 
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Where N is the total number of voltage-controlled and 

load buses in the network (slack bus).  and 

 are the voltage deviations with and without the 

DG respectively. 

 

 

 

3.1.3 Constraints 

The optimization is carried out subject to four 

constraints. These constraints include: 

- Voltage minimum and maximum limits. 

Voltage at each bus is bounded by some limits. 

According to IEEE standard, the limit must be within 

±5% of the rated voltage at each bus. (Basso, December 

2014). 

 

 

 

- Demand-generation balance. 

The generated active and reactive power must be 

equal to the demand (PD, QD) and losses (PL, QL), at each 

bus i (Roger Samuel Zulpo, May 2014). 

For active power:    

Where  

 

 

For reactive power:   

Where  

 

- DG minimum and maximum generation limits. 

In both single and multiple placement, the output power 

of each DG is kept within its minimum and maximum 

power limits.  

 

 

 

- Line capacity limits. 

Current on each line i-j must not exceed rated current 

(Y.G.Hegazy, September, 2014). 

 

 

 

Power flow (PF) is required to obtain the voltages, 

powers and other components of (2) - (15).  Generally 

DNs are radial with very high R/Xratio and their 

admittance matrices are tri-diagonal matrices. For this 

reason, DNs are ill-conditioned, hence conventional 

Newton Raphson (NR) and fast decoupled load flow 

(FDLF) methods are ineffective in analyzing such 

networks. In this study, backward-forward sweeping 
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technique for solving PF recursively, proposed in (D. 

Das H. S., 1994) is employed. 

3.2 DG Optimal Sizing 

Based on the first assumption, the buses are categorized 

according the DG type allocated to them, thus; 

 p-bus: Are the buses (specified as λ1, λ2, … , λn) 

where n number of active power injection DGs like 

PV (Type I) are installed. The powers injected at 

these buses are defined as PDGλ1, PDGλ2, … , PDGλn. 

 q-bus: Are the buses (𝜇1, 𝜇2, … , 𝜇m) where m 

number of reactive power injection DGs like WT 

(Type II) are installed. The powers injected at these 

buses are defined as QDG𝜇1, QDG𝜇2, … ,QDG𝜇m. 

 e-bus: Are the buses (𝜑1, 𝜑2, … , 𝜑e) where e 

number of EV charging stations are installed. The 

rated powers of the EV chargers outlets at these 

buses are defined as PEV𝜑1, PEV𝜑2, … , PEV𝜑e. 

Each of the p, q and e buses are uniquely different from 

each other. 

 

At each p-bus,  

, , … ,  

 

Where Pλ1 is the power at bus λ1 where active power 

PDGλ1 is generated from type I DG and demand P Dλ1 is 

tapped. 

Similarly for each q-bus,  

, , … , 

 

Q𝜇1 is the power at bus 𝜇1 where reactive power QDG𝜇1 is 

generated from type II DG and demand QD𝜇1 is 

consumed. 

Likewise for each e-bus,  

, , … ,  

 

To minimize the power loss, PL from (2) is differentiated 

with respect to Pλ1, Pλ2,…, Pλn,  (i = λ1, λ2,…, λn), and 

equated to zero. 
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Similarly, for Pλn 

 

 

 

In the same way, differentiating PL with respect to Q𝜇1, Q𝜇2… Q𝜇m,(i =𝜇1, 𝜇2, …, 𝜇m), 

For i =𝜇1, 

 

 

 

For i =𝜇m  
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Differentiating PL with respect to P𝜑1, P𝜑2, … , P𝜑e, (i =𝜑1, 𝜑2, … , 𝜑e), 

For i =𝜑1, 

 

 

 

Similarly for (i =𝜑e),  

 

To compute the active, reactive powers, voltages at each bus, i, power flow is required. Re-arranging the above bunch 

set of equations in matrix form; 

 



   

   

 ISSN: 2449 - 0539 
BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.13 NO.2, AUGUST, 2018 

45 
 

 

 ;  in the respective equations of the above system. Let  

 



   

   

 ISSN: 2449 - 0539 
BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.13 NO.2, AUGUST, 2018 

46 
 

 



 

 

 

 

 

ISSN: 2449 - 0539 
 

JOURNAL OF ENGINEERING AND TECHNOLOGY (JET) VOL.10 NO.1, FEBRUARY 2015 

 

47 
 

(32) is matrix of coefficients. Representing (30) in a compacted form; 

 

Therefore,  

 

Letting the inverse of the coefficients’ matrix to; 

 

 

This implies that, the powers at each p-, r- and e-bus is computed as; 

 

 

 

 

Having calculated the powers at each p-, r- and e-bus, using (4) - (6), the active and reactive powers together with the 

size of the EV charging stations is computed as; 

, ,…,  

, ,…,  

, ,…,  
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3.3 Test System Description 

To ascertain the effectiveness of the proposed technique 

and its practicability on multi-scale distribution systems, 

three IEEE radial distribution test networks are used. 

The proposed algorithm is implemented in MATLAB 

environments. 

The first network is IEEE 15-bus, 14-branch, 11 kV 

distribution system with a total active and reactive load 

demand of 1.226 MWand 1.251 Mvar, respectively. The 

system has a total inherent power loss of 61.79 kW. 

Figure 3 shows its single line diagram while its bus and 

line data are available in (D. Das A. K., 1995).   

 

 

Figure 3. Single line diagram of 15-bus test system 

The second network is 33-bus, 32-branch, 12.66 kV 

radial distribution system with a total active and reactive 

load demand of 3.715MWand 2.305Mvar, respectively. 

The system has an inherent power loss of 210.89 kW. Its 

single line diagram is shown in Figure 4. 

 

 

Figure 4. Single line diagram of 33-bus test system 

 

The third network is 69-bus, 68-branch, 12.66 kV 

distribution test system with a total active and reactive 

load demand of 3.802 MW and 2.694 Mvar, respectively 

shown in Figure 5 [30]. This network has an inherent 

power loss of 224.89kW. 

 

 

Figure 5. Single line diagram of 69-bus test system 

 

While analyzing these systems, it is assumed that they 

are all supplied from the substation.  

 

4. SIMULATION RESULTS AND DISCUSSION 

 

4.1 15-bus test system 

Two sets of DG units are used to ascertain the 

performance of the proposed technique on all the test 

systems. The first set has 6 DG units consisting of one 

each of type I,type II DGs and EV charging stations. The 

second set considered has 2 each of these DG units. 

 

Table I summarized the optimal solutions obtained by 

the proposed algorithm. Based on the simulation carried 

out for 3 DGs on 15-bus system, it is found that by 

placing each DG unit with its appropriate size and 

location, the power loss reduced by 38.11% while total 

voltage deviation is reduced by 45.85%. With the 

optimal solutions when the second set of the DG units 

are used, significant improvements in the components of 

the OF is observed. In this this case, the power loss is 

reduced by 55.46% while total voltage deviation is 

reduced by 77.70% as summarized in Table I. Figure 6 

shows the voltage profile of the network before and after 

the optimal placement. 
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4.2 33-bus test system 

Similarly, the algorithm is tested on 33-bus system using 

the same number of DG units. The optimal solutions 

obtained is summarizedyk in Table I. The voltage profile 

of the system with and without both sets of DG units is 

shown below. 
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Figure 6. 15-bus system voltage profile with and without DG. 
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Figure 7. 33-bus system voltage profile with and without DG. 

 

 

 

 

 

Table 1. Optimal solutions for the three test systems.

Test 

System 

DG Set Optimal Location (#) Optimal Size (MW) Improvement in the Objectives 

Type I 

 DG 

Type II 

DG 

EVC

S 

Type I DG Type II DG EVCS Voltage deviation (pu) 

(% Improvement) 

Power loss (kW) 

(% Improvement) 

15-bus 

system 

Base case - - - - - - - - - - - - - - - - - - - - - - - - 0.63 - - - - 61.79 - - - - 

1st set 5 14 9 0.54 0.68 0.45 0.34 45.85% 38.24 38.11% 

2nd set 5, 12 3, 14 7, 9 0.31, 0.23 0.40, 

0.28 

0.22, 0.23 0.14 77.70% 25.64 55.46% 

33-bus 

system 

Base case - - - - - - - - - - - - - - - - - - - - - - - - 1.77 - - - - 210.89 - - - - 

1st set 17 32 22 0.39 0.55 0.48 0.95 46.33% 142.31 32.52% 

2nd set 17, 31 18, 33 19, 

21 

0.20, 0.19 0.35, 

0.20 

0.24, 0.24 0.45 74.58% 108.57 48.52% 

69-bus 

system 

Base case - - - - - - - - - - - - - - - - - - - - - - - - 1.84 - - - - 225.00 - - - - 

1st set 26 61 66 1.42 0.96 0.78 1.07 41.79% 82.56 63.31% 

2nd set 25, 61 21, 64 22, 

65 

0.47, 0.95 0.45, 

0.51 

0.39, 0.39 0.22 87.98% 72.48 67.79% 

It is worth-noting that buses far-away from the 

substation or having high load demands have poor 

voltage profile and hence are the potential candidates for 

DG placement. 

Unlike in the case of 15-bus system where none of the 

bus voltages violated the IEEE standard voltage 

deviation of ±5%, some buses like 15-18 have relatively 

poor profile possibly due to their remoteness from the 

substation transformer. 

4.3 69-bus test system 

The algorithm is tested on a relatively bigger network; 

69-bus system. With the optimal solutions obtained 

using the first set, the power loss reduction is found to be 

82.56 kWrepresenting 36.69% of the total inherent power 

loss. The total voltage deviation is also reduced by 

41.79% as shown in Table I. Figure 8 shows the voltage 

profile with and without the DG. From the voltage 

profile shown in Figure 8, it is evident that the voltages 

at buses 1–5 and 28–50 are barely altered after the DG 

placement. 
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Figure 8. 69-bus system voltage profile with and without DG. 

All of these buses are lightly loaded and are very close to 

the sub-station transformer as shown in Figure 5. Sequel 

to these, they have high stability, hence no DG unit 

placed on any of the two feeders.

 

4. CONCLUSION 

 
In this study, meta-heuristic optimization technique; 

Mix-Integer Genetic Algorithm (MI-GA) is employed to 

optimally determine the locations and sizes of single and 

multiple number of DG in primary distribution network. 

The OSS is solved simultaneously with the integer side 

of problem being the locations while the non-integer 

being the sizes. The objective of the proposed method is 

to minimize the power loss and voltage deviation. In 

order to give room for considering additional objectives, 

all the objectives of techniques are lumped together to 

form a weighted single objective function. 

The proposed technique is tested on IEEE 15, 33 and 69 

bus test systems. From the simulation carried out, the 

proposed technique is capable of solving the OSS 

problem within the predefined solution space. It is 

established that buses that are remote from the substation 

or have higher load demand tend to have higher voltage 

deviation and hence are the potential candidate buses for 

DG placements. It is equally shown that the optimal 

placement of DG in the system yielded reduction in both 

power losses and voltage deviation. This is in addition to 

reducing the power intake from the grid, to a point of 

injecting power back to the grid. 

In comparison with other techniques, MI-GA has the 

ability of determining the optimal sizes and locations 

concurrently. This is advantageous in the light of saving 

computational time and increased robustness. Another 

beneficial feature of the proposed algorithm lies in its 

ability to vary the weight of the components of the OF. 

This makes it possible for the algorithm to handle 

complex, ill-conditioned or loosely defined problems.  

It is envisioned as future work to extend the study to 

dynamic analysis rather than steady state herein.
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