
A Multi-objective Hybrid Optimization for 
renewable energy integrated Electrical Power 
Transmission Expansion Planning

87

Original Scientific Paper 

Shereena Gaffoor
Department of Ship Technology,
Cochin University of Science and Technology
South Kalamassery, Ernakulam, India
shereena.g@gmail.com

Mariamma Chacko 
Department of Ship Technology,
Cochin University of Science and Technology
South Kalamassery, Ernakulam, India
mariamma@cusat.ac.in

Abstract – Due to the large size of conventional electrical power transmission systems and the large number of uncertainties 
involved, achieving the most favourable Transmission Expansion Planning solution turns out to be almost impossible. The 
proposed method intends to develop a novel method to solve Transmission Expansion Planning problems in electric power systems 
incorporating renewable energy sources like wind turbines and Photo Voltaic array using IEEE 24 Reliability Test System. For 
enhancing the efficiency of search processes and to make its use easier on diverse networks and operations, the hybridization of 
two renowned meta-heuristic algorithms known as Grey Wolf Optimization (GWO) and Genetic Algorithm (GA) termed as Grey Wolf 
with Genetic Algorithm (GWGA) is adopted. A novel distance factor based on the best position and current position of the solution 
in Grey wolf optimization is introduced and proposed for the hybridization technique and gives a quick and promising solution with 
reduced computational time. The GWO and GA algorithms are combined suitably to achieve the advantages of both algorithms. 
With this proposed model, the investment cost of the transmission line and the maximum amount of power that can be distributed 
to the consumer is optimized with an objective of minimum load shedding. Among the state-of-the-art optimization techniques 
considered, a remarkable performance percentage improvement in the expansion plan in terms of cost reduction and load shedding 
minimization has been obtained in GWO, but when hybridized with GA, an improvement of 13.42% in cost function and 18.65% in 
load shedding is achieved for a population size of 60.  Hence, the proposed method guarantees to generate the best solution with a 
faster convergence resulting in reduced computational time. 
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1. INTRODUCTION

Transmission systems exists as the foremost element 
of electric power production [1-2]. It not only offers an 
association for distribution and generation but also 
provides consistent and non-discriminative surround-
ings to consumers and suppliers. The intention of a 
power transmission network is to convey power from 
production plants to load centres efficiently, economi-
cally, reliably and securely [3-5]. As transmission sys-
tems expand, Transmission Expansion Planning (TEP) 
entails recognizing where to include new circuits to 
congregate the increased requirement by transferring 
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the power to a new network from the old one. In the 
last few years, investigations in the area of transmission 
planning designs have seen an expansion. Several re-
ports and publications regarding novel designs have 
been available in the technical literature owing to the 
development of novel optimization algorithms, com-
puter power accessibility and the larger uncertainty 
level caused by the power sector deregulation.

Transmission system planners exploit mechanical 
expansion designs to find out a favourable expansion 
system by reducing the numerical objective functions 
with respect to the number of constraints. Power sys-
tem planning is essential to provide reliable, sustain-
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able and affordable energy appropriately in developed 
countries. As a result, power system planning and as-
sociated energy issues have captured the attention of 
the research society [6-8].

From an upcoming scenario of power generation 
and requirement, the major intention of the TEP crisis 
solution is to discover the best set of fortifications for 
transmission that guarantees sufficient distribution of 
power to users. Therefore, the static TEP crisis solution 
should indicate how much and where the transmis-
sion equipment must congregate the requirements of 
energy. On the other hand, with the minimum feasible 
expenses, TEP crisis solutions should meet particular 
quality stipulations regarding the services. Conven-
tionally, with the intention of guaranteeing the security 
criterion, TEP issues have been brought to a solution by 
deterministic models like renowned “N-1” and “N-2” [9-
11]. In several cases, the attained arrangement can as-
sist in the increased cost of investment.

A novel evolutionary algorithm [1] to resolve TEP is-
sues in electric power systems was suggested to de-
ploy various operators and a system for selecting the 
feasibilities of these operators. The arithmetical for-
mulation regards a DC network design together with 
‘N-1’deterministic criterion and the transmission losses. 
The implemented technique was applied to a renowned 
test method and has proven its efficiency. An innovation 
model [7] was proposed for the planning and modelling 
of internally connected power systems. The suggested 
planning model focuses on Carbon Capture and Seques-
tration technologies, renewable energies and Demand-
Side Management as well as CO2 and reserve emission 
restraints. The innovation of this model relies on an esti-
mation of the above-mentioned proposals which were 
integrated that could expose feasible synergies and in-
teractions contained by the power system. A Construc-
tive Heuristic Algorithm (CHA) [8] was suggested to dis-
cover the most applicable route from candidate expan-
sion routes set for minimizing the exploration space and 
as a result, enlarge the effectiveness of the PSO process. 
The suggested methodology was practiced with two 
real equivalent systems and with the Garver system for 
the Southeast and South of Brazil in which the effective-
ness of the proposed scheme can be confirmed. A pre-
liminary Generation Expansion Planning (GEP) design 
[9] with obtainable input data from a variety of sources 
was proposed. Discrete circumstances of feasible cli-
mate change effects were described and optimization 
designs were configured to distinctively design uncer-
tainty. Associations among GEP parameters and climate 
change were described for the entire situation to regard 
their effects. A multi-objective shuffled frog leaping 
scheme [10] was suggested to manage with the bi-level, 
multi-objective and non-linear nature of the design. The 
achieved outcomes demonstrate that the implemen-
tation of an appropriate approach for TEP could lead 
to more private investment in the absorption of wind 
power devoid of a noteworthy transmission investment 

cost. A proficient and enhanced GA [11] suggested was 
capable of functioning with various updated operators 
to guarantee its suitable computation in attaining con-
structive and best possible coordinated planning crisis 
solutions. A model [12] that executes optimal TEP pow-
erfully in a Stochastic Optimization context was suggest-
ed. The design exploits a customized model of Benders’ 
decomposition that remunerates from numerous devel-
opments that were portrayed. It manages with the inte-
gration of eventualities using a double structural design 
for Benders cuts and an improved contingency incorpo-
ration scheme. Additionally, it includes the capability to 
discover the potentially interesting candidate transmis-
sion lines mechanically which was particularly exciting 
in large-scale inconveniences. A static representation for 
Coordinated Generation and Transmission Expansion 
Planning (CGTEP) was proposed [13]. On minimizing the 
investment cost, energy and operation were not provid-
ed inside the system, the design intends to alleviate the 
susceptibility of a power system in opposition to physi-
cal intentional attacks in the planning horizon. In addi-
tion, the peak load of twelve days in a year was taken as 
a sample of the months to consider the impacts of load 
distinctions over a year. The physical intentional attacks 
and their resulting impacts were measured through 
the scenario building process. Accordingly, in any given 
month, the entire scenario was constructed as an attack 
plan aiming at the transmission system and therefore, 
they were assigned weights, which were proportional to 
the subsequent damage imposed on the power system. 
The importance of the suggested scheme in mitigating 
the susceptibility of power system was well established 
by mathematical results. A possible reason for this may 
be technical security solutions because they rarely in-
clude the influence of the human factor on the system 
security level.

Several research works on hybridized optimization 
of Transmission Expansion problem have been done 
recently. A hybrid algorithm that combines Benders de-
composition and a Bees algorithm is introduced in [14] 
and has been tested using the transmission network 
expansion and energy storage planning model. The hy-
bridized model is designed to produce good solutions 
quickly while still retaining a guarantee of optimality 
when run for a sufficiently long time. A non-linear con-
trol parameter based on cosine function is presented to 
replace the original linear parameter of Grey Wolf Opti-
mizer in [15]. Also, the crossover and mutation operation 
of Genetic Algorithm is introduced into GWO to avoid lo-
cal minima and premature convergence.  A novel hybrid 
optimization technique based on Differential Evolution 
and Continuous population based Incremental Learning 
is proposed in [16] with load Shedding formulation as 
well as it includes the optimization of shunt compensa-
tion. The min conflict local search algorithm hybridized 
with Grey wolf optimizer for the power scheduling prob-
lem is proposed in [17]. The proposed method is com-
pared with twenty state-of-the-art methods. Stochastic 
transmission expansion planning in the presence of 
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wind farms considering reliability and N-1 contingency 
using Grey wolf Optimization technique is proposed in 
[18]. To check the effectiveness of the proposed method 
it is compared with other optimization techniques. A 
new hybrid GA with linear modelling is proposed for TEP 
Problem in [19]. It is tested on Garver 6 bus system, IEEE 
24 bus and South Brazilian test which showed a rapid 
convergence on the test problem. A hybrid Genetic gra-
dient algorithm is proposed in [20]. The effectiveness 
and practicability of the proposed model are verified by 
choosing a Central region of China.

This paper proposes a technique for solving the prob-
lems associated with TEP in electrical power systems 
incorporating renewable energy sources such as wind 
turbines and Photo Voltaic (PV) array using IEEE 24 Re-
liability Test System (RTS). For enhancing the exploita-
tion of the transmission systems in various operating 
conditions and to improve the exploring efficiency, 
two renowned algorithms namely, Genetic Algorithm 
(GA) and Grey Wolf Optimization (GWO) are hybridized 
and adopted.

GWO has proven better capability to not fall in local 
optima in the initial search [21, 22]. GA can converge to 
get an overall good solution [23-26]. Hence an algorithm 
is proposed to have GWO followed by GA by includ-
ing a novel distance factor for hybridization. Using this 
proposed GWGA algorithm, the reinforcement line has 
been optimized and the load has been maximized with 
reduced investment cost. Among the state-of-the-art 
optimization methods compared, GWO gives the best 
cost function and minimum load shedding but when hy-
bridized with GA it gives a superior solution compared 
to when GWO and GA performed individually.

Next, to the implementation, this scheme is com-
pared with the traditional algorithms such as GA, Par-
ticle Swarm Optimization (PSO), Artificial Bee Colony 
(ABC), Firefly (FF) and GWO, and the results are pre-
sented.

The paper is organized as follows: Section 2 illustrates 
the TEP problem statement and Section 3 explains the 
proposed GWGA algorithm. Section 4 demonstrates 
the TEP enhancement by hybrid mechanism, Section 5 
provides the results and discussion to examine the per-
formance of the proposed methodology and Section 6 
concludes the research work.

2. TEP PROBLEM STATEMENT 

 Several mathematical models for modelling TEP 
found in the literature are transportation model, DC 
model, AC model, hybrid model and disjunctive model 
[3-4]. These models differ from each other in the level 
of complexity and accuracy. In this work, DC power 
flow model is used as it is widely used in Transmission 
Expansion Planning [27, 28]. However, the method-
ology presented in this work can be extended to the 
other models also. The formulation of the classic load 
flow problem [29, 30] requires considering four vari-

ables at each bus i of the power system. These variables 
are the Pi  (Net active power injection), Qi (Net reactive 
power injection), Vi (Voltage magnitude) and ∂i (Volt-
age angle).

Direct current Load flow (DCLF) gives an estimation 
of line power flows on AC power systems. DCLF looks 
only at active power flows and neglects reactive power 
flows. In DCLF, the non-linear model of the AC system is 
simplified to a linear form.

The suggested technique for the TEP crisis [31] is 
dependent on deterministic and static modelling [12] 
with single-stage production and power requirement. 
The TEP comprises in formatting such branches of the 
network which must be made stronger by integrating 
the required amount of reinforcement. Reinforcements 
are tools to be mounted on the system and could not 
be fractionated so that the candidate plan variable z 
must be an integer value [12].

The actual crisis of the TEP problem is partitioned into 
two sub-problems [1] which are Operational Problem 
(OP) and Investment Problem (IP). IP is categorized as a 
non-linear constrained optimization problem in which 
the concern is to find an expansion model, which re-
duces the investment expenditure meeting security 
measures and upcoming demand.

For a specified expansion plan z, the objective func-
tion of the crisis is given by g(z). IP is modelled by Eq. (1).

Subject to

(1)

Cij is the unit cost related to the reinforcements to 
branch connecting bus i to j, μ indicates the group of 
entire candidate branches of the system network, nijmax 
is the maximum number of reinforcements to be inte-
grated to branch connecting bus i to j. Function B(z) 
indicating load shedding and C(z) indicating overload 
are described subsequently.

For a specified expansion plan z, the OP is considered 
as a problem of LP, where the objective is to find the 
economic transmit of generators which reduces the to-
tal load shedding B(z) and is given by Eq. (2).

Minimize

(2)

Subject to

Minimize
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The amount of generation produced by renewable 
energy sources (Wind turbine and PV array) are rep-
resented by r whose constituent rp indicates the load 
shed at bus p.

Hence rp can be represented by Eq. (3).

(3)

where RE refers to renewable energy sources, rw indi-
cates energy from wind turbine, rpw indicates energy 
from PV array.

Moreover, the generating vector is indicated by f and 
its constituent fb denotes the production at bus b, the 
network susceptance matrix is denoted by A, the vec-
tor of load demand is given by h where its constituent 
hp denotes the load at bus p, the voltage angle vector is 
denoted by θ and its constituent θp indicates the angle 
at bus p, gij is the active power flow of the branch con-
necting bus i to j given by gij = (θi-θj )/xij and xij denotes 
the reactance. The maximum capacity of each constitu-
ent is represented by gijmax for branch connecting bus i 
to j; the term fmax and fmin denote the vectors that sym-
bolise the maximum and minimum capacity of genera-
tors; the number of elements in the branch connecting 
bus i to j at the base case is indicated by n0

ij and α is the  
group of entire network buses. The values of f,r,h,g and 
xij are given in p.u and θ values are denoted in radians. 

Overload function is represented by C(z). The value of 
C(z) is obtained by solving DC power flow using the 
generator vector found by the OP solution. For each 
branch of the system, the occurrence of overloads is 
verified. Thus overload function will depend on the re-
inforcements present in the plan z and should be nil.

The total energy from wind turbine rw which is generated 
depending on the texture speed [32] is given by Eq. (4).

(4)

ω indicates the number of wind turbines, M0 is the 
standard sea-level atmospheric pressure (101325 Pa),   
D is the swept area in m2, v indicates velocity of the 
wind turbine in m/s, Lp is the wind turbine power coef-
ficient defined as the ratio of actual power produced by 
a wind turbine divided by the total wind turbine power 
flowing into the turbine blades, OL indicates specific 
gas constant for air (287J/(Kg. K)), T is the temperature 
in Kelvin which can be computed at any height in me-
ter as T = T0- LH, where T0 is the temperature at sea lev-
el (288K), L is the temperature lapse rate (0.0065°C/m), 
H is the altitude above sea level in m, g is the gravity 
constant (9.8m/s2).

The electrical energy generated from the PV array 
[33] can be found out as given in Eq. (5).

(5)

For the proposed research work, identical PV mod-
ules are considered. Here ηm indicates PV module ef-
ficiency, Cm indicates area of PV module in m2, I(t) re-
fers to solar intensity (W/m2) and q is the number of PV 
modules.

3. PROPOSED GWGA ALGORITHM

The conventional Grey Wolf Optimization algorithm 
has certain disadvantages such as low solving preci-
sion, slow convergence and bad local searching ability. 
In order to overcome these disadvantages of GWO, it is 
hybridized with GA algorithm, as it can provide global 
optimal solutions. By hybridizing both algorithms, the 
solution for minimizing the investment cost with the 
objective function can be obtained.

The process of GWO algorithm [34-35] describes the 
hierarchy of grey wolves hunting and leadership char-
acteristics. There are four classifications of grey wolves 
known as α, β, ω and δ that are exploited for executing 
the leadership hierarchy. Penetrating, encircling and 
attacking the prey are the three chief practices in hunt-
ing that are deployed to progress optimization.

A genetic algorithm [36-37] is a search heuristic that is 
inspired by Charles Darwin’s theory of natural evolution. 
This algorithm reflects the process of natural selection 
where the fittest individuals are selected for reproduc-
tion in order to produce offspring of the next genera-
tion. GAs are the ways of solving problems by mimicking 
processes that nature uses, i.e., Selection, Crossover, Mu-
tation and accepting to evolve a solution to a problem.

GWGA algorithm is the hybridization of GWO and GA 
algorithms. Here, the crossover rate rc is fixed at 0.6, and 
the bounding factor is given by b as in Eq. (6), where 
bmax and bmin indicates the upper bound and lower lim-
its of the solution. Moreover, a distance factor ‘d’ based 
on the best position and current position of solution 
is introduced and can be evaluated as given by Eq. (7), 
where αpo is the best position of the solution and ςpo is 
the current position of the solution.

(6)

(7)

Moreover, the distance threshold dth can be evaluat-
ed by Eq. (8), where Iter denotes current iteration and 
Itermax indicates the maximum iteration.

(8)

Also, if the distance d is greater than dth the solution 
can be updated using GWO. Otherwise, crossover op-
eration has to be performed using the principle of GA 
algorithm, and the updated solution can be obtained as 
shown in Eq. (9).

(9)
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Thus, the optimized solution of TEP is obtained as Z*, which attain the minimized cost and balanced power gen-
eration in order to meet the demand of the power system.

The flow chart for the proposed GWGA algorithm is shown in Fig. 1

Fig. 1.Flowchart of proposed GWGA Algorithm

4. TEP ENHANCEMENT BY HYBRID OPTIMIZATION

For solving the TEP problem, the number of branch-
es, generators and renewable energy sources is given 
as solutions for encoding, which has to be optimized. 
The bounding limit of the number of branches ranges 
from nijmin to nijmax . Similarly, the bounding limit of gen-
erator bus ranges from gijmin to gijmax and the bounding 
limit of renewable energy sources ranges from 0 to 2, i.e.  
REi ∈{0,1,2}. If REi =0, it means that there were no re-
newable energy sources connected to the bus. If REi =1, 
the wind turbine is connected to the bus and if REi =2, 
PV array is connected to the bus system. Fig. 2 reveals 
the solution given for encoding process, where NB indi-

cates the number of branches, NG denotes the number 
of generators and NR is the count of renewable sources 
connected to the IEEE 24 bus systems. The length of the 
solution is the summation of NB , NG and NR. Collectively, 
the solution that is to be optimized is termed as Z.

Fig. 2. TEP solution encoding
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The IEEE 24 RTS shown in Fig. 3 includes 11 synchro-
nous generators with 17 load points and 38 branches, 
where each branch can receive a maximum of three 
reinforcements; the total demand is 2850 MW and the 
maximum generation capacity is 3405 MW.

Fig. 3. Single line diagram of IEEE 24 bus Reliability 
Test System

Table 1 gives the transmission line data indicating 
the branch numbers. For the optimization process the 
length of the chromosome (solution size) is taken as 61. 
Chromosome number 1 to 38 indicate the number of 
branches, 39 to 47 represents the nodes where genera-
tors are connected and 48 to 61 represents the nodes 
where renewable energy sources are connected.

All wind farms are equipped with three 1.5MW wind 
turbines. Table 2 shows the manufacturer only specifi-
cation of a 1.5 MW GE wind turbine [32].

Various design parameters taken for calculating the 
electrical energy from PV array are: Am = 1.3264 m2, 
ηm= 15% and I(t) =1000 W/m2 [33].

Line No. From 
Bus No.

To Bus 
No. Line No. From 

Bus No.
To Bus 

No.

1 1 2 20 12 13

2 1 3 21 12 23

3 1 5 22 13 23

4 2 4 23 14 16

5 2 6 24 15 16

6 3 9 25 15 21

7 3 24 26 15 21

8 4 9 27 15 24

9 5 10 28 16 17

10 6 10 29 16 19

11 7 8 30 17 18

12 8 9 31 17 22

13 8 10 32 18 21

14 9 11 33 18 21

15 9 12 34 19 20

16 10 11 35 19 20

17 10 12 36 20 23

18 11 13 37 20 23

19 11 14 38 21 22

Table 1. Transmission line data indicating branch 
number

Table 2. Specification of a GE 1.5SLE wind turbine

Parameter Value

Rated Output 1.5MW

Rotor diameter 77m

Cut in wind speed 3.5m/s

Rated wind speed 14m/s

Cut out wind speed 25m/s

Hub height 80m

5. RESULTS AND DISCUSSIONS

The proposed TEP model with renewable energy 
sources [38-40] such as wind turbine and PV array using 
GWGA method has been simulated in MATLAB, tested 
in IEEE 24 bus system and the results obtained are ana-
lysed. The performance of the proposed model has 
been compared with traditional algorithms such as GA 
[23-26], PSO [41-46], ABC [47-48], FF [49-50] and GWO 
[22-28] based on cost function and load shedding func-
tion. The corresponding outcomes were evaluated to 
certify the performance of the proposed model.

5.1. COST FuNCTION ANALySIS

The performance comparison of the cost function of 
the proposed GWGA model with conventional algorithms 
is given in Fig. 4. For evaluating the effectiveness of the 
solution, i.e. to check whether the solution is local optimal 
or global optimal, the number of iterations is extended 
to 500 for a population size of 10 and the performance 
is shown in Fig. 5. The unit cost is randomly generated for 
the given population size. The proposed method shows 
the effectiveness in reducing the computational time and 
hence shows better convergence speed.
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Fig. 4. Cost function analysis of different 
optimization techniques for iterations 0 to 200

Fig. 5. Cost function analysis of different 
optimization techniques for iterations 100 to 200

The performance analysis is also done for varying 
population sizes 10, 30, 60, 80 and 100 for 200 itera-
tions and the comparison result is shown in Table 3 
and the performance improvement percentage of the 
proposed GWGA method compared with conventional 
algorithms is given in Table 4.

The results show that the proposed GWGA gives better 
performance than the state-of-the-art optimization meth-
ods compared in the proposed work in TEP. For all the pop-
ulation size considered, GWO gives the best performance 
and the quality solution is obtained for a population size 
of 100. When hybridized with GA, the best solution is ob-
tained for a population size 60 giving a 15.76% improve-
ment in cost function than the individual approach.  The 
result also shows that the best solution obtained with 
GWGA is 13.42% better than the best solution obtained 
for a population size 100 when GWO performed individu-
ally. Similarly, with GA approach, the best solution is ob-
tained for a population size of 100. When hybridized with 
GWO, the best solution is obtained for a population size 
60 giving a 61.95% improvement in cost function than the 
individual approach. The result also shows that the best 
solution obtained with GWGA is 54.42% better than its 
best solution when GA has been done individually. Hence 
the proposed hybridization gives the best solution for less 
population size thereby computation time is reduced.

The results also indicate the effectiveness of the 
proposed method to deal with different sizes of the 

network and hence the proposed method is scalable. 
Thus, from the simulation analysis, the functionality of 
the proposed scheme to meet the considered power 
demand with minimal cost can be attained.

Table 3. Cost function analysis using different 
optimization techniques with varying population size

Population 
Size 10 30 60 80 100

Transmission Cost in Dollars

GA 15795.9 16486.9 17050.68 14957.14 14235.5

ABC 10229.5 12221.01 13512.73 12673.2 10908.36

PSO 18492.77 17738.34 18137.93 14957.14 14235.5

FF 9385.805 15187.47 12271.21 9566.683 13014.52

GWO 7782.325 7826.439 7701.398 7764.962 7492.607

GWGA 7197.423 7197.894 6487.372 6493.273 7233.44

Table 4. Performance Improvement of GWGA with 
respect to conventional algorithms (%)

Population 
Size 10 30 60 80 100

GA 54.43 56.34 61.95 56.59 49.19

ABC 29.64 41.1 51.99 48.76 33.69

PSO 61.08 59.42 64.23 56.59 49.19

FF 23.32 52.61 47.13 32.13 44.42

GWO 7.52 8.03 15.76 16.38 3.46

5.2 LOAD SHEDDING ANALySIS

The performance comparison of load shedding of 
the proposed GWGA model with conventional algo-
rithms is given in Fig. 6. The number of iterations is 
extended to 500 for a population size of 10 giving the 
convergence speed performance as shown in Fig. 7. 

The performance analysis is also done for varying 
population sizes 10, 30, 60, 80 and 100 for 200 iterations 
and the comparison result is shown in Table 5 and the 
percentage performance improvement in load shed-
ding of the proposed GWGA methodology compared 
with conventional algorithms is shown in Table 6.

Fig. 7. Load shedding analysis of different 
optimization techniques for iterations 100 to 500
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Table 5. Load shedding analysis using different 
optimization techniques with varying population size

Population 
Size 10 30 60 80 100

Load Shedding in MW

GA 10345.05 10913.29 11228.2 9279.316 8907.103

ABC 5597.098 7674.407 8855.18 8391.756 6657.085

PSO 13206.99 12081.91 12193.9 9279.316 8907.103

FF 5201.581 9837.438 7143.93 4780.685 7857.024

GWO 4269.435 4339.245 4163.62 4260.662 4215.924

GWGA 4097.052 4097.522 3387 3392.901 4100.289

Table 6. Performance Improvement of GWGA with 
respect to conventional algorithms (%)

Population 
Size 10 30 60 80 100

GA 60.4 62.45 69.83 63.44 53.97

ABC 26.8 46.61 61.75 59.57 38.41

PSO 68.98 66.09 72.22 63.44 53.97

FF 21.23 58.35 52.59 29.03 47.81

GWO 4.04 5.57 18.65 20.37 2.74

For all the population size considered, GWO gives the 
best performance and the quality solution is obtained 
for a population size of 60. When hybridized with GA, 
the best solution is obtained for a population size 60 
giving an 18.65% improvement in load shedding func-
tion than the individual approach. Similarly, with the 
GA approach, the best solution is obtained for a popu-
lation size of 100. When hybridized with GWO, the best 
solution is obtained for a population size 60 giving a 
69.83% improvement in load shedding than the indi-
vidual approach. The result also shows that the best 
solution obtained with GWGA is 61.97% better than 
its best solution when GA has been done individually. 
Hence the proposed hybridization gives the best solu-
tion for less population size thereby computation time 
is reduced.

When compared with ABC, FF and PSO, GWGA gave 
the best performance for all the population size consid-
ered. Hence, the proposed method gives the best solu-
tions of IEEE 24 bus system for load shedding analysis 
for a population size of 60. The results depicted in Table 
4 and Table 6 shows that GWGA converges much faster 
than GWO and GA algorithms. The computational time 
of the proposed method is less and gives the best re-
sults in the population size in the range of 30 to 60. 

Table 7 shows the final expansion plan obtained by 
the methodology proposed. Table 8 compares the gen-
eration capacity obtained before and after TEP with 
GWGA methodology at different nodes and Table 9 
shows the nodes where the renewable energy sources 
[51-55] are connected for optimal operation of the pro-
posed work.

Table 7. Final Expansion Plan for IEEE 24 bus using 
the proposed methodology

Line No. From 
Bus No.

To Bus 
No. Line No. From 

Bus No.
To Bus 

No.

1 3 20 2 12 13

2 2 21 2 12 23

3 2 22 1 13 23

4 2 23 2 14 16

5 3 24 3 15 16

6 1 25 1 15 21

7 2 26 2 15 21

8 3 27 1 15 24

9 2 28 3 16 17

10 2 29 3 16 19

11 3 30 2 17 18

12 2 31 2 17 22

13 2 32 3 18 21

14 1 33 2 18 21

15 3 34 1 19 20

16 3 35 1 19 20

17 1 36 2 20 23

18 3 37 3 20 23

19 1 38 3 21 22

Table 8. Comparison of Generation capacity before 
and after TEP at different nodes

Generator Bus No.

Generation 
Capacity before 

TEP without GWGA 
(MW)

Generation 
Capacity after TEP 
with GWGA (MW)

2 67 140.5605

7 64 148.5388

13 200 554.2946

15 274 24.0616

16 245 71.6325

18 144 351.6817

21 294 315.4005

22 150 300

23 200 200.7639

Types of renewable Energy 
Sources

Node number

Wind turbines 5   8   9   10   11   14   17   19

PV array 6

Table 9. Node numbers of buses where renewable 
sources are connected
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6. CONCLUSION

This paper has presented a novel scheme to resolve 
the issues residing in TEP of electric power systems with 
renewable energy sources such as wind turbines and 
PV array by optimizing the reinforcement line, transmit 
of generators and renewable energy sources. It was 
applied and simulated in IEEE 24 test bus system. In 
addition, with the intention of improving the effective-
ness of transmission in diverse networks and operation 
conditions, the hybridization of two well-known meta-
heuristic algorithms said to be GWO and GA named as 
GWGA is adopted. In order to achieve the advantages 
of both the methods and obtain a faster convergence 
at the same time, they are combined suitably and used. 
Consequently, with this novel hybridized model, the 
investment cost of the transmission line and the maxi-
mum amount of power that can be extended to the 
consumer is optimized.

The proposed scheme has been compared with 
the conventional algorithms such as GA, PSO, ABC, FF   
and GWO and the results are tabulated. The proposed 
GWGA method shows better optimization results con-
sidering expansion cost minimization and minimum 
load shedding when GWO and GA optimization meth-
ods are performed individually. The method is scalable 
in terms of the size of the network. The GWGA gives the 
best solution in the population range of 30 to 80 for 200 
iterations, which reduces the computation time. The 
GWGA appears to be a very effective hybrid algorithm 
for highly complex transmission expansion problems.

In further studies, the proposed method will be ap-
plied for AC analysis as well as to a real power system 
with real data considering uncertainties.
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