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Abstract: Transmission expansion planning (TEP) is a large-scale and complex problem. Recently, with the high
penetration of renewable energy sources (RESSs) into the power system, solving the TEP problems has become a
challenge for many methodologies. In this paper, an improved zebra optimization algorithm (IZOA) is proposed to
resolve the TEP problems with minimal total cost. In order to increase exploration ability, a Lévy flight function is
added to the proposed 1ZOA method. In addition, the exploitation strategy is replaced with a function that does not
depend on the number of interactions to help the search process not getting stuck in the local optimal values. The IEEE
24-bus RTS system with and without RESs is used to test the effectiveness of the proposed IZOA algorithm. The
simulation results of 1ZOA are compared with the original ZOA and grey wolf optimization (GWO) method. In
addition, to prove the robustness of the proposed method, IZOA is also compared with other existing methods, such
as decision analysis (DA) and best-guided artificial bee colony algorithm (GABC), branch and bound (B&B), forensic
based investigation optimization (FBIO) and symbiotic organisms Search (SOS). The simulation results show that the
optimal value obtained by the proposed 1ZOA algorithm reduces 39.2% compared with the original ZOA, 36.4% for
GWO, and 32.1 % for DA. Thus, the proposed algorithm is one of the suitable methods, powerful, and reliable

techniques for solving the TEP problem with the penetration of RESs.
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1. Introduction

In recent years, power demands have been
increasing all over the world because of the dramatic
increase in population and the development of
technology. This surge in electricity consumption
places considerable stress on existing transmission
systems. Consequently, transmission expansion
planning has garnered significant attention in recent
research endeavors. The primary objective of TEP is
to identify the necessary quantity and locations of
new transmission lines that must be added to the
system in order to meet future load demand while
adhering to operational constraints, all while
minimizing investment costs.

Besides, the world is facing global warming, and
one of the main causes of this problem is emissions
from fossil fuels. Moreover, fossil energy sources are
gradually depleting, so finding clean and sustainable

International Journal of Intelligent Engineering and Systems, Vol.17, No.1, 2024

energy sources to replace them is necessary.
Renewable energy sources are known as clean and
sustainable energy sources. Thus, using these energy
sources to replace fossil energy sources has become
the trend in all countries around the world. Among
renewable energy sources (RESs), wind energy is
considered a promising option due to its minimal
environmental impact. However, RESs dependence
on natural conditions, such as wind power, are highly
depends on the wind speed. The integration of wind
power into the power system introduces greater
complexity to the TEP problem, primarily due to the
intermittent, random, and uncontrollable nature of
renewable energy sources (RESs) [1]. Besides, the
penetration of RESs requires the power system to be
more reliable and stable. Hence, solving the TEP
problem while considering RESs is imperative and
plays a pivotal role in ensuring the security and
stability of the power system. In literature, many
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techniques have been proposed to deal with the TEP
problem such as: linear programming [2], bender’s
decomposition (BD) [3-5], branch and bound (B&B)
[6, 7], constructive heuristic algorithm (CHA) [8],
forensic based investigation optimization (FBIO) [9],
tabu search algorithms (TS) [10], symbiotic
organisms search (SOS) [11], chaos optimal
algorithm (COA) [12], social spider algorithm (SS)
[13]. In general, all algorithms above have been
successfully applied to solve the TEP problem;
however, recent studies tend to consider not only the
investment cost of the new line but also many aspects
of the TEP problem. The investment cost and
operation cost under uncertainty conditions were
proposed in [14-16]. Examines transmission
expansion planning in risk-based conditions has been
proposed in [17-19]. In [20], presenting line repair
and maintenance impacts on generation-transmission
expansion planning along with loss of load and load
shedding owing to line outages. Solving these
problems requires a lot of computational effort from
the algorithms because of the large number of
variables. All techniques have their advantages and
disadvantages. Mathematical techniques can
typically yield optimal solutions to problems quickly,
but in the case of large-scale systems, they often
demand significant computational  resources.
Conversely, meta-heuristic algorithms are especially
suited to solve complex and combinatorial problems
usually identify optimal or sub-optimal solutions
even for large systems, but they usually fall into local
value [21]. Given the computational limitations of the
aforementioned techniques, numerous studies have
focused on enhancing algorithms to address the TEP
problem. In [22], aiming at two primary problems are
minimum investment cost and minimum reliability
index — EENS using a hybrid multi-objective grey
wolf optimizer (MOGWO) and non-dominated
monte carlo simulation (ND-MCS) to solve the TEP
problem. The objective of minimizing investment
cost, operation cost with uncertainty generation, and
unserved energy costs in reliability conditions using
the evolutionary particle swarm optimization (EPSO)
algorithm are considered in [23]. A modified grey
wolf optimization algorithm has been proposed to
solve the TEP problem considering investment cost
by modifying the exploitation process [24].

In recent years, research about the TEP problem
with the penetration of RESs has become the subject
of much interest from research groups. In [25], the
application of linear decision rules (LDR) to correct
the TEP model as a mixed-integer linear
programming (MILP) problem considers load and
wind power uncertainty. Although this method
reduces calculation time compared with the
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conventional decomposition method, it is still a
mathematical technique and requires a lot of
computational effort if the number of operating
conditions increases. A high-efficiency method,
Taguchi’s orthogonal array testing (TOAT), has been
proposed in [26] to present multiple testing scenarios
for TEP problems that consider load and wind power
uncertainty. However, this method is complex and
requires a high computational effort to find the
optimal solution. The studies about TEP problems
that consider the investment cost of new lines with
the penetration of RESs can be found in [27-29]. In
general, most of the above studies consider wind
generator cost as a simple equation to solve TEP
problems. In practice, wind generator costs should be
considered to include three different costs: the
penalty cost, the reserve cost, and the direct cost.
Moreover, TEP problems are being considered in a
large-scale test system with many variables.
Therefore, it is necessary to find effective algorithms
or improve the algorithms to obtain an optimal
solution for the TEP problem.

Recently, a new meta-heuristic algorithm called
the zebra optimization algorithm (ZOA) was
introduced in [30]. In [30], ZOA has been used to
solve 30 benchmark functions and has outperformed
other algorithms such as TLBO, PSO, etc. The ZOA
is one of the suitable algorithms for solving non-
linear and complex problems. However, for TEP
problem, the results obtained using the ZOA
normally fall within local values because of the
unbalance between exploration and exploitation
strategies. To overcome the limitations of ZOA above,
this study suggests an improved zebra optimization
algorithm (1ZOA) by adding a Lévy flight function
for increasing the exploration ability compared with
ZOA. In addtion, the exploitation phase is also
modified so that it does not depend on the number of
interactions. Compared to other metaheuristic
algorithms, the biggest advantages of IZOA are that
it does not require specific algorithmic parameters for
operations. In 1ZOA, new locations of the whole herd
are updated based on the location of the best member
(pioneer zebra) through two phases: foraging
behavior and defense strategies against predators’
behavior. The elite members of each phase are
considered for updating the initial herd, and after
each interaction, the best member of the herd is used
to update the pioneer zebra. To prove the effect of the
proposed method, the IEEE 24-bus system is used
and compared with other techniques in the literature.
Moreover, solving the TEP problem by the proposed
algorithm with penetration of wind power,
considering the operation cost and penalty cost, is
also introduced in the paper. The main contributions
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in this paper are as follows:

» A Lévy flight function is applied to the [ZOA
algorithm for expanding the exploration strategy.

» A modified exploitation strategy is proposed in
the 1ZOA algorithm.

* Proposed IZOA algorithm to solve the TEP
problem considers the uncertainty of wind power.

» The IEEE 24-bus system with wind power is
considered to solve the TEP problem with the
objective function of minimizing total cost consisting
of investment cost, fuel cost, and wind power cost.

The rest of the paper is organized as follows: The
mathematical model is presented in section 2. The
proposed IZOA is introduced in section 3. The
simulation results are presented in section 4. Finally,
section 5 is the conclusion.

2. Mathematical model

In this section, monte carlo simulation is applied
to generate different scenarios based on the
probability density function (PDF) of the Weibull
probability density function.

2.1 Objective function

The objective functions include line investment
costs, fuel costs, and wind power costs, which are
considered in the study.

Min Ciotqr = Ciny + Cfuel + Cyina 1)

The investment cost of the new lines (Cin) can be
calculated as follows:

Conp = Xijcijnij Y(ny) €0Q,0# ) 2

Where c;; and n;; are the number and cost of new

lines built between bus i" and bus j*, and Q is a set
of all candidate lines.

The fuel cost of the thermal plant (Cel) is
represented by the quadratic function considering the
valve-point effect can be described as [31]:

2
Cfuel = Z?]:G{V al.+ Plbl Tj:ifl i (3)
+|d;sin{e;(P™™ — P)}|

Where a;, b;, ¢;, d;, e; are fuel cost coefficients
of i*" thermal generator, P; and P™™ are the active
power and minimum active power of thermal
generators and Ny is the total number of thermal
generators.
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The cost of wind energy (Cwing) can be divided
into three different costs: direct cost, penalty cost, and
reserve cost.

Direct cost, which is paid by the system operator
when they consume wind output power.

Cwa;i = kaiPw; (4)

Where Cuwa, is the direct cost of wind power at it"
wind farm, kg ; is the coefficient of direct cost and
Pw is the scheduled output power of it* wind farm.

Penalty cost, which is paid by the system
operators if they do not use all available wind power
because the wind power generated is more than the
expected power. This cost function can be calculated
as [32]:

Cwp,i = (PWi,av_PWis) = kp,i(PWi,av_PWiS) =

i St (PWi=PW)fiy (Pw)dPw;  (5)

Where Cwp,i (Pw; q,—Pw;) is the penalty cost of
wind power at i*" wind farm, k, ; is the coefficient of
penalty cost, Pw; 4., Pw;, Pw], Pw; are the available
power, scheduled output power, rated and output
wind power of it" wind farm respective.

Reserve cost, which is similar to the penalty cost;
however, in this case, the wind power generated is
less than the expected power. This cost function can
be calculated as [32]:

CWp,i = (PWL'S - PWi,av) = kr,i(PWiS - PWi,av) =

PW’
ki L (Pwi—Pw) fy (Pw;)dPw; (6)

Where Cwri (Pw; — Pw; 4,) is the reserve cost of
wind power at i*" wind farm, k. ; is the coefficient of
reserve cost, Pw; g, Pw;, Pw; are the available
power, scheduled output power, and output wind
power of it" wind farm respective.

Thus, the total cost of wind power can be
calculated as follows:

Ny [CWai + pr,i(PWi,av—Pwis)

Copivyg =3V !
wind Zl—l +Cw,; (PWL-S - PWi,av) )

2.2 Constraints

Equation constraints
The power balance of active power can be
described in Egs. (8) and (9):

Pi+Pwi+P™ —Py;=0,i=1,..,N, (8
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Lj=1,..,N, i#j (9
Inequation constraints

|Pij| < (nfy +nyy) PP v(ny;) €0

Lj=1,.,N, i %] (10)
PMM < p < PMOX j=1,..,Nyg  (11)
0<Pwf<Pw i=1,.., Ny (12)
0<ny; <nfi*V(n;)eni#j (13)

2.3 Wind power model and uncertainty of wind
speed

Wind energy is known as uncertain energy.
Unlike conventional thermal generators, wind power
is highly dependent on wind speed, and due to the
unpredictable nature of wind, many related models
have been studied to simulate wind speed
characteristics. The Weibull distribution is well-
known and commonly used to simulate wind speed
character. The probability of wind speed v (m/s)
following the Weibull distribution with the scale
factor (C) and shape factor (k) can be calculated:

CRCCEA

The scale factor (C) and shape factor (k) is
determined as:

(k-1)
) 0<v<o (19)

€= (19
sp \—1.086
k= (Fem) (16)
Gamma function I'(x) is described as:
rex) = [ e tt*1dt (17)

The Wind speed based on Weibull distribution
can be calculated as:

1

v= C(—ln(rand))E (18)

Where C is the scale factor, k is the shape factor,

p™ean is the average wind speed and o°° is the

standard deviation, v is the wind speed, and rand is
the random number in the range [0,1].
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Figure. 1 The probability of wind speed

Wind turbines convert mechanical energy into
electrical energy. The output power of wind turbines
ranges from zero to its rated value, depending on
wind speed, as shown in Eg. (19) [33]

0, v<vgv>v,

r (Y Yei

Py ={  B()
Py, v, <v < v

Vi SV Ve (19)

Where Pw(v) is the output power of wind
turbines, v.;, v,, v, are the cut-in, rated, cut-out
wind speed, B, is the rated output of wind turbines.

Fig. 1 is an example that shows the probability of
wind speed using the Weibull distribution after 15000
monte-carlo sampling. In this study, the parameters
of wind farms are chosen as in reference [32] with
Vi = 4, 1,,=12, vy, = 20,v™ =54, ¢5P =27,

3. Improved zebra optimization algorithm

Recently, a new bio-inspired meta-heuristic
algorithm (called ZOA) was developed by Eva
Trojovsk™ et al. [30]. Like other bio-inspired meta-
heuristic algorithms, ZOA is inspired by the behavior
of equine animals that come from eastern and
southern Africa. Foraging and defense strategies
against predator behavior represent exploration and
exploitation in the ZOA algorithm. In the exploration
strategy, the best member of the zebras is called the
pioneer zebra, which will lead other members of the
zebras to forage. The exploitation process based on
defense strategies against predator behavior can be
divided into two cases. In the first phase, when zebras
are attacked by lions, they decide to escape in a
zigzag pattern and with random sideways turning
movements. In the second phase, when zebras are
attacked by smaller predators, the whole herd of
zebras will move towards the attacked zebra and try
to frighten and confuse the predator by creating a
defensive structure. In the original ZOA algorithm,
the exploitation process received too much attention.
Therefore, the new variables found by ZOA
commonly fall into local values, which makes the
algorithm suitable for solving small and non-
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complicated problems. To overcome this, this study
suggests an improvement of ZOA called IZOA. The
IZOA focuses on improving the exploration and
exploitation process for solving TEP problems with
RES. In the first phase, the Lévy flight distribution
function is suggested to expand the exploration
strategy. In addition, a modified exploitation strategy
is also proposed in the second phase.

The exploration process using the Lévy flight
distribution function can be described as:

xlf;-l = PZj + Levy(A). (PZ]- - xij) (20)

Where x//" is a new position of i zebra in the
first phase, PZ; is the position of pioneer zebra, r is
randomly generated in the interval [0,1],
I=round(rand+1) is the random value [1, 2], x;; is
the position of i zebra, Levy(4) is the Lévy flight
distribution function can be calculated as following:

levy = s. % (21)
k

In Eq. (21), A is the random number generated in
the range [0, 2], which is set to A=1.5 in this paper, S
is a fixed constant set to 0.01, w and k are random
numbers in the interval [0, 1]. o is calculated by using
Eqg. (22).

F(1+/1).sin(n7l)

r(1+’1)./1.2</12;1)

2

(22)

In the second phase, the modification of the
exploitation process can be calculated as following:

AZ]-+xl-]-

x{'}z=xl-]-+1.r.sin(27r><r).(PZj— - )(23)

Where x/i**"™"? is a new position of i zebra in
the second phase, r is the random number in the range
[0,1], I=round(rand+1) is the random value [1, 2],

PZ; and AZ; are the position of pioneer zebra and
attacked zebra, x;; is the position of i zebra.

Implementation of 1ZOA for solving the TEP
problem can be described in the following steps:
Step 1: Modeling the probability of wind speed

by the Weibull probability density function using Egs.

(14)-(18).

Step 2: Using monte-carlo to sample the
probability of wind speed and calculate the
probability of the output power of the wind turbine
using Eq. (19).

International Journal of Intelligent Engineering and Systems, Vol.17, No.1, 2024

Revised: October 18, 2023.

206

Step 3: Input max_iterations, population size,
and initial population. Each solution (s) is considered
a position of the zebra and is initialized as follows:

Si = Smin + rand(O,l). (Smax - Smin) (24)
Where s; is the i solution, Smax and Smin are the

upper and lower bounds, which are defined as Eqg.
(25).

— min min pmin min
Smin - [nl ,...,nQ g1y oy I'GN (25)
s _ [nmax pmax pmax max]
max — 1 y e 10O 461 94 GN

Step 4: Run power flow and evaluate fitness
function (FF) using Eq. (26). The position of the
zebra with the smallest fitness value is considered as
a pioneer zebra (Spest)-

N )
FF; = Ceotar + KgZiGN(PGl_Péllm 2+
N
K, X35 (Py — PII9%)? (26)
i#j

Where FF is the fitness function, Ciota is the total
cost as Eq. (1), Ky and Ky are the penalty constants
which are set to 10° in this study.

Step 5: Update the position of the zebras based
on their foraging behavior using Eq. (27). The new
position of zebras is calculated as follows:

' Spest t Lev}’(/l)- (Sbest - Si): else
Where P, is the probability of choosing which are
randomly generated in the interval [0, 1], r is the
random number in range [0, 1], I=round(rand+1) is
the random value [1, 2].
Step 6: Run power flow and evaluate fitness

% bus 18 % bus 21 bu522
v bus 23
bus 17 / 2 O
bus 19 bus 20 5
. | bus 1
Q O

bus 15 bus 14

bus 24 bus 11 bus 12

Wind Farm bus 5

| bus 8

— — Newlines

Figure. 2 The IEEE 24 bus RTS system
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function (FF;F') using Eq. (26) for a new solution

(sP1) and update the population using Eq. (28).
P1 P1

= Si ,FFl' < FFL 28

Si { s;, else (28)

Step 7: Update the position of the zebras based
on their defense strategies against predators’
behavior. s,4 is the position of a random zebra that is
attacked by predators. The new position of zebras is
calculated as Eq. (29).

si+R.(2r—1).(1—§).

P2 _ Si,PS < 0.5
Si = s; + I.7.sin(2m.7). (29)
(sbest — Srd;si) ,else

Where Py is the probability of choosing which are
randomly generated in the interval [0,1], tand T are
the iteration contour and the maximum number of
iterations, and value R is determined using Eqg. (30).

R = 1.5.r.sign(r — 0.5) (30)

Step 8: Run power flow and evaluate fitness
function (FF;F%) using Eq. (26) for a new solution
(sF2) and update the populations using Eq. (31).

_ {s{’Z,FFiPZ < FF;
S;i =

31
s;, else (31)

Step 9: Check stopping criteria: if (t < T) return
to step 5 with t = t+1; otherwise, go to the next step

International Journal of Intelligent Engineering and Systems, Vol.17, No.1, 2024

until the maximum number of iterations is reached.
Step 10: Stop and export the optimal value.

4. Simulation results

In this study, the IEEE 24-bus RTS system is used
to test the proposed IZOA for the TEP problem. The
results obtained with a population of 50 individuals
and 500 iterations are compared with the original
ZOA algorithm and exiting other techniques in the
literature to prove the effectiveness of the proposed
algorithm. The program is developed in the
MATLAB environment and runs power flow using
MATPOWER 8.0b1 [34].

4.1 IEEE 24-bus RTS system

The IEEE 24-bus RTS system is known as a large
and complex system and is commonly used to test the
effect of algorithms. The system has 24 buses, 10
generators, and 38 branches, as shown in Fig. 2. The
data of the IEEE 24-bus RTS system and parameters
of lines can be found in [8, 35]. From the power flow
results in Fig. 3, the exiting branches (1-5, 3-24, 6—
10, 7-8, 10-11, 14-16, 15-21, 15-24, 16-17, 16-19,
and 17-18) are overloaded after increasing load 3
times. So, it is necessary to add the new lines to
ensure security as well as reliability in the power
system's operation. Two cases are considered as
follows:

Case 1: Minimize the total cost without wind
power.

Case 2: Minimize the total cost with wind power.
Case 1: IEEE 24-bus RTS system without wind
power

As can be observed from Table 1, the total cost
obtained using the proposed IZOA algorithm is

DOI: 10.22266/ijies2024.0229.20



Received: August 23, 2023. Revised: October 18, 2023.

Table 1. The comparison of proposed algorithms with
other methods for IEEE 24-bus RTS without wind power
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Table 2. The comparison of proposed algorithms with
other methods in IEEE 24-bus RTS system with wind

Total Location [i ower
Total cost lines oca 'tOI”I ('j”es Method IZOA ZOA GABC [32]
added Instafte 126,348,010. | 337,283,047. | 136,444,300.
— . — Ctotal($)
Ne-10=1; N7.g= 8 4 8
IZOA 152,000,000 5 2: N-12=1; Cinv($) | 124,000,000 | 335,000,000 | 136,000,000
Nis16= 1 Criel ($) | 2,343,819.7 2,279,166.9 441,095.4
Ne.10= 1; N7.5= Cwind($) | 4,191.1 3,880.4 3,205.4
ZOA | 250,000000 | 6 2 Nou = 1; M2=1;ns
N11-13 = 1; N1g23 =1;ns10=1;
=1 : N7.8 = 2; N1o-
Location '
N12=2, N24=1, of ! Nis=1;Ne10 | 12=1;Nws1s | Neo=1; N7
GWO | 239,000,000 9 M6-10=2, N7-6=2, installed | = 1 M8=2 | =Lims1e= | =1 o1
N10-12=1, N1a- l Nu16= 1. 1;me17=1; | 1;Nnua16=1.
" ines _.
2=1 Nis-19= 1;
Nis=1;N324= Nig21 =1,
1;ne10=1; n7 N2o-23= 1.
DA[35] | 224,000,000 7 = 2 Mo = 1: Total
Nis16= 1 lines 5 12 4
B&B[G] Ng-10 = 1, N7-8= added
FBIO[9] | 152,000,000 5 2: N12=1;
SOS[11] Nis16=1
cOnVergenCe Cul'\(e
Convergence curve 1000 —
500 ‘ ‘ —1Z0A| P~
—Z70A ©
—GWO e
400 o S0~
§300 S 250
e 200 125
1(;0 200 3(‘)0 400 5(‘)(:
L L L I Iteration
0 100 200 300 400 500

Iteration

Figure. 4 Convergence curve of IZOA, ZOA and GWO
methods

152,000,000% after adding 5 new lines. The location
and number of new lines are: ne.10=1; N7.s = 2; N1o-12
=1; nu1s=1. The results from Table 1 also show that
IZOA also finds the best results (152,000,0008%),
which is equal to recent publications such as FBIO
[9] (152,000,0008%), B&B [6] (152,000,000) and SOS
[11] (152,000,000%). Besides, it is better than the
original ZOA (250,000,000%), GWO (239,000,000%),
and the DA (224,000,0008) [35]. The total new lines
installed is 6 lines for ZOA, 9 lines for GWO while
DA [35] is 7 lines installed as shown in Table 1.
Moreover, from Fig. 4, it can be seen that the
convergence speed of IZOA is better than ZOA and
GWO.
Case 2: IEEE 24-bus RTS system with wind power
For case 2, an additional wind farm is installed at
bus number 3 with a maximum output of 450 MW.
The detailed parameters of the wind and thermal
generators are chosen as in reference [32].
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Figure. 5 Convergence curve of IZOA and ZOA
algorithm

Table 2 presents the total cost obtained using the
proposed IZOA algorithm compared with other
methods. The location and number of new lines
installed by the proposed method and other methods
are also presented in Table 2. From Table 2, it can be
seen that the total cost using the proposed IZOA
method is 126,348,010.8%, with 5 new lines installed
in the power system (N1.s=1; Ng.10=1; N7.s = 2; N14-16
= 1). In this case, the fuel cost of the thermal
generator and wind cost are 2,343,819.7$ and
4,191.1%, respectively. Observed from Table 2, the
total cost using the 1ZOA (124,000,000%) is better
than the ZOA (337,283,047.4%) and GABC
(136,444,300.8%) [32]. It is also observed from Fig. 5
that the convergence speed of IZOA is the fastest
compared with the ZOA algorithm.

5. Conclusion

The paper presents an improvement in the ZOA
method and a way to solve the TEP problems using
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the proposed IZOA algorithm. The effectiveness of
IZOA is tested in the IEEE 24-bus RTS system with
and without RES by comparing it with the original
ZOA, GWO DA, and GABC. The simulation results
show that the proposed 1ZOA reduces by 39.2%
compared with the original ZOA, 36.4% for GWO,
and 32.1 % for DA [35]. Especially for the IEEE 24-
bus RTS system with RES, the proposed 1ZOA
algorithm has also produced better results than the
original ZOA and GABC [32]. Therefore, the
proposed 1IZOA is also an effective and suitable tool
for solving the TEP problem, even with large-scale
and complex problems.
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Appendix

Nomenclature

Cuwtar | Total cost including investment cost,
operation cost, wind power cost ($)
Cinv | Total investment cost of new lines ($)
Ciwel | Total fuel cost of thermal generator ($/h)
Cuwind | Wind power cost including direct cost,
penalty cost and reserve cost ($/h)
Cwa,i | Direct cost of i*" wind generator ($/h)
Cwp,i | Penalty cost of i*" wind generator ($/h)
Cwri | reserve cost of i*" wind generator ($/h)
FF Fitness function
a;, b;, | The coefficients of i*" thermal generator
Cis di-
€
kq; | The direct, penalty and reserve coefficients of
kyi | i wind generator
kr,i
P; The output power of it" thermal generator
pmn | The maximum output of i*"* thermal
generator
P™* | The minimum output of i** thermal generator
Pwf | The scheduled power of it"* wind farm
Pw! | The rated power of i*" wind farm
Pw; | The output power of it" wind farm
Pw; 4, | The available output power of i*" wind farm
P™ | The injected power into bus i*"
Py; | The load demand value at bus i*"
Pij | The active power between bus " and bus j¢*
Yij The susceptance of a branch between bus it"
and bus j**
n; | The initial number of lines between bus i*"
and bus j**
nj The number of new lines added between bus
it" and bus jt"
cij | The cost of new lines added between bus i*"
and bus jt*
6;,6; | The phase angle at bus i*" and bus j*"
PJ%* | The maximum active power between bus i"
and bus j**
nii** | The maximum number of new added lines
between bus i** and bus j*"
C The scale factor (wind speed)
k The shape factor (wind speed)
v Wind speed (m/s)
Pw(v) | The output power of wind turbine at wind
speed (v)
Vg The cut-in speed of wind turbine (m/s)
U, The rated speed of wind turbine (m/s)
Voo The cut-in wind speed of wind turbine (m/s)
v™ea | The wind means speed (m/s)
oSP | Standard Deviation (wind speed)
Q The set of all candidate lines
Ngy | Number of generators
N, Number of buses
Ny | Number of wind generators
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| NBr

| Number of Branches
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