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Abstract

This study presents a convex formulation for generation-transmission expansion planning in the presence of phase
shifter transformers and aims at maximizing social welfare. By changing the voltage angle, the phase shifter transformer
can control the transmission power of the line. Therefore, by installing a phase shifter transformer, one can reduce the
investment cost of new lines and use the nominal capacity of available transmission lines. Accordingly, the planning of
the generation-transmission expansion in this paper is formulated with the assumption that there is a pool electricity
market. The problem is formulated in the form of mixed integer programming and the CPLEX solver is used to solve
it in the YALMIP Toolbox environment. In the proposed method, the location, capacity and year of installation
of generators, transmission lines and new phase shifter transformers will be determined simultaneously. In order to
validate the proposed planning, the expansion planning of the IEEE 24-bus system has been simulated in MATLAB
software. Simulation results show the efficiency of the proposed method.

Keywords: Generation-transmission expansion planning (GTEP), Phase shifter transformer (PST), Social welfare
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1 Introduction

With the increasing demand for electrical energy, it is highly crucial to develop the generation and transmission
system in order to meet the load demand. Generation-transmission expansion planning is one of the major challenges
of power system designers. Over time, the power system has undergone changes such as consumption growth, intercon-
nection of networks, and the establishment of new power plants and transmission lines. These changes have exposed
the system designers with limitations in the power grid operation. In addition to the large number of advantages
that connecting power grids have, there are a number of problems. For instance, the passage of power in unwanted
paths in the transmission system can lead to increase unauthorized load and consequently lack of optimal utilization
of the power system. Therefore, it is vital to find a way to control the power flow of a path. In long lines, the major
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problem is the problem of transient stability limit and unauthorized voltage drop. In other words, to maintain the
stability level of the network and stabilize the permitted voltage level, the power flow in the transmission system
should be limited. As a result, these problems cause that the loading capacity of the lines decrease dramatically with
the increased length of the lines. In the last few decades, the issue of transmission expansion planning (TEP) has been
extensively studied, the most important of which have been presented and classified in [23]. Generation-transmission
expansion planning (GTEP) is one of the most important parts of planning in the power system and its main role is
to determine the optimal configuration of the network based on load demand in the planning horizon. This planning
should be such that the installation of new lines and power plants are economical and can also increase the reliability
of the network. Network expansion planning first started in 1970 with the aim to minimize the cost of expansion
considering constraints of the production of power plants and the capacity of lines using linear programming methods
[I1]. In [39, B6] network expansion planning is proposed taking into account the centralized structure for the power
system, with the goal of reducing investment costs. In these models, the electricity industry is monopolized by an
independent system operator (ISO) while the private sector has no share in this industry. By creating a restructuring
in the electricity industry, new extension models were introduced for the power system [I8| B]. Therefore, planning of
the generation-transmission expansion with the aim of maximizing the social welfare of the entire network is one of the
constant challenges of the power system [38], [I5] and has an important role in its operation [35]. In the restructured
electricity industry, the expansion of generation and transmission is usually planned by a centralized organization
(for example, ISO). This is to achieve a robust economic extension plan with high reliability [38]. In other words,
transmission systems need to be developed to reduce transmission congestion and provide fair access for all partic-
ipants in the electricity market [43]. The construction of new transmission lines is difficult because of geographical
constraints, high investment costs and the dramatic decline of social welfare [7]. Planning the power system is the
knowledge of determining the efficient location, size and time to add new equipment to the power system. In this field,
distinct models are proposed for solving the TEP problem [37]. An effective strategy for the planning of transmission
expansion was proposed In [34, 29] and it takes into account the uncertainties of load and wind generation. The
Bender’s decomposition algorithm is used in conjunction with the Monte Carlo simulation (MCS) for probabilistic
TEP modeling. In [29] the problem of TEP is solved using an AC-optimal power flow (AC-OPF) which improved
the accuracy of the results in comparison with the DC-optimal load flow (DC-OPF). In addition, other uncertainty
sources such as uncertainties associated with future load demand, fuel prices, greenhouse gas emissions, and possible
disturbances can be considered in the expansion planning models [I]. Improved innovative algorithms have been used
to solve the problems associated with the power system planning. In [41] [13] market-based TEP has been solved in
the form of a complex mixed integer non-linear programming (MIP) with improved differential evolution algorithm.
The main goal is to minimize global production and transmission costs for the participants in the market. In [I9, [30]
the issue of unit commitment (UC), has been taken into account for a long-term planning. This can consequently help
us optimally determine to increase the capacity of units, the prices of the electricity market clearing and the daily
scheduling of the power system. Exploratory algorithms, such as the genetic algorithm (GA), have been extensively
used to solve the problem of GTEP [4, [40]. The models presented for power system planning in the literature are
mainly based on mixed integer linear programming (MILP). Therefore, there is a widespread tendency to solve these
problems based on mathematical optimization methods such as linear programming, Benders’ decomposition, and
two-level optimization [0, 22]. Some issues, such as reliability, security constraints, and uncertainty in the planning
of market-based power systems have been extensively documented In [5] while stochastic planning is also one of the
most important issues in the power system planning [2 [42]. Some of the studies, such as [31], have considered new
factors and utilized a decimal coding genetic algorithm (DCGA) which includes the inflation rate and the effect of
load growth on network losses.

In [32] A7) the simultaneous expansion of the generation and transmission was carried out taking into account the
presence of fixed series compensation (FSCs). In [26, 46] GTEP with three aims with consideration of wind farms in
the form of a MILP was carried out. In [10] two planning methods are considered: (1) centralized expansion planning
in which investments are fully programmed by a central organization and (2) Decentralized expansion planning in
which the extension of generation and transmission capacities is carried out by attracting investors who examine
market developments. In [I7, 20] a two-level planning model for coordinated planning of wind farm expansion has
been proposed simultaneously with the expansion of the transmission network. The wind-heat planning framework is
presented In [16] and it examines the optimal plans for the expansion of gas-fired power generating units, taking into
account uncertainty in the amount of wind power generation. A flexible method for the expansion of transmission lines
is introduced In [44] in which the presence of wind farm is merged with the use of the demand response mechanism.
Benders decomposition method is another method of solving the TEP problem in the presence of wind energy, which
was investigated In [34] 46]. In [I4] a two-step TEP method is used to reduce investment costs and the stopped
wind energy (in order to maximize the use of renewable energy). This model takes the normal and N-1 conditions
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into account. In [3I], 45] a non-iterative VAM (NVAM) is presented based on electrical laws, which calculates value
of the present and the planned systems by incorporating all system quantities of D/ENS, GNS, WL, CC and RDC
together. Due to non-iterative batch approach, it is quite faster compared to the above-mentioned traditional VAMs,
i.e., MCMF and LCS. In [§] a MILP is proposed to minimize the cost of installing new transmission lines, reactive
power sources, and annual operating costs of the conventional generating units. In [25] This work presents an efficient
hybrid algorithm (EHA) that consists of a search space reducer (SSR) and a modified bat-inspired algorithm (MBA)
to solve the transmission network expansion planning (TNEP). The contribution of the proposal is to consider, at the
same time, the security constraints criterion ‘N-1°, load scenarios and network losses to give a more comprehensive
approach in an efficient manner, which allows applying the EHA to large-scale real system. In [27] the TEP was
conducted with the consideration of the uncertainty in generation and demand using robust optimization.

One of the most commonly used FACT devices in the power system is phase shifter transformer (PST). In addition
to controlling the transmission power of the line, this equipment can reduce the cost of the transmission expansion.
Efficient planning to determine the location, capacity and year for optimal installation of the new equipment in the
power system has always been one of the main challenges. In studies in the literature, PST’s presence not carried out
in the restructured electricity market to aim maximizing social welfare. Furthermore, many of the existing studies on
the expansion of transmission lines and generation capacity have employed meta-heuristic algorithms such as PSO,
grey wolf algorithm [28] [12] and so on [24]. In [9] presents a 10-year expansion model for Nigerian 330 kV 38-bus
transmission network that adequately accommodates probabilistic growing loads using heuristic time-step power flow
simulations approach. Past network operation planning was based on assigned and deterministic load projections that
created transmission system performance inadequacy and load-shedding conditions under normal demands. These
algorithms have a very high potential to formulate engineering issues and can solve complex linear and nonlinear
problems; nevertheless, the responses obtained from them may not be the optimal global point. In addition to this
drawback, due to the random structure of these algorithms, we encounter different responses each time they run. Also,
their run time is very high. Therefore, the use of linear optimization algorithms, which are mathematical methods
capable of finding an optimal global point, is very important. Linear programming algorithms can be implemented in
software such as GAMS and YALMIP.

This article investigates GTEP in the presence of PST from the perspective of ISO. It aims at increasing the
social welfare of the market and reducing the cost of investment. Also, constraints such as load flow, the transmission
capacity of new and old lines, the electricity market mechanism and other technical aspects are considered when
formulating it. The problem is formulated in the form of MIP and CPLEX solver is used to solve it in the YALMIP
Toolbox environment. CPLEX uses mathematical methods to solve this MIP problem and is able to find an optimal
solution. Therefore, since the formulation presented in this article is convex, the obtained plan will be global.

Structure of the article is as follows: 2" chapter presents the generation-transmission expansion model. The

network modeling and mathematical analysis of optimization problem is described in 3t chapter. 4% 5" chapters
are simulation results and conclusion, respectively.

2 Generation-transmission expansion model
2.1 Market model

In this paper, the proposed model for the electricity market is a highly competitive model in which generation
companies (GENCOs) and load serving entities (LSEs) offer their sales and purchases on a pool market. It is assumed
that market power is not feasible in this system, and GENCOs and LSEs offer their proposed prices in accordance
with the actual costs and their actual needs. ISO coordinates the transmission system expansion and generation units
in accordance with the sale and purchase offers made by the participants in the market [7]. The main purpose of
GENCOs and LSEs is to maximize their profits, while the main objective of ISO is to maximize social welfare [21]. In
fact, the expansion of the transmission network can affect the benefit rate of the market participants. In this paper,
it is also assumed that GTEP is done by ISO with the goal of maximizing social welfare. Therefore, the purpose of
the proposed model in this research is to determine an expansion of generation and transmission simultaneously in
the presence of PST in order to respond to the growth of load in the planning horizon.

2.2 Load modeling

As Figure [1| shows, the annual load curve is illustrated by separate blocks. Each scenario represents a load level.
For example, if the first scenario indicates a load level of N1%, it means that in the first scenario, the network load
level is equal to N1% of the nominal load that the network nominal load grows each year.
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Figure 1: Annual load curve
In this modeling approach, several load levels based on the load data during a year are considered and the network

total load within one year is divided into several categories. Then, the probability of occurrence of each level is
calculated and this probability appears in the objective function as the weighting coefficient of that scenario.

3 Network modeling and mathematical analsis of optimization problem

In this section, we present the generation-transmission expansion planning in the presence of PST in a pool
electricity market and in the framework of a MIP problem. The purpose of planning is to determine the optimal
location and time for the installation of new equipment, such as power plant, line or PST. In Eq. (1), the objective
function is expressed as a minimization problem.
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where, t is the index of year, n is index of load, h is index of the generator, r is the index of candidate line for
construction, p is index of PST and i is index of load scenario.

The variables used in formulate the problem are defined in the following:

p%nm is The power consumed by the m block of the n-th load in the i-th scenario and t-th year, pghj is the power
generated by the j-th block in the A-th generator in the i-th scenario and t-th year, f;}l rmew 15 the active power
passing through the r-th new line in path p to ¢ (from bus p to bus ¢) in the i-th scenario and ¢-th year, “ is the
active power passing from the available line in path p to ¢ in the i-th scenario and ¢-th year, 0;} is the angle of p-th
bus in the ¢-th scenario and t-th year, Pgn is the power consumed by n-th load in the i-th scenario and the ¢-th year,
Pgh is the power generated by the h-th generator in the ¢-th scenario and ¢-th year.
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The parameters (constant values) used in formulate the problem include the following:

w; is weighting index of i-th Scenario, /,LtDinm is the proposal to buy m-th block of n-th load in the i-th scenario
and t-th year, ughj is proposal to sell the j-th block of the h-th generator in the i-th scenario and ¢-th year, C), is
the cost of construction p candidate PST, C, is the cost of construction r candidate line, C}, is transitional vector of
investment costs of new generating units, « is operating and design costs adjustment coefficient, x,, is transmission
line reactance in path p —q, n. pq is the transmission line in the initial topology (line in the path p —¢q), M is a positive
constant value that is large enough, fj** is maximum transmission power in one of the lines of path ¢ — p, Pmdx i
the size of j-th block of the h-th generator PE* is the maximum generation of the h-th generator, I is the fall rate
and t( is the base year.

The sets used in formulate the problem are as follows:

7. is set of all scenarios, vy is set of all buses, 4 is set of all candidate lines for installation in the planning horizon,
~vp is set of all candidate PSTs for installation in the planning horizon, ~; is set of all blocks of the h-th generator
unit, ¢ is the set of candidate generator units, -y, is the set of all n-th load blocks, vp is the set of all loads, T is the
set of all years of the planning horizon.

Finally, the binary variables that control the location and year of installation of the new
equipment include:

n;q’r is a binary variable that controls the installation of the r-th transmission line in the path p — ¢ in t-th year
(1 means that it’s installed and 0 mean that the line is not installed), y}“w- is a binary variable that installs the hA-th
generator in the j-th bus in the ¢-th year (1 means that the generator is installed and 0 mean that it is not installed),

:c; is a binary variable that controls installation of the p-th candidate PST in the t-th year (1 means that the PST is

installed and 0 mean that it is not installed) and H}’ngM is a continuous variable that controls the phase shift rate of
the PST of the pg candidate in the i-th scenario and the ¢-th year.

The objective function Eq. (1) represents the symmetry of total social welfare. Because if social welfare is to be
maximized, then its symmetry should be minimized. The total social welfare consists of two basic terms: a) the social
welfare of the market (the total purchase of demand bid minus the total sale of generators offer) and b) the investment
costs of new lines, generators and new PSTs.

In this section, each load scenario (scenario i) with weight coefficient w;, which indicates the importance of this
scenario, has appeared in the context of social welfare. The coefficient of each scenario is proportional to the total
number of hours during the year when the network load in them is the same and equal to the load of that scenario.
Taking into account different scenarios for modeling the load of network covers the uncertainty of load and the
corresponding changes throughout the year.

Since the first part of the function is the social welfare of the market and the second part is the cost of investment,
the investment cost in the second part of the objective function is multiplied by the coefficient «. The coefficient «
is the ratio between investment cost and the weighted scenario-driven social welfare. In fact, a is a positive value
which controls the importance of investment cost in terms of social welfare. The larger the « coefficient, the higher
the cost of investment and the fewer the number of new equipment to be installed. As « decreases, the effect of the
investment cost on the objective function is reduced; consequently, more new equipment will be installed to increase
social welfare. Therefore, the coefficient « represents the ratio between social welfare and line investment cost, PST
and new power plants. The a coefficient is determined by ISO. If the tendency of ISO is to increase social welfare, it
must reduce the a coefficient. However, with the decrease of coefficient «, the number of new equipment increases,
and too much reduction in the a will lead to very high investment costs. Ultimately, this is the ISO that selects the
degree of a according to the total social welfare and the cost of installing new equipment.

4 Simulation results(IEEE 24-BUS)

To evaluate the function of the proposed expansion model, the GTEP of IEEE 24-bus system will be simulated in
the presence of PST in a MATLAB software environment. The results will be presented in this section. Simulation is
done in two different scenarios:
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e First Scenario: GTEP without the presence of PST

e Second Scenario: GTEP in the presence of PST

In this paper, the IEEE 24-Bus system is considered as a case study. The information on the transmission lines in the
network along with their transformers is presented in Table 1 as the available branches in the IEEE 24-Bus network.
Furthermore, the information related to the total consumed and generated power for each bus in the IEEE 24-bus
network is presented in Table 2. In this paper, the cost of constructing new lines is 500 ($/MW-mile) and the falling
rate (I) is assumed to be 0.1. Also, the cost of constructing PST is 100 ($/KVA).

Table 1: The information of avilable branches in the IEEE 24-bus network
From To Capacity (MW) Circuit Length (Mile) Reactance (pu)

1 2 175 3 0.0139
1 3 175 55 0.2112
1 5 175 22 0.0845
2 4 175 33 0.1267
2 6 175 50 0.192
3 9 175 31 0.119
3 24 400 50 0.0839
4 9 175 27 0.1037
5 10 175 23 0.0883
6 10 175 16 0.0605
7 8 175 16 0.0614
8 9 175 43 0.1651
8 10 175 43 0.1651
9 11 400 50 0.0839
9 12 400 50 0.0839
10 11 400 50 0.0839
10 12 400 50 0.0839
11 13 500 33 0.0476
11 14 500 29 0.0418
12 13 500 33 0.0476
12 23 500 67 0.0966
13 23 500 60 0.0865
14 16 500 27 0.0389
15 16 500 12 0.0173
15 21 500 34 0.049
15 21 500 34 0.049
15 24 500 36 0.0519
16 17 500 18 0.0259
16 19 500 16 0.0231
17 18 500 10 0.0144
17 22 500 73 0.1053
18 21 500 18 0.0259
18 21 500 18 0.0259
19 20 500 27.5 0.0396
19 20 500 27.5 0.0396
20 23 500 15 0.0216
20 23 500 15 0.0216
21 22 500 47 0.0678

In this paper the planning horizon is assumed 10 years. Each of the new equipment, the transmission line, the
generator, and the PST, can be installed from the first to the 10th year. They can remain in the network after
installation. Whatever installation time is delayed, the costs are reduced because of taking the falling rate. This is
because the cost that is supposed to be paid at one time in the first year will be postponed to the next years, which
is more economical. It should be mentioned that installing new equipment may significantly improve social welfare in
that year and the subsequent years. In this paper, in all scenarios, the coefficient « is considered to be 0.0005.

In order to expand the transmission, each existing branches can be selected as an installation candidate in the
planning horizon. In this paper, the rate of load growth and generation, during each year, are 3.1%. Also, the rate
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Table 2: The generation and consumption rates of each bus in the IEEE 24-bus network
Bus no.  Total consumption(pu) Total generation (pu)

1 0 4.95
2 0.97 1.44
3 1.8 0

4 0.74 0

5 0.71 0

6 1.36 0.5
7 1.25 2.25
8 1.71 0.5

9 1.75 0
10 1.95 0
11 0 0
12 0 0
13 2.65 4.4325
14 1.94 0.4
15 3.17 1.6125
16 1 1.1625
17 0 0
18 0 3
19 1.81 0
20 1.28 0
21 0 3
22 0 2.25
23 1.08 1.44
24 0 0

of the purchase of demand bid and sale of generators offer will increase by 5% annually. The simulation scenarios in
which loads are at different levels are given in Table

Table 3: Weight and demand coefficient associated with each scenario
Scenario Weight Demand coefficient

1 0.412 0.47
2 0.3597 0.85
3 0.1172 1.2
4 0.1111 1.7

Simulations were conducted in MATLAB software environment. To solve the planning problem, the YALMIP
Toolbox has been used [33].

4.1 First scenario

In this scenario, expansion planning only involves finding transmission lines and new generators and PST cannot
be used to expand the system. In other words, in this scenario, only the transmission line and the new generator are
proposed. Optimal transmission lines and generators for installation in the first scenario are shown in Tables 4] and 5,
respectively.

Table 4: Optimal lines for installation in the first scenario

From To Cost ($) Installation year

1 2 262500 1
1 5 1925000 1
7 8 1400000 7

In the first scenario, the market social welfare is 0.97336 M$. The total investment cost in this scenario is 6.0875
MS$, 3.5875 M$ of which is the cost of building new transmission lines, and 2.5 M$ of which is the cost of building new
generators.
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Table 5: Optimal generators for installation in the first scenario
Bus Cost ($) Installation year
8 2500000 1

4.2 Second scenario

In the second scenario, GTEP is done with PST consideration. In other words, in this scenario, in addition to the
construction of a transmission line and a new power plant, a new PST can be used to expand the system. The results
of the new PSTs and new transmission lines are presented in the Tables [6] and [7} respectively.

Table 6: Optimal PSTs for installation in the second scenario

From To Number of PSTs Cost ($) Installation year

1 2 1 175000 1
1 3 1 175000 1
2 4 1 175000 1
2 6 1 175000 1
3 9 1 175000 1
3 24 1 400000 1
5 10 1 175000 1
8 9 1 175000 1
8 10 1 175000 1
9 11 1 400000 1
9 12 1 400000 1
15 21 2 500000 1

Table 7: Optimal transmission lines for installation in the second scenario
From To Cost ($) Installation year
1 2 262500 1
1 5 1925000 3

In the second scenario, the market social welfare is 1.0158 M$. The total investment cost in this scenario is 5.7875
M$, 2.1875 M$ of which is the cost of building new transmission lines, and 3.6 M$ of which is the cost of PSTs
installation. The cost of building new power plants in this scenario is zero. This means that using the PSTs can be
used from the actual capacity of existing plants and do not need to build new power plants. Comparison of different
scenarios for IEEE 24-bus network is presented in Table

Table 8: Comparison of different scenarios for IEEE 24-bus network
first scenario second scenario

Market social welfare (M$) 0.97336 1.01581
The cost of building new line (MS$) 3.5875 2.1875
The cost of building PST (M§$) 0 3.6
The cost of building new power plant (M$) 2.5 0
Total investment cost (M$) 6.0875 5.7875

According to Table 8, in the first scenario, the total investment cost required to expand IEEE 24-bus system in
10-year horizon is 6.0875 M$. 2.5 M$ of this cost is used for the construction of a new power plants and 3.5875 M$
is employed for the construction of new transmission lines. In the first scenario, it is assumed that only the new lines
and power plants can be installed and PSTs cannot be used. Consequently, the investment cost required to expand
the system is more in this scenario in comparison with the second scenario. However, spending more investment cost
in this scenario has not resulted in an increase in social welfare in comparison with the other scenario, and the market
social welfare in the first scenario is lower than the second scenario. In the second scenario using PSTs, better results
are achieved. In second scenario, not only the total investment cost is less, but also more social welfare is obtained.
In second scenario, since the optimal PSTs are used, power flow in the transmission system is optimally managed. So
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that there is no need to invest in the construction of new power plants. In this scenario, 3.6 M$ are spent on installing
new PSTs in the system and 2.1875 M$ are spent on installing new transmission lines.

Examining the results shows PST excellence in improving system expansion planning. When PSTs are installed,
not only does the cost of installing new power plants reduce to zero, but the social welfare of the market also reaches
its maximum. Therefore, GTEP in the presence of PSTs (scenario 2) can result in the best social welfare and the
lowest investment cost compared to scenario 1.

5 Conclusion

GTEP in power systems has both technical and economic effects on the performance of the power system. Since
the expansion of power system is costly and requires large investments, it is important to determine the optimal time,
location and capacity of the new equipment to be installed in the system. Therefore, expansion planning should be
such that with the least possible investment cost, the most favorable effects are achieved. In this paper, GTEP was
carried out from the perspective of ISO with the aim of maximizing the social welfare. The total social welfare, in
this paper, is considered to be equal to the total social welfare of the market minus the weighted cost of investment in
new equipment (line, generator, and new PSTs). In this paper, since PST can control the transmission power of the
line, it has been used to reduce the cost of investment. Therefore, by installing PST, one can reduce the investment
cost required to install new lines. The formulation presented in this paper is a MIP model with convex structure.
Therefore, the resulting answer is global. To solve the proposed MIP problem, the YALMIP toolbox has been used in
the MATLAB environment. Furthermore, CPLEX has been used as a solver. The results of this study show that the
social welfare level in the second scenario (with PST) reaches its highest level, while it needed the lowest investment
cost. In other words, by installing PST in the second scenario, the highest social welfare can be achieved with minimal
investment. It also increases the flexibility of the network in response to part of the demand growth without new
transmission lines.

6 Nomenclature

Variables
ptf,nm the power consumed by the m block of the n-th load in the i-th scenario and t-th year
pgm the power generated by the j-th block in the h-th generator in the i-th scenario and ¢-th year
Tt v mew the active power passing through the r-th new line in path p to ¢ (from bus p to bus ¢) in the i-th
scenario and t-th year
It,fl the active power passing from the available line in path p to ¢ in the i-th scenario and ¢-th year
P“n the power consumed by n-th load in the i-th scenario and the ¢-th year
Pé’h the power generated by the h-th generator in the i-th scenario and ¢-the year
parameters
w; weighting index of i-th Scenario
,u%nm the proposal to buy m-th block of n-th load in the i-th scenario and ¢-th year
,utczhj proposal to sell the j-th block of the h-th generator in the ¢-th scenario and ¢-th
C, the cost to construction the r candidate line
« operating and design costs adjustment coefficient
Tpgq transmission line reactance in path p — ¢
ngq the transmission line in the initial topology (line in the path p — ¢q)
g maximum transmission power in one of the lines of path p — ¢
to the base year
Sets
Ye set of all scenarios
YN set of all buses
Vi set of all candidate lines
Yp set of all candidate PSTs
Yh set of all blocks of the h-th generator unit
Yo set of candidate generator units
Yn set of all n-th load blocks
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Indices
GTEP generation-transmission expansion planning
PST phase shifter transformer
SW social welfare
MIP mixed integer programming
ISO independent system operator
LSEs load serving entities
GENCOs | generation companies
References
[1] T. Akbari and M.T. Bina, A linearized formulation of AC multi-year transmission expansion planning: A mized-

2]

integer linear programming approach, Electric Power Syst. Res. 114 (2014), 93-100.

T. Akbari, A. Rahimikian and A. Kazemi, A multi-stage stochastic transmission expansion planning method,
Energy Conver. Manag. 52 (2011), 8-9, 2844-2853.

N. Alguacil, A.L. Motto and A.J. Conejo, Transmission expansion planning: A mixed-integer LP approach, IEEE
Trans. Power Syst. 18 (2003), no. 3, 1070-1077.

A.S.D. Braga and J.T. Saraiva, A multiyear dynamic approach for transmission expansion planning and long-term
marginal costs computation, IEEE Trans. Power Syst. 20 (2005), no. 3, 1631-1639.

M.O. Buygi, M. Shahidehpour, H.M. Shanechi and G. Balzer, Market based transmission planning under uncer-
tainties, Int. Conf. Probabil. Meth. Appl. Power Syst., 2004, pp. 563-568.

J. Choi, A.A. El-Keib and T. Tran, A fuzzy branch and bound-based transmission system expansion planning for
the highest satisfaction level of the decision maker, IEEE Trans. Power Syst. 20 (2005), no. 1, 476-484.

S. De La Torre, A.J. Conejo and J. Contreras, Transmission expansion planning in electricity markets, IEEE
Trans. Power Syst. 23 (2008), no. 1, 238—-248.

E.J. De Oliveira, C.A. Moraes, L.W. Oliveira, L.M. Honorio and R.P.B. Poubel, Efficient hybrid algorithm for
transmission expansion planning, Electric. Engin. 100 (2018), no. 4, 2765-2777.

R. Fang and D.J. Hill, A new strategy for transmission expansion in competitive electricity markets, IEEE Trans.
Power Syst. 18 (2003), no. 1, 374-380.

L. Gan, G. Li and M. Zhou, Coordinated planning of large-scale wind farm integration system and transmission
network, CSEE J. Power Energy Syst. 2 (2016), no. 1, 19-29.

L.L. Garver, Transmission network estimation using linear programming, IEEE Trans. Power Apparatus Syst. 7
(1970), 1688-1697.

P. Gavela, J.L. Rueda, A. Vargas and 1. Erlich, Performance comparison of heuristic optimization methods for
optimal dynamic transmission expansion planning, Int. Trans. Electric. Energy Syst. 24 (2014), no. 10, 1450-1472.

P.S. Georgilakis, Market-based transmission expansion planning by improved differential evolution, Int. J. Electric.
Power Energy Syst. 32 (2010), no. 5, 450-456.

N. Gupta, M. Khosravy, K. Saurav, I.LK. Sethi and N. Marina, Value assessment method for expansion planning
of generators and transmission networks: a non-iterative approach, Electric. Engin. 100 (2018), no. 3, 1405-1420.

R.A. Hooshmand, R. Hemmati and M. Parastegari, Combination of AC transmission expansion planning and
reactive power planning in the restructured power system, Energy Convers. Manag. 55 (2012), 26-35.

R.A. Jabr, Robust transmission network expansion planning with uncertain renewable generation and loads, IEEE
Trans. Power Syst. 28 (2013), no. 4, 4558-4567.

S. Kamalinia and M. Shahidehpour, Generation expansion planning in wind-thermal power systems, IET Gen.
Transmis. Distrib. 4 (2010), no. 8, 940-951.

A. Khodaei, M. Shahidehpour and S. Kamalinia, Transmission switching in expansion planning, IEEE Trans.
Power Syst. 25 (2010), no. 3, 1722-1733.



Multi-period generation-transmission expansion planning with an allocation of phase shifter transformers o1

[19]

[20]

[26]

[27]

28]

N.E. Koltsaklis and M.C. Georgiadis, A multi-period, multi-regional generation expansion planning model incor-
porating unit commitment constraints, Appl. Energy 158 (2015) 310-331.

C. Li, Z. Dong, G. Chen, F. Luo and J. Liu, Flexible transmission expansion planning associated with large-scale
wind farms integration considering demand response, IET Gen. Transmis. Distrib. 9 (2015), no. 15, 2276-2283.

J. Lofberg, YALMIP: A toolbox for modeling and optimization in MATLAB, Proc. CACSD Conf., 2004.

M. Lu, Z.Y. Dong and T.K. Saha, A framework for transmission planning in a competitive electricity market,
IEEE/PES Transmis. Distrib. Conf. Expos. Asia Pacific, 2005, pp. 1-6.

M. Mahdavi, C.S. Antunez, M. Ajalli and R. Romero, Transmission expansion planning: literature review and
classification, IEEE Syst. J. 13 (2018), no. 3, 3129-3140.

A.O. Melodi, J.A. Momoh and O.M. Adeyanju, Nigerian 330 kV 38-bus transmission network 10-year expansion
planning under probabilistic load forecasts, Electric. Engin. 100 (2018), no. 4, 2717-2724.

R. Minguez, R. Garcia-Bertrand, J.M. Arroyo and N. Alguacil, On the solution of large-scale robust transmission
network expansion planning under uncertain demand and generation capacity, IEEE Trans. Power Syst. 33 (2017),
no. 2, 1242-1251.

S.Z. Moghaddam, Generation and transmission expansion planning with high penetration of wind farms consid-
ering spatial distribution of wind speed, Int. J. Electric. Power Energy Syst. 106 (2019), 232-241.

A. Moradi, Y. Alinejad-Beromi and K. Kiani, Multi-objective transmission expansion planning with allocation of
fized series compensation under uncertainties, Int. Trans. Electric. Energy Syst. 27 (2017), no. 11.

A. Moradi, Y. Alinejad-Beromi and K. Kiani, Application of grey wolf algorithm for multi-year transmission
expansion planning from the viewpoint of private investor considering fized series compensation and uncertainties,
Int. Trans. Electric. Energy Syst. 29 (2019), no. 1.

M. Ordouei and T. BaniRostam, Integrating data mining and knowledge management to improve customer re-
lationship management in banking industry (Case study of Caspian Credit Institution), Int. J. Comput. Sci. 3
(2018), 208-214.

M. Ordouei, A. Broumandnia, T. Banirostam and A. Gilani, Optimization of energy consumption in mart city
using reinforcement learning algorithm, Int. J. Nonlinear Anal. Appl. In Press, (2022) 1-15.

M. Ordouei and T. Banirostam, Diagnosis of liver fibrosis using RBF neural network and artificial bee colony
algorithm, Int. J. Adv. Res. Comput. Commun. Engin. 11 (2022), no. 12, 45-50.

M. Ordouei and M. Moeini, Identification of female infertility in people with thalassemia using neural network,
Int. J. Mechatron. Electeric. Comput. Technol. 13 (2023), no. 48, 5371-5374.

M. Ordouei, A. Broumandnia, T. Banirostam and A. Gilani, Optimization of energy consumption in smart
city using reinforcement learning algorithm, Int. J. Nonlinear Anal. Appl. In Press, doi: 10.22075/1J-
NAA.2022.29258.4102

G.A. Orfanos, P.S. Georgilakis and N.D. Hatziargyriou, Transmission expansion planning of systems with increas-
ing wind power integration, IEEE Trans. Power Syst. 28 (2012), no. 2, 1355-1362.

M. Pourakbari-Kasmaei and M. Rashidi-Nejad, An effortless hybrid method to solve economic load dispatch
problem in power systems, Energy Convers. Manag. 52 (2011), no. 8-9, 2854-2860.

M. Rahmani, G. Vinasco, M.J. Rider, R. Romero and P.M. Pardalos, Multistage transmission expansion planning
considering fized series compensation allocation, IEEE Trans. Power Syst. 28 (2013), no. 4, 3795-3805.

M. Rahmani, R. Romero and M.J. Rider, Strategies to reduce the mumber of variables and the combinatorial

search space of the multistage transmission expansion planning problem, IEEE Trans. Power Syst. 28 (2012), no.
3, 2164-2173.

J.H. Roh, M. Shahidehpour and L. Wu, Market-based generation and transmission planning with uncertainties,
IEEE Trans. Power Syst. 24 (2009), no. 3, 1587-1598.

R. Romero, A. Monticelli, A. Garcia and S. Haffner, Test systems and mathematical models for transmission
network expansion planning, IEE Proc. Gen. Transmis. Distrib. 149 (2002), no. 1, 27-36.



52
[40]
[41]

[42]

[43]

[44]

Moradi, Ordouei, Hashemi

P. Sanchez-Martin, A. Ramos and J.F. Alonso, Probabilistic midterm transmission planning in a liberalized market,
IEEE Trans. Power Syst. 20 (2005), no. 4, 2135-2142.

A. H. Seddighi and A. Ahmadi-Javid, Integrated multiperiod power generation and transmission expansion plan-
ning with sustainability aspects in a stochastic environment, Energy 86 (2015), 9-18.

H. Shayeghi, S. Jalilzadeh, M. Mahdavi and H. Hadadian, Studying influence of two effective parameters on
network losses in transmission expansion planning using DCGA, Energy Conver. Manag. 49 (2008), no. 11,
3017-3024.

G.B. Shrestha and P.A.J. Fonseka, Congestion-driven transmission expansion in competitive power markets, IEEE
Trans. Power Syst. 19 (2004), no. 3, 1658-1665.

F. Ugranli and E. Karatepe, Transmission expansion planning for wind turbine integrated power systems consid-
ering contingency, IEEE Trans. Power Syst. 31 (2015), no. 2, 1476-1485.

F. Ugranli, E. Karatepe and A.H. Nielsen, MILP approach for bilevel transmission and reactive power planning
considering wind curtailment, IEEE Trans. Power Syst. 32 (2016), no. 1, 652—-661.

C. Zambrano, S. Arango-Aramburo and Y. Olaya, Dynamics of power-transmission capacity expansion under-
requlated remuneration, Int. J. Electric. Power Energy Syst. 104 (2019), 924-932.

M. Zeinaddini-Meymand, M. Pourakbari-Kasmaei, M. Rahmani, A. Abdollahi and M. Rashidinejad, Dynamic
market-based generation-transmission expansion planning considering fized series compensation allocation, Iran.
J. Sci. Technol. Trans. Electric. Engin. 41 (2017), no. 4, 305-317.



	Introduction
	Generation-transmission expansion model
	Market model
	Load modeling

	Network modeling and mathematical analsis of optimization problem 
	Simulation results(IEEE 24-BUS) 
	First scenario
	Second scenario

	 Conclusion
	 Nomenclature

