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Abstract
Transmission network expansion planning is a
challenging problem with the aim to determine the
type, location, and time of the equipment to be added
to the existing transmission network in order to
desirably meet the increasing load demand. On the
other hand, reactive power sources are the other
important components of the power system, which are
used improve voltage profile and maintain the system
stability. This paper, presents a comprehensive AC
load flow based framework for concurrent expansion
planning of transmission networks and reactive power
resources. Although major advances have been made
in optimization techniques, finding an optimal solution
to a problem of this nature is still challenging. Using
some linearization techniques, a mixed-integer linear
programming (MILP) model for transmission
expansion and reactive power planning is proposed. In
order to show the influence of the concurrent
transmission network expansion and reactive power
resources planning in reducing investment costs,
simulation studies and analysis of the numerical results
are carried out on the Garver 6-Bus and the standard
IEEE 24-bus test system.

Keywords: Transmission network expansion
planning; reactive power resource; linearization; N-1
contingency criteria.

1 Nomenclature

I j Index of bus

k Index of line

L Index of corridor

ST L —1 scanning matrix

Ps; Power demand at bus i

Psi Conventional power generation at bus i
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Binary variable which takes the value 1 if the

a i k™ circuit is installed in transmission corridor
L and 0 otherwise

X Maximum number of lines allowed in each
L corridor

i Minimum number of lines allowed in each
L corridor

X Maximum number of lines allowed in each
L corridor

i Minimum number of lines allowed in each
L corridor

Q Set of all transmission corridors L

Pfrom

Active, reactive and apparent power flow in
the k™ circuit of transmission corridor L at

g, from bus i under contingency s

Ples Active, reactive and apparent power flow in
Ces,  the k™ circuit of transmission corridor L at

g bus j under contingency s
L,s

g, Conductance of line, a positive value.

b, Series admittance of line , a negative value.

bc, Shunt admittance of line , a positive value.

Vi, Bus voltage magnitude in p.u. at bus

0 Bus voltage angle at bus i

0, Bus voltage angle at bus j

Ve Upper bound on the voltage magnitude

v Lower bound on the voltage magnitude

0™ Maximum Bus voltage angle at bus i

omn Minimum Bus voltage angle at bus i

S MVA rating each lines of corridor L

p_ mx Maximum active power output of generator
ci at bus i

p_min Minimum active power output of generator at
ci bus i

Q. ™ Maximum reactive power output of generator
Gl atbus i

Q™" Minimum reactive power output of generator
Gl at bus i

PCnis  Active load shedding at bus i

QC¢is  Reactive load shedding at bus i

RS Maximum allowable values for installation of

Ci H H
these sources in bus i
Q™ Maximum reactive load shedding at bus i in
Ci

all contingency
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Maximum active load shedding at bus i in all

max
PCoi contingency
C, Cost of each circuits at corridor L
Ve Penalty for active load shedding
7a Penalty for reactive load shedding
AV. B/oltage magnitude deviation from 1 p.u. at
' us
AV Upper_bound on the voltage magnitude
: deviation.
AV Lower bound on the voltage magnitude
: deviation
M Disjunctive factor, a large positive number.
PI_, Active power loss on line k at corridor L
“* under contingency s
Ql reactive power loss on line k at corridor L
bksunder contingency s
W(d)  Slope of the d™ piecewise linear block.
AG, (d) d™ Linear block of angle difference across
L - X
lines at corridor L
. Nonnegative slack variables used to replace
0,0, g-9
q Index of blocks used for piecewise
linearization
o™ Maximum angle difference across a line

2 Introduction

One of the principal components of power system
planning is the transmission expansion planning (TEP),
which is intended to determine the type, time, and place of
constructing new lines and substations. The planning is
done according to the load, generation and network
conditions, so that, while fulfilling the technical
constraints and operational requirements and achieving an
acceptable level of reliability, the network expansion and
utilization can be obtained at minimum cost [1, 2].

In [3, 4] classification of transmission system
expansion planning models is presented. Besides, in [5]
challenges on transmission planning modeling and
solution approaches are reviewed. Reference [6] presents
a multi-operator evolutionary algorithms, as a
metaheuristic approach, to solve transmission network
expansion planning. In [7] the possibility of applying AC-
based models on the TEP problem has been analyzed. In

[8]a non-deterministic framework to cope with the
uncertain nature of capital costs and electricity demands
using the information-gap decision theory is presented. In
[1] an AC transmission network expansion planning
method is proposed. The AC power flow formulation is
based on the semi-definite programming relaxation. A
mixed-integer linear programming (MILP) for TEP
problem is proposed in [9]. Also, in [10] a linearization
method is presented to transform the nonlinear AC model
of transmission network expansion planning to the easy to
solve linear one.
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In recent years, improvement of power system voltage
conditions have been repeatedly addressed in literature. It
is well established that provided that the bus voltage is not
placed in the secure range, the usage of reactive power
sources, such as capacitors and switchable reactors,
synchronous condensers, and static reactive power
compensators, such as controlling equipment is
necessitated. These actions, could be a helpful step to
maintain the voltage within the acceptable limits [11]. The
reactive power planning (RPP) studies are part of power
system studies, which follow the network expansion
planning to determine the optimal location and capacity of
the reactive power sources in order to improve the
systems’ voltage profile [12].

Investigations executed in the field of power network
planning have rarely studied the simultaneous
transmission network expansion and reactive power
planning. Moreover, metaheuristic algorithms have
mostly been employed in solving these problems [13-15].

In [13] the AC model of power system is considered in
the combined transmission expansion planning and
reactive power planning problem in a deregulated market.
Particle swarm optimization (PSO) method is used to
solve the proposed planning problem which is a nonlinear
mixed integer optimization problem. Also, reference [15]
develops a hybrid heuristic method to solve concurrent
transmission network expansion and reactive power
planning. The main reason for using metaheuristic
algorithms is that simultaneous transmission network
expansion and reactive power planning is a mixed
integer nonlinear problem and its solving process by
using mathematical methods will come with many
difficulties.

Nevertheless, mathematical programming
approaches for solving linear problems will act
strongly and a global optimum solution will be
guaranteed and this is opposed to metaheuristic
methods that may be trapped in a local optimum.

In terms of security constraints, the NERC criterion
indicates that the power grid should be operational in case
of outage an equipment from the system. In fact, the N-1
contingency criterion should not be violated. The N-1
criterion has been used for measuring the level of security
in expansion plan of many papers in the field of expansion
planning [16-18]. In this paper, the N-1 criterion using the
binary matrices is used.

Given the issues discussed, contribution of this
paper is offering a static linear model for simultaneous
transmission network expansion and reactive power
planning by using the AC load flow model.

This paper, completes and extends the proposed
model of [8, 9] and proposes a linearized model for
static concurrent transmission network expansion and
reactive power planning (TEP&RPP). In brief, the
main contributions of this paper with respect to the
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previously published works in the area can be
summarized as follows.

Proposing an AC load flow based framework
for simultaneous transmission network
expansion and reactive power planning;
Linearizing the nonlinear parts of the model
and proposing an MILP model.

The rest of the paper has been structured as
follows. In Section 2, modeling of the N-1 criterion in
transmission network expansion planning s
presented. a nonlinear model for the simultaneous
transmission network expansion and reactive power
planning is proposed in Section 3. Using a series of
linearization techniques for linearizing the model is
discussed in Section 4. Numerical studies on two
different test systems are presented in Section 5 and
finally, conclusions are presented in Section 6.

2 Modeling the N-1 criterion

Security constraints in the steady state of transmission
expansion planning are often recognized by the N-1
criterion. The N-1 criterion indicates that the transmission
system should be resistant to the exclusion of every single
equipment, and all constraints of the planning problem
should be within their allowed ranges. In a network with
L transmission lines, L+1 different modes exist. By
defining the zero-one ST matrix, these modes will be
modeled as follow [19]:

1 0 1
ST =|:
1 1
LxL+1

In this matrix, zero valued elements mean that the
intended transmission line is out of service, and the
elements valued with “1”, reflect the normal state of
respective line. Each of ST matrix columns represents a
specific state of the network. In the first column of the
matrix, the values of all elements are 1. This column
shows the basic state of network in which all transmission
lines are in service.

@)

3 Nonlinear formulation

In this section, the mathematical formulation of
proposed concurrent transmission network expansion and
reactive power planning is presented. The proposed
formulation is based on the AC load flow model.

Consider a transmission network with n buses and load
demand P,, , dispatchable generation P, . Transmission
lines are defined along the specified transmission corridor.
Each transmission corridor between bus i and j has a
minimum and maximum number of allowed circuits. The
minimum number refers to the existing circuits of the
transmission corridor i— j of the main network. If there

would be no circuit in a particular corridor, this value will
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be set to zero. Also, a, , is a binary variable. If the k"

circuit is connected in the L™ corridor, this variable will
take the value of 1; otherwise, it will take zero, as shown
below [20].

aL,k G{O,l}, LEQL, k :11___,nE1ax (2)
n["insi a gn[nax LeQy, k:]_'_._’nlr_nax 3)
k=1

Sequential connection of circuits in each transmission
corridor will be adjusted through the following logic
constraint.

a  <a g4, LeQ k=2.,n"™

(4)

The current active and reactive power in the k"
transmission line in the L™ corridor, which will be
determined between bus i and j, can be calculated

through the AC load flow equations as follows. In the
equations, index s represents various states or occurrence
of various contingencies of the existing line in the
network.

Plee =(M%00 —ViV, (9, cos(@ . —6,,) )
+bysin(@,; -6, ,))a, ST,

o= (VA (b, +be ) +V, WV, x ©)
(b_cos(6, —6,)—9g,sin@  —0,,))a_,.ST
Phs =Vi0 - MVie(0,008,-6,.) )
—b sin(6,; -6, ,)))a_,-ST,,

ks = (Vi (b +bc ) +V, V% @®

(b_cos(8,, ~6,,) + 9, sin(@, ~6,,))a,, ST,

Note that, if the k™ circuit has not been established, the
current active and reactive power in the lines will be

adjusted to zero (a_, =0); and if the k" circuit has been

established (a, , =1) , the current power in the lines will be

calculated by using the AC load flow equations.
The constraints related to the voltage magnitude and the
angle of bus voltages are according to equations (9) and
(10), respectively.
V min SV <V max

is —
gmin S HI . S emax
Calculating the apparent power of the lines as well as the
related constraints, by calculating the current power in the

lines, through equations (5) to (8), can be done as follow.

)
(10)

S = J(RY") + Q") )
SP=y(RL) + @)’ (12
S om < S (13)
SP, < g (14)

The generating power of plants are considered according
to equations (15) and (16) and within their corresponding
ranges.
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P,™ <Py <P™ Vi (15)
Qs™ <Qqs <Q™ Vi (16)

The active and reactive power balance equations are as

foIIow
Gl s D| PCDI s) ZZ(PLfrkor: I:)Ltok s ) (17)
QGI s (QDI QCCI s) ZZ( Lfrlfns] L k s) (18)

Lei

Where PC, and QC, refer to the active and

reactive load shedding at bus i. These variables are limited
to their corresponding available quantities.

0<PCy, < Vi, s (19)
0<QC, < RsCi Vi, s (20)
QCI* =QCy, ,Vs (21)
PCo 2PCy, Vs (22)

In equations (15) and (16), the minimum and maximum
range of the buses that conventional generators are not
connected to them, is set to zero. Similarly, for the buses
that have no connection to the load, the right side of
equation (19) should be set to zero. In this formulation,
reactive sources are modeled with the reactive load
shedding. Through this method, the number of variables to
be added to the problem will be decreased and
consequently, the computational load will be lowered. In
this study, reactive sources have been modeled by using
continuous variables. Despite this fact, these sources are
discrete in nature, which is, of course, an acceptable
assumption to simplify the problem. In equation (20), the
values of reactive sources are limited to the maximum
allowable values for installation of these sources in each
bus [21]. In equation (21) and (22) the maximum active
and reactive load shedding among all possible outage will
be determined.

The total constraints of the simultaneous transmission
network expansion and reactive power planning include
the constraints (2) to (22). The objective function in this
nonlinear model will be as follows.

min

Z Z Ca +Z(7/P

L k=nl"y1

The first expression relates to the investment cost of the

lines. Index k is started from n™ +1, because the

construction cost of the current lines is obviously zero.
The second expression relates to the active and reactive
load shedding penalty. The value of y,, compared to the

other costs, will be chosen as a great value, so that the
active load shedding reaches zero. But y, will be

max (23)

PCE™ +7,QC™)

considered equal to the cost of the reactive power sources.
Thus, the reactive power load shedding amount occurring
in a particular bus is the same as the amount of installed
reactive power sources.
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4 Linearization of the model

The approximation obtained from traditional DC model
will significantly simplify the AC model. However, in
some cases, it will decrease the model accuracy. In order
to improve the accuracy and validity of the model, and also
reduce the computational costs, a linear representation of
the AC load flow model and network losses is presented
in this section.

4.1 Linearization of the AC load flow equations

Linearization of the equations of the power lines will be
carried out based on Taylor series and by considering the
following valid assumptions [9].

1) Bus voltage magnitudes are always close to 1 p.u.

2) Since the angle difference along the line is small,

therefore, it can be considered that sin(9i —Hj)z@i —0;

and 003(6’i -0, ) ~1. This assumption at the transmission

level, where the active power flow is the dominant part of
the apparent power flow, is quite valid.

According to the above assumptions, the voltage
magnitude of the buses can be considered as follows.

V, =1+AV, (24)
where AV is expected to allocate small values to itself
from the below interval.

AV,™ <AV, < AV,™ (25)

By substituting equation (24) in equations (5) and (6), and
ignoring the expressions with higher degrees, the
following equations are achieved

P(AV,.(6, - 6))) ~(1+2AV,)g,

_(1+ AVi + Avj )(gL + bL (‘9| - 0] ))

Q(AV,, (6, - 6,)) ~— 1+ 2AV,)(b_+bc, ) +

(1+ AVi + Avj)(bL -0 (9| - Hj ))

It is noted that equations (26) and (27) are still nonlinear.
As itis expected that the values of AV,, AV, and (6, -6,)

would be small, the expressions such as AV, (6, - 6;) and

(26)

@7)

AV, (6, - 0,) can be ignored, similar to the second-order

expressions. The linearized load flow equations for line k
in corridor L, between buses i and j, are as follows.

I:)L,k,s :(Avi,s - AVj,s)gL - bl_ (HIS _Hj,s) (28)
Qui. =28V, Yoo, ~(AV,, —aV, 00 o
-0, (els - ej,s)

Hence, the linear equations of the AC load flow will be
converted into equations (30) and (31).

-M (1_ aL,k'STL,s) < F)Lf,l;(orsn P(A i,s ’( is gj,s )) (30)
<M(@1- a 'STL,S)

-M (l_ aL,k 'STL,s) < Ql_frl?”s] - Q(Avi,s ' (gls - 0],3)) (31)
<M@- a -STL,s)

-S™a, ST, <P <S™a ST, | (32)
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-S!™a, ST, , <Q"" <S™a, ST, (33)

In equations (32) and (33), the line flow has been limited
to the maximum capacity of the line. In equations (5) to
(8), multiplication of the binary variable a _, will lead to

the nonlinearity of the model. Thus, in equations (30) and
(31), having defined parameter M, which in comparison to
the other parameters of the problem will have a large
value, it will be placed within the equation ranges of
variable a,_, . The equations, corresponding to R, and

Q. » Will be calculated similar to equations (30)-(33).

In order to achieve a completely linear model, it is
necessary to linearize the nonlinear equations (11) and
(12). In the following, consider a simple method for
linearizing the equations in the form of x*+y? <R’ (a

circle with the radius R in Cartesian coordinates), as
displayed in Fig. 1. Consider a regular convex m-sided
polygon inscribed in this circle. The equation, which
connects point A to B, is as follows [10].

_sin(2zh/m) —sin(27z/m(h -1))

y —Rxsin(2zh/m)= cos(27r/h) —cos(2z/m(h —1))

(34)
x(x—Rcos(2zh/m))

By a simple change in equation (34), equation (35) will
be achieved. By assuming o« =2zh/m and
B=2xh/m(h-1), equation (35) will be simplified as
equation (36). The large number of sectors, or in fact, the
large number of the convex polygon’s sides, will improve
the accuracy of the solution, but will lead to more
computation time. In this paper, m = 32 has been used to
approximate this circle.

(sin(2zh/m) —sin(2z/m(h -1)))x

—(cos(2zzh/m) —cos(2z/m(h—1)))y (35)
—Rxsin(2z/m)=0
(sine—sin B)x—(cosa —cos )y (36)

—Rxsin(a-p)=0

Therefore, the linearized equivalent of equations (11)-
(14), are the equations (37), (38).

(sin(2zh/m) —sin(2z(h —1)/m))P7

—(cos(2zh/m) —cos(2z(h—1)/m))Q,"" @37
—sin(2z/m)S™ <0

(sin(2zh/m) —sin(27z(h-1)/m))P5

—(cos(2h/m) —cos(2z(h —1)/m))Q°, (38)

—sin(2z/m)S™ <0
4.2 Linearization of line losses

In transmission expansion planning studies, by the
assumption that transmission line losses are limited and
negligible, usually the DC load flow model is used. This
assumption can be problematic in large-scale and wide
networks and lead to a situation, where the network
expansion plan is different from the actual optimal
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—~_ B Segmenth
g !
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]
R/ | |
) ]
{ . Segmentl
i i
! I
: H SN
@) Xg Xa -
Segmentm

Fig. 1. A circle with the radius R [10]

calculation is hidden, in this linearized model and based
on the considered assumptions, it is required to calculate
the network losses with the aid of a different method. With
regard to the second hypothesis in Section 4.1, and
regardless of the higher order expressions, and also by
ignoring the lines’ capacitance against the inductive
reactance, the network losses can be calculated by using
equations (39) and (40).
PLL,k ~g.(6 _01)2 (39)

QLL,k z_b|_ (eu _Hj)z (40)

It should be noted that equations (39) and (40) are
nonlinear and nonconvex constraints. In order to linearize
these equations, the piecewise linearization technique will
be used. As shown in Fig. 2. in this method, the curve

(¢ —491.)2 has been divided into D pieces, and each piece

is approximated by a segment line. The linear model of
losses will be achieved as follows [9].

(Hi—ej)zzZD:W(d)AHL(d) ,d=1,..,D (41)
d=1

(6-0,)=0 -6 (42)

6.-6|=6;+6; (43)
D

16,-6,|=" 40, (d) (44)
d=1

0<Af (d)< 5 +(1-a¥)x (45)

W (d)=(2d -1)0™ /D (46)

6 >0 ,6,>0 (47)

where W (d) and Ag,(d) are the gradient and size of the

d" block of the angle difference of the corridor between
bus i and j, respectively. The slope of each block is
calculable using equation (46). In addition, equation (45)
limits the size of each block. For the candidate lines, which
would not be selected for installation, this constraint
should not impose any limitation. Thus, the second
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expression of the right side of equation (45) has been
added to serve this purpose. Also, 6 and 6 are two
positive variables, which have been used to get rid of the

absolute value function that causes the problem to be

nonlinear.
4 (ei _ej)z

fo.-o)
AB () A (2 A6, (D)
Fig. 2. The piecewise linearization of (6, -0, )* [9]

Using equations (41)-(47), active and reactive power
losses of the lines can be calculated as follow.

D
0<—Pl +0, D KAO 4, <M(1-a,,.ST.) (48
d=1
D
0<—Ql . —b D KA 4, <M(1-a,, ST ,) (49
d=1
0<Pl , <a ST .9, (™) (50)
0<Ql ,, <-a ,.ST b (™) (51)

Equations (48) and (49) are related to the calculation of
line losses and in order to prevent the nonlinearity of the
model, the big M linearization technique has been used.
Similarly, in equations (50) and (51), the line losses will
be limited to their corresponding maximum value. By
calculating the losses, the active and reactive power
balance equations would be as equations (52) and (53). In
these equations, losses are split in half, and each half is
dedicated to one of the buses that is connected to the
related line.

I:)Gi,s - (PDi - I:)CDi,s) - 0522 I:)LL,k,s
¥ (52)
ZZ;(PJLUT + PLt(,)k.s)
Lei
QGi,s _(QDi _Qci,s)_O'SZZQLL,k,s
Lei (53)
=Y X (@l +Qt)

Lei k
5 Numerical results

In the previous section, by using a series of linearization
techniques, a mixed integer linear programming (MILP)
model for the problem of simultaneous transmission
network expansion and reactive power planning was
obtained. In this part, the performance of the proposed
model on the Garver 6-bus test system and the IEEE
standard 24-bus test system is tested and the obtained
results are analyzed. Numerical studies are carried out
using the CPLEX solver in GAMS software environment
[22]. All simulations are done on a 64-bit system with
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6GB of RAM and the Core i7 CPU. The optimality
criterion for stopping the process and obtaining the final

results has been considered as £ =107,
5.1 Garver 6-bus test system

The Garver test system is a small-scale transmission
network, which has been addressed by many researchers
as the basic network in the majority of works executed in
the field of network expansion planning. This network was
first proposed by Garver in 1970 [23]. The Garver system
has 6 buses, 6 existing transmission lines, 5 load centers
with a total electrical load of 760 MW, and 3 power plants
with a maximum generation of 1140 MW. The planning
horizon is considered to be 10 years. The full details of the
existing network and candidate lines are available in [24].
The plant has been considered as connected to the bus 6,
in isolation from the main network. The basic structure of
the system is shown in Fig. 3.

In this network, it is assumed that the maximum number
of allowed lines for installation in each corridor is equal to
3. Thus, in total, there are 39 candidate lines. Bus voltage
magnitude will be considered in the range of 0.95 to 1.05.
The maximum installation value of the reactive power
sources at each bus is 1000 MV Ar. The installation cost of
reactive power planning is considered 100,000 $/MVAr.
The number of linear blocks for linearization of loss
equations, and the equations related to the heat range of
lines are D = 20 and m = 32, respectively.

os 2L @°
busl
bu56F | bus4
A
G3 D4

Fig. 3. The Garver 6-bus system

The simulation results of transmission network
expansion planning, and the simultaneous transmission
network expansion and reactive power planning are shown
in Table 1.

According to the results of Table 1, it can be observed
that in the network expansion planning method, where the
linear model has been employed based on the AC load
flow, 6 new transmission lines in the corridors 2-6, 3-5,
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and 4-6, with a total cost 160M$ have been added to the
existing network in order to supply the predicted load. In
the simultaneous transmission network expansion and
reactive power planning method, 4 lines have been
installed in the previous corridors, and also two capacitor
compensators in buses 2 and 5 with, respectively, the
capacities of 25 MVAr and 9 MVAr, and a total cost of
113.393 M$. The single-line diagram of the network after
expanding in both states is shown in Fig. 4. and Fig. 5. The
red dotted lines signify the candidate lines, which have
been selected for construction. The installed reactive
power sources are shown with red squares in the buses.

Table 1. results of TEP and TEP & RPP in the Garver 6-bus

test system
. Cost Total Cost
Method Solution
(M$) (M$)
N, 6 =2
& Newlines | Ny =2 | 160 160
'_
n4—6 = 2
Ne=1
a New lines n, =1 110
[a W
S Nyg=2 113.393
[a W
L
= Installed QC, =25
3.393
MVAr QC; =9
D5 D%L@Gl
busl
G2
D3
Existing Line
—=-- NewLine
o
bU36 N r':'_-_-_:-_-_-_::'_-_::'_'_::'_' _bUS4
v
G3 D4

Fig. 4. The Garver 6-bus system after TEP
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D5 DL, @61
busi
G2
D3
Existing Line
----- New Line K
¥ New Reactive Power -~ D
Source -~
A
bus6  ifTTTTTT TSI T TSI | _bus4
A\ 4
G3 D4

Fig. 5. The Garver 6-bus system after TEP&RPP

5.2 1EEE 24-bus test system

In this system, there are 24 buses, 34 transmission
corridors, and 38 transmission lines. 7 candidate corridors
have been also considered. The network includes 11
generators and 17 load centers. The consumption and
generation values for creating congestion in transmission
lines have been increased three times higher with respect
to the current network load. The planning horizon is 10
years. The network information as well as the candidate
lines have been fully introduced in [24].

The simulation results of transmission network
expansion, and the simultaneous transmission network
expansion and reactive power planning in the IEEE 24 bus
test system (RTS) are shown in Table 2.

Table 2. Results of TEP and TEP&RPP in standard IEEE 24-
bus test system

Cost
(M$)

Total Cost
(Ms)

Method Solution

Ny 3=2
Ny =2
N, g=2

New

Ng_p=1 412

Ngy0=2

412

TEP

lines

Ny =1

Nis_p4 =1

Ns10 =1
N7g=2
Ng12 =1

New
. 98
lines

TR 136.894

QC, =358
QC, =98.6
QC,, =708

TEP&RPP

Installed
MVAr

38.894
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According to the results reported in Table 2, it can be
observed that in the transmission network expansion
planning method, 11 new transmission lines in corridors
1-3, 2-6, 3-24, 6-10, 7-8, 9-12 and 15-24 with a total cost
of 412 M$ have been added to the existing network in
order to supply the load. In the simultaneous transmission
network expansion and reactive power planning method,
4 new transmission lines in corridors 6-10, 7-8, and 9-12
have been constructed. In addition, the capacitive
compensation added to the system is located at buses 3, 4,
9, and 12, with 183.7, 35.8, 98.6, and 70.8 MVAr,
respectively. The total cost in this case is equal to 136.894
M$. The single-line diagram of the standard IEEE 24-bus
test system after expansion using the two methods has
been shown in Fig. 6. and Fig. 7.

5.3 Comparison of the results

In order to show the effectiveness of the proposed
model, the obtained results are compared with the
results of [21]. As shown in Table 3, in IEEE 24-bus test
systems four new transmission lines have been constructed
in corridors 6-10, 7-8, and 11-13. In addition, reactive
power sources are added to the system at buses 3, 9 and
10, with the capacity of 202, 302, and 27 MVAr,
respectively. Also, total cost of planning is 167.1 M$.

Table 3. TEP&RPP results in the IEEE 24-bus test systems in
this paper and [21].

. Cost Total Cost
Solution
(M$) (M$)
Ns10 =1
3 New lines | Ny_g=2 98
s Ng12 =1
E 136.894
3 QC, =183.7
o —
E Installed QC, =358 38.89
(MVAr) | QG =986 | 4
QC,, =708
Ng_10 =1
’i‘ New lines | Ny_g =2 114
E My 13=1
5 167.1
£ Installed | QCs =202
= C, =302
(MVA) QCqy 53.1
QCyo =27

230 KV
18

21

Existing Line
New Line
T New Reactive Power Source

Fig. 7. IEEE 24-bus test system after TEP&RPP
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5.4 N-1 security criterion in transmission network

expansion planning

In this section, the effect of considering N-1 security
criterion on the proposed planning model is analyzed.
Given that considering the outage of all of system
components in the N-1 security criterion will greatly
increase the computational costs and also because it will
lead to a very conservative expansion plan with a very
high investment cost, therefore, the most probable and/or
sensitive outages will be normally considered in the N-1
security criterion.
In this paper, bus voltage magnitude is considered between
0.92 and 1.06 of the nominal value and thermal capacity
of lines is considered to be 1.1 times of normal state of the
network [9]. In the Garver 6-bus test system, the outage of
lines 2-3, 2-6, and 3-5, and in the standard IEEE 24-bus
test system, the outage of lines 1-5, 3-24, 11-13, and 12-
23 have been considered. The results of considering the N-
1 criterion in both test systems are shown in Table 4.
According to the results, by considering N-1 criterion,
more transmission lines will be selected for installation
and as a result the investment cost will be increased.
However, the network will be more secure against the
equipment outages. In this case, the planner must do a
tradeoff between the investment cost and network
security.

Table 4. TEP&RPP results for the Garver 6-bus and |IEEE 24-
bus test systems with N-1 criterion

Test Total Cost

(M)

Cost
(M$)

Solution
Systems

N 3=1
Nis=1
N 3=1
Ny g=1
N3 5=1
Ny 6=2
QC, =324
QC, =83

New lines 188

199.536

Garver 6-bus

Installed

(MVAI) 11.536

39=1

New lines s10=2 133

78 =1

> O S O

14-16 = 1

180.059

IEEE 24-bus

Qc, =259
Qc, =36
Qc, =207.9

Installed

(MVA) 47.059

Conclusions

This paper presents a mathematical MILP model for

simultaneous transmission network expansion and
reactive power planning that guarantees the optimality of
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solution. In the proposed formulation, in order to reduce
the complexity of the model and consequently reduce
computational burden, reactive power sources are
determined according to the required amount of reactive
load shedding in each bus of the system. Simulation results
on the Garver 6-bus and standard IEEE 24-bus test
systems show that simultaneous planning of transmission
expansion and reactive power sources, will significantly
reduce the investment costs through releasing the
transmission lines’ capacity.

REFERENCES
[1]

Jabr, R. A., "Optimization of AC Transmission System
Planning," IEEE Transactions on Power Systems, vol. 28,
2013, pp. 2779-2787.

Jun Hua, Z., Zhao-Yang, D., Lindsay, P., and Kit Po, W.,
"Flexible Transmission Expansion Planning With
Uncertainties in an Electricity Market," IEEE Transactions
on Power Systems, vol. 24, 2009, pp. 479-488.

Latorre, G., Cruz, R. D., Areiza, J. M., and Villegas, A.,
"Classification of publications and models on transmission
expansion planning,” IEEE Transactions on Power

Systems, vol. 18, 2003, pp. 938-946.

[2]

(3]

[4] Hemmati, R., Hooshmand, R. A., and Khodabakhshian A.,
"Comprehensive review of generation and transmission
expansion planning,” Generation, Transmission &
Distribution IET, 2013, vol. 7, pp. 955-964.

[5] Lumbreras, S., and Ramos, A., "The new challenges to

transmission expansion planning. Survey of recent
practice and literature review," Electric Power Systems
Research, vol. 134, 2016, pp. 19-29.

Leite da Silva, A. M., Freire, M. R., and Honbrio, L. M.,
"Transmission expansion planning optimization by
adaptive multi-operator evolutionary algorithms," Electric
Power Systems Research, vol. 133, 2016, pp. 173-181.
Hui, Z., Heydt, G. T., Vittal, V., and Mittelmann H. D.,
"Transmission expansion planning using an ac model:
Formulations and possible relaxations," Society General
Meeting in Power and Energy IEEE, 2012, pp. 1-8.
Dehghan, S., Kazemi, A., and Amjady, N., "Multi-
objective robust transmission expansion planning using
information-gap decision theory and augmented ¢
constraint method,” Generation, Transmission &
Distribution IET, vol. 8, 2014, pp. 828-840.

Hui, Z., Heydt, G. T., Vittal, V., and Quintero, J., "An
Improved Network Model for Transmission Expansion
Planning Considering Reactive Power and Network
Losses," IEEE Transactions on Power Systems, vol. 28,
2013, pp. 3471-3479.

[10] Akbari, T., and Tavakoli Bina, M., "A linearized
formulation of AC multi-year transmission expansion
planning: A mixed-integer linear programming approach,"
Electric Power Systems Research, vol. 114, 2014, pp. 93-
100.

Yousefi, G. R., Seifi, H., Sepasian, M. S., Haghighat, H.,
Riahi, R., Hosseini, H., et al., "A new reactive power
planning procedure for Iranian Power Grid," Electric
Power Systems Research, vol. 72, 2004, pp. 225-234.
Seifi, H., and Sepasian, M. S., Electric Power System
Planning Issues, Algorithms and Solutions: Springer,
2011.

[7]

(8]

[9]

[11]

[12]



Olfatinezhad et al A comprehensive AC load flow based framework for concurrent planning of transmission networks expansion...

[13] Hooshmand, R. A., Hemmati, R., and Parastegari, M.,
"Combination of AC Transmission Expansion Planning
and Reactive Power Planning in the restructured power
system," Energy Conversion and Management, vol. 55,
2012, pp. 26-35.

[14] Rahmani, M., Rashidinejad, M., Carreno, E. M., and
Romero, R. A., "A combinatorial approach for
transmission expansion &amp; reactive power planning,"
in  Transmission and Distribution Conference and
Exposition: Latin America (T&D-LA), 2010 IEEE/PES,
2010, pp. 529-536.

[15] Mahmoudabadi, A., and Rashidinejad, M., "An
application of hybrid heuristic method to solve concurrent
transmission network expansion and reactive power
planning,” International Journal of Electrical Power &
Energy Systems, vol. 45, 2013, pp. 71-77.

[16] Tor, O. B., Guven, A. N., and Shahidehpour, M.,
"Congestion-Driven Transmission Planning Considering
the Impact of Generator Expansion,” IEEE Transactions
on Power Systems, vol. 23, 2008, pp. 781-789.

[17] Jaeseok, C., Mount, T. D., and Thomas R. J.,
"Transmission Expansion Planning Using Contingency
Criteria," IEEE Transactions on Power Systems, vol. 22,
2007, pp. 2249-2261.

[18] Kamyab, G. R., Fotuhi-Firuzabad, M., and Rashidinejad,
M., "A PSO based approach for multi-stage transmission
expansion planning in electricity markets,” International
Journal of Electrical Power & Energy Systems, vol. 54,
2014, pp. 91-100.

[19] Hui, Z., Vittal, V., Heydt, G. T., and Quintero, J., "A
Mixed-Integer Linear Programming Approach for Multi
Stage Security Constrained Transmission Expansion
Planning," IEEE Transactions on Power Systems, vol. 27,
2012, pp. 1125-1133.

[20] Jabr, R. A., "Robust Transmission Network Expansion
Planning With Uncertain Renewable Generation and
Loads," IEEE Transactions on Power Systems , vol. 28,
2013, pp. 4558-4567.

[21] Torres, S. P., and Castro, C. A., "Expansion planning for
smart transmission grids using AC model and shunt
compensation," Generation, Transmission & Distribution
IET, vol. 8, 2014, pp. 966-975.

[22] GAMS Development Corporation, General Algebric
Modeling Systems (GAMS), Washington, DC, USA,
Available online at: http://www.gams.com.

[23] Garver, L. L., "Transmission Network Estimation Using
Linear Programming,” IEEE Transactions on Power
Apparatus and Systems, vol. PAS-89, 1970, pp. 1688-
1697.

[24] Rider M. J., Garcia, A. V., and Romero, R., "Power system
transmission network expansion planning using AC
model," Generation, Transmission & Distribution IET,
vol. 1, 2007, pp. 731-742.

62


http://www.gams.com/

