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This paper evaluates lines repair and maintenance impacts on generation-transmission expansion planning
(GTEP), considering the transmission and generation reliability. The objective is to form a balance between the
transmission and generation expansion and operational costs and reliability, as well as lines repair and main-
tenance costs. For this purpose, the transmission system reliability is represented by the value of loss of load
(LOL) and load shedding owing to line outages, and generation reliability is formulated by the LOL and load

shedding indices because of transmission congestion and outage of generating units. The implementation results
of the model on the IEEE RTS show that including line repair and maintenance as well as line loading in GTEP
leads to optimal generation and transmission plans and significant savings in expansion and operational costs.

1. Introduction

The main task of power-system expansion planning is determining
the installation time and place of new lines and units to maximize the
system economic welfare [1] while providing safe power demand for
customers [2]. Nonetheless, transmission networks are getting old and
their components failure rate and outage are increasing [3]. The reduced
reliability of the transmission system leads to higher operating costs and
economic welfare loss [4]. A way to remove this shortcoming is to
replace old transmission lines with new ones, but a full replacement of
existing lines is prohibitively expensive. Another way is employing
maintenance actions that can diminish and increase equipment failure
rates and lifetime, respectively. This poses a challenge for power-system
planners because, as previously stated, the lines replacement is expen-
sive and maintaining the aged lines in the system can decrease network
reliability, which is necessary for long-term power-system planning [5].
To approach overall optimal investment in the power system, the solu-
tions for transmission expansion planning (TEP) [6,7] and generation
expansion planning (GEP) [8] problems must be coordinated. Accord-
ingly, some of the recent methods and models proposed for finding

optimal coordinated solutions to the GTEP problem are reviewed in
further text.

Barati et al. [9,10] integrated the multi-year GTEP problem with
natural gas (NG) system expansion planning, showing that simultaneous
expansion of electric network and the gas grid causes more economic
expansion plans. The goals were obtaining new generating units, new
transmission lines, and NG pipelines at the same time to meet increased
power demand. The genetic algorithm (GA) [11] was employed to solve
this complex large-scale nonlinear optimization problem.

Hajebrahimi et al. [12] formulated a multi-objective GTEP problem
considering demand response (DR), wind generation, and network
reliability in the energy market. The objectives are capital cost mini-
mization, congestion mitigation, and risk reduction, as well as the in-
centives maximization for DR participants. Like [9] and [10], the GA
was used to solve the proposed nonlinear model and a probabilistic
analysis technique called two-point estimation method was used to
handle uncertainty of wind generation.

In order to reduce the computational burden and convergence time
of multi-objective GTEP problems, Javadi et al. [13] incorporated a
virtual database and the non-dominated sorting GA-II (NSGA-II) to
hedge the repetitive calculations during optimization process. Despite
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Nomenclature

Qb Set of all buses.

Q° Set of all corridors.

Q% Set of existing corridors including lines.

o Set of generation candidate buses.

fold Set of load buses.

Q° Set of existing corridors including substations.

Gy Construction cost of line j in corridor i ($).

ct Losses cost per unit of energy ($/MWh).

Cf Construction cost of a line in corridor i ($).

cRk Replacement cost of a line in corridor i ($).

cs Construction cost of a substation in corridor i ($).
C%’I Maintenance cost for line j of corridor i ($).

ij Repair cost for line j of corridor i ($).

ng Construction cost of a unit of type g on bus n ($).

Qﬁ}” Fixed maintenance cost of line j in corridor i ($).
Q{j Fixed repair cost of line j in corridor i ($).

D, Total demand of bus n (MW).

fi Active power of corridor i (MW).

fom Active power flow between buses n and m (MW).
FOR, Forced outage rate (FOR) due to outage of unit g.
o fam When line j of corridor i fails (MW).

fiL Active losses of corridor i (MW).

fin fnm When unit g fails.

Fom Maximum value of f,,, (MW).

H Planning horizon (yr.).

Kj Maintenance cost coefficient of line j in corridor i.
Kkt Losses coefficient.

Kj Repair cost coefficient of line j in corridor i.

t; Length of corridor i (km).

LOLp, LOL due to outage of unit g (MW).

LSy LS due to outage of line j in corridor i (MW).

LSpq LS due to outage of unit ¢ (MW).

Ng Number of existing generating units.

n; Number of new circuits in corridor i.

nf Number of new substations in corridor i.

n}f Life expectancy of line j in corridor i (yr.).

n%Jp Initial life of line j in corridor i (yr.).

n; Number of initial circuits in corridor i.

n; Maximum number of circuits in corridor i.

nf Number of initial substations in corridor i.

[ Maximum number of substations in corridor i.

Ppg Optimal generation of a unit of type g on bus n ($).

Pry Outage probability of line j in corridor i.

Pry Outage probability of unit q.

Py, Minimum generation of a unit of type g on bus n ($).

Py Maximum generation of a unit of type g on bus n (MW).

R; Resistance of each circuit per kilometer of corridor i
(€/km).

T, Number of generating unit of type g on bus n.

Uy Unavailability of line j in corridor i.

Xng Number of generating units of type g on bus n.

Xng Number of initial generating units of type g on bus n.

Xng Maximum number of generating units of type g on bus n.

V; Voltage level of corridor i (kV).

VOLL, VOLL on bus n ($/MW).

i Failure rate of line j in corridor i (1/yr.).

Ynm Susceptance per kilometer between buses n and m (Q~!/
km).

Tjj MTTR of line j in corridor i (h).

8 Salvage factor of line j in corridor i.

Gij Depreciation coefficient of line j in corridor i.

Abum Difference of voltage phase angles between buses n and m
(rad).

intensive computations in reliability assessment of composite trans-
mission and generation systems, the proposed virtual database-
supported NSGA-II (VDS-NSGA-II) method can solve large-scale GTEP
problems efficiently.

Also, Qiu et al. [14] solved the GTEP problem considering un-
certainties of wind generation and DR. In this model, the total cost of the
network was reduced by decreasing lost power due to wind curtailment
and by better coordination of demand response with dispatched power.
Unlike the studies that use the deterministic security criteria, an inse-
curity risk approach, quantifying the system security degree considering
the probability and the severity of contingencies was proposed in [14] to
provide a flexible framework for network planners.

Moreover, Moreira et al. [15] minimized the investment cost of new
lines and wind units considering uncertainty in load and generation,
operating cost of generators, reserve cost [16] and network reliability. In
the new expansion planning technique proposed by [15], the expensive
cost of reserve resources and construction cost of new transmission lines
are balanced in presence of renewable sources and generation and
transmission outages.

In addition, Baharvandi et al. [17] proposed a robust and stochastic
model for the GTEP problem considering load and wind generation
uncertainties. To reduce complexity and computational burden of the
problem presented in [17], the model was formulated as a mixed-integer
linear programming (MILP) problem.

Li et al. [18] embedded uncertainties of generation and demand in
GTEP formulation by a new scenario generation technique using
Benders decomposition. The simulation results show that an appropriate
renewable curtailment causes more economic plans for GTEP. Also,

Benders decomposition is an efficient computational algorithm to solve
the scenario-based GTEP problems.

Later, Zhang and Conejo [19] considered load growth and generation
uncertainties besides the availability of equipment in GTEP. In this
approach, annual load growth and future generation were considered as
long-term uncertainties during planning horizon, while load changes,
renewable generation variability, and equipment availability were taken
into account as short-term uncertainties during a year.

Furthermore, Saxena and Bhakar [20] evaluated the DR effect on
GTEP considering price-based incentives for energy consumers, aiming
for minimization of the investment, operation cost, and losses [21]. The
results show that including price-based demand response in the GTEP
problem leads to an increase in network utilization and thus a significant
decrease in the expansion cost of the network.

Javadi and Nezhad [22] minimized expansion and operational costs
and expected energy not served (EENS) of the high voltage transmission
network of Iran’s national power grid (INPG) by integrating renewable
energy sources (RESs) into the multi-year and multi-objective GTEP
problem. The results obtained by epsilon-constraint optimization
method in [22] show that RESs enhance the network reliability and
decrease total costs (investment and operation expenses) of transmission
and generation systems.

Verastegui et al. [23] proposed a robust model for the GTEP problem
considering daily load and renewable generation uncertainties by
separating investment and operational decisions. The formulation rep-
resents a flexible system with many numbers of renewable generation
sources. Also, Najjar and Falaghi [24] introduced a new model for GTEP
to reduce the short-circuit current (SC) in presence of wind units. The
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results show that the proposed model not only reduces SC level but
decreases the investment cost of generation and transmission systems.

Moreover, Arasteh et al. [25] developed a stochastic multi-objective
framework for GTEP under uncertain wind power using normalized
normal constraint (NNC) method. In this approach, the objectives were
minimization of expansion and operation costs and the transmission
losses.

Later, Esmaili et al. [26] proposed a linear model for dynamic GTEP
considering SC, bundled lines, and voltage level. The results demon-
strate that neglecting voltage levels, bundled conductors and SC lead to
suboptimal planning outcomes. Also, to decrease the computational
efforts, the proposed nonlinear model was linearized by an effective
linearization method.

Moreover, Wang et al. [27] presented a robust flexible model for

nitn ni

minJ = TC+ Y Cini+ > VOLL,Y | > LS,;Pry+ Y Z(Cé‘ + C;)

icQ’ neQlt i€ j=1 i€Qe j=1
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e To quantify the economic benefit of line maintenance on GTEP.

To present a lifetime-reliant and loading-dependent model for GTEP-
M.

To study lines loading effect on the GTEP problem via dependence of
line failure rate on its power flow.

To evaluate the maintenance effects on the reliability of a composite
transmission and generation system through relationship of main-
tenance activities and lines failure rate improvement.

2. Problem formulation

The proposed GTEP-M problem is formulated as follows:

N; Ty
+Y_voLL, Zg:(LOL,,q FLS,)Pry+ Y Y Cox + 8760 KC'f+ OC — VIS
=1

neQl q neQet g=1 i€Q’

coordination of wind units with coal-fired power plants in GTEP
considering load and wind uncertainties. The results evaluation show
that coal-fired power plants are still important electricity suppliers in
many countries because high penetration of wind farms into trans-
mission systems resulted in significant wind generation curtailment due
to transmission congestion.

Recently, Hamidpour et al. [28] presented a flexible AC power flow
based MILP formulation for GTEP in presence of wind farms and energy
storage systems. The goal was to minimize expansion, operation, and
reliability costs under load, energy price, and wind power uncertainties.
Also, Khaligh and Buygi [29] performed the simultaneous expansion of
electricity and gas networks considering units, lines, and pipelines
contingencies. A distributed algorithm based on alternative direction
method of multipliers was developed to preserve the privacy of elec-
tricity and gas networks for maintaining a coordination link between
owners of electricity grid and gas network. Finally, Mahdavi et al. [30]
included substation expansion costs and the uncertainty of fuel price in
expansion planning of Azerbaijan Regional Electric Company of Iran.
The results evaluation reveal that the fuel price uncertainties play
important role in power system expansion planning that indirectly affect
the lines loading and subsequent network configuration through the
change of optimal generation of power plants.

However, in all of these works, maintenance impacts on the GTEP
problem considering lines loading have not been studied. Reliability is
reduced with weak maintenance, while the operational costs will in-
crease considerably if maintenance activities are carried out frequently.
Despite an increase in the system overall cost because of an increase in
maintenance expenditure, construction of some new lines and costly
expansion of the transmission network are avoided [31].

The lines power flow influences transmission reliability through its
effect on line failure rates [32]. In simple terms, failure rates of trans-
mission lines are reduced with a decrease in the magnitude of lines
current flow, and therefore transmission reliability is improved.
Consequently, it is very interesting to consider a lifetime-reliant and
loading-dependent model in the GTEP formulation to explicitly optimize
maintenance activities in the GTEP solution.

Thus, in the present paper, first, a mathematical model for GTEP
problem considering optimal maintenance activities (GTEP-M) is pro-
posed. Then our proposed GTEP-M model is solved by a particle swarm
optimization (PSO) and a GA algorithm. Accordingly, the main contri-
butions of the paper are:

(€]
where
TC =Y Cfni+ Y CF @)
i€Qf i€Qe
ni+n; ni+n;
o=1,04j yeQ© o0=1
Uy = Ay / (1 + 2575) C))
CYf = KiCf 6)
C; = K;C; (6)
Ng
Pr,=FOR, [[ (1-FOR,)¥g=1,..,Ng 7)
p=lp#q
fr=1tr/(n;+n)| Vi (8)
Tn
0C =3 (anG2 + buGus + ) ©
neQsh g=1

VTS:ZL”iiU - (1-85)¢;]cf (10

i€Qe J=1

nfj“+H
G = ;2Q/n§;(1+n§;) an

subject to:

T,

> Gu=D+ > fin IneQ m#n 12)
g=1 meQb

Gng = (’Eng +xng)Png (13)
Joum = VamBOum (14)
| S| <F (15)
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P, <Py <Py (16)
0<n<in; —n; 17)
00 g — X (18)
O<ni<n) — ', 19)
0<LS, 3<D, (20)
S @D
B = D el Git T, (Du = LS.5) 22)
keQs? ueQ®

The TC in (1) indicates the transmission expansion cost, in which it
consists of the investment for construction of new lines and replacement
of old lines with new ones (please see (2)). The second part of (1) rep-
resents substations construction cost. The third part describes trans-
mission reliability cost (LS due to a line outage), in which the LS
probability is calculated by (3). It should be mentioned that calculation
method of LS due to a line outage has been completely described in [33].
The fourth one is the transmission system maintenance and repair costs,
where (5) and (6) emphasize that these costs are multipliers of their
fixed amounts. These multipliers can affect the lines lifetime, failure
rate, and MTTR (refer to Sections 2.1, 2.2, 2.3, and 2.4 for more details).
The fifth part shows the generation reliability (LOL and LS costs because
of unit outage and transmission congestion removal), in which their
probabilities are determined by (7). Section 2.6 describes calculation
method of LS due to transmission congestion. The sixth one includes the
cost for construction of new units at each bus. The seventh part describes
the active power losses cost. The active power loss of each corridor (ff) is
calculated using (8). The eighth term, described in (9), represents the
units operational cost (OC), in which ang ($/ MW?2h), brg (3/MWh), and
Cng ($/h) are the cost coefficients for units of type g on bus n. The last
term demonstrates the value of the transmission system (VTS) that can
be calculated by (10). Also, (11) states that lines lifetime is increased by
reducing lines depreciation.

Constrains (12)-(20) show the nodal power-flow balance, power-
flow limit of lines, nodal permitted generation of units with the same
technology, maximum constructible lines, units, and substations, and LS
limitations related to outage of lines, respectively. Also, (21) shows that
the power flow of a transmission line must not violate its limit during

S

line outage. In (22), ¢, and h, .. are the ratio of the power flow

u,nm
change on the line connected to both buses n and m to the generation
change of bus k and the demand of bus u due to outage of line j in
corridor i, respectively. These factors are calculated using the DC power

flow for each contingency.

2.1. Maintenance activities with the Line’s lives

The relationship of maintenance cost with lines lifetime is described
by (23) [31].

8= (1= ay) (8) /" (ks = )™+ (ay + 1 [ @23)

ij

M rl
where 9; = Tl%f/ Tl{},dij = nif n{}, andp; = Gy /C}. 9y, nyj, my;, and My are

life coefficient, regular lifetime (yr.), feature constant, and maximum
value of my; for line j of corridor i, respectively.

2.2. Maintenance activities with the Line’s failure

Maintenance cost versus the line failure rates are shown in (25) [33].
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&= (1—a) (1 /) = (1 —a) (8,) 1™ sy~ 1)/ 25
where {; = ij/%; - {j = Ajf /Ay and = 0.5.4; and A} are failure rates of

line j in corridor i before and after optimal maintenance actions (1/yr.),
respectively. ¢ is the failure coefficient of line j in corridor i.

2.3. Maintenance activities with the Line’s MTTR

The MTTR of a line is extended with an increase in the maintenance
cost as shown in (26) [33].

1 (1—ay/2) ()" (b — 1)/ Cm) -

I<K;<h
02(1 =) (1/nf) +eufe
1—ay/2) (8,)"™ (K — 1)/ )
w=" R )(/”2) . b<Ky<d (26)
o 21— a) (H /) +as/e
0] ](1 _aij/z) (ﬂ,‘j)l/mg(d* 1)1/(2%)_
Ky>d

w (1 70{[/-)2(H/n:.}) +ay/e

where Xi = rl-j/zi]-, e=1,w; =10.36, wy =2.216,b =2, and d = 41y
and y;; are MTTR before optimal maintenance actions (h) and MTTR

coefficient of line j in corridor i, respectively.

2.4. Repair activities and the Line’s MTTR

To provide a regular life for a line during its operation, specific repair
activities are necessary besides maintenance efforts. An increase in
maintenance cost leads to a decrease in the number of repairs, and
subsequent repair cost. Also, the repair expenses decrease if the fixed
repair expenditure is reduced. This reality can be explained by (27).

¢ = (Ci/ws )1 @7

where y; and py; are the number of repairs per year for line j of corridor i
before and after optimal maintenance actions, respectively.

Equation (28) is obtained by replacing y; = 8760/7; and y; = 8760/
7 in (27).

¢ = (C/w)e =G /x (28)
Equation (29) yields by comparing (28) to (6):
Ky =1/2y 29)

This equation shows the relationship between the coefficients of
repair cost and MTTR.

2.5. Line loading and the failure rate

The failure rate of a transmission line is reduced with a decrease in
the line current magnitude (line loading) [32]. We consider that a
transmission line has the lowest and the highest failure rates of /13-” and

A; when its active power flow is zero (f; = 0) and maximum (f; =1,
respectively.

The failure rate can be defined as a linear proportion to the per-
centage of line loading when the line active power is between its min-
imum and maximum values. Accordingly, the line loading coefficient of
a line in corridor i (p;) is defined as (30).
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pi =filf: (30

Thus, the relationship between the loading and failure rate of a
transmission line can be described by (31).

2= /) (g — 24 + 23 S

2.5.1. LS due to a unit outage

The power flow of some transmission lines increases after a unit
outage, which may result in network congestion. In this case, a portion
of the loads must be curtailed to alleviate network violations. Different
load-shedding schemes can be used to remove network congestion. This
paper utilizes the load curtailment based on the minimum amount of
load shedding in order to achieve maximum network reliability [34].
The objective function for each contingency state (unit outage) is shown
in (32):

min Z LS,, (32)
HEQM
subject to:
0<LS,, <D, —LOL,, (33
|| <F o (34)
£ = el,,Ge+ > h,, (D, — LOL, — LS,;) (35)
keQt? ueQ®

Equation (33) shows the minimum and maximum load shedding due
to a unit outage. Constraint (34) declares the power flow limit for con-
tingency states. This equation imposes that power flows on the lines
cannot exceed their limits when a single unit outage happens. In (35), ef,
am and h{ ,m are the ratio of the change of the power flow on the line
connected between buses n and m to the change of generation of bus k
and to the change of demand on bus u, respectively, after the outage of
unit g. These factors are determined by the DC power flow for each
contingency.

3. Solution methods

The proposed GTEP-M model is a mixed-integer nonlinear optimi-
zation problem including discrete variables Ng, n;, nf, n%f, and xpg and real
variables Png, AOnym, LSp;, and LS,4 as well as non-linear objective
function (1), linear equations (2), (3), (5) to (7), (10), (12) to (14), (22),
and (35), nonlinear equations (4), (8), (9), (11), (23), (25), (26), (29),
and (31), linear constraints (15) to (21), (33), and (34) that can be
calculated using nonlinear solvers of classic optimization tools or met-
aheuristic algorithms. However, calculation of the proposed problem
using commercial nonlinear solvers suffers high computational burden,
while metaheuristics can solve the problem with lower computational
efforts. Among metaheuristic algorithms, GA is a popular method and
PSO is commonly employed to solve TEP and GEP problems. The per-
formance of both algorithms has been proven to outperform other
metaheuristics in power system expansion planning.

3.1. Discrete particle swarm optimization (DPSO)

Regarding existence of discrete variables in the GTEP-M model, the
discrete PSO (DPSO) algorithm was employed to solve the proposed
optimization problem. In this method, first, a d-dimension population (d
= 5) with different particles positions (36) and velocities (37), is
randomly generated subjecting to constraints (12)-(22) and (33) to (35):

X=[X X .. X X, ] Tremspose (36)

V= [Vl V2 Vt Vd] Transpose (37)
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In the above equations, the position and velocity vectors of the
particle d are represented by Xy and Vegy, respectively, where they
include integer variables of the problem and random numbers from 0 to
1, respectively. The decision variables are number of new circuits and
substations in each candidate corridor (n; and nj) for transmission system
expansion, number of new generating units on candidate buses (x;g) for
expansion of generation system, and life expectancies of old lines in
existing corridors (nl»}‘?). Therefore, position vector of each particle,
consisting of these integer decision variables is formed as follows.

Xy = [NLg, NS4, NU,, LE,] (38)
where

NLg = [R1d, M2, s iy -5 Mgl (39)
NS, = ["idv”id“w"fm---v"fﬂ\\d] (40)

NUG= [ X11a5X21d5 -++sXn1drX12d,X22d s -5 Xn2dy -+ Xngd s -+, X
‘Q’*’h|max T.T1,.... 5
Qsb

b

(41D

LE, = [n’fd, o nl ”ﬁ:\d] (42)

In (39)-(41), niq and nj; are the number of new circuits and sub-
stations of particle d proposed for corridor i. The quantities Xngq and nl%
indicate the number of new units and lines life expectancy of particle d at
bus n and corridor i, respectively.

In order to determine the optimal generation of the units at each bus,
(9) considering constraints (12)-(16) is minimized using the optimiza-
tion function of quadprog in MATLAB.

Then, the third term of the objective function (1) subjecting con-
straints (20) to (22) is minimized using the fmincon function of MATLAB
to calculate load shedding of each bus due to line outages.

After minimizing the (32) considering constraints (33) to (35) using
fmincon to calculate fifth term of (1), (2)-(11) are computed, and
therefore, the objective function (1) is specified. The PSO is based on
fitness maximization. For this, (43) converts minimization of the
objective function (1) to a maximization process, where parameter A is a
large number.

F=A/J (43)
The fitness values of all initial particles are stored as (44):

F =[F\,Fy,....Fp, ..., FJ] 44)

Fgpest is the global best fitness or maximum value of (44) and its related
particle is known as Xg,. Afterwards, X, (the position of the particle h) is
updated as follows:

X, =X,+Ve, Vh=12,..d (45)

Ve, = fix(Vey + car2 (Xgp — X1) ) (46)

where Viin < Vep (5) < Vinax (s =1, 2,..., N) and fix command rounds each
element of vector Vep, + cara(Xg—Xp) to the nearest integer toward zero.
When Ve, (s) is bigger or smaller than Vg, and vipin, it is defined as Vey,”
(S) = Vmax and Vey, (S) = Vmn, respectively. When X, (s) (fors =1, 2,...,
N) is bigger than the upper bound, X (s) is made equal to the upper
bound. Xp, (s) is replaced by zero if X; (s) < 0. Also, ry is a random
number from O to 1, and c; is the velocity coefficient with an amount of
2. Again, the fitness function (43) is evaluated for new particle Xp, "
Then, the new fitness values are arranged as shown in (47).

’ /

F = [F|,Fyy . Fyy o F “47)
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Table 1
Best transmission expansion plan of RTS system in Case 1 for TEP using DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; Vi (kV) Corr. n; V; (kV)
29 2 138 4-10 1 138 12-16 1 230 15-22 1 230
3-8 2 138 5-7 2 138 12-17 1 230 16-20 1 230
3-10 1 138 7-8 1 138 12-18 1 230 18-22 1 230
4-5 1 138 7-10 1 138 12-20 1 230 18-24 1 230
4-6 2 138 11-12 1 230 12-21 1 230 19-23 2 230
4-7 2 138 12-15 1 230 14-19 1 230 23-24 1 230
Table 2 o =1/(1+Int) (50)
Expansion and operation costs of RTS system in Case 1 for TEP (million US$).
In (50), t is the iteration number of PSO algorithm. The process is
Methods DCGA DPSO . . . .
repeated by evaluating (43) for each particle and is terminated after a
Transmission system expansion Lines construction 66.402 66.402 finite number of iterations.
cost cost
Lines replacement 21.811 21.811
cost
Generating units construction cost 6079.2 5341.6 3.2. Decimal codiﬁcation genetic algorithm (DCGA)
Expansion cost of substations 0 0
Operation cost of generating units 1611 1632.2 Like Section 3.1, decimal codification GA (DCGA) is used here
Active losses cost 11.25 9.5406 . s . . s
Load shedding cost because of line and substation outages  0.5879 12381 because of discrete decision variables n; (number of new circuits in each
LOL cost 95 85 20.765 candidate corridor), n{ (number of new substations in existing corridor
Annual maintenance cost 1.838 1.838 including substation), x,, (number of new generating units on each
Annual repair cost 5.338 5.338 candidate generation bus), and n%f (lines’ life expectancies in existing
Total cost of power system 7823.3  7100.7

Better global best fitness and global particle are selected by comparing
the maximum value of (47) and its corresponding position vector with
those of (44). Then, F " is compared with F, and each particle that is

Table 5
Expansion and operation costs of RTS system in Case 2 for TEP (million US$).

Methods DCGA DPSO

K . X i : Transmission system expansion cost  Lines construction cost ~ 73.315  70.262
bigger is called a local best fitness, and its related particle is called a local Lines replacement cost 0 0
particle (Xjp). Now, X" (position vector of new particle h) is updated Generating units construction cost 5094 5094
using (48) and (49). Expansion cost of substations 0 0

Operation cost of generating units 1517.4  1590.4
X = X;a + Vel Vh=1,2,..d (48) Active losses cost 10.663  8.743
Load shedding cost because of line and substation outages 1.417 0.6567
" ’ , ; LOL cost 20.68 19.377
Vey, :ﬁx( o Ve, +ciry (leh - Xh) ten (X!:P - Xh) ) (49) Annual maintenance cost 2.235 2.325
In (49),0<r; <1,c; =2, and w is inertia weight that is calculated by égﬁf:i;if::s;?:; on system i; ?gl i;gg 4
(50). Total cost of power system 6674 6739.5
Table 3
New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 2 for TEP based on DPSO.

Corr. ni¢ v i 7 Corr. ni¢ yia p T

1-2 37 0.2320 0.2381 2959.7 12-23 55 0.2773 0.3415 1638.3

1-3 57 0.2550 0.2735 1389.8 13-23 41 0.3757 0.3894 1738.6

1-5 58 0.1595 0.2218 2147.8 14-16 48 0.2470 0.3179 2241.9

2-4 38 0.3185 0.3454 1430.0 15-16 49 0.2090 0.3097 2581.6

2-6 36 0.4080 0.4402 871.6 15-21 58 0.2255 0.3009 2356.2

39 49 0.2660 0.2671 1940.0 15-24 40 0.3212 0.3223 1905.2

4-9 51 0.2160 0.2505 1968.9 16-17 46 0.2392 0.2541 2434.1

5-10 52 0.1983 0.2108 2084.7 16-19 38 0.2777 0.2916 1813.3

6-10 58 0.1850 0.2572 2566.1 17-18 58 0.1760 0.2086 3018.9

7-8 57 0.1500 0.2587 2362.6 17-22 59 0.2473 0.2700 1607.4

89 44 0.3447 0.3699 1675.5 18-21 46 0.2392 0.2439 2434.1

8-10 44 0.3153 0.3298 1610.9 19-20 43 0.2787 0.2959 2241.9

11-13 53 0.2533 0.3280 2415.1 20-23 47 0.2267 0.2821 2505.6

11-14 46 0.2665 0.2715 2184.4 21-22 45 0.3150 0.3275 1893.2

12-13 49 0.2533 0.3000 2129.8 - - - -
Table 4
Best transmission expansion plan of RTS system in Case 2 for TEP using DPSO.

Corr. n; Vi (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)

2-9 2 138 5-7 2 138 12-18 1 230 18-22 1 230

3-8 2 138 7-8 1 138 12-20 1 230 18-24 1 230

3-10 1 138 7-10 1 138 12-21 1 230 19-23 2 230

4-5 1 138 11-12 1 230 14-19 1 230 23-24 1 230

4-6 2 138 12-15 1 230 15-22 1 230 - - -

4-7 2 138 12-16 1 230 15-23 1 230 - - -

4-10 1 138 12-17 1 230 16-20 1 230 - - -
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Table 6

Best transmission expansion plan of RTS system proposed in Case 3 for TEP using DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
2-9 2 138 5-7 2 138 12-17 1 230 15-23 1 230
3-8 2 138 7-8 1 138 12-18 1 230 16-20 1 230
3-10 1 138 7-10 1 138 12-19 1 230 18-22 1 230
45 1 138 11-12 1 230 12-20 1 230 18-24 1 230
4-6 2 138 14-18 1 230 12-21 1 230 19-23 2 230
47 2 138 12-15 1 230 14-19 1 230 23-24 1 230
4-10 1 138 12-16 1 230 15-22 1 230 - - -

Table 7

New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 3 for TEP based on DPSO.
Corr. ng? /lf}" Aij Tij Corr. ng? /13-" Aij 7
1-2 58 0.1480 0.2182 3.2077 12-23 48 0.3380 0.3825 1.6383
1-3 51 0.3060 0.3223 1.3898 13-23 55 0.2613 0.2835 1.7386
1-5 54 0.1815 0.2355 2.1478 14-16 56 0.1963 0.2684 2.2419
2-4 50 0.2405 0.2966 1.8174 15-16 55 0.1760 0.3127 2.5816
2-6 56 0.2480 0.3516 1.4766 15-21 58 0.2255 0.2967 2.3562
39 56 0.2217 0.2257 1.9400 15-24 54 0.2255 0.2288 2.0779
4-9 52 0.2100 0.2462 1.9689 16-17 58 0.1692 0.1813 2.4341
5-10 58 0.1643 0.1792 2.0847 16-19 54 0.1870 0.2224 2.5056
6-10 50 0.2250 0.2723 2.5661 17-18 54 0.1973 0.2143 3.0189
7-8 48 0.1950 0.2714 2.3626 17-22 58 0.2562 0.2775 1.6074
8-9 46 0.3300 0.3594 1.6755 18-21 58 0.1692 0.1704 2.4341
8-10 54 0.2420 0.2656 1.6109 19-20 46 0.2597 0.2782 2.2419
11-13 58 0.2200 0.3071 2.4151 20-23 57 0.1700 0.2480 2.5056
11-14 58 0.1885 0.2148 2.1844 21-22 58 0.2175 0.2394 1.8932
12-13 54 0.2200 0.2775 2.1298 - - - - -

Table 8 difference that njq,n;, and ngg are the number of new circuits, the number

Expansion and operation costs of RTS system in Case 3 for TEP (million US$). of new substations, and life expectancy of lines in corridor i, respec-

tively, and Xngq is the number of new units at bus n all for chromosome d.
Methods DCGA DPSO . . o s . o .
The optimal generation of the units is determined by minimization of (9)
Transmission system expansion cost ~ Lines conlstruction cost 80.162  78.184 under constraints (12)-(16) using the quadprog function in MATLAB. To
Lines replacement cost 0 0 . . . . . . .

Generating units construction cost P 41718 42364 determine objective function (1), the third term of (1) subjecting con-

Expansion cost of substations 0 0

straints (20) to (22) and objective function (32) with constraints (33) to

Operation cost of generating units 1596.6  1562.1 (35) are minimized, respectively, using the fmincon function of MAT-
Active losses cost 9.4545  8.274 LAB. Then, more fit chromosomes for reproduction are chosen by se-
tooid Sh‘:ddmg cost because of line and substation outages gfg;g 26522? lection operator to reproduce each chromosome in proportion to the
COs: . B . . . .. 3 .
Annual maintenance cost 3.0305 3.1508 Yalue of their ﬁt'ness fgnctlgns. §1m11ar tcf) PSO, fitness fu.nctlon of GA has
Annual repair cost 0.7854  0.7854 inverse proportion to its objective function. After selection of the parent
Value of transmission system 51.872  52.449 chromosomes, the crossover operator is applied to boundary of two
Total cost of power system 5831.5 5857.9
Table 10
corridors). In DCGA, a d-dimension population of different chromo- Best generation expansion plan of RTS system in Case 1 for GTEP based on DPSO.
somes is randomly constructed as (51) under constraints (12)-(22) and Location Number Size Type
(33) to (35): Bus 1 2 Units 20 MW Combustion Turbine (CT)
_ _ Transpose Bus 2 2 Units 76 MW Fossil Steam (FS)
Chr =[Chr Chr, ... Chr; Chry] D Bus 7 3 Units 100 MW FS
In (51), chromosome d is represented by Chrg and contains integer Bus 13 1 Unit 197 MW FS
decisi iabl Bus 14 2 Units 20 MW CT
ecision varlables. Bus 16 4 Units 155 MW FS
Bus 17 2 Units 76 MW FS
Chry = |[NL;,NS4,NU,, LE, 52
7 = [NLa, NS4, NUy, LE,| (52) Bus 18 1 Unit 400 MW Nuclear Steam (NS)
. . Bus 21 1 Unit 400 MW NS
where NLg, NS4, NUg, and LEg4 can be calculated by (39) to (42) with this Bus 23 4 Units 350 MW FS
Table 9
Best transmission expansion plan of RTS system in Case 1 for GTEP based on DPSO.
Corr. n; Vi (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
29 2 138 7-8 1 138 12-19 1 230 16-20 1 230
3-8 2 138 7-10 1 138 12-20 1 230 18-22 1 230
3-10 1 138 11-12 1 230 12-21 1 230 18-24 1 230
4-5 1 138 14-18 1 230 12-23 1 230 19-23 2 230
4-6 2 138 12-15 1 230 14-19 1 230 21-23 1 230
4-7 2 138 12-16 1 230 15-22 1 230 22-23 1 230
4-10 1 138 12-17 1 230 15-23 1 230 23-24 1 230
57 2 138 12-18 1 230 16-18 1 230 - - -
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Table 11
Expansion and operation costs of RTS system in Case 1 for GTEP based on DPSO
(million US$).

Transmission system expansion cost Lines construction cost 90.532
Lines replacement cost 21.811
Generating units construction cost 3364.8
Expansion cost of substations 0
Operation cost of generating units 1618.9
Active losses cost 9.81
Load shedding cost because of line and substation outages 0.6160
LOL cost 17.335
Annual maintenance cost 1.84
Annual repair cost 5.34
Total cost of power system 5130.984

integer variables of each pair with the probability of P¢ (Pc = 0.9) and
the genes (variables) of two chromosomes are swapped. Then, the mu-
tation operator selects some integer numbers of crossed over chromo-
somes and then randomly changes their values with probability of Py,
(Py = 0.1).

The process is iterated by evaluating the objective function (1) and is
terminated after a specific number of iterations.

4. Simulation results

The IEEE RTS [35] and the IEEE 118-bus test system [36] were used
to verify the proposed model. The maximum number of new circuits and
substations and usual life of all lines in each corridor were considered to
be 2, 2, and 30 years, respectively, for both case study systems.

4.1. IEEE RTS

All data of this test system is available in [35]. Also, the initial life of
the existing lines and VOLLs are presented in Tables A1 and A2 of Ap-
pendix, respectively. It should be noted that values of VOLL were
adopted from [31]. Also, the MTTR of existing lines before optimal
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Table 14

Best generation expansion plan of RTS system in Case 2 for GTEP based on DPSO.
Location Number Size Type
Bus 1 2 Units 20 MW CT
Bus 2 2 Units 76 MW FS
Bus 7 3 Units 100 MW FS
Bus 13 1 Unit 197 MW FS
Bus 14 2 Units 20 MW CT
Bus 16 4 Units 155 MW FS
Bus 17 1 Unit 76 MW FS
Bus 18 2 Units 400 MW NS
Bus 21 1 Unit 400 MW NS
Bus 23 4 Units 350 MW FS

Table 15

Expansion and operation costs of RTS system in Case 2 for GTEP based on DPSO
(million US$).

Transmission system expansion cost Lines construction cost 94.58
Lines replacement cost 0
Generating units construction cost 3306.1
Expansion cost of substations 0
Operation cost of generating units 1659.6
Active losses cost 9.79
Load shedding cost because of line and substation outages 0.1
LOL cost 17.2
Annual maintenance cost 2.7
Annual repair cost 1.56
Value of transmission system 49.83
Total cost of power system 5041.8

maintenance actions (basic values) are according to Table A3 given in
Appendix. The proposed model was studied in three scenarios for H =
15 years.

To show the benefits of solving simulations TEP and GEP problem
and importance of maintenance consideration in network expansion
planning, first, TEP considering maintenance costs and then GTEP

Table 12

New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 2 for GTEP based on DPSO.
Corr. nlf ya p 7 Corr. nlf ya i 7
1-2 59 0.14 0.22 3207.7 12-23 54 0.29 0.36 1638.3
1-3 52 0.30 0.32 1389.8 13-23 55 0.26 0.34 1738.6
1-5 50 0.20 0.25 2147.8 14-16 48 0.25 0.30 2241.9
2-4 45 0.27 0.32 1817.4 15-16 54 0.2 0.31 2483.1
2-6 46 0.35 0.39 1470 15-21 56 0.24 0.31 2356.2
39 50 0.26 0.26 1940.0 15-24 57 0.20 0.21 2077.9
49 50 0.22 0.24 1968.9 16-17 58 0.17 0.18 2434.1
5-10 52 0.20 0.21 2084.7 16-19 53 0.19 0.20 2505.6
6-10 51 0.22 0.25 2566.1 17-18 50 0.22 0.24 3018.9
7-8 60 0.13 0.25 2362.6 17-22 57 0.26 0.30 1607.4
89 47 0.33 0.35 1675.5 18-21 43 0.32 0.35 2536.3
8-10 50 0.2 0.24 1540 19-20 50 0.23 0.26 2241.9
11-13 57 0.23 0.27 2415.1 20-23 60 0.15 0.26 2505.6
11-14 58 0.19 0.23 2184.4 21-22 57 0.22 0.24 1893.2
12-13 53 0.23 0.23 2129.8 - - - - -

Table 13

Best transmission expansion plan of RTS system in Case 2 for GTEP based on DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
29 2 138 5-7 2 138 12-15 1 230 15-23 1 230
3-8 2 138 59 1 138 12-16 1 230 16-18 1 230
39 1 138 5-10 1 138 12-17 1 230 16-20 1 230
3-10 1 138 6-8 1 138 12-18 1 230 18-22 1 230
4-5 1 138 6-9 1 138 12-19 1 230 18-24 1 230
4-6 2 138 6-10 1 138 12-20 1 230 19-23 2 230
4-7 2 138 7-8 1 138 12-21 1 230 21-23 1 230
4-8 2 138 7-10 2 138 12-23 1 230 22-23 1 230
4-9 2 138 11-12 1 230 14-19 1 230 23-24 1 230
4-10 2 138 14-18 1 230 15-22 1 230 - - -
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Table 16
Best transmission expansion plan of RTS system in Case 3 for GTEP based on DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; Vi (kV) Corr. n; V; (kV)
2-9 2 138 5.7 2 138 12-16 1 230 16-18 1 230
3-8 2 138 59 1 138 12-17 1 230 16-20 1 230
3-9 1 138 5-10 1 138 12-18 1 230 18-22 1 230
3-10 1 138 6-8 1 138 12-19 1 230 18-24 1 230
45 1 138 6-10 1 138 12-20 1 230 19-23 2 230
4-6 2 138 7-8 1 138 12-21 1 230 21-23 1 230
4-7 2 138 7-10 2 138 12-23 1 230 22-23 1 230
4-8 2 138 11-12 1 230 14-19 1 230 23-24 1 230
4-9 1 138 14-18 1 230 15-22 1 230 - - -
4-10 2 138 12-15 1 230 15-23 1 230 - - -
Table 17
New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 3 for GTEP based on DPSO.
Corr. nlf Y p 7 Corr. nlf y:s X 7
1-2 59 0.14 0.22 3207.7 12-23 54 0.29 0.36 1638.3
1-3 52 0.30 0.32 1389.8 13-23 55 0.26 0.34 1738.6
1-5 50 0.20 0.25 2147.8 14-16 48 0.25 0.30 2241.9
2-4 45 0.27 0.32 1817.4 15-16 52 0.19 0.30 2581.6
2-6 48 0.31 0.37 1476.6 15-21 56 0.24 0.31 2356.2
3-9 50 0.26 0.26 1940.0 15-24 57 0.20 0.21 2077.9
4-9 50 0.22 0.24 1968.9 16-17 58 0.17 0.18 2434.1
5-10 52 0.20 0.21 2084.7 16-19 53 0.19 0.20 2505.6
6-10 51 0.22 0.25 2566.1 17-18 50 0.22 0.24 3018.9
7-8 60 0.13 0.25 2362.6 17-22 57 0.26 0.30 1607.4
89 47 0.33 0.35 1675.5 18-21 47 0.23 0.29 2434.1
8-10 55 0.23 0.26 1610.9 19-20 50 0.23 0.26 2241.9
11-13 57 0.23 0.27 2415.1 20-23 60 0.15 0.26 2505.6
11-14 58 0.19 0.23 2184.4 21-22 57 0.22 0.24 1893.2
12-13 53 0.23 0.23 2129.8 - - - - -
Table 18 Table 20
Best generation expansion plan of RTS system in Case 3 for GTEP based on DPSO. Loading coefficients in all cases for GTEP based on DPSO.
Location Number Size Type Corr. Cases Corr. Cases
Bus 1 2 Units 20 MW CT 1 2 3 1 2 3
Bus 2 2 Units 76 MW FS
O T
Bus 13 1 Unit 197 MW Fs 15 0.37 036 036 1416 043 042 0.42
Bus 14 2 Units 20 MW cr 2.4 0.38 037 037 1516 0825 079 079
Bus 16 4 Units 155 Mw Fs 2.6 0.45 039 037 1521 043 040  0.40
gsz 1; 1 ggi: ZZOMJIVW ;SS 39 0.02 002 002 1524 005 0.04 004
. 49 0.24 0.17 0.17 16-17 0.04 0.06 0.06
Bus 21 1 Unit 400 MW NS
Bus 23 4 Units 350 MW FS 5-10 0.09 0.09 0.09 16-19 0.12 0.09 0.08
6-10 0.63 0.39 0.39 17-18 0.32 0.20 0.20
7-8 0.73 0.69 0.69 17-22 0.12 0.11 0.10
89 0.27 0.22 0.22 18-21 0.46 0.46 0.46
8-10 0.125 0.12 0.11 19-20 0.21 0.19 0.20
Table 19 1113 025 025 025 2023 058 058 058
Expansion and operation costs of RTS system in Case 3 for GTEP based on DPSO 11-14 0.19 0.19 0.19 21-22 0.07 0.07 0.07
(million US$). 12-13 0.01 0.01 0.01 Total 8.93 8.16 8.11

Transmission system expansion cost

Generating units construction cost
Expansion cost of substations
Operation cost of generating units

Active losses cost

Lines construction cost
Lines replacement cost

Load shedding cost because of line and substation outages

LOL cost

Annual maintenance cost

Annual repair cost

Value of transmission system
Total cost of power system

93.30
0
3304.8
0

1646
9.786
0.0703
17.15
3.04
0.785
52.061
5022.87

problem in presence of maintenance activities were solved.

4.1.1. TEP considering maintenance

In this section, the TEP problem is optimized for three cases to show

importance of optimal maintenance activities in TEP.
e TEP-Case 1

The goal is to solve the TEP problem considering only fixed main-
tenance and repair costs, and power system reliability. The proposed
model without optimal generation scenario is applied to the RTS system,
and results based on the solution method used are listed in Tables 1 and
2 and Tables A4 and A5 of Appendix. The RTS system has 141 candidate
corridors for expansion of transmission network (|Q°|+|Q°|=141).
Regarding the fact that maximum numbers of constructible circuits and
substations in each corridor have been considered 2 (7;=nf = 2) and new
corridors have no lines, while existing corridors have one or two line
circuits or substations, each corridor can have three integer numbers 0,
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Fig. 2. Transmission costs for TEP.

1, and 2. Also, regarding equality of size of each particle (|X4|) or
chromosome (|Chr4|) in DPSO or DCGA to number of candidate corridors
(|NLg4|+|NS4|=141) and choosing five individuals for initial population
(d = 5), the size of search space in both algorithms will be 34 3141 _
3146_Since the goal is only installation of new lines and substations for
network expansion, the number of decision variables are equal to size of
chosen particles or chromosomes (|X4|=|Chrgq|=|NLg4|-+|NSq)), i.e. 141.
Tables 1 and A4 list new lines that should be added to the trans-
mission network. Table A5 shows replaced existing lines by new ones
because their regular lives are less than their initial lifetimes plus the
planning horizon year. Table 2 describes the costs of expansion, oper-
ation, losses, and reliability (LS and LOL due to line, substation, and unit
outages) when fixed maintenance and repair costs are considered.

o TEP-Case 2

In this case, the impact of optimal maintenance activities and line
loading effect on the system reliability are considered in TEP. Therefore,

10

the life expectancy of existing lines should be added to decision variables
mentioned in TEP-Case 1 (new line circuits). Regarding 29 existing
corridors with at least one transmission line in RTS system (|Q%|=29),
size of each particle and chromosome of TEP-Case 1 should be increased
by |LEg| (|X4|=|Chr4|=|NLg|+|NSq|+|LE4|=141 + 29). Therefore, number
of decision variables is 170 in this case. Each part of particle or chro-
mosome which defined for life expectancy can include integer numbers
from usual life (30 yr.) to maximum life expectancy (60 yr.), i.e. 31
numbers. Therefore, the size of search space for both algorithms equals
3146 1 319 x 3129 = 3146 | 3134 The proposed model was implemented
on the network under study, and the results are given in Tables 3-5 and
Tables A6 and A7 of Appendix. Table 3 represents new lifetimes, failure
rates, and MTTRs of existing lines after optimal maintenance activities.

e TEP-Case 3

In this case, the effect of optimal maintenance activities on repair
cost is considered in the formulation of TEP-Case 2. Therefore, the
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decision variables and size of search space are the same as those
considered in TEP-Case 2. The proposed idea was applied to the test
system, and results are provided in Tables 6-8, and A8 and A9 of
Appendix.

4.1.2. GTEP considering maintenance

To show important effects of optimal maintenance activities on
expansion planning of generation and transmission systems, the GTEP
problem is studied under three different cases. As shown in Section
4.1.1, the DPSO performance is better than DCGA method. Also, the
results calculated by DPSO were more accurate than DCGA in GTEP
problem too. For this, only the best solutions obtained by DPSO are
presented here.

e GTEP-Case 1

The GTEP problem considering fixed maintenance and repair costs, and

11

network reliability is implemented on RTS system and the results are pre-
sented in Tables 9-11. Table 10 includes new generating units that should
be installed in the network. Therefore, the length of particles and chro-
mosomes of TEP-Casel should be extended to include probable locations of
new generating units that are equal to number of generation candidate
buses (|Q°|=12), i.e. 153 (|Xg/=|Chrg=|NLy|+|NSq/+|NUyq=141 + 12).
Also, maximum six units (X,s=6) and minimum zero unit can be installed
on each generation candidate bus. Accordingly, number of decision vari-
ablesis 153 and size of search space is 3146 + 79 % 712=3140 1 717 It should
be noted that all lines of Table A5 are replaced by new ones due to reasons
that mentioned already in TEP-Case 1 section.

o GTEP-Case 2
Here, the optimal maintenance activities and line loading impacts on

the power system reliability are considered. The results are listed in
Tables 12-15. Regarding addition of life expectancy to particle and
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Table 21

Transmission expansion plan of 118-bus system in Case 1 based on DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
1-3 2 138 23-25 1 138 56-57 2 138 69-77 1 138 80-99 1 138
4-5 1 138 25-27 1 138 51-58 2 138 75-77 2 138 92-102 2 138
6-7 2 138 27-28 1 138 54-59 1 138 77-78 1 138 100-103 2 138
8-9 1 345 28-29 2 138 56-59 2 138 78-79 1 138 100-104 1 138
8-5 2 138/345 30-17 1 138/345 59-60 2 138 77-80 2 138 103-104 1 138
9-10 1 345 29-31 2 138 59-61 1 138 68-81 2 138 104-105 2 138
4-11 1 138 31-32 2 138 60-61 2 138 77-82 2 138 105-106 1 138
5-11 1 138 27-32 1 138 61-62 1 138 82-83 2 138 105-107 1 138
3-12 2 138 15-33 2 138 63-64 2 345 84-85 1 138 109-110 2 138
7-12 2 138 33-37 2 138 64-65 1 345 85-86 2 138 110-111 2 138
11-13 2 138 34-36 1 138 49-66 1 138 86-87 1 138 110-112 1 138
12-14 1 138 40-41 1 138 68-69 2 138/345 85-88 1 138 17-113 1 138
13-15 2 138 43-44 1 138 69-70 2 138 85-89 2 138 32-114 2 138
12-16 1 138 34-43 1 138 70-71 2 138 88-89 2 138 27-115 2 138
15-17 2 138 45-46 2 138 71-72 1 138 90-91 2 138 114-115 1 138
16-17 1 138 46-47 2 138 71-73 1 138 89-92 2 138 68-116 2 345
17-18 2 138 46-48 1 138 70-75 1 138 91-92 2 138 12-117 1 138
15-19 1 138 48-49 2 138 69-75 1 138 92-93 1 138 75-118 2 138
20-21 2 138 49-50 1 138 74-75 1 138 94-95 1 138 76-118 1 138
21-22 2 138 54-56 2 138 76-77 1 138 94-96 1 138 - - -

Table 22

Transmission expansion plan of 118-bus system in Case 3 based on DPSO.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
1-2 2 138 23-24 2 138 51-58 2 138 78-79 2 138 95-96 1 138
1-3 2 138 28-29 2 138 54-59 1 138 68-81 2 138 99-100 2 138
4-5 2 138 30-17 2 138/345 59-61 2 138 81-80 1 138/345 92-102 2 138
3-5 2 138 23-32 2 138 60-61 2 138 82-83 2 138 100-103 2 138
6-7 2 138 27-32 1 138 60-62 1 138 85-86 2 138 100-104 2 138
8-9 2 345 15-33 1 138 61-62 1 138 86-87 2 138 103-104 2 138
8-5 1 138/345 35-37 2 138 64-61 2 138/345 85-88 2 138 104-105 2 138
9-10 1 345 34-36 2 138 49-66 2 138 85-89 2 138 108-109 2 138
4-11 2 138 37-39 2 138 62-66 2 138 88-89 2 138 110-111 1 138
5-11 2 138 37-40 2 138 62-67 2 138 89-90 2 138 110-112 2 138
7-12 1 138 40-41 2 138 66-67 2 138 90-91 2 138 17-113 2 138
17-18 2 138 46-47 2 138 69-70 2 138 89-92 2 138 32-114 2 138
18-19 2 138 46-48 2 138 70-71 2 138 91-92 2 138 27-115 2 138
19-20 2 138 47-49 2 138 71-72 1 138 92-93 2 138 114-115 1 138
15-19 2 138 42-49 2 138 71-73 2 138 94-95 2 138 68-116 2 345
20-21 2 138 49-54 2 138 74-75 2 138 82-96 2 138 12-117 1 138
21-22 2 138 54-55 2 138 76-77 2 138 94-96 2 138 76-118 1 138
22-23 1 138 56-57 2 138 69-77 2 138 80-99 1 138 - - -

Table 23

Generation expansion plan of 118-bus system in Case 3 based on DPSO and DCGA.
Location Number Size (MW) Type Location Number Size (MW) Type Location Number Size (MW) Type
Bus 8 5 5 FS Bus 46 3 25 FS Bus 73 5 5 FS
Bus 10 1 150 FS Bus 49 4 50 FS Bus 74 3 5 FS
Bus 12 1 100 FS Bus 54 4 50 FS Bus 76 3 25 FS
Bus 15 2 10 FS Bus 55 3 25 FS Bus 77 3 25 FS
Bus 18 3 25 FS Bus 56 3 25 FS Bus 80 1 150 FS
Bus 19 5 5 FS Bus 59 3 50 FS Bus 82 3 25 FS
Bus 24 5 5 FS Bus 61 3 50 FS Bus 85 1 10 FS
Bus 25 2 100 FS Bus 62 3 25 FS Bus 87 1 100 FS
Bus 26 3 100 FS Bus 65 4 100 FS Bus 99 2 100 FS
Bus 34 3 8 FS Bus 66 4 100 FS Bus 113 1 25 FS
Bus 36 3 25 FS Bus 69 3 80 FS Bus 116 1 25 FS
Bus 40 3 8 FS Bus 70 2 30 FS - - - -
Bus 42 3 8 FS Bu 72 2 10 FS - - - -

chromosome of GTEP-Case 2, number of decision variables will be
|X4|=|Chrg|=|NLg|+|NS4|+|NUqg|+|LEg=141+12+29=182 and size of
search space is 3 6 4717 4 3134,

e GTEP-Case 3
In this case, optimal maintenance activities effect on repair cost is

added to the formulation of Case 2. The proposed idea was applied to the
test system, and results are provided in Tables 16-20. Table 20 shows
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loading coefficients of existing lines for all cases. Since only effect of line
maintenance on repair cost was added to the problem of GTEP-Case 2,
the decision variables and search space are the same as those presented
in GTEP-Case 2.

4.1.3. Results analysis for RTS system

To see effect of maintenance on transmission operation costs in TEP,
total operation cost of transmission system, including its components is
shown in Fig. 1 for TEP problem. It should be noted that these costs were
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Table 24
New failure rates of 118-bus system lines for Case 3 based on DPSO (1/yr.).

Corr. yia p Corr. yid p Corr. ped i Corr. i p

1-2 0.4696 0.4696 35-36 0.1834 0.1920 63-64 0.4743 0.5323 91-92 0.5190 0.5196
1-3 0.3261 0.3261 35-37 0.3240 0.3240 64-61 0.0163 0.0167 92-93 0.3187 0.3226
4-5 0.1467 0.1530 33-37 0.3518 0.3644 38-65 1.9860 1.9889 92-94 0.5110 0.5144
3-5 0.3608 0.3781 34-36 0.2520 0.2545 64-65 0.7056 0.8528 93-94 0.3350 0.3370
5-6 0.2996 0.3101 34-37 0.2064 0.2088 49-66 0.3328 0.3395 94-95 0.3166 0.3175
6-7 0.1925 0.1943 38-37 0.0196 0.0197 62-66 0.6635 0.6667 80-96 0.3859 0.3974
89 0.7263 0.7512 37-39 0.3684 0.3775 62-67 0.3967 0.4107 82-96 0.2519 0.2596
8-5 0.0140 0.0161 37-40 0.6563 0.6580 65-66 0.0140 0.0151 94-96 0.3652 0.3662
9-10 0.7003 0.7550 30-38 0.8168 1.1364 66-67 0.2784 0.3195 80-97 0.3260 0.3342
4-11 0.2980 0.3110 39-40 0.2995 0.3036 65-68 0.4344 0.4696 80-98 0.3287 0.3401
5-11 0.3289 0.3386 40-41 0.2898 0.2944 47-69 0.5674 0.6508 80-99 0.6381 0.6407
11-12 0.2689 0.2689 40-42 0.6776 0.6776 49-69 0.7837 0.8354 92-100 0.7331 0.7395
2-12 0.3340 0.3417 41-42 0.5580 0.5580 68-69 0.0168 0.0172 94-100 0.2868 0.3191
3-12 0.4418 0.4513 43-44 0.6975 0.7025 69-70 0.3882 0.3889 95-96 0.3594 0.3594
7-12 0.2599 0.2637 34-43 0.5336 0.5445 24-70 0.7585 0.7957 96-97 0.3180 0.3189
11-13 0.3251 0.3386 44-45 0.3398 0.3421 70-71 0.2990 0.2990 98-100 0.5324 0.5410
12-14 0.2738 0.2783 45-46 0.4463 0.4740 24-72 0.5109 0.5212 99-100 0.2421 0.3040
13-15 0.6910 0.7020 46-47 0.4441 0.4455 71-72 0.4139 0.4389 100-101 0.4014 0.4134
14-15 0.5556 0.5642 46-48 0.5320 0.5368 71-73 0.2416 0.2454 92-102 0.3370 0.3370
12-16 0.3742 0.3746 47-49 0.2690 0.2708 70-74 0.4699 0.4910 101-102 0.3239 0.3245
15-17 0.2271 0.2486 42-49 0.6193 0.6216 70-75 0.4981 0.5150 100-103 0.2730 0.2769
16-17 0.4313 0.4674 45-49 0.6077 0.6313 69-75 0.4502 0.4593 100-104 0.5525 0.5604
17-18 0.2595 0.2731 48-49 0.2392 0.2446 74-75 0.3214 0.3214 103-104 0.5298 0.5345
18-19 0.3085 0.3126 49-50 0.2918 0.3436 76-77 0.3918 0.4023 103-105 0.5671 0.5737
19-20 0.3617 0.3672 49-51 0.4677 0.5244 69-77 0.2937 0.3283 100-106 0.6386 0.6540
15-19 0.2348 0.2485 51-52 0.3033 0.3163 75-77 0.5115 0.5269 104-105 0.2475 0.2536
20-21 0.3192 0.3265 52-53 0.5120 0.5162 77-78 0.2110 0.2375 105-106 0.2938 0.3043
21-22 0.4207 0.4207 53-54 0.4029 0.4092 78-79 0.2380 0.2387 105-107 0.4589 0.4798
22-23 0.4810 0.4959 49-54 0.5397 0.6183 77-80 0.2680 0.2716 105-108 0.2599 0.2617
23-24 0.3136 0.3136 54-55 0.2496 0.2570 79-80 0.3223 0.3318 106-107 0.4545 0.4627
23-25 0.3134 0.3415 54-56 0.2434 0.2434 68-81 0.2991 0.2992 108-109 0.2355 0.2355
26-25 0.0182 0.0184 55-56 0.2029 0.2042 81-80 0.0191 0.0191 103-110 0.4105 0.4212
25-27 0.4489 0.4746 56-57 0.4457 0.4485 77-82 0.2911 0.2927 109-110 0.3600 0.3635
27-28 0.4004 0.4004 50-57 0.4607 0.4960 82-83 0.2007 0.2026 110-111 0.4046 0.4046
28-29 0.4057 0.4069 56-58 0.3015 0.3177 83-84 0.2696 0.2696 110-112 0.4062 0.4062
30-17 0.0159 0.0163 51-58 0.3373 0.3416 83-85 0.5092 0.5177 17-113 0.2452 0.2553
8-30 1.0638 1.0864 54-59 0.5913 0.6202 84-85 0.1870 0.1942 32-113 0.5525 0.5544
26-30 1.5788 1.8182 56-59 0.6705 0.7155 85-86 0.4648 0.4707 32-114 0.2157 0.2209
17-31 0.4644 0.4758 55-59 0.5568 0.5872 86-87 0.5320 0.5320 27-115 0.2766 0.2794
29-31 0.2594 0.2611 59-60 0.4334 0.4882 85-88 0.3201 0.3333 114-115 0.1717 0.1740
23-32 0.4313 0.4507 59-61 0.4047 0.4838 85-89 0.4268 0.4392 68-116 0.3541 0.3545
31-32 0.4660 0.4660 60-61 0.1874 0.1924 88-89 0.3244 0.3245 12-117 0.3680 0.3785
27-32 0.2916 0.2926 60-62 0.2988 0.3095 89-90 0.3018 0.3069 75-118 0.2785 0.2816
15-33 0.4047 0.4186 61-62 0.2129 0.2413 90-91 0.3761 0.3796 76-118 0.3415 0.3427
19-34 0.7158 0.7308 63-59 0.0191 0.0197 89-92 0.2655 0.2661 - - -

extracted from Tables 2, 5, and 8.

As observed in Fig. 1, the transmission reliability cost, power losses,
and repair expenses are reduced if optimal maintenance activities in-
crease. This fact causes a decrease in the total operation cost of trans-
mission system. This means that considering maintenance effect on TEP,
results in reduction in lines loading and failure rate. Line flow and
failure rate reductions lead to lower power losses and reliability cost.
Also, maintenance actions cause lower repair cost. Even total trans-
mission operation costs diminish more effectively if repair activities
affected by maintenance plans (TEP-Case 3). Also, to observe the effect
of maintenance on transmission expansion costs and therefore total cost
of transmission system in TEP, expansion and operation costs of trans-
mission network are illustrated in Fig. 2.

Fig. 2 indicates that both expansion and operation costs of trans-
mission system and therefore total transmission cost are reduced by
considering maintenance activities in TEP. However, more reduction is
observed in TEP-Case 2, because of lower construction cost of the
network proposed in TEP-Case 2 when compared to TEP-Case 3. To find
out which expansion plan is more appropriate for TEP, the total power
system costs of all TEP cases are compared in Fig. 3.

According to Fig. 3, transmission expansion plan proposed in TEP-
Case 3 is less expensive than other cases from the total cost point of
view. To find a transmission plan with lower operation cost when TEP
and GEP are optimized at the same time, cost components and total

14

operation cost of transmission system are shown in Fig. 4. All these costs
were obtained from Tables 11, 15, and 19. Like when only TEP problem
was solved, considering maintenance activities in GTEP cause trans-
mission expansion plans with lower operation costs are achieved,
especially in GTEP-Case 3. In this case, the load shedding and LOL costs
are US$ 0.546 million and US$ 0.185 million lower than the same costs
of GTEP-Case 1, respectively. In fact, the reliability costs of GTEP-Cases
2 and 3 were US$ 0.651 million and US$ 0.731 million, respectively,
lower than GTEP-Case 1 due to lines failure rate reduction (see Tables 21
and 26 as well as Table IX of [35]) and the transmission system modi-
fication. As seen in Tables 11, 15, and 19, the lines construction costs for
the plans that consider optimal maintenance activities (GTEP-Cases 2
and 3) are US$ 4.048 million and US$ 2.768 million, respectively, more
than those of the configuration proposed by GTEP-Case 1, in which only
specific maintenance activities (fixed maintenance cost) are considered.
The main reason is that, in GTEP-Cases 2 and 3, more new lines have to
be constructed in the network for lines loading reduction and, conse-
quently, decrease in line failure rates. This modification, as seen in
Fig. 5, results in an expansion cost for the generation system that was
almost US$ 60 million less than the generation cost in GTEP-Case 1.
Also, in GTEP-Case 1, US$ 7.18 million is spent for maintenance and
repair of existing lines of the network to provide regular lifetimes for
them and keep their failure rates and MTTRs at basic values (see Table I
and Table II of [35] for the basic values). Nevertheless, the transmission
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Table 25
New lifetimes (yr.) and MTTRs (h) in 118-bus system for Case 3 based on DPSO.
Corr. nﬁje T Corr. nﬁje Tij Corr. nﬁf T Corr. nﬁf T Corr. nﬁ}‘-’ T
1-2 30 187 8-30 35 147 53-54 35 332 71-73 38 508 80-98 40 393
1-3 32 269 26-30 41 130 49-54 45 277 70-74 35 285 80-99 33 217
4-5 45 1023 17-31 39 262 54-55 43 578 70-75 36 273 92-100 34 187
3-5 37 350 29-31 37 512 54-56 31 360 69-75 36 292 94-100 38 428
5-6 33 263 23-32 34 276 55-56 38 605 74-75 32 273 95-96 31 244
6-7 42 839 31-32 30 188 56-57 34 321 76-77 43 368 96-97 37 397
89 35 226 27-32 41 464 50-57 38 266 69-77 45 509 98-100 35 262
8-5 45 15,760 15-33 39 300 56-58 45 496 75-77 41 264 99-100 45 617
9-10 41 293 19-34 35 187 51-58 37 375 77-78 39 800 100-101 36 324
4-11 39 408 35-36 39 663 54-59 37 225 78-79 34 577 92-102 31 453
5-11 37 404 35-37 30 270.4 56-59 38 183 77-80 39 456 101-102 41 417
11-12 30 326 33-37 45 425 55-59 36 234 79-80 34 426 100-103 40 562
2-12 35 417 34-36 36 539 59-60 36 300 68-81 37 427 100-104 35 242
3-12 41 306 34-37 35 655 59-61 39 300 81-80 34 13,763 103-104 36 256
7-12 34 529 38-37 33 13,763 60-61 39 652 77-82 44 493 103-105 34 242
11-13 37 389 37-39 39 330 60-62 37 522 82-83 44 715 100-106 35 209
12-14 42 512 37-40 32 229 61-62 41 635 83-84 31 582 104-105 37 511
13-15 36 188 30-38 45 209 63-59 34 13,763 83-85 34 270 105-106 35 455
14-15 38 221 39-40 37 422 63-64 36 337 84-85 40 817 105-107 42 305
12-16 34 382 40-41 35 461 64-61 40 13,763 85-86 33 170 105-108 45 575
15-17 42 620 40-42 30 129.3 38-65 35 89 86-87 30 165 106-107 44 368
16-17 42 325 41-42 30 157 64-65 37 220 85-88 39 380 108-109 38 521
17-18 38 473 43-44 36 213 49-66 36 395 85-89 40 302 103-110 42 341
18-19 33 476 34-43 33 148 62-66 33 226 88-89 33 243.1 109-110 36 361
19-20 38 339 44-45 37 372 62-67 35 337 89-90 42 466 110-111 30 217
15-19 40 549 45-46 37 283 65-66 45 15,760 90-91 34 365 110-112 30 216
20-21 37 396 46-47 36 293 66-67 44 529 89-92 36 495 17-113 36 530
21-22 30 208.2 46-48 41 296 65-68 42 424 91-92 32 290 32-113 39 221
22-23 34 286 47-49 41 503 47-69 45 263 92-93 40 405 32-114 45 693
23-24 35 455 42-49 42 226 49-69 39 155 92-94 36 254 27-115 40 466
23-25 36 419 45-49 40 287 68-69 39 13,763 93-94 36 388 114-115 42 880
26-25 36 13,763 48-49 43 603 69-70 38 320 94-95 32 475 68-116 31 239.2
25-27 36 293 49-50 44 573 24-70 43 190 80-96 43 374 12-117 44 482
27-28 30 219 49-51 38 262 70-71 32 293 82-96 41 537 75-118 39 568
28-29 33 362 51-52 39 485 24-72 40 299 94-96 36 356 76-118 33 435
30-17 41 13,763 52-53 34 268 71-72 43 348 80-97 37 388 - - -
2750 T e
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Fig. 8. Expansion and operation costs of 118-bus system for different cases and methods.

system expansion costs in GTEP-Cases 2 and 3 are US$ 17.8 million and
US$ 19.043 million, respectively, lower than the corresponded costs in
GTEP-Case 1 as shown in Fig. 6. The reason is that, in GTEP-Case 1, the
existing lines of 22 corridors must be replaced by new ones because of
their initial lives (see Table I for more information), whereas the life
expectancies in all of the existing corridors in GTEP-Cases 2 and 3 are
extended (Tables IX and XIII). This would increase the transmission
system value by US$ 49.83 million and US$ 52.061 million versus US$
4.26 million and US$ 3.825 million in maintenance and repair costs if
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the proposed arrangements in GTEP-Cases 2 and 3 are applied,
respectively.

Generation and transmission costs shown in Figs. 5 and 6 prove that
transmission and generation expansion plans suggested in GTEP-Case 3
are more efficient as it can be seen that applying the plan of GTEP-Case 3
(where optimal maintenance and repair activities are considered) would
be less expensive because it would yield US$ 108.114 million savings in
total cost of power system. Moreover to show the importance of simul-
taneously solving TEP and GEP problems, total cost for TEP is compared
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Fig. 9. Average failure rates of lines in 118-bus system.
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Fig. 10. Increment of average lines life times and MTTRs in 118-bus system.

to that of GTEP in Fig. 7. As observed in Fig. 7, GTEP problem can find
more optimal solution for power system expansion planning.

4.2. 118-Bus test system

Regarding better results of Cases 3 compared to Cases 2 and
importance of solving GEP and TEP problems at the same time, the
proposed GTEP model is applied to 118-bus transmission network under
Cases 1 and 3 to show efficiency of the proposed model in larger test
systems. In Case 1, the number of decision variables is equal to number
of 179 candidate corridors for expansion of transmission network plus
54 candidate buses for generation system expansion, i.e.
|X4|=|Chrg|=|NLg4|+|NSq4|+|NUq|=179 + 54 = 233. Whereas, number of
decision variables in Case 3 is equal to that of Case 1 plus life expec-
tancies of 179 existing corridors (|X4|=|Chrg|=233+|LE4|=233 + 179 =
412). Therefore, regarding four constructible lines or substations in each
candidate corridor (five integer numbers) and maximum three instal-
lable generating units on each candidate bus (four discrete numbers) as
well as maximum life expectancy of 45 years (16 integer numbers be-
tween 30 and 45), size of search space for Case 1 is 59 % 5179 1 4d x 454
= 5184 1 459 and for case 2 is 5% 4 4%° + 169 x 1617° = 5184 1 459 4
1684, All data of this actual transmission system are available in [36].
Initial lifetime, MTTR, and failure rate of lines and VOLL of buses are
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provided in Tables A10 to A13 of Appendix. It should be noted that lines
failure rates and MTTRs were calculated according to data presented in
[35] and [37] for 138 kV and 345 kV lines. The maximum number of
circuits in each corridor is assumed to be 4 and planning horizon is the
same as RTS system. Tables 21 to 25 and Figs. 8 to 10 present the results
obtained by DCGA and DPSO for this large transmission system.

Comparison of Tables A11 to A13 with Tables 24 and 25 shows in-
creases in lines life time and MTTR and a decrease in lines failure rate
after conducting optimal maintenance activities in actual 118-bus
transmission system. Figs. 9 and 10 confirm these facts by illustrating
significant increases in average line lifetimes and MTTRs and reduction
in lines failure rates. As observed in Figs. 9 and 10, solutions obtained by
DPSO are slightly better than those calculated by DCGA. Moreover, cost
terms shown in Fig. 8 indicates that transmission expansion plans pro-
posed by both methods in Case 3 are less expensive than those intro-
duced by DPSO and DCGA in Case 1 because of considerable reduction in
lines replacement cost and repair expenses due to employment of
optimal maintenance schemes. Moreover, optimal maintenance activ-
ities increase value of transmission system due to increment of lines
lifetime, in which this value is considered as a negative cost (profit).
Therefore, the expansion plan of Case 3 is more economic and has lower
total cost compared to that of Case 1.
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5. Conclusion

The paper presents a model based on network reliability for
generation-transmission expansion planning, considering line mainte-
nance, repair and loading impacts. The economic benefit of the line
maintenance is quantified by calculating the total generation and
transmission cost (including both operation and investment costs) with
and without optimal maintenance activities. The cost difference be-
tween these two cases shows the magnitude of economic benefit. The
reliability effect is formulated by the load shedding cost.

Also, the effect of generation reliability on power system expansion
planning is computed by the loss of load index. Furthermore, a quanti-
tative relationship among line loading, reliability, and maintenance is
presented. Analyzing the results shows the importance of the proposed
GTEP-M model mainly due to the fact that the lines that seemed old
could still be economical in the long run if the required maintenance and
repair actions were carried out timely and properly.

Optimal maintenance activities result in the reduction of total in-
vestment and operation cost through deferring construction of new
transmission or generation facilities while improving the reliability of
the whole system.
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Appendix A

In this section, network data and some solutions calculated by DCGA
are presented (see Tables A1-A13).

Table Al

Initial life of the lines for RTS system (year).
Corr. nf}‘-’ Corr. nf}’ Corr. nfj‘-’ Corr. nﬁj‘? Corr. nﬁ,‘-’ Corr. nﬁj‘-’
1-2 10 3-9 14 8-9 14 12-23 18 15-24 18 18-21 18
1-3 18 4-9 18 8-10 18 13-23 18 16-17 18 19-20 18
1-5 18 5-10 18 11-13 14 14-16 18 16-19 18 20-23 18
2-4 18 6-10 10 11-14 18 15-16 18 17-18 14 21-22 18
2-6 18 7-8 18 12-13 18 15-21 14 17-22 18 - -

Table A2

Value of lost loads ($/MW).
Bus voLIn Bus voLIn Bus voLIn Bus VOLIn Bus voLLn
1 1900 5 1250 9 3100 15 5550 20 2250
2 1700 6 2400 10 3400 16 1750 - -
3 3200 7 2200 13 4200 18 5850 - -
4 1300 8 3000 14 3400 19 3250 - -

Table A3

MTTRs of existing lines (hour).
Corr. 7 Corr. T Corr. 7 Corr. T Corr. T
1-2 1825.0 4-9 1216.7 11-13 1095.0 15-16 1327.3 17-22 826.4
1-3 858.8 5-10 1288.2 11-14 1123.1 15-21 1068.3 18-21 1251.4
1-5 1327.3 6-10 1460.0 12-13 1095.0 15-24 1068.3 19-20 1152.6
2-4 1123.1 7-8 1460.0 12-23 842.3 16-17 1251.4 20-23 1288.2
2-6 912.5 8-9 995.5 13-23 893.9 16-19 1288.2 21-22 973.3
39 1152.6 8-10 995.5 14-16 1152.6 17-18 1368.7 - -

Table A4

Best transmission expansion plan of RTS system in Case 1 for TEP using DCGA.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
29 2 138 4-10 1 138 12-16 1 230 15-23 1 230
3-8 2 138 5-7 2 138 12-17 1 230 16-20 1 230
3-10 1 138 7-8 1 138 12-18 1 230 18-22 1 230
4-5 1 138 7-10 1 138 12-20 1 230 18-24 1 230
4-6 2 138 11-12 1 230 12-21 1 230 19-23 2 230
4-7 2 138 12-15 1 230 14-19 1 230 23-24 1 230
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Table A5

Replaced lines in RTS system for TEP using DPSO and DCGA.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
1-3 1 138 11-14 1 138 16-19 1 230
1-5 1 138 12-13 1 230 17-22 1 230
2-4 1 138 12-23 1 230 18-21 2 230
2-6 1 138 13-23 1 230 19-20 2 230
4-9 1 138 14-16 1 230 20-23 2 230
5-10 1 138 15-16 1 230 21-22 1 230
7-8 1 138 15-24 1 230 - - -
8-10 1 138 16-17 1 230 - - -

Table A6

Best transmission expansion plan of RTS system in Case 2 for TEP using DCGA.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
29 2 138 5-7 2 138 12-17 1 230 16-20 1 230
3-8 2 138 7-8 1 138 12-18 1 230 18-22 1 230
3-10 1 138 7-10 1 138 12-20 1 230 18-24 1 230
4-5 1 138 11-12 1 230 12-21 1 230 19-23 2 230
4-6 2 138 14-18 1 230 14-19 1 230 23-24 1 230
4-7 2 138 12-15 1 230 15-22 1 230 - - -
4-10 1 138 12-16 1 230 15-23 1 230 - - -

Table A7

New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 2 for TEP based on DCGA.
Corr. nﬁf Af}" Aij Tij Corr. nﬁf Af}” Aij T
1-2 36 0.2360 0.2390 2732.8 12-23 55 0.2773 0.3306 1638.3
1-3 56 0.2635 0.2828 1389.8 13-23 39 0.3920 0.3995 1429.7
1-5 42 0.2475 0.2775 2147.8 14-16 48 0.2470 0.3044 2241.9
2-4 39 0.3120 0.3413 1587.4 15-16 48 0.2145 0.2957 2581.6
2-6 35 0.4160 0.4446 843.1 15-21 57 0.2323 0.3360 2356.2
39 50 0.2597 0.2624 1940.0 15-24 40 0.3212 0.3290 1905.2
4-9 52 0.2100 0.2461 1968.9 16-17 46 0.2392 0.2415 2434.1
5-10 52 0.1983 0.2104 2084.7 16-19 42 0.2550 0.2791 2505.6
6-10 54 0.2050 0.2648 2566.1 17-18 37 0.2880 0.2914 2278.0
7-8 58 0.1450 0.2577 2362.6 17-22 60 0.2385 0.2726 1607.4
89 43 0.3520 0.3755 1675.5 18-21 47 0.2333 0.3116 2434.1
8-10 43 0.3227 0.3366 1610.9 19-20 42 0.2850 0.2974 2241.9
11-13 52 0.2600 0.3268 2415.1 20-23 47 0.2267 0.2731 2505.6
11-14 46 0.2665 0.2814 2184.4 21-22 45 0.3150 0.3221 1893.2
12-13 50 0.2467 0.2936 2129.8 - - - -

Table A8

Best transmission expansion plan of RTS system proposed in Case 3 for TEP using DCGA.
Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV) Corr. n; V; (kV)
29 2 138 5-7 2 138 12-17 1 230 15-23 1 230
3-8 2 138 7-8 1 138 12-18 1 230 16-18 1 230
3-10 1 138 7-10 1 138 12-19 1 230 16-20 1 230
4-5 1 138 11-12 1 230 12-20 1 230 18-22 1 230
4-6 2 138 14-18 1 230 12-21 1 230 18-24 1 230
4-7 2 138 12-15 1 230 14-19 1 230 19-23 2 230
4-10 1 138 12-16 1 230 15-22 1 230 23-24 1 230
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Table A9

New lifetimes (year), failure rates (1/year), and MTTRs (Hour) in RTS system under Case 3 for TEP based on DCGA.
Corr. ni¥ v p T Corr. nlf yia i T
1-2 58 0.1480 0.2183 3.2077 12-23 48 0.3380 0.3871 1.6383
1-3 52 0.2975 0.3148 1.3898 13-23 56 0.2532 0.2814 1.7386
1-5 54 0.1815 0.2354 2.1478 14-16 56 0.1963 0.2703 2.2419
2-4 55 0.2080 0.2763 1.8174 15-16 56 0.1705 0.3177 2.5816
2-6 53 0.2720 0.3648 1.4766 15-21 56 0.2392 0.2993 2.3562
39 53 0.2407 0.2447 1.9400 15-24 56 0.2118 0.2152 2.0779
4-9 50 0.2220 0.2553 1.9689 16-17 41 0.2683 0.2712 2.4341
5-10 58 0.1643 0.1791 2.0847 16-19 50 0.2097 0.2345 2.5056
6-10 51 0.2200 0.2704 2.5661 17-18 51 0.2133 0.2182 3.0189
7-8 49 0.1900 0.2701 2.3626 17-22 58 0.2562 0.2747 1.6074
89 50 0.3007 0.3380 1.6755 18-21 55 0.1867 0.1931 2.4341
8-10 58 0.2127 0.2399 1.6109 19-20 46 0.2597 0.2801 2.2419
11-13 58 0.2200 0.3091 2.4151 20-23 58 0.1643 0.2516 2.5056
11-14 58 0.1885 0.2132 2.1844 21-22 51 0.2700 0.2879 1.8932
12-13 52 0.2333 0.2885 2.1298 - - - - -

Table A10

VOLLSs of 118-bus system ($/MW).
Bus VOLIn Bus voLLn Bus voLIn Bus VoLLn Bus voLIn Bus voLLn
1 5414 21 1486 43 1800 59 27,700 85 2400 105 3100
2 2123 22 1062 44 1600 60 7800 86 2100 106 4300
3 4140 23 743 45 5300 62 7700 88 4800 107 2800
4 3185 27 6582 46 2800 66 3900 90 7800 108 200
6 5520 28 1805 47 3400 67 2800 92 6500 109 800
7 2017 29 2548 48 2000 70 6600 93 1200 110 3900
11 7431 31 4565 49 8700 74 6800 94 3000 112 2500
12 4989 32 6263 50 1700 75 4700 95 4200 114 849
13 3609 33 2442 51 1700 76 6800 96 3800 115 2335
14 1486 34 6263 52 1800 77 6100 97 1500 117 2123
15 9554 35 3503 53 2300 78 7100 98 3400 118 3300
16 2654 36 3291 54 11,300 79 3900 100 3700 - -
17 1168 39 2700 55 6300 80 13,000 101 2200 - -
18 6369 40 2000 56 8400 82 5400 102 500 - -
19 4777 41 3700 57 1200 83 2000 103 2300 - -
20 1911 42 3700 58 1200 84 1100 104 3800 - -

Table A11

Failure rate of existing lines before maintenance of 118-bus system (1/yr.).
Corr. i i Corr. A § Corr. A y Corr. A § Corr. i y Corr. A § Corr. i y
1-2 0.4696 21-22 0.4207 20-21 0.3958 50-57 0.5882 24-70 1.1378 85-89 0.5793 100-104 0.6474
1-3 0.3261 22-23 0.5486 30-38 1.3173 56-58 0.4862 70-71 0.2990 88-89 0.3604 103-104 0.6090
4-5 0.2366 23-24 0.3360 39-40 0.3713 51-58 0.4181 24-72 0.6578 89-90 0.4374 103-105 0.6469
3-5 0.4472 23-25 0.3776 40-41 0.3396 54-59 0.6984 71-72 0.6209 90-91 0.4290 100-106 0.7483
5-6 0.3328 26-25 0.0200 40-42 0.6776 56-59 0.8560 71-73 0.3084 89-92 0.3198 104-105 0.3068
6-7 0.2637 25-27 0.5408 41-42 0.5580 55-59 0.6708 70-74 0.5507 91-92 0.5388 105-106 0.3443
8-9 0.8511 27-28 0.4004 43-44 0.7863 59-60 0.5221 70-75 0.5726 92-93 0.4327 105-107 0.6651
85 0.0200 28-29 0.4316 34-43 0.5928 59-61 0.5325 69-75 0.5424 92-94 0.6157 105-108 0.4192
9-10 0.8827 30-17 0.0200 44-45 0.4212 60-61 0.2465 74-75 0.3214 93-94 0.4036 106-107 0.6651
4-11 0.3921 8-30 1.2467 45-46 0.5533 60-62 0.3370 76-77 0.5876 94-95 0.3287 108-109 0.3006
5-11 0.3885 26-30 1.9900 46-47 0.5351 61-62 0.2985 69-77 0.4738 80-96 0.5788 103-110 0.5949
11-12 0.2689 17-31 0.6110 46-48 0.7062 63-59 0.0200 75-77 0.7171 82-96 0.3531 109-110 0.4337
2-12 0.3739 29-31 0.3063 47-49 0.3770 63-64 0.5715 77-78 0.2512 94-96 0.4400 110-111 0.4046
3-12 0.6194 23-32 0.4920 42-49 0.8976 64-61 0.0200 78-79 0.2715 80-97 0.4041 110-112 0.4062
7-12 0.2964 31-32 0.4660 45-49 0.7442 38-65 2.2232 77-80 0.3526 80-98 0.4462 17-113 0.2954
11-13 0.4030 27-32 0.4088 48-49 0.3588 64-65 0.8747 79-80 0.3677 80-99 0.6511 32-113 0.7270
12-14 0.3968 15-33 0.5325 49-50 0.4270 49-66 0.4010 68-81 0.3708 92-100 0.8362 32-114 0.3479
13-15 0.8326 19-34 0.8388 49-51 0.5970 62-66 0.6771 81-80 0.0200 94-100 0.3661 27-115 0.3755
14-15 0.7093 35-36 0.2413 51-52 0.3791 62-67 0.4649 77-82 0.4524 95-96 0.3594 114-115 0.2418
12-16 0.4082 35-37 0.3240 52-53 0.5840 65-66 0.0200 82-83 0.3120 96-97 0.3942 68-116 0.3663
15-17 0.3292 33-37 0.5674 53-54 0.4722 66-67 0.4327 83-84 0.2626 98-100 0.5960 12-117 0.5232
16-17 0.6251 34-36 0.2897 49-54 0.8705 65-68 0.5950 83-85 0.5809 99-100 0.3906 75-118 0.3396
17-18 0.3313 34-37 0.2418 54-55 0.3744 47-69 0.9152 84-85 0.2408 100-101 0.4836 76-118 0.3557
18-19 0.3282 38-37 0.0200 54-56 0.2434 49-69 1.0312 85-86 0.5164 92-102 0.3459 - -
19-20 0.4618 37-39 0.4847 55-56 0.2590 68-69 0.0200 86-87 0.5320 101-102 0.4540 - -
15-19 0.3188 37-40 0.6812 56-57 0.4862 69-70 0.4956 85-88 0.4212 100-103 0.3516 - -

19



M. Mahdavi et al.

International Journal of Electrical Power and Energy Systems 145 (2023) 108688

Table A12

MTTRs of existing lines for 118-bus system (h).
Corr. Tj Corr. Tj Corr. Tj Corr. Tj Corr. T Corr. T
1-2 186.5 23-25 232 44-45 208 63-64 153.3 68-81 236.2 98-100 147
1-3 268.6 26-25 4380 45-46 158.3 64-61 4380 81-80 4380 99-100 224.3
4-5 370.2 25-27 162 46-47 163.7 38-65 39.4 77-82 193.6 100-101 181.1
3-5 195.9 27-28 218.8 46-48 124 64-65 100.2 82-83 280.7 92-102 259.9
5-6 263.2 28-29 202.9 47-49 232.3 49-66 218.5 83-84 333.5 101-102 193
6-7 332.2 30-17 4380 42-49 97.6 62-66 129.4 83-85 150.8 100-103 249.2
8-9 102.9 8-30 70.3 45-49 117.7 62-67 188.4 84-85 363.8 100-104 135.3
8-5 4380 26-30 44 48-49 244.1 65-66 4380 85-86 169.6 103-104 143.9
9-10 99.2 17-31 143.4 49-50 205.2 66-67 202.5 86-87 164.7 103-105 135.4
4-11 223.4 29-31 286 49-51 146.7 65-68 147.2 85-88 208 100-106 117.1
5-11 225.5 23-32 178.1 51-52 231.1 47-69 95.7 85-89 151.2 104-105 285.5
11-12 325.8 31-32 188 52-53 150 49-69 84.9 88-89 243.1 105-106 254.4
2-12 234.3 27-32 214.3 53-54 185.5 68-69 4380 89-90 200.3 105-107 131.7
3-12 141.4 15-33 164.5 49-54 100.6 69-70 176.8 90-91 204.2 105-108 209
7-12 295.5 19-34 104.4 54-55 233.9 24-70 77 89-92 273.9 106-107 131.7
11-13 217.3 35-36 363 54-56 359.9 70-71 292.9 91-92 162.6 108-109 291.4
12-14 220.8 35-37 270.4 55-56 338.2 24-72 133.2 92-93 202.5 103-110 147.2
13-15 105.2 33-37 154.4 56-57 180.2 71-72 141.1 92-94 142.3 109-110 202
14-15 123.5 34-36 302.4 50-57 148.9 71-73 284 93-94 217.1 110-111 216.5
12-16 214.6 34-37 362.2 56-58 180.2 70-74 159.1 94-95 266.5 110-112 215.7
15-17 266.1 38-37 4380 51-58 209.5 70-75 153 80-96 151.3 17-113 296.5
16-17 140.1 37-39 180.7 54-59 125.4 69-75 161.5 82-96 248.1 32-113 120.5
17-18 264.4 37-40 128.6 56-59 102.3 74-75 272.6 94-96 199.1 32-114 251.8
18-19 266.9 30-38 66.5 55-59 130.6 76-77 149.1 80-97 216.8 27-115 233.3
19-20 189.7 39-40 235.9 59-60 167.8 69-77 184.9 80-98 196.3 114-115 362.2
15-19 274.8 40-41 258 59-61 164.5 75-77 122.2 80-99 134.5 68-116 239.2
20-21 221.3 40-42 129.3 60-61 355.3 77-78 348.7 92-100 104.8 12-117 167.4
21-22 208.2 41-42 157 60-62 259.9 78-79 322.7 94-100 239.3 75-118 258
22-23 159.7 43-44 114.3 61-62 293.4 77-80 248.4 95-96 243.8 76-118 246.3
23-24 260.7 34-43 147.8 63-59 4380 79-80 238.3 96-97 222.2 - -

Table A13

Initial life of the lines for 118-bus system (yr.).
Corr. nﬁj‘-’ Corr. n%,-” Corr. nﬁj‘-’ Corr. n%,-” Corr. nﬁj‘-’ Corr. n%,-” Corr. nﬁj‘-’
1-2 10 20-21 18 37-40 14 50-57 18 24-70 18 85-89 18 100-104 18
1-3 18 21-22 18 30-38 18 56-58 18 70-71 18 88-89 18 103-104 14
4-5 18 22-23 18 39-40 18 51-58 18 24-72 14 89-90 18 103-105 18
3-5 18 23-24 10 40-41 18 54-59 14 71-72 18 90-91 18 100-106 18
5-6 18 23-25 18 40-42 18 56-59 18 71-73 18 89-92 18 104-105 18
6-7 14 26-25 10 41-42 18 55-59 18 70-74 18 91-92 14 105-106 18
8-9 18 25-27 18 43-44 10 59-60 18 70-75 14 92-93 18 105-107 18
8-5 10 27-28 18 34-43 18 59-61 18 69-75 18 92-94 18 105-108 18
9-10 10 28-29 14 44-45 18 60-61 18 74-75 18 93-94 18 106-107 14
4-11 18 30-17 10 45-46 18 60-62 10 76-77 18 94-95 14 108-109 18
5-11 14 8-30 18 46-47 18 61-62 18 69-77 18 80-96 18 103-110 18
11-12 18 26-30 10 46-48 14 63-59 10 75-77 18 82-96 18 109-110 18
2-12 14 17-31 18 47-49 18 63-64 18 77-78 10 94-96 18 110-111 14
3-12 18 29-31 14 42-49 18 64-61 10 78-79 18 80-97 18 110-112 18
7-12 18 23-32 18 45-49 10 38-65 14 77-80 18 80-98 18 17-113 18
11-13 18 31-32 14 48-49 18 64-65 18 79-80 18 80-99 10 32-113 18
12-14 18 27-32 18 49-50 14 49-66 18 68-81 18 92-100 18 32-114 18
13-15 18 15-33 18 49-51 18 62-66 10 81-80 10 94-100 18 27-115 18
14-15 18 19-34 18 51-52 14 62-67 18 77-82 18 95-96 18 114-115 16
12-16 14 35-36 18 52-53 18 65-66 10 82-83 18 96-97 18 68-116 16
15-17 18 35-37 18 53-54 18 66-67 18 83-84 10 98-100 14 12-117 12
16-17 18 33-37 18 49-54 18 65-68 14 83-85 18 99-100 18 75-118 12
17-18 18 34-36 14 54-55 18 47-69 18 84-85 14 100-101 18 76-118 12
18-19 14 34-37 18 54-56 18 49-69 18 85-86 18 92-102 10 - -
19-20 18 38-37 10 55-56 18 68-69 10 86-87 14 101-102 18 - -
15-19 18 37-39 18 56-57 14 69-70 18 85-88 18 100-103 14 - -
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