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Reliability Effects of Maintenance on TNEP
Considering Preventive and Corrective Repairs

Meisam Mahdavi, Hassan Monsef, Member, IEEE, and Rubén Romero, Senior Member, IEEE

Abstract—The aim of this paper is to investigate maintenance
effects on system reliability and transmission network expansion
planning considering line loading and repairs. For this purpose, the
maintenance cost is formulated taking into account transient and
permanent forced outage rates, as well as durations of planned and
forced outage. Also, transmission reliability is modeled consider-
ing load shedding (LS) and energy not supplied (ENS) criteria. LS
index is calculated for transient forced outages and ENS criterion
is computed for permanent forced outages, and planned outage
rates and durations. Furthermore, the effects of line loadings on
transmission system reliability are formulated through the tran-
sient and permanent forced outage rates. The proposed model was
tested on the IEEE 24-bus and 30-bus test systems, and the results
are discussed.

Index Terms—Corrective and preventive repairs, forced and
planned outages, line loading, line maintenance, TNEP.

NOMENCLATURE
A. Sets:
Qb, Qe Set of all buses and all corridors;
Qe Set of existing corridors including lines;
QF Set of existing corridors including substations;
O Q9% Set of load buses and generation buses.
B. Constants:
djﬂ;nm lA)ﬁIJ .m The ratio of the change in power flow on the

line connected between buses n and m to the
change in generation on bus f and to the change
in demand on bus ¢ when line j in corridor i

fails;
cr Per unit cost of power losses ($/MWh);
C’YC , C; 5 Construction cost of a line circuit and a substa-
tion 138/230 kV in corridor i ($);
Cf; Replacement cost of line j in corridor i ($);
C’f\f Fixed maintenance cost per kilometer of line j

in corridor i ($/km);
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Ch Oyt Fixed preventive and corrective repair cost

S per kilometer of line j in corridor i
($/km);

C’f‘f Hourly fixed maintenance cost per kilometer of
line j in corridor i ($/km-h);

% ,% Hourly fixed preventive and corrective repair
cost per kilometer of line j in corridor i ($/km-
h);

Gy Hourly fixed repair cost per kilometer of line j

o in corridor i ($/km-h);

cel, cet Cost of one MWh energy not supplied on bus
n for permanent forced and planned outages
($/MWh);

D,, G, Total demand and generation on bus r at the end
of the planning horizon (MW);

DY Total demand on bus 7 at the beginning of the
planning horizon (MW);

Gmin Minimum generation on bus n (MW);

Grer Maximum generation on bus n (MW);

ke Maximum maintenance cost coefficient for line
Jj in corridor i;

b, Vi Length (km) and voltage level (kV) of corridor
i

mij, M;j Feature constant of line j in corridor i and its
maximum value;

nl9, nil Initial operation period and regular life for line
Jj in corridor i (year);

T, Maximum and initial number of circuits in cor-
ridor i;

PP, Maximum permissible active power of corridor
i and maximum permissible active power trans-
mitted from bus n to m (MW);

Py Maximum active power of line j in corridor i
(MW);

Tiy Vi Resistance (€/km) and susceptance (€' /km) of
each circuit per kilometer of corridor i;

T, k* Planning horizon (year) and losses coefficient;

Vi Decision variable that is 1 when replacement
does not happen for line j in corridor i;

VOLL, Value of lost load (VOLL) for bus n ($/MW);
AijoTii Basic value of forced outage rate (1/year) and
o permanent forced outage duration (h) for line j
in corridor i;
A{ j Al j Basic value of permanent and transient forced

outage rate for line j in corridor i (1/year);
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HijsThj Basic value of planned outage rate (1/year) and

duration (h) for line j in corridor i.
C. Variables:

ki Maintenance cost coefficient for line j in corridor i;

LS Load shedding of bus n due to the outage of line j in
corridor i (MW);

n;, n; Number of new circuits and substations in corridor i;

Ab; Difference between the voltage phase angle of the start

and end buses in corridor i (radian).

D. Functions:

cM Total maintenance cost of line j in corridor i ($);

Cf’ij’" G Total preventive and corrective repair cost of line
Jj in corridor i ($);

kf’; s ki Preventive and corrective repair cost coefficients
for line j in corridor i;

P, P, Active power of corridor i and active power

transmitted from bus n to m (MW);
P Active power of line j in corridor i (MW);

ij

pr Active power losses in corridor i (MW);

P Active power transmitted from bus n to m when
line j in corridor i has failed (MW);

Aij, i Forced outage rate (l/year) and permanent
forced outage duration (h) for line j in
corridor ;

Amij Forced outage rate of line j in corridor i due to
maintenance (1/year);

)Llfj, kﬁj Permanent and transient forced outage rate of

‘ line j in corridor i (1/year);

A fm i A L ; Permanent and transient forced outage rate of
line j in corridor i due to maintenance (1/year);

[ij, T Planned outage rate (1/year) and duration (h) for
line j in corridor i;

Gijy Xij Forced outage rate and mean time to repair
(MTTR) coefficients of line j in corridor i;

¢ f i1 i j Permanent and transient forced outage rate co-
efficients for line j in corridor i;

Pij Line loading coefficient of line j in corridor i.

1. INTRODUCTION

HE construction of new transmission lines is necessary
T to help existing lines reliably meet customers’ increasing
demand for electric power. The main task of transmission
network expansion planning (TNEP) is determining the optimal
placement of new transmission lines in the network [1].
At the same time, some existing lines may be old [2] and
can be replaced by new ones to increase transmission system
reliability. However, the replacement of older transmission lines
may be costly and uneconomical over the long term. This is a
serious challenge for planners because whereas the replacement
of transmission lines is costly, retaining the old lines in the
network may degrade the system’s reliability, and reliability
is the essential factor in long-term planning. A way to tackle
this difficulty is to enhance the network reliability by reducing
of lost load via the construction of new transmission lines.
Another way is to expand the transmission system in order to
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reduce lines’ failure rate by decreasing the existing lines’
loading. However, these methods may cause an unreasonable
increase in the dimension and expansion cost of the network.
Maintenance concepts can be employed to remove these
drawbacks, because maintenance activities can help to improve
system reliability [3] more efficiently. The maintenance can
increase the reliability by decreasing both the failure rate and the
MTTR of transmission lines, while two other methods can en-
hance the reliability by reducing only the failure rate of the lines.
In addition, maintenance is less expensive than line construction.
Nevertheless, in the paper, all three approaches are considered
to solve the problem. After the publication of Garver’s paper in
1970 [4], extensive research was conducted on transmission net-
work expansion planning. Some of the studies that solved this
problem by considering reliability criteria are reviewed here.
Kim et al. [5] considered fuel cost and loss of load (LOL)
in transmission expansion planning using the maximum prin-
ciple. The maximum principle is a mathematical method that
can be used to solve linear optimization problems. Romero
et al. [6] optimized the TNEP problem, considering the reliabil-
ity criterion of LOL using simulated annealing (SA). However,
the quality of solutions may be degraded with an increase in the
network dimension. In order to overcome this drawback, Gal-
lego et al. [7] proposed a parallel simulated annealing (PSA)
approach to minimize the objective function of [6]. The sim-
ulation results showed that the proposed method gives better
solutions than SA. Silva et al. [8] presented a new formulation
for the expansion planning of a transmission network under un-
certainty in load by inserting LOL in both the objective function
and problem constraints. Binato et al. [9] optimized the trans-
mission expansion and reliability costs with respect to VOLL
of busses, using greedy randomize adaptive search procedure
(GRASP). GRASP is an expert iterative sampling technique
that is a useful heuristic method to solve nonlinear optimiza-
tion problems. However, the local search procedure used in this
approach leads to some difficulties in pruning, by comparison.
Choi et al. [10] minimized the expansion cost of a transmis-
sion network by considering three reliability constraints. The
first criterion stated that the total capacity of the branches in-
volved in the minimum cut-set should be greater than the system
peak load. The second and third criteria were the loss of load
expectation (LOLE) and N-a (a=1) contingency, respectively.
Although the N-1 index is a traditional reliability criterion in
TNEDP, it caused a large increase in expansion costs, because it
provides 100% reliability for customers in a contingency state
(single line outage). Later, they [11] employed two probabilistic
reliability criteria of LOLE and expected energy not supplied
(EENS) to minimize customer outage costs in transmission ex-
pansion planning. Silva ef al. [12] formulated the TNEP by
including loss of load cost (LOLC) in the objective function,
using the ant colony optimization (ACO) technique. ACO is a
helpful metaheuristic method to optimize the TNEP problem.
Later, the authors [13] modeled the TNEP, considering network
losses and the cost of load curtailment, based on the artificial
immune system (AILS). They showed that this method is more
efficient than ACO for transmission expansion planning. Leou
[14] formulated the TNEP in a competitive electricity market
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by inserting the reliability cost (cost of load curtailment) and
marginal price of generators in the cost function. Akbari Foroud
et al. [15] modeled the TNEP problem as the minimization of
three objective functions: investment cost of the lines, conges-
tion cost, and cost of load curtailment due to line outages. Also,
Yu et al. [16] considered the reliability indices of LOLC and the
cost of load curtailment due to renewable resources in TNEP us-
ing Taguchi’s orthogonal array testing (TOAT). TOAT finds the
optimal plans by selecting the best scenarios on generation and
demand uncertainties. In addition, Gupta et al. [17] added the
reliability criteria of expected demand not served (EDNS) and
expected generation not served (EGNS) to the objective func-
tion of the probabilistic TNEP problem. It was shown that when
EDNS is minimized, the capacity of the existing lines should
be upgraded, along with the addition of new transmission lines.
Finally, Shortle et al. [18] optimized the transmission expan-
sion planning problem in order to minimize the probability of
cascading blackouts.

However, none of these studies have considered the effects
of line maintenance on transmission system reliability; in other
words, the TNEP problem has not been optimized simultane-
ously with maintenance. For this reason, more recently, the
same authors considered in [19] maintenance effect on trans-
mission expansion planning and solved the combined TNEP
problem with maintenance. They showed that maintenance af-
fects expansion costs by decreasing the replacement cost of old
lines and increasing the value of the transmission system. They
concluded that the line failure rates and number of repairs are
reduced when maintenance actions increase. However, the pro-
posed model could not efficiently describe the maintenance re-
lationship to network reliability, because the maintenance effect
on transmission reliability was formulated via lines’ permanent
forced and planned outage rates (lines’ failure rate and MTTR),
without considering their durations or transient outages. The
permanent forced outage duration is the time interval required
to repair and restore the failed transmission line. On the other
hand, the planned outage duration is the time needed to remove
line defects in regular intervals (MTTR). Outage durations can-
not be ignored, because they have considerable values and an
important role in determining network reliability. If outage du-
rations are reduced, the interruption cost (cost of energy not sup-
plied) decreases, and consequently, more reliable electric power
is provided to customers. Also, transient outage rate of trans-
mission lines play an important role in reliability calculations,
because transient outages are more frequent than permanent
outages. Consequently, in this paper, the lines’ outage durations
and transient forced outage rates are included in the problem
formulation, and their relationships with the maintenance are
modeled mathematically. Moreover, the authors in [19] have
not considered the maintenance effects on the corrective re-
pair of lines, even though corrective repair is more expensive
than the maintenance and preventive repair. In addition, [19]
has not investigated the effect of line loading on transient out-
ages. Thus, in the present paper, a new framework is proposed
for TNEP, which considers the line maintenance and loading
effects on transient forced outage rates, as well as reliability
effects of maintenance on forced and planned outage durations,
and corrective repairs. The model is solved using the decimal
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codification genetic algorithm (DCGA) and the finincon func-
tion, which is classical optimization technique in MATLAB.
The main aims and contributions of the present study are:

1) To introduce the quantitative relationships among line
maintenance, forced and planned outage durations, and
transmission reliability.

2) To present mathematical formulations that investigate the
reliability effects of line maintenance on corrective repair.

3) To formulate the maintenance effect on transient forced
outages.

4) To describe the correlation of transient outages with trans-
mission line loading.

II. PROBLEM FORMULATION

The TNEP problem is formulated by using the DC power
flow model as a minimization of the objective function (1).

min F= Y Cfn;+ Y C'ni+ ) Cf

ieQ° 1€Q* ieQe

n;

+ Z i (2 [Czy +Cf)jr +C;J,]

ieQee j=1

+ > VOLL, Y i LS,

neq!t icQre j=1
+ > el Y > LS

neQtt ieQee j=1

ng
+ D e D >0 LSl (1)

neQlt i€Qec j=1

Where,
CF = 8760 G/ o
P = RiLF @
L= P/ IV s
By = tirif (v + i) (©)
Ciy = bk G (7
pro__ pr NPT
Gy = bk Gy ®)
kij = i /i ©)
Cij = tkij Gif (10)
G = G iy (1
er _ cery foer
G =Gk (12)
10 rl
! forn;j; <ni; =T
Vij =
OZ]J? <Czjy + Cf‘?f + C¢ jr) otherwise

13)
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Subject to:

Go=Dy+ Y Pum YneQ m#n (14)
meNd

P, = Y;Ab; (15)

Y = iy (&Jrn;) (16)

Pl,= > df,,Gr+ Y b, (Dy—LSY) (17

feQab qentd

|| <P, VieQ (18)
’Pf,Jm| <P, Yn,meQ n#m,icQF,

j=1,.,n (19)

0<n, <m—n; VieQ (20)

0<ni<m—mn VieQ (21)

0<LSY <D, VneQ’ icQj=1,..n (22

1<k k5™ VieQ“j=12..n (23)

The first and second terms of equation (1) represent the con-
struction costs of new transmission lines and substations, re-
spectively. The third term describes the power losses cost of the
transmission network. This cost plays an important role in the
TNEP, because it efficiently affects the network configuration
[20] through variables n;, in (6), and A6;, in (15). The active
power losses of each corridor (P; Lyare computed using (4)—(6).
Also, hourly and annual costs of power losses for each corri-
dor are determined by (3) and (2), respectively (the calculation
method of losses coefficient (k*) was explained in [20]). The
fourth term describes the maintenance, and preventive and cor-
rective repair costs of the transmission network that is calculated
using (7)—(12). Maintenance includes activities that are done in
regular intervals to prevent appearance of defect in transmission
line during maintenance period (times shorter than planned out-
age durations). Preventive repair involves required actions that
are performed during the planned outages in regular intervals
to remove the line defects before it fails. Corrective repairs are
necessary actions carried out during the forced outages in order
to restore the failed line. Also, the fifth and sixth terms show the
cost of load curtailment (the calculation method of load shed-
ding has been described in [19]) and energy not supplied (ENS)
due to the forced outage of a single transmission line, respec-
tively. Finally, the seventh term indicates the cost of energy not
supplied due to the planned (scheduled) outage of a single line.
These terms depend on the optimization variables of LS’ and
k;; in that their relationship with %;; can be justified using de-

pendences of A {] and A ; on A fm.j and A}, ;; via (52) and (53),
and using coherence of A f; ;; and Aj, ;. with k;; through (26)

(3

(39), and (47)). Equations (7), (8), and (10) declare that the total
maintenance cost, as well as preventive and corrective repair

and (27) beside relationships of y;;, 7{7, and rf; with &;; ((31),
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costs are coefficients of their fixed values (refer to equations (5)
and (6) of [19]). These costs depend on the optimization variable
of k;;. In simple terms, preventive repair cost is a function of
kij, due to the relationship between k" and yu;; through (9) and
coherence of 11;; with k;; via (31). Equation (9) explains the re-
lation between preventive repair cost coefficient and the planned
outage rate. This relation is driven by replacing x(;;) = fti; /1
in (31) of [19] (see Subsection B for more details). Also, the
corrective repair cost is relative to variable k;; via (10), (26),
and (49). Equations (11) and (12) show that the fixed preventive
and corrective repair costs are equal to their hourly values mul-
tiplied by basic number and duration of repairs. Equation (13)
expresses that the replacement of existing lines with new ones
is not necessary if the initial operation periods of the lines are
less than or equal to their regular lifetimes minus the planning
horizon year. The first, second, and third terms of (1) are similar
to the first, second, and fourth terms of equation (1) in [19], re-
spectively. The new formulation does not include the fourth term
of the objective function (1) in [19]. Instead, this term is consid-
ered here, in (13), as a secondary factor. In other words, in [19],
the replacement cost depended on the lines’ life expectancies,
while in the present paper, this cost is considered to be con-
stant, because optimization variables of life expectancies were
not considered in the present model. Also, the fifth term of (1)
in the previous paper was extended to the fourth term of the new
objective function. Although the maintenance cost is considered
here, it is different from the maintenance cost in [19]. According
to (7), the new maintenance cost is a function of the indepen-
dent optimization variables of k;;, while the maintenance cost
in the previous research was a function of life expectancies.
Moreover, in [19], repair cost was considered to be a function
of life expectancies, while in the current research, it is classi-
fied as preventive and corrective repairs, whereby each of them
individually depends on £;;. In addition, the sixth term of the
previous objective function is now replaced by three new terms
(the fifth, sixth, and seventh terms). In other words, in [19], the
reliability cost was related only to the lines’ permanent forced
and planned outage rates, while in this paper, the transient forced
outage rate, as well as the forced and planned outage durations,
were added to the objective function. Lastly, the seventh term
of (1) in [19] is ignored in the present TNEP model, because it
depends on the lines’ life expectancies and reflects the economic
effects of maintenance on TNEP. This paper focuses more on
the reliability aspects of maintenance. The expansion plan must
satisfy all of the constraints (14)—(23) with minimum mainte-
nance and repair costs, and maximum reliability. Equation (14)
indicates the DC power flow balance for each bus (node).
Equations (15) and (17) are the DC power flow to transmission
lines when no line outage occurs (normal condition) and a line
fails (contingency state), respectively. In (17), &7/, and b7,
are determined by the DC power flow [19]. Equations (18) and
(19) explain the power flow limits on the transmission lines in
normal and contingency states. Equations (20)—(23) show right-
of-way constraint, maximum number of new substations, maxi-
mum load shedding, and maintenance cost coefficient limitation,
respectively.
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A. Effect of the Maintenance Cost Coefficient (ki;) on the
Forced Outage Rates

Equation (24) (curve of forced outages) describes mathemat-
ically the relationship between (;; and k;; [19].

Gij = aij + (T/nfl) —n (1= aiy) (Biy)"™ (kiy — 1)1/
(24)
where, Cij = )\mij/ﬁs Q5 = /nu, 51] = C[A/I /C:j andnis

a coefficient to exhibit variation of the curve’s slope. m;; can
be calculated using (25) [19].

m”- = Mij — (Mz'j — ].) Oél'jl/Q (25)

To apply (24) to describe the relationship between a line’s
permanent forced outage rate coefﬁcient and k;j;, ;; and (;;

need to be replaced by (;; ! and ,6’ respectively.

ij°
1/m;j

Q-%M+Wmfwﬂ—%ﬂ@®

X (k‘“ — 1)1/7”“] kij >1 (26)

This equation is known as the “curve of permanent forced
outage,” where 77 = 0.5, Cf = )Lﬁm/)\”, and Bl-fj =cl/cr.
Permanent outages are those that require component repair in
order to restore the component to service. Also, if (j; and 3;; are

defined as ( and 3!., (24) can be written as (27).

ij?
fNL/mgj
i) =iy +T/njj —n(1—ay) (8)

X (kU — 1)1/”“] kij > 1 (27)

This equation is the “curve of transient forced outage,”

where (f; = 1],;;/Al; and B; = C} /C}] . Transient outages

are those that are not permanent. These include both auto-
matic and manual reclosing. To calculate the maximum value
of k;j, C and (;; ¢. have to be equal to zero in (26) and (27),
respectlvely Then, thelr mlmmum amounts have to be selected,
because negative values of C 2. or ( are not permitted.

R =1+ (1/8) (s + /i) /o1

BN =14 (1/81) [(on; + T/ni)) /n(1— )]

—a;;)]" (28)

mij

29

k,l\[ axl kl\l ax2 (30)

= min{ s ki

In this way, the transient forced outage rate was correlated
to the maintenance cost coefficient through (27), and for £;;,
a maximum value was calculated by (28)—(30), while in [19],

these equations have not been formulated.

B. Effect of ki; on the Planned Outage Rate ([4;)

Generally, repairs can be divided into preventive and cor-
rective. Preventive repair actions are carried out to prevent the
forced outage of lines. In simple terms, these efforts are required
before the equipment fails. Corrective repairs are performed to
repair the failed elements and to restore the component to ser-
vice. In the curve of MTTR (refer to equation (28) in [19]),
Xi; is related to preventive repairs (scheduled outages). Preven-
tive repair activities are carried out at regular intervals (certain
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MTTRs). To formulate (31) and to show the relationship be-
tween the number of preventive repairs (planned outage rates)
and maintenance, it is necessary, for 3;; in (28) of [19], to
be written as f] and ;; to be replaced by p;; /(w1 =7,

wy =e=a=2,and b = 4).
1)1/2771,_,)
@ (1 1)1/2"%:.;
s/ .
—wn (1 —aiy)* (T/n})) + aij /e
a<k;<b

(0= -

)1/2m,,
7w2(170q]')2 (T/TL:JZ) +Oéi]'/€ >
kij > b

/( (1 —ai/2) (B5)" (@~
P\ a1 — i) (Tt + aiy e

1<k;<a
—ai;/2) (B5)"" (kiy —

Hij =

Mz‘j/

(31

The reason for this replacement is that y;; = 8760/7;; and

pi; = 8760/7;;, where x(;;) = Ti; /TU (see (29) and (30) of [19]
for more information).

C. Effect of kij on the Outage Durations

Transmission equipment outages can be categorized as forced
or planned outages. It is assumed that forced outages are those
that happen due to network faults or element failures. Planned
outages are those that have been arranged for preventive repairs
at regular intervals. Forced outages can be classified as per-
manent or transient. Permanent forced outages include failed
transmission lines that can be restored by corrective repairs.
Transient forced outages, on the other hand, involve only trans-
mission lines that exit from the network by automatic or manual
reclosing due to a fault in the system. For transient outages, the
outage duration is very short and can be ignored in reliability
calculations. Instead, permanent forced and planned outages are
of considerable duration due to the time required for corrective
and preventive repairs. Accordingly, outage durations consist of
forced outages due to corrective repairs and planned outages
due to preventive repairs. Maintenance actions affect both out-
age durations and outage rates (refer to Subsections A and B).
It is clear that if maintenance efforts increase, outage durations
decrease. To show this fact, ﬁfj from (26) is written in terms of
k;; as follows.

mi;

8 = (o + @/mil) =) (= ain)] "1/ Gy - 1)
(32)
By replacing Cj from (12) in @f] = i@f /C5T
f — f CT cr
Bl =G Mt 1C 33)

Equation (34) results from comparing (32) and (33), where

i} o< rii.mij is a coefficient that replaces 7 in order to show

’I“”
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1 CT CT
the proportion between 7 and r{7.

cr

% o+ (T/n;]l) — qu] 4 1 ko> 9
oM niij (1 — o) Ay (kij —1) N
e 1<k <2

. -

(34)

For k;; = 2, r{} is equal t0 ri; - Therefore, 7;; can be writ-

ten as follows:

1/mij
Mij = (Cz(// Ci‘f)

1/m;ij
X (1/7’”)»f)

Qi+ (T/n ) f]

(1 —aij)

(35)

Replacing C ! from (26) in (34) and (35), respectively, yields
(36) and (37).

mij rer

rij = /mig)" Vi ki 22 (36)

n1i; = n(kij — 1)1/m” kij > 2 37)
If (37) is replaced in (36) and the result is included in (34),

then (38) is obtained.

i/ (g = 1) kg 22
cro__ { J J J (38)

ro. =
Y TZCJr 1 S kU S 2

Similar to x;; in (28) of [19], which was fixed for larger
maintenance cost coefficients (k;; > b), r” does not vary for
k;; > b because, in this situation, the mamtenance cost has be-
come equal to the repair expenditure and, therefore, further
maintenance cannot affect corrective repair duration. Thus, (38)
can be presented as follows:

(b—1) kj>b
=/ =) 2<ki<b o (39)
,r,r'r 1<k,; <2

Z] —

This relation shows the effect of k;; on the permanent forced
outage duration (r;;). Also, if ﬂ from (27) is written in terms
of k;;, the result is (40)

— Oéij)]mlj 1/ (k‘qjj — 1)
(40)

+ (T/nij) - ij) /n(1

Replacing Cp " from (11) in

JJ = [(O‘ij

=CY / C’f}r , yields:

=cY Cif iy 1€ (41)
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Therefore, rf']’ can be written in terms of k;; to show the
maintenance effect on the scheduled outage duration (h).

Tf); =
OO \Jouy + (T/m)) =4 1™ 1 ki > 2
ci M2 (1 = i) pij (kij —1) 7=
f 1< k<2
(42)
Given that for k;; = 2,1"‘ = TU ”, (43) can be obtained. 12ij

p T

is a coefficient to show the proportion of r; to 7"

1

T i
o

M
oM

[(uj +

1

1 i
X T
T27 ,u”

If ¢ ij from (27) is replaced in (42) and (43), respectively,
(44) and (45) can be deduced.

= )"

Naij = n(ki; — 1)1

By replacing (45) in (44) and inserting the results in (42), the
following equation is provided.

{Tff/(’ﬁj —1) ki =2

Tf]r 1§k2J§2

(T/ni5) = ¢i;) /(1= i)

TN2i5 =

(43)

kij > 2 (44)

kij > 2 (45)

pr_
ij

(46)

Similar to (39), the duration of preventive repairs (1 ; )is fixed
for larger amounts of maintenance cost (k;; > b). Accordingly,
(46) can be written as (47). Here, the relationships of permanent
and planned outage durations with maintenance cost were for-
mulated, while these equations have not been presented in [19].

ﬂ/ b—1) ky=>b
rfjr = ﬁ/ (ku -1) 2< ki; <b (47)
i 1<k; <2

.

D. Effect of the Corrective Repair Cost Coefficient (k") on
the Permanent Forced Outage Rate (A fn i)

In addition to preventive repairs, specified corrective repair
activities are required to restore the failed lines during their
functioning lives. To perform these activities, a fixed corrective
repair cost is essential. Due to the explanations given in Subsec-
tion E of [19], it can be concluded that the number of corrective
repairs (permanent forced outage rate) may decrease if the main-
tenance cost increases. Also, the total corrective repair cost is
reduced as the fixed corrective repair cost diminishes. This fact
can be described analytically as follows:

C =605 | (Mhiy 14 (48)
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Equation (49) can be deduced by comparing (48) to (10).
¢l =k (49)
The effect of corrective repair cost on permanent forced out-

age rate ((48) and (49)) has not been considered in [19].

E. Effect of the Line Loading on the Forced Outage Rates

Equation (50) states the forced outage rate of transmission
line in terms of the line loading [19].

Aij = pij(hij — (50)
= P;/Pj (51

To consider effect of the line loading on the permanent forced

Amij) + Amij

outage rate, A;; »)‘27 and A,,;; can be replaced by )»l i Mg A - and
A im ;» respectively.

)"f _pU()" )\{n1j)+)"7fnz7 (52)

Also, if A;j,Ai; and A, ;; are defined as A}, A}; and A ],

(53)is resulted. This equation describes effect of the line loading
on the transient forced outage rate.

A’;] = Pij ()" )‘tnu) + )"l;m'j (53)

It should be noted that the effect of lines’ loading on transient
forced outage rate was neglected in [19].

III. SOLUTION METHOD

In the present study, the goal is to minimize the objective
function (1) using DCGA [21], while the principle of genetic
algorithm (GA) is to maximize the fitness function. To do so,
(54) maps the equation (1) into the fitness function.

Fitness = A/F (54)

Where A = 10! is a system-dependent constant. Constant A
is used to prevent the fitness from obtaining too small values.

In the first step (¢ = 0), the total demand on each bus at the
end of the planning horizon (D),,) is determined according to the
load growth factor of 10% (LGF = 0.1) [20] using (55).

D, =D(1 + LGF)" (55)

Equation (56), considering constraints (57) and (58) (eco-
nomic load dispatch (ELD) problem), is solved using the quad-
prog function, in order to obtain the total generation of each bus
at the end of planning horizon (G,,).

min Z (cln G2 + ¢, Gy + C:sn,) (56)
neNad
Subject to:
> 6=y D, &
neQyb neQlt
Ghin < G, <GM Ype Qo (58)

Where, c1,, ($/MW?h), ¢z, ($/MWh), and c3,, (§/h) are cost
coefficients of the generating units on bus n. Equations (57)
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and (58) define the balance between generation and demand
in the network and the buses’ generation limits, respectively.
quadprog is a function in the optimization toolbox of MATLAB
that can be applied to minimize quadratic constrained problems
including continuous variables. Then an initial population with
d chromosomes (d = 10) is constructed randomly as (59) when
constraints (20) and (21) are satisfied.

X = I:Xl X2 ee XZ X(]

] Transpose

(59)

In (59), X, is the dth chromosome of the population X. This
vector consists of N (|2°| + |2%|) integer numbers (problem
variables) such as:

S S S s
Xd = [nl,nz,...,m, s Qe T My ey T ,’I’L‘Qs‘] (60)

where, n; and n] indicate the number of new circuits and new
substations in corridor 7, respectively.

n; = {071,..., —N; }

=)

Equation (63) describes a typical chromosome for a network
with 15 corridors.

X, =11,2,2,0,0,1,0,2,1,2,0,1,0,1,0]

Vi € Q°
Vi e Q°

(61)

n = {0,1,..,m (62)

(63)

X; proposes one new transmission circuit for corridors 1, 6,
9, 12, and 14, two new transmission circuits for corridors 2, 3,
8, and 10, and no new transmission circuits for corridors 4, 5, 7,
11, 13, and 15. Afterward, Equations (4) and (5) are calculated
considering constraints (14) and (15) using DC power flow after
determination of (6). If (18) is satisfied, (64) considering con-
straints (17), (19) and (22) is solved using the fmincon function
to determine the load shedding of each bus in contingency states
(line outages). finincon is a function in the optimization toolbox
of MATLAB, which can be used for minimizing constrained
nonlinear multivariable problems.

min Z LS

neQlt

(64)

In addition, the following equation, while satisfying con-
straint (23), is minimized using the fmincon function to
calculate k; ;.

min Z i CA][—FCZP;_'_CIFJT] + Z VOLL,

1€Qec j = neQlb
ni ni
ijyt f ijqg f rer
X E E LS x; + E cej, E E LS A
ieQecj=1 neQ!t ieQec j=1
&
0] pr
g ceb g g LS} pijri; (65)
neal Qe j=1

Then, (2), (3), and (7)—(13) are calculated, and consequently,
objective function (1) is determined. After that, the selection
operator selects the chromosomes in the population that are
more fit for reproduction. The reproduction operator reproduces
each chromosome in proportion to the value of its fitness func-
tion (Eq. (54)). After the pairs of parent chromosomes have
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t=0

The power demand of each bus for 7 years later is determined by
(55) and then power generation that is required to meet this
demand is calculated using (56) and considering constraints (57)

v
A chromosome of a size equal to N is defined as shown in (60).

v

An initial population with d chromosomes is randomly formed
according to (59) and the fitness of the best individual is set to —o.

Fitness=0

No

Does chromosome s satisfy (14), (15), (18), (20), (21), and (23)?

Yes +

Calculate the equation (64) with constraints (17), (19), and (22),
I then function (65) with (23), and finally objective function (1)
and fitness function (54) for chromosome s.

v
| The best individual is selected for iteration .

v

If the fitness of the best individual in iteration ¢ was smaller than that
of iteration #—1, replace the best individual of 7 by the best of 1.

L. o . Yes
| Is termination criterion satisfied? @
No +
Selection operator chooses the more fit chromosomes for
reproduction.

Reproduction operator reproduces each chromosome in
proportion to the value of fitness function (54).

v

| Crossover operator is applied with P rate. |

v

| Mutation operator is applied with Py, rate. |

v
I_

| Choose the current population.

Fig. 1.  Flowchart of the proposed method.

been selected, the crossover operator chooses an even number
of chromosomes at random with a probability of 0.9 (Pc =
0.9). Random positions (between two integer numbers) are cho-
sen for each pair of the selected chromosomes, and then the
two chromosomes of each pair swap their variables. Each chro-
mosome resulting from the crossover operation is then subject
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TABLE I
VOLL AND COST OF ENERGY NOT SUPPLIED FOR IEEE RTS

Bus VOLL, ceb cel Bus VOLL, ceb cel
($/MW)  ($/MWh) ($/MWh)

1 950 380 3800 10 1700 680 6800
2 850 340 3400 13 2100 840 8400
3 1600 640 6400 14 1700 680 6800
4 650 260 2600 15 2775 1110 11100
5 625 250 2500 16 875 350 3500
6 1200 480 4800 18 2925 1170 11700
7 1100 440 4400 19 1625 650 6500
8 1500 600 6000 20 1125 450 4500
9 1550 620 6200 - - - -

to the mutation operator in the final step of forming the new
generation. This operator selects a few existing variables in the
chromosome and then changes their values at random with a
probability of 0.1 (Py; = 0.1). It should be mentioned that in
this process, (20) and (21) must be satisfied. After mutation, the
production of the new generation is complete, and the process
can begin all over again with the evaluation of (54) for each
chromosome. The process continues and is terminated either by
setting a target value for the fitness function to be achieved, or
by setting a definite number of generations (iterations, f) to be
produced. The flowchart of the proposed method is shown in
Fig. 1.

IV. SIMULATION RESULTS

The IEEE RTS [22] and IEEE 30-bus test system were used
to demonstrate the proposed TNEP formulation. The maximum
number of circuits in each corridor (72;), the regular lifetime
(n[,’{l) of all transmission lines, and the planning horizon (7) are
considered to be 2, 30 years, and 15 years for both case study
systems.

A. IEEE Reliability Test System (IEEE RTS)

This 24-bus network contains 17 load busses (17 load shed-
ding variables), 29 existing lines (29 maintenance cost coeffi-
cients), and 141 transmission corridors ( |2|= 136 and |Q2*|=
5) at two voltage levels: 138 kV and 230 kV. All data of this test
system is presented in [22]. Also, the initial operation period
(nﬁ(}), number and duration of the planned outages for the ex-
isting lines (11; and r;"), VOLL, and cost of one MWh energy

not supplied for this network are listed in Tables I and II.

Three scenarios are considered to study the proposed model.
In Scenario 1, the TNEP problem was solved without consider-
ing maintenance. In Scenario 2, the reliability effects of main-
tenance and line loading were considered. In Scenario 3, results
of Scenarios 1 and 2 were compared with the simulation results
of [19] for RTS.

1) Scenario 1: The goal was to solve the TNEP problem con-
sidering only fixed repair costs, network losses, and transmis-
sion system reliability without any maintenance and reliability
effects of line loading (k;; = 0, kj; = k{j = pi; = 1). The
proposed idea was tested on the IEEE RTS. New lines that
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TABLE II
OPERATION PERIODS, AND PLANNED OUTAGE RATES AND
DURATIONS FOR IEEE RTS
Corr. ni? Wi rﬁ'jr Corr. ni? Wi rf); i
(year)  (l/year) (h (year)  (1/year) (h)
1-2 10 2.6 8 12-23 20 1.1 5.5
1-3 15 1.7 5 13-23 15 1 5.5
1-5 15 0.8 5 14-16 15 0.5 5.5
2-4 15 1 5 15-16 16 0.3 5.5
2-6 5 1.5 5 15-21 14 0.6 5.5
3-9 12 1 5 15-24 15 0.6 5.5
4-9 20 0.9 5 16-17 13 0.4 55
5-10 15 0.8 5 16-19 8 0.4 5.5
6-10 10 2.6 175 17-18 5 0.3 5.5
7-8 15 0.5 5 17-22 11 1.2 55
8-9 12 14 5 18-21 9 0.4 5.5
8-10 15 1.4 5 19-20 14 0.5 5.5
11-13 12 0.6 55  20-23 17 0.4 5.5
11-14 15 0.5 55 2122 18 0.8 5.5
12-13 15 0.6 55 - - - -
TABLE III
PROPOSED EXPANSION PLAN IN SCENARIO 1 FOR IEEE RTS
Corr. n;  V; (kV) Corr. ny Vi Corr. i Vi
1-2 1 138 2-17 1 138 6-10 1 138
1-8 2 138 2-9 2 138 7-8 1 138
1-9 1 138 3-10 1 138 11-17 1 230
2-3 2 138 5-7 1 138 13-14 1 230
2-4 1 138 6-8 1 138 - - -
TABLE IV
THE COSTS (MILLION $) IN SCENARIO 1 FOR IEEE RTS
Expansion cost of the Construction cost of new lines 27.85
transmission system Replacement cost of existing lines 4.9
Expansion cost of substations 3.5
Active losses cost 11.44
Maintenance cost 0
Preventive repair cost 0.071
Corrective repair cost 0.105
Cost of LS due to transient forced outages 0.615
Cost of ENS due to permanent forced outages 18.9
Cost of ENS due to planned outages 6.54
Total cost of transmission network 73.92

needed to be added to the network are listed in Table III. Also,
the existing corridors 4-9, 12-23, 15-16, 20-23, and 21-22
needed to be replaced by new transmission lines because their
initial operation periods were greater than their regular lifetimes
minus the planning horizon year. In addition, a new 138/230 kV
substation had to be constructed in corridor 3-24. The expan-
sion, operation, and reliability costs of the network are provided
in Table IV.

2) Scenario 2: In this scenario, the reliability effects of line
maintenance and loading on the TNEP problem were considered
(kij > 1k} (LEf7 (1and p;; (1). The proposed idea was applied
to the network under study, and results are provided in Tables V
to VIII. Also, the convergence curves of the both scenarios are
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TABLE V
VALUE OF COST COEFFICIENTS FOR EXISTING LINES OF IEEE RTS

Cor.  kij k[ kij  kN™  Com. ki K[ kij k)
1-2 1001 023 029 1001 1223 1 057 05 31
1-3 62 026 074 157 13-23 92 022 063 19
1-5 875 026 063 157 14-16 82 022 07 19
24 845 026 0.65 157 15-16 1 051 05 208
2-6 38 02 04 65 1521 92 021 058 173
39 108 024 037 12 1524 10 022 06 19
4-9 1 064 05 261 16-17 85 02 055 158
5-10 86 026 064 157 16-19 6.1 0.16 039 10
6-10 10.1 023 029 101 17-18 44 014 034 73
7-8 157 026 036 157 17-22 65 0.19 053 132
8-9 74 024 053 12 1821 4 017 055 11
8-10 84 026 0.65 157 1920 7.7 021 0.63 173
11-13 145 019 028 145 2023 1 053 05 229
11-14 10 022 06 19 2122 054 05 252
12-13 10 022 06 19 - - - - -
TABLE VI

PROPOSED EXPANSION PLAN IN SCENARIO 2 FOR IEEE RTS

Corr. n; Vi kV) Corr. n; Corr. n; Vi
1-2 1 138 2-7 1 138 6-8 1 138
14 1 138 2-9 1 138 6-10 1 138
1-7 1 138 34 1 138 7-8 1 138
1-8 2 138 3-10 1 138 11-17 1 230
1-9 1 138 5-7 1 138 13-14 1 230
2-3 2 138 5-10 1 138 - - -

illustrated in Fig. 2 to show the performance of the algorithm. In
addition, the construction of a new 138/230 kV substation in cor-
ridor 3-24 and the replacement of existing lines in corridors 4-9,
12-23, 15-16,20-23, and 21-22 with new lines were required.
Although construction cost of new lines for the proposed plan,
which considers reliability effects of line maintenance and load-
ing is US$150000 more than another configuration, total load
shedding decreases 46% (396 MW) in Scenario 2 because of
the reduction in lines’ loading (see Table X VI of [19] for more
details). This fact led to a savings of US$240000 in losses cost.
In addition, the replacement cost of the existing lines in Scenario
1’s configuration was equal to that of Scenario 2 because both
Scenarios had the same initial operation periods and regular
line lifetimes. However, in Scenario 2, US$235000 was allo-
cated for maintaining the existing transmission lines. Table V
shows that the maintenance cost coefficients for most of the ex-
isting transmission lines increased considerably. For example,
k;; for the lines of corridors 1-2, 6-10, 7-8, and 11-13 not
only increased, but approached its maximum value. In Scenario
2, an increase of US$235000 in the maintenance cost led to a
reduction of US$96000 in the preventive and corrective repair
costs. The reduction of the repair cost coefficients (kf ; and k{; )
reflected this reality. Also, it was assumed that all of the lines
replaced with new ones (lines in corridors 4-9, 12-23, 15-16,
20-23, and 21-22) would require essential maintenance actions
(fixed maintenance cost (k;; = 1)) during their operational life-
time. The transient and permanent forced outage rates of these

lines due to maintenance (A!,; and )L{” ;;) were determined by
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TABLE VII
NEW OUTAGE RATES (1/YEAR) AND DURATIONS (H) OF RTS’ EXISTING LINES

Comidor A%, AL L Al oy o ol
1-2 0 007 0 017 061 53 27
1-3 172 038 236 045 045 33 17
1-5 05 02 1 03 02 33 17
2-4 076 025 12 032 027 33 17
2-6 07 019 175 035 03 36 18
3-9 013 014 077 024 024 33 17
49 07 018 075 019 056 10 5
5-10 052 022 07 025 02 33 17
6-10 0 009 0 015 062 117 58
7-8 0 011 058 025 014 33 17
8-9 076 023 083 024 033 33 17
8-10 1028 12 03 036 33 17
11-13 0 01l 054 03 011 37 18
11-14 029 023 03 024 012 37 18
12-13 033 024 064 035 013 37 18
12-23 08 026 1 034 06 11 55
1323 068 03 07 031 022 37 18
14-16 036 025 046 029 012 37 18
15-16 015 016 019 021 016 11 55
15-21 03 024 062 034 013 37 18
1524 037 025 07 035 014 37 18
1617 015 019 031 029 008 37 18
1619 01 013 017 019 006 37 18
17-18 004 011 014 024 004 37 18
1722 068 028 1 036 022 37 18
1821 018 01 019 019 006 37 18
1920 033 014 024 028 011 37 18
20-23 02 017 017 027 019 11 55
2122 06 022 022 03 044 11 55
TABLE VIII

THE COSTS (MILLION $) IN SCENARIO 2 FOR IEEE RTS

Construction cost of new lines 28
Replacement cost of existing lines 4.9

Expansion cost of the
transmission system

Expansion cost of substations 35
Active losses cost 11.2
Maintenance cost 0.235

Preventive repair cost 0.02
Corrective repair cost 0.06
Cost of LS due to transient forced outages 0.185

Cost of ENS due to permanent forced outages 5
Cost of ENS due to planned outages 0.37
Total cost of transmission network 53.47

replacing k;; = 1 and o;; = 0 in (26) and (27), respectively
(see Table VII). Table VII shows that the allocation of mainte-
nance costs led to a decrease in forced and planned outage rates
and durations, and a reduction in repair costs (both preventive
and corrective). Furthermore, the transient forced outage rates
of some transmission lines were reduced to zero. Moreover, the
average permanent forced outage rate of existing lines was re-
duced from 0.34 (see column 4 of Table 11 in [22]) in Scenario
1 to 0.28 in Scenario 2 (refer to column 5 of Table VII). In
addition, the permanent forced interruption time (i.e., the dura-
tion of corrective repairs) decreased by 5 h on average (compare
column 5 of Table 11 in [22] to column 7 of Table VII), and the
average planned outage duration was reduced by 2 h (compare
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Fig. 2. Convergence curves of the algorithm in both scenarios of RTS.

columns 4 and 8 of Table IT with column 8 of Table VII). This
fact and reduction of load shedding in Scenario 2 caused the
costs of LS and energy not supplied to decrease from US$26.05
million to US$5.55 million in total. In simple terms, consider-
ing the reliability effects of line maintenance on TNEP led to
US$20.5 million savings in reliability costs. Overall, it can be
concluded that applying the arrangement proposed by Scenario
2 was less expensive because it yielded US$20.45 million in
cost savings compared to Scenario 1. The reduction of exist-
ing lines’ loading, in addition to a decrease in load shedding,
network losses, forced outage rates, and repair costs, as well as
coherence among line loading, maintenance, and forced outages
((52) and (53)), and the relationships between line maintenance
and repairs show that each component of cost function (1) ef-
ficiently affects the other terms of the objective function. This
important characteristic, the previously mentioned advantages,
the large savings in total cost, and a considerable increase in
transmission system reliability show that the proposed frame-
work is an effective model for TNEP. Fig. 2 shows that the
algorithm converged after 5904 and 7003 iterations in Scenar-
ios 1 and 2, respectively. The solutions were obtained within 3
hin Scenario 1 and 10 h in Scenario 2 on an Intel Core i5-M480
processor at 2.67 GHz and 4 GB of RAM. In Scenario 1, 141
integer variables were optimized by the GA within 5904 itera-
tions. In each iteration, 17 continuous variables (load shedding)
were minimized by (64) using the fmincon function for 29 line
outages. In simple terms, in each iteration of the GA, 29 exist-
ing lines were disconnected from the network one by one, and
each time, 17 variables of LS were minimized. In Scenario 2,
141 integer variables were optimized by the GA within 7003
iterations. In each iteration, 29 new continuous variables (;;)
were optimized by (65) using the fimincon function in addition
to 17 variables of LS for 29 outages. The reasons for the longer
computation time in Scenario 2 are that minimizing k;; in each
iteration was time-consuming and all variables of Scenario 1
(141 unknown integers and 17 continuous variables) and 29
variables of k;; were optimized for 1099 additional iterations
(7003-5904 = 1099).
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TABLE IX
OPERATION PERIODS (YEAR), AS WELL AS PLANNED AND FORCED OUTAGE
RATES (1/YEAR) FOR IEEE 30-BUS SYSTEM

Corr. ni[JJ Hij A{j kﬁj Corr. ni‘]) Hij klfj )\Z:j

1-2 10 0.6 0.3 0.82 12-13 13 1.2 0.42 2

1-3 15 1.6 04 264 12-14 8 2.1 0.58 3.64
2-4 15 1.5 0.4 2.48 12-15 5 1.1 0.4 1.85
2-5 15 1.6 0.5 2.82 12-16 11 1.7 0.5 2.83
2-6 5 1.5 0.4 2.51 14-15 9 1.7 0.5 2.85
34 12 0.4 0.2 053 15-18 14 1.8 0.52 3.1

4-6 20 04 0.2 058 15-23 17 1.7 0.5 2.9
4-12 15 2.1 0.5 3.64 16-17 18 1.6 049 275
5-7 10 1 0.3 1.64 18-19 18 1.1 0.4 1.85
6-7 15 075 0.3 1.2 19-20 17 0.6 0.3 0.87
6-8 12 0.45 02 061 21-22 14 0.3 025 0.34
6-9 15 1.7 0.5 296 22-24 15 1.5 0.47 2.5
6-10 12 4.5 1 792 2324 16 2.2 0.6 3.85
6-28 15 0.9 0.3 137 24-25 8 2.7 0.68 4.7
8-28 15 1.7 0.5 2.85 25-26 3 3 075 542
9-10 20 1 0.3 1.58 25-27 20 1.7 0.51 2.97
9-11 15 1.7 0.5 296 27-28 25 3.2 0.78  5.65
10-17 15 0.8 0.3 1.21 27-29 7 3.4 0.8 591
10-20 16 1.75 0.5 2.98 27-30 12 4.8 1.06 8.6
10-21 14 0.7 0.3 1.05 29-30 10 3.6 0.85 645
10-22 15 1.3 04 214 - - - - -

3) Scenario 3: The aim of this scenario is to compare the
results of Scenarios 1 and 2 with those of [19] for RTS to show
differences in models and case studies. The comparison between
the results of the first scenarios in both papers reveals that the
configuration proposed by the present model, even without con-
sidering line loading and maintenance effects, is US$56.28 mil-
lion less expensive, because of the US$58.8 million decrease in
the expansion cost of the transmission system. The reasons for
this significant reduction are the US$27.82 million and US$31
million savings in replacement and construction costs because
of the considerable decrease in the number of replaced (17 lines
fewer) and new transmission lines, respectively. The modifi-
cation of the arrangement of new transmission lines led to a
US$1.49 million decrease in active losses cost. In Scenario 1 of
this paper, the model was solved with no maintenance, while in
[19], initial maintenance actions (fixed maintenance cost) were
considered in order to provide the minimum life expectancies
(regular lifetimes) for existing lines. Also, in this scenario, a
number of existing lines that required initial preventive and cor-
rective repairs (fixed repair costs) are 17 lines fewer than that
of [19] (22-5 = 17). As was previously mentioned, preventive
repair is quite inexpensive and more frequent than corrective
repair. However, in the previous paper, the number of repairs
was considered to be preventive, while the cost was correc-
tive. This subject and the fewer number of lines needed for
initial repairs, as well as the dependence of fixed preventive
and corrective repair costs on a number of planned and forced
outages ((11) and (12)), led to a decrease in the repair costs,
considerably in Scenario 1 of this paper. The most important
distinction of the present framework with regard to the model
of [19] is way of reliability formulation. The previous paper
proposed a probabilistic model based on load shedding, VOLL,
the lines failure rate (permanent forced outage rate), and MTTR
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TABLE X
VOLL ($/MW) AND COST OF ENS ($/MWH) FOR IEEE 30-BUS SYSTEM

Bu VOLL cé! ¢l Bu VOLL cée cel

3 950 380 3800 18 2100 840 8400
5 850 340 3400 19 1700 680 6800
7 1600 640 6400 20 2775 1110 11100
8 650 260 2600 21 875 350 3500
10 625 250 2500 23 2925 1170 11700
12 1200 480 4800 24 1625 650 6500
13 1100 440 4400 25 1125 450 4500
14 1500 600 6000 27 750 300 3000
15 1550 620 6200 29 1000 400 4000
16 1700 680 6800 - - - -
TABLE XI

PROPOSED EXPANSION PLAN IN SCENARIO 1 FOR IEEE 30-BUS SYSTEM

Corr.  n; Corr.  n; Corr. n; Corr. n; Corr. n;
1-4 2 6-11 1 9-22 1 14-26 1 22-25 2
34 1 7-13 2 10-22 1 15-16 1 - -
3-10 1 8-19 1 10-26 1 16-27 1 -

4-13 1 9-14 1 10-28 1 21-23 1 - -

(planned outage rate) for transmission reliability. However, in
the current research, in addition to the previously mentioned
components, permanent forced and planned outage durations,
the transient forced outage rate (it is more frequent than the
permanent one), costs of one MWh ENS for planned (it was 4
times bigger than VOLL in Table I) and forced outages were
added to reliability formulation. This issue caused the reliabil-
ity cost to increase by US$11 million in the current Scenario
1. Although the construction cost of new lines and the active
losses cost in Scenario 2 of the current research are US$41.17
million and US$760000 less than the corresponding costs in
[19], the replacement cost increased by US$4.9 million. The
reason is that in the previous paper, the lines’ lives (life ex-
pectancies) were expanded to gain more VTSs (higher value of
transmission system), and therefore, no line replacement was
required. This fact caused a large increase in maintenance and
repair costs in Scenario 2 of [19]. In the current research, 5
corridors were needed for maintenance, while in Scenario 2 of
[19], maintenance was necessary for 29 corridors. Moreover,
further maintenance is not required here because the lines’ lives
were considered to be fixed. Thus, a low maintenance cost was
calculated here. In addition, the total cost of load shedding in
Scenario 2 of the present paper is US$4.24 million less than
the related cost in [19]. This fact shows the efficiency of the
present model in studying the reliability effects of maintenance
on TNEP. Finally, it can be said that, although the proposed
model forbore from US$35.16 million profit due to VTS, it is
still more economic than the configuration proposed in Scenario
2 of [19], because it provides an additional US$38.32 million in
savings.

B. IEEE 30-bus Test System

The IEEE 30-bust network with 19 load busses, 41 existing
lines, and 435 corridors (|Q°|= 435 and |Q°|= 0) was used
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TABLE XII
THE COSTS (MILLION $) IN SCENARIO 1 FOR IEEE 30-BUS SYSTEM

Expansion cost of the Construction cost of new lines 57.6
transmission system Replacement cost of existing lines 6.1
Active losses cost 133
Maintenance cost 0
Preventive repair cost 0.4
Corrective repair cost 0.3
Cost of LS due to transient forced outages 1.3
Cost of ENS due to permanent forced outages 12.3
Cost of ENS due to planned outages 1.62
Total cost of transmission network 92.92

TABLE XIII
PROPOSED EXPANSION PLAN IN SCENARIO 2 FOR IEEE 30-BUS SYSTEM

Corr.  n; Corr.  n; Corr. n; Corr. n; Corr. n;

1-3 1 — 1 8-19 1 10-28 1 21-23 1

1-4 2 6-11 1 9-22 1 14-26 1 21-24 1

34 1 —-13 2 10-22 1 15-16 1 22-25 1

3-10 1 8-12 1 10-26 1 16-27 1 - -
TABLE XIV

VALUE OF COST COEFFICIENTS FOR EXISTING LINES OF IEEE 30-BUS SYSTEM

Com kW W RS Com ks K KRS
1-2 10.1 023 029 10.1 12-13 1.8 049 087 13.1
1-3 157 026 036 157 12-14 16 048 07 8.5
2-4 157 026 036 157 12-15 14 047 06 6.5
2-5 157 026 036 157 12-16 1.7 048 038 11
2-6 6.5 02 022 6.5 14-15 1.6 048 0.74 9.3
34 12 024 031 12 15-18 19 049 09 143
4-6 1 0.64 0.5 26.1 15-23 1 0.61 0.5 19
4-12 148 026 039 157 16-17 1 0.62 0.5 21
5-7 10.1 023 0.29 10.1 18-19 1 0.62 0.5 21
6-7 2 049 094 157 19-20 1 0.61 0.5 19
6-8 1.8 048 0.84 12 21-22 19 049 09 143
6-9 2 049 094 157 2224 049 094 157
6-10 12024 031 12 23-24 1 0.6 0.5 17.2
6-28 2 049 094 157 24-25 16 048 0.7 8.5
8-28 2 049 094 157 25-26 14 046 053 5.4
9-10 1 0.64 0.5 26.1  25-27 1 0.64 0.5 26.1
9-11 157 026 036 157 27-28 1 0.69 0.5 55.2
10-17 157 026 036 157 27-29 7.4 021 0.27 7.8
10-20 1 0.6 0.5 172 27-30 12 024 031 12
10-21 1.9 049 09 143 29-30 10 023 0.29 10
1022 157 026 036 157 - - - - -

to demonstrate the effectiveness of the proposed idea in larger
case study systems. The generation and load arrangement, lines’
characteristics, and configuration of this network are available
in [23]. Planned and forced outage durations of existing lines
and their voltage levels are considered to be 5 h, 10 h, and
135 kV, respectively. Also, Tables IX and X describe n;; o Hijs
VOLL, the cost of ENS, and permanent and transient forced
outage rates of existing lines ()vif ; and Aii).

The proposed method is applied to the case study system
in two scenarios. In Scenario 1, the TNEP problem was solved
without considering maintenance, while in Scenario 2, the main-
tenance and line loading effects were considered.
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TABLE XV
NEW OUTAGE RATES (1/YEAR) AND DURATIONS (H) OF EXISTING LINES FOR
IEEE 30-BUS SYSTEM

Corridor Afmj }Lfm.]. )Lﬁj A{j Wi ey rf;
1-2 0 0.09 0.54 0.2 0.13 33 1.6
1-3 0 0.17 2.46 0.45 0.41 33 1.6
2-4 0 0.17 1.4 0.33 0.39 33 1.6
2-5 0 0.18 2.3 0.4 0.44 33 1.6
2-6 0 0.1 1.5 0.32 0.3 33 1.6
34 0 0.09 0.5 0.26 0.1 33 1.6
4-6 0.29 0.14 0.34 0.16 0.27 10 5
4-12 0.2 0.23 0.58 0.26 0.5 33 1.6
5-7 0 0.11 0.4 0.18 0.23 33 1.6
6-7 1.05 0.31 1.08 0.32 0.37 9.8 4.9
6-8 0.49 0.23 0.53 0.25 0.21 10 5
6-9 2.67 0.48 2.7 0.49 0.85 9.8 4.9
6-10 0 0.31 2.29 0.5 1.09 33 1.6
6-28 1.24 0.33 1.29 0.34 0.43 9.8 4.9
8-28 2.57 0.47 2.6 0.48 0.82 9.8 4.9
9-10 0.79 0.19 1.4 0.34 0.63 10 5
9-11 0 0.18 1.79 0.38 0.46 3.3 1.6
10-17 0 0.12 0.7 0.25 0.2 33 1.6
10-20 1.49 0.26 1.79 0.3 1.05 10 5
10-21 0.92 0.29 1.02 0.31 0.34 10 5
10-22 0 0.15 1.02 0.28 0.34 33 1.6
12-13 1.68 0.36 1.7 0.37 0.59 10 5
12-14 2.4 0.41 2.9 0.47 1 10 5
12-15 1.06 0.24 1.25 0.28 0.53 10 5
12-16 2.18 0.4 2.28 0.41 0.8 10 5
14-15 2 0.37 2.3 0.41 0.8 10 5
15-18 2.71 0.48 2.78 0.49 0.9 10 5
15-23 1.45 0.25 1.46 0.26 1.03 10 5
16-17 1.37 0.24 2.18 0.39 1 10 5
18-19 0.92 0.2 1.61 0.35 0.7 10 5
19-20 0.43 0.15 0.79 0.28 0.36 10 5
21-22 0.29 0.23 0.31 0.24 0.14 10 5
22-24 2.3 0.44 2.37 0.45 0.74 9.8 4.9
23-24 1.93 0.3 2.7 0.42 1.34 10 5
24-25 3.15 0.48 32 0.49 1.28 10 5
25-26 2.74 0.4 2.78 0.41 1.42 10 5
25-27 1.49 0.26 1.8 0.31 1.1 10 5
27-28 2.82 0.39 33 0.45 2.2 10 5
27-29 0.21 0.22 1.4 0.34 0.71 33 1.6
27-30 0 0.34 0.7 0.4 1.18 33 1.6
29-30 0 0.24 0.5 0.29 0.85 33 1.6

1) Scenario 1: The TNEP problem, considering network
losses and transmission reliability, was solved for k;; = 0 and
kij = kil = p;jj = 1.Tables XIand XII show new transmis-
sion lines and related costs for the IEEE 30-bus system, re-
spectively. According to the operation periods in Table IX, the
old lines of corridors 4-6, 9—10, 10-20, 15-23, 16-17, 18-19,
19-20, 23-24, 25-27, and 27-28 require the replacement.

2) Scenario 2: The proposed model of Scenario 1, consider-
ing line loading and the reliability effects of maintenance, was
applied to the IEEE 30-bus system, and results were presented
in Tables XIII to XVI. Also, similar to the previous scenario,
line replacement in corridors 4-6, 9—-10, 10-20, 15-23, 16-17,
18-19, 19-20, 23-24, 25-27, and 27-28 is necessary. In addi-
tion, Fig. 3 illustrates the convergence process of the algorithm
in both scenarios.

The construction cost of new lines in Scenario 2 is US$400000
more than that of another scenario, but it causes the total
load shedding to decrease by 75% (790 MW). According to
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TABLE XVI
THE COSTS (MILLION $) IN SCENARIO 2 FOR IEEE 30-BUS SYSTEM

Expansion cost of the Construction cost of new lines 58
transmission system Replacement cost of existing lines 6.1
Active losses cost 13
Maintenance cost 0.48
Preventive repair cost 0.1
Corrective repair cost 0.13
Cost of LS due to transient forced outages 0.2
Cost of ENS due to permanent forced outages 2
Cost of ENS due to planned outages 0.12
Total cost of transmission network 80.13

x10°

Scenario 1

I\4

1/Fitness

Scenario 2

il 4

0 02 04 06 08 1 12 14 16 18 2
4
Iterations x 10

Fig. 3. Convergence curves for both scenarios of IEEE 30-bus system.

Table XIV, the maintenance cost coefficients of many existing
lines increased (the maintenance cost coefficients of some cor-
ridors (1-2, 1-3, 24, 2-5, 2-6, 3—-4, 5-7, 6-10, 9-11, 10-17,
10-22, 27-30, and 29-30) reached their maximum values). This
issue caused the maintenance cost to increase by US$480000
and the repair costs to decrease by US$230000. In addition,
there was a decrease in the forced and planned outage rates and
durations (2.5 h for r{] and 1.25 h for 7} on average). How-
ever, the number of lines by which their forced and planned
outage durations were reduced is less than that of RTS, be-
cause their maintenance cost coefficients were between 1 and 2
(1 < k;; < 2). This fact caused the outage durations were set on
their basic values (see (39) and (47)). Instead, transmission lines
with no transient forced outages (1},;; = 0) were increased.
In addition, the average permanent forced outage rate of the
existing lines in Scenario 2 is reduced by 15% (it was 6% for
RTS). Nevertheless, in Scenario 2, the reliability cost (LS and
ENS costs) decreased by US$7.6 million less than RTS. This
fact shows the importance of outage durations in reliability cal-
culations that were ignored by [19]. However, the configuration
proposed by Scenario 2 is US$12.79 million less expensive than
that of Scenario 1.

From Fig. 3, the solution took 12762 iterations (28 h) and
14760 iterations (82 h) to converge in Scenarios 1 and 2, re-
spectively. In Scenario 1, the problem included 454 (435 integer
and 19 continuous) variables. In Scenario 2, 41 variables of k;;

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 5, SEPTEMBER 2017

were added to 454 optimization variables of Scenario 1. In each
iteration of the GA, 19 continuous variables of LS were mini-
mized by fmincon when 41 existing lines failed one by one. At
the same time, 41 variables of k;; are optimized.

V. CONCLUSION

This paper introduced a reliability-based model for transmis-
sion expansion planning considering the effects of line main-
tenance on line repairs and reliability costs of the transmission
system, as well as effects of line loading on network reliability.
The maintenance effect on transmission reliability was formu-
lated by the cost of load shedding and energy not supplied due to
the forced and planned outages of transmission lines. The effect
of maintenance on the cost of load shedding was modeled via
the relationship between the annual transient number of forced
outages (transient forced outage rates) and the maintenance cost
coefficient using load curtailment and value of lost loads. Also,
a part of the maintenance effect on cost of energy not supplied
was formulated through the relationship of the annual number of
permanent forced outages (permanent forced outage rates) and
forced outage durations (interruption times that are required for
corrective repairs) to the maintenance cost coefficient, using the
cost of one MWh energy not supplied due to forced outages
and load curtailment. The other part was modeled via the non-
linear coherence of the annual number and duration of planned
outages (preventive repair rates and duration) with maintenance
cost coefficient, considering the cost of one MWh energy not
supplied due to planned outages and load shedding. In addition,
the reliability effects of line loading are formulated through the
transient and permanent forced outage rates. The simulation
results revealed the importance of the proposed TNEP model.
Lines that seem old and ready to be replaced by new ones can
still be economical and reliable in the long run if the required
maintenance actions are carried out. Although the maintenance
of existing lines is costly, it results in a decrease of 27.7% and
13.8% in the total costs of the RTS and the IEEE 30-bus system,
respectively, because of the reduction in transmission system
reliability costs, as well as line preventive and corrective repair
expenditures.
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