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Short-Term Transmission Line Maintenance
Scheduling in a Deregulated System

M. K. C. Marwali and S. M. Shahidehpour

Abstract—in this paper we present a decomposition approach
based on duality theory for line maintenance scheduling with — -
transmission and voltage constraints. The given formulation con- Long-term Transmission Maintenance
sists of a master program and sub-problems with two independent Scheduling
programming. In the master problem, maintenance problem is i
solved and in the subproblems, transmission and voltage problems
are solved independently. Since canceling a transaction or pur-
chasing reactive power relates to the loss of revenue, the trade-off
between maintenance cost and revenue loss will be optimized
in the proposed method. The test results on the modified IEEE
118-bus system demonstrate that limits on transmission and
voltage affect the line maintenance scheduling and increase the
maintenance cost. While introducing the loss of revenue as one of
the objective functions, the proposed method is flexible enough to Short-term Transmission Maintenance
accommodate various pricing objectives and methods. —p Scheduling <+

Power Transaction and Line Reservation

Index Terms—Decomposition, short-term scheduling, trans-
mission maintenance, transmission management, transmission

network. _
Fig. 1. Proposed flowchart.

|. INTRODUCTION . : . . .
occur during regular working hours, it may require paying over-

HE RAPIDLY changing business environment for electrigme to the maintenance crew. There is usually a trade-off in
power utilities has resulted in unbundling of services prehoosing the best time for line maintenance during the 24-hour
vided by these utilities. Wheeling of electrical energy (trangeriod.
mission services) is one of the more prevalent of such unbun-as the maintenance schedule of a transmission line spans over
dled services. The changing structure of electric power utilitigffferent time periods, its impact on the reliability of the overall
and the emergence of independent power producers, indepgfstem must be considered. In this connection, following func-
dent customers and transmission provider are bringing transmjgns (Fig. 1) are identified:
sion management into a new focus.

The United States Federal Energy Regulatory Commission
(FERC) addresses some of the complexities surrounding trans-
mission issues. The FERC paper [6] deals with political and eco-
nomic issues in details but does not cover engineering issues.

Operatlon, maintenance and expansion of transmission systems expressed as load duration curves in each interval. To

that concern transmission services are addressed in [1]-[5]. Pa- | aintain system reliability. Details of LTS can be found
pers [2], [3], [5] address rate design for wheeling services. In [14].

fact, evalgating transmission. costs remain to be a difficult task 2) Power Transaction and Line Reservation: Power trans-
that requires complex analytical tools and extensive data.

An integrated planning decision that confronts transmission
providers is the line maintenance scheduling as it may entail to a
possibility of revenue loss. Suppose that a transmission provider
must consider line maintenance in a particular week and has the
option of choosing the appropriate time during that week. It may
be worth scheduling the line maintenance during low wheeling
hours of the day. However, since low wheeling period may not 3)

1) Long-term Line Maintenance Scheduling (LTS): The
long-term maintenance period of one year is divided into
intervals (weeks) and the “best” maintenance scheduling
strategy is derived to satisfy weekly line maintenance
constraints, seasonal constraints, and the system energy

actions and schedule for supplying loads are determined
in this step. The schedule may arrive after generation
providers have been able to sell power to retailers, whole-
salers or direct-access customers through bilateral con-
tracts, as well as sale to the Power Exchange. Transmis-
sion contracts are based on usage, and path services are
based on reservations [5]-[7].

Short-term Line Maintenance Scheduling: Given the
maintenance window from LTS, and transaction sched-
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In this paper, we propose a solution to the problem dfien (1) becomes
short-term transmission maintenance to maximize transmission

provider's revenue while satisfying system constraints. This Minz Z {Ch- My (1 — yrr)}

paper is not meant to debate advantages or disadvantages T k€w

of various pricing policies, such as embedded cost pricing, +Z Z{c”m} + ZZ{chsiT} ()
marginal cost pricing or value-based pricing. We also stay T ieQ T icg

clear of all policy issues related to transmission access. Qur

emphasis on transmission maintenance throughout this papBf Sets of constraints are given as follows:
is to illustrate how to take into account cost-tradeoffs and 1) Maintenance ConstraintsConstraints (4) represent the
constraints that are involve in evaluating the impact of lin@aintenance window stated in terms of maintenance variable

maintenance schedule. Though introducing loss of revenuets: Lines must be available before their earliest possible pe-

the objective function, the proposed method is flexible enoui?d maintenancée/w ar)d after their Iate/st pos/sible /period of
to accommodate various pricing methods. maintenance (e.glj, + d;. The values ot} andl;, + d; have

been determined by LTS. Hence the study horizon of short-term

. . L PR
Il. PROBLEM FORMULATION line maintenance scheduling is betwegrandl, + d.

The difference between short-term and long-term mainte- ¥x- = 1 for 7 <eporr >0, +d,
nance scheduling is the time horizon and the time increment.( of d’)
In LTS, the horizon of study is one or two years with increment \"*(7-1) & ) ) @)
of a week(At), but in short-term maintenance scheduling the (Whr — Ur(r-1)) 20 for ¢ <7 <7
horizon of study is weeks with increment of an hdukr). Zykt =l —c—d, fore,<r<l

The window for short-term line maintenance scheduling is
determined by LTS, hence short-term maintenance scheduling ) o )
only needs to determine specific maintenance hours within t ditional constraints consisting of crew and resource avail-
window. List of symbols is given in Appendix A. ability, seasonal limitations, and pre-scheduling can be incorpo-
The objective of short-term transmission maintenance sché@ted intoc;, andZ;, of constraint (4). If for example we consider

uling is to minimize maintenance cost and loss of revenue d{itat lines 1, 2 and 3 should be simultaneously on maintenance,
to line maintenance while satisfying maintenance requiremerif2¢ Set of constraints is formulated as follows:

MIHZ Z {C,/”_(Nk — Nk.,-)} Yir + Yor + Yar = 3 or Yir + Yor + Y3r = 0

T k€Ew

T

) If we consider that in each maintenance area we have limited
+ Z Z {eirric} + Z Z {cirsir} (1) resources and crew, a new set of constraints is formulated as

T iEQ T g follows:
The first term of objective (1) is the transmission line mainte- Mo(1 <
nance cost. The set of lines that require maintenance The Z TmkMi(l = yir) < Yo

second term is the loss of revenue due to line maintenance. The ked

loss of revenue is proportional to the amount of scheduled gAthe case of resource constraints,. would be the amount of
ergy that cannot be delivered to receiving buses due to line maigsourcer available in areal for each hour- ands,,,;, would
tenance. This implies that a few contracts that are recallable msya percentage of this resource required for the maintenance of
ought to be canceled. The set of receiving buses where there|gi€. In the case of crew constraint,,,. would be the number
recallable active power contracts(is of maintenance crews of type in areaA ando,, would be
Since the objective is to maximize transmission providers percentage of maintenance crew required for maintenance of
revenues, the cheapest maintenance schedule may interfugtz .
the flow of real or reactive power on certain lines and cause2) Network Constraints:Network constraints are decom-
violation of line flows or bus voltages. A transmission provideposed into two smaller problems. The first is a set of constraints
has two options to provide additional reactive power. The firgh real power flow which limits the violations of transmission
option is to interrupt its reactive power contracts. The secoggcurity constraints based on the worst contingency case. The
option is to purchase reactive power from ancillary serviggacond is a set of constraints on reactive power which examines

providers. The cost of these two options is represented by igitage constraints. The two sets of constraints are represented
third term of objective (1). The set of buses where there asg follows.
additional reactive power or recallable reactive power contracts e Limits on Real Power FlowsSince we are primarily
available isg. interested in screening of transmission violations, we apply a dc

We introduce variablg as a decision variable. Its value is Qoad flow to expedite the screening process. In this model, active
if My, lines in the right-of-wayk are off-line for maintenance power flows obey the two Kirchoff laws (node law and loop
otherwise its value is 1. law). The active power flow between bugesnd; is calculated

_ as:
Nir = (N — My,) + yrr My,

urr €{0, 1} ) Ji = (0: = 0;)m ®)



MARWALI AND SHAHIDEHPOUR: SHORT-TERM TRANSMISSION LINE MAINTENANCE SCHEDULING 1119

The constraints corresponding to flow limits are: 3) Line Reservation and Ancillary Service$he transmis-
_ sion provider may offer firm and nonfirm transmission reserva-
|fxl < fr (6) tions. In firm reservations, curtailment does not apply to situ-

ations in which transmission is discontinued for economic rea-
sons. Transmission service is to be curtailed only in cases where
system reliability is threatened or emergency conditions exist.

The flow limits are written in terms of bus voltage angldy
substituting (5) into (6):

16; — 6;] < ¥x (7) Firm transmission service is mostly provided to utilities native
- N loads and, under contract, to firm wheeling transactions. In non-
wherey,, = f;/-+is the maximum angle across brarich firm reservations, transmission provider has the right to interrupt

Assuming generation schedule is known from power transat or part of transmission services for any reasons, including
tions, network constraints are expressed in a matrix as followesconomic.
To accommodate firm and nonfirm reservations in our for-

BY=d—g mulation, we include them in flow constraints and the objective
1570 < (8) function. The firm reservation on link at hourr can be rep-
resented as minimum flow constraifit.. The operation model
Let P = d — g, then (8) become: corresponding to flow limits becomes:
Bt =P Jrr Sfur| £ S (14)
15°6] <9 )

To accommodate the possibility for canceling nonfirm reserva-
Constraints (9) represent load balance and other operatioti@ihs, we introduce a slack variabi¢load curtailment) into (9).
constraints such as transmission capacity limits. The load curtailment;;-, should be smaller than or equal to the
e Limits on Voltages: Transmission providers have to bgecallable load at busand hourr. The active power constraints
responsible for maintaining the quality of service that may habecome:
declined because of line maintenance. This goal can be accom-

plished by canceling reactive power sale transactions or pur- BY+r=pP
chasing additional reactive power, adjusting tap-changing trans- r<T
formers. The reactive power constraints are: 1576| <% (15)

— Reactive power operating reserve requirement ) _
Slack variable-;, exists only at buses where there are recallable

Z Q.>Qp (10) transactions. Additional reactive power may be required to sup-
i port the voltage profile. We introduce slack variablato (13)
— Reactive power generation limits and load bus balanceas additional injected reactive power anddet Q; + AQ, +
_ Qg
QG <SQg=F(V) < Q¢ / —
QL ="F(V) (11) AV —s<Q
o JYAV =0
— System voltage and transformer tap limits AV <AV < AV
V<V<V s<s (16)

r=<T=<T 12) Since canceling a transaction or purchasing reactive power re-
IF\tes to the loss of revenue, the trade-off between maintenance

We assumd’" is the system voltage vector based on ir]itiacost and revenue loss will be optimized in the proposed method
unit commitment state. IV is infeasible, additional adjust- P prop '

ments to the generation and/or distribution of reactive powértransmlssmn provider has two options to provide additional

) . reactive power due to line maintenance. The first option is to in-
may be necessary in order to shift the system voltage ¥8m N
terrupt recallable loads. The second option is to purchase reac-

to a desired valu®& ™. We neglect the effect of reactive powerive ower from ancillary services. Slack variablesexist onl
adjustment on bus voltage angles. Equation (11) is IinearizeaI' P y i y

i . .
the vicinity of the initial operating poin¥’® and the effect of af buses where there are recallable loads or ancillary services.
tap-changing transformer on voltages is considered in the lin-

earized form [15] as follows: IIl. SOLUTION METHODOLOGY

The proposed method is depicted in Fig. 2, which uses a Ben-

Qg + J{AV Qg + AQr ders decomposition. The master problem solves the short-term
JYAV =0 maintenance and the subproblem checks the operational (i.e.,
AV <AV < AV (13) line flow and voltage) constraints for the proposed maintenance

solution. If violations are observed in the subproblem, Benders
whereAV = vV — V? is the incremental system voltage forcuts will be set up and added to the master problem to generate
AQ¢. J7 is the modified Jacobian matrix for buses connecteadrevised solution. The detailed discussion for each step is given
to generators and transformers, affis for load buses. next.
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hence, loss of revenues if one or more transmission lines are on

SET UP INITIAL maintenancew., may be expressed as:
MAINTENANCE
MASTER PROBLEM i
Min  w, = Z {cirriz} + Z {c. sir}
v : i€ i€g
SOLVE THE MAINTENANCE —
MASTER PROBLEM ST. Bo+r=r
r<7r
P < |80 <
SOLVE THE OPERATION GENERATE 4 _ O
SUB-PROBLEM cuT JIAV —s2Q
J’Q’AV =0
T AV <AV < AV
NO
CONVERGE 7 ‘ s<s (18)

The formulation (18) consists of two independent sets which are
decomposed into two sub-problems as follows.

e Transmission Limits Sub-ProblenMaintenance deci-
siony in the active power flow model also corresponds to line
capacities. However, a transmission line in this model is charac-
terized by two parameters: flow capacifyand susceptance
Observing (18), we notice thatis not in the righthand side of
the problem but is part of thB matrix. Susceptance can be
A. Initial Master Problem written explicitly as a decision variable if we rewrite transmis-

The initial int " i f lated sion limit sub-problem in (19). Here, we defingl? as the loss
€ iniial maintenance master program IS formulated ag o, enye for hour associated with theth trial solution. Mul-

Fig. 2. Solution methodology.

follow: tiplier A™ may be interpreted as the marginal loss of revenue as-
_ sociated with 1 MW decrease in the line capacity, givervitiie
Min % trial maintenance schedule. Multipliét may be interpreted as
the marginal loss of revenue associated with 1/Ohm decrease in
z > d A1 — yr . . . .
ST 22 zt: {I; CreMi(1 y’”)} the line susceptance, given thth trial maintenance schedule.
Ypr =1 for 7 < ¢, Min - wi- =" cirrir
ort >l +d =
(Yoff _d ) ST. Sf+r=P (dual variable i)
7—1 k
b , , r<7T
(Wkr = Ya(r-1)) 2 0 forej < <1, F<f<FN-MQ1-y") (dualvariable is\)
Y=l —ch— fore, <7 <1 F/=~(N - M(1—y™)) (dual variable i)

19)
Z anlkMk(l - yk‘r) S r‘/)rn‘r i i . .
koA The sub-problem (19) is nonlinear due to the ratig 6. Itis
(17) shownin[11] that it will be not necessary to solve the nonlinear
problem as formulated in (19). We solve active power part of

Optimization (17) may be seen as a discrete optimization withe linear problem (18) instead of the nonlinear problem (19).

decision variabley;:. Branch and bound, dynamic programs,.
g ! ) . . Min wl; = E {cirTir}
ming or any other integer programming can solve this optimiza-

tion. We use the branch and bound method to solve (17). s

ST B+r=P
r<7r

B. Operation Sub-Problems P < 1S76| < ¥ (20)

Network constraints are independent of time period and T . . L
. . o : multiplier¢; associated with the sensitivity of the suscep-
categorized as decoupling constraints; those constraints tha . N i
nce of branch (between busesandy) is calculated as:

are dependent on the time period are categorized as coupling
constraints. Maintenance constraints (4) may be considered &4, §) = (vl — o) (67 — ) (21)
as coupling constraints. The decoupling structure of network

constraints makes it possible to solve them independently in eVoltage Limits Sub-ProblemThe maintenance decision
each time period. Transmission line revenues depend on #him reactive power flow model correspondsJ8 matrix. Ob-
availability of lines for wheeling power in each time periodserving (18), we notice that” is not in the right-hand side of the
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problem. We apply a procedure similar to the active power flow The important feature of the Benders decomposition is the

problem. First, we solve the reactive power part of the lineawailability of upper and lower bounds to the optimal solution

problem (18). at each iteration. These bounds are used as an effective conver-
) ence criterion. The convergence criterion in Fig. 2 is:

Min w2, = Zc’iTsiT ¢ g g

€8 2(2” _ Zn—l)
— - 2 <A, 26
ST J/AV —s<Q (dual varible is &) (27 + 2 1) — (26)
1 _
S AV =0 o wherez" is the value of: at iterationn in the loop. There is a
AV <AV <AV trade-off betweer\,, and the number of iterations. The smaller
s<3s (22) theA, the larger the number of iterations. For some cases, the

problem may not converge if thd,, is too small. From our

We define multiplieru;, as the sensitivity off}/ in which J7 is experience, setting\,, to 1% is good enough.

the elementy, j) of matrix J{". Then multiplieru} is calculated

from the multiplier of (22) as: IV. TEST CASES

pe (i, j) = (o7 — o) (V] = V") (23)  We use the 186-line IEEE-118 bus network to test the pro-
Given the dual multipliers in (21) and (23), the associated BeR2S€d method. Transmission lines have a 300 MW capacity and
ders cut of (18) is: a step-size for reactive problem is used8B;., = 0.25,
AQsep = 0.1. In our example, the program is executed for
223 > {C M1 - yir) a 24-hour period to analyze the results, however, the program
Tk can easily be applied to a week period for practical purposes.
—Crr frr (N,W - Mi(1 - yk.r))} Hourly total transactions are given in Table B1. Table B2 gives
n n the data for lines that require maintenance. The maintenance du-
1 2 . . .
+ z; wir + z; wr o+ z; zk: ration of each line is one hour. The maintenance cost for the 10

= lines considered in this example is given in Table B3. Trans-
NS Mic 4 S i S ke —wr) (28) icdion providers may relievepa con?ingency in the system by
wheren is the index of iteration and”, £7, i, are multipliersin  interrupting recallable contracts. The corresponding loss of rev-
thenth iteration. The cut (24) will tend to increase lower boundgnue is given in Table B4. Based on the static security analysis,
obtained from successive maintenance sub-problem solutioriBe worst transmission contingency is chosen as the outage of
line 3738 for security assessment.
C. Revised Master Problem The transmission provider has two options to provide addi-
Operation sub-problems yield a set of dual multipliers frorfional reactive power which may be required due to line mainte-
which a cut is constructed in each iteration. This cut is add&@nce. The first option is to interrupt reactive power delivery.
to masterproblem to revise the previous master-problem. Thae loss of revenue of this action is given in Table B4. The

master-problem at iteratiom is second option is to purchase reactive power from ancillary ser-
vices. The cost of purchasing additional reactive power is given
Min 2 in Table B5.
The minimization of maintenance costs and the loss of rev-
ST zz Z {Z CraMi(1 — y’”)} enue are used as the objective function. The results of the fol-
bokew lowing test cases are included to show the effect of transmission
Yrr =1 for 7 < e and voltage constraints on the line maintenance schedulin
orT >l +dj g ) i _ g_.
yor P k e Case 0: We consider only line maintenance constraints
( (r—=1) k) with no network constraints
) (ykT _ yk(f_n) >0 fore, <7 <1 * Case 15 We consider line maintepance and transmission
constraints but no voltage constraints
Zykt =, —¢,—d, fore;, <7 <1, « Case 2: In addition to Case 1, voltage constrains are im-
T posed on line maintenance
Z Tk Mi(1 = ypr) < s Case O is a classical integer programming optimization since
ea there are no transmission and voltage constraints. In Case 0, no
contract has been canceled. The final maintenance cost is given
22> Y {CLMi(1—wr) in Table I. The corresponding hourly line maintenance schedule
Tk is shown in Table II. The numbers (1 or 0) in Table Il repre-
—Chr fir (Npr = Mi(1 — i) } sent on/off states of lines for maintenance at different hours: off
n n indicates that the line is unavailable and scheduled for mainte-
* z; Wiz + z; wer z; zk: nance. It is obvious that the schedule gives the minimum main-
AN TFMy 4 &+ i T (U — ) tenance cost since most lines are scheduled between hours 9 and

17; Table B3 indicates that during these hours the maintenance
yer € {0, 1} (25) cost is the cheapest. Now we check the operation constraints.
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TABLE | TABLE V
LINE MAINTENANCE COST LINE MAINTENANCE SCHEDULE WITH TRANSMISSION CONSTRAINTS (CASE 1)
Case Cost (%) Line Hour (1-24)
0 9397.84 1 6 12 18 24
. 1 111111110111 111111111111
1 4655.64 2 111111t 1111111111011111
2 8244.08 3 t11111111111111111110111
4 1111111111111 110111111¢11
5 11111111111 11101111111¢11
6 111111111111111101111111
7 1111110111111 11111111111
8 l11111t101111111111111111
TABLE I 9 1111111111 11111111111011
LINE MAINTENANCE SCHEDULE WITHOUT NETWORK CONSTRAINTS (CASE 0) 10 111111111111111110111111
Line Hour (1-24)
H 6 12 18 24
1 11t11111y1170111111111111 TABLE VI
2 t11111111111111011111111
3 11111111111 1111101111111 Bus VOLTAGES WITHOUT VOLTAGE CONSTRAINTS INLOCAL AREA (CASE 1)
4 f1111111t10111t11111t11111 .
5 f1111111t101111111111111
6 |111111110111111111111111 Bus Voltage (p.u.)
7 111111111111011111111111 No Hour 1 Hour 2 Hour 14 Hour 15 Hour 16 Hour 24
8 1111111111111011111%¥1111 104 0.9152 0.9201 0.9172 0.9185 0.9183 0.9572
9 1111111111111 11110111111 105 0.9091 0.9161 0.9152 0.9167 09164 0.9399
10 111111111111110111111111 106 0.9015 0.9091 0.9052 0.9066 0.9061 0.9522
107 | 08953 | 09211 | 0.8952 0.8865 | 0.8997 | 09215
108 | 0.9091 09158 | 0.9336 0.9356 | 09356 | 0.9293
109 | 09096 | 09161 | 09512 09522 | 09522 | 0.9261
110 | 09153 | 09211 | 0.9657 09626 | 09631 | 09213
112 | 08987 | 09101 | 09366 09377 | 09372 | 0.9029
TABLE I
OVERFLOW ON TRANSMISSIONLINES (CASE 0)
Line Between Buses MW Rating Peak MW Flow TABLE VII
8-30 300 302.56 LINE MAINTENANCE SCHEDULE WITH TRANSMISSION AND VOLTAGE
69-3 300 300.12 CONSTRAINTS (CASE 2)
89-92 300 421.98
Line Hour (1-24)
1 6 12 18 24
1 11111111 01T1F11ETIT11TT111111
2 1111111111111 11111011111
TABLE IV 3 1t1t11111111111111110¢11t
4 111110111111 ¢E11011T1 011111
BUS VOLTAGES WITHOUT CONSTRAINTS INLOCAL AREA (CASE 0) s 11111111111 1110111111111
6 1111011111118 11t1111Y111t1
Bus Voltage (o) 7 11111101 11111111111 1111
No Hour | Hour 2 | Hour 14 Hour 15 Hour 16 Hour 24 g }1}111101111111111111311
04 | 00143 | 09203 | 09177 | 00187 | 09187 | 00473 N EERREEERRE RN R RS
105 0.9096 0.9165 0.9156 0.9167 09167 0.9397
106 0.9014 0.9092 0.9048 0.9060 0.9060 0.9426
107 0.8854 0.8955 0.8863 0.8879 0.8879 0.9215
108 0.9091 0.9158 0.9336 0.9346 0.9346 0.9295
109 0.9096 0.9161 0.9412 0.9422 0.9422 0.9260 . . . . .
110 | 09159 | 09212 | 09658 | 0.9666 | 09666 | 0.9216 avoid flow violations in the network (see Table B3). Transmis-
112 | 08882 | 0.8961 | 09361 ] 09373 | 09373 | 0.8929 sion constraints reduce voltage violations but do not guarantee

that all bus voltages will be within limits. The bus voltages after

transmission constraints are imposed can be seen in Table VI.
The maximum transmission flow over the 24 hour study periogbltages in a local area are low, as the local area does not have
is shown in Table IIl. In this case, there are flow violations oBnough reactive power generation.
lines 8-30, 69-3 and 89-92. There are also voltage violationdn Case 2, the effect of voltage constraints on the main-
at buses 107 and 112 as seen in Table 1V, the violated voltagesance schedule is considered. In addition of 110.6 MW
are shown as bold. Most of these violations occur during heasty bus 42 which have been interrupted, 205 MVAR of
transaction periods. recallable contracts at bus 59 have been interrupted at

We now solve Case 1 in our study. The imposed transmissibours 14 and 15. The transmission provider has to purchase

constraints increase the cost of maintenance in Case 1. To satieBctive power of 138 MVAR at hour 1 and 187 MVAR
transmission constraints, 110.6 MW of recallable contracts @t hours 14, 15 and 16 from bus 89. System maintenance
bus 42 have been interrupted at hours 19 and 21. Table | shove®at when voltage limits are not considered (Case 1) is
change in operating cost over the study period, indicating a st##655.64. As we impose voltage and transmission limits
in the maintenance schedule. The maintenance schedule whinhthe scheduling problem, a solution which satisfies both
satisfies transmission security constraints, is given in Table wbltage and transmission limits is reached. The maintenance
There are no transmission lines on maintenance during hoursc®st increases to $8244.08 as compared to $4655.64 when
14 due to heavy transactions in these hours. Lines 2, 3, 7, 8/dtages were not considered. The reason that the cost is
and 10 are forced to be on maintenance with additional costdioreased is that the maintenance schedule of lines 4 and 6
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TABLE VIII [ 2
BuUs VOLTAGES WITH VOLTAGE CONSTRAINTS INLOCAL AREA (CASE 2) /k
- T
Bus Voltage (p.u.) L
No Hour 1 Hour 2 Hour 14 Hour 15 Hour 16 Hour 24 T
104 | 09682 | 09737 | 09715 | 09723 [ 09723 | 0.9222
105 | 09638 | 09701 | 0.9696 | 09706 | 09706 | 0.9211
106 | 0.9477 | 09548 | 09510 | 09521 [ 09521 | 0.9106 9
107 | 09379 | 09471 | 09389 | 0.9404 | 09404 | 0.9010 d
108 | 09564 | 09625 | 0.9800 | 09809 | 09809 | 0.9375 S
109 | 09539 | 09598 | 0.9845 | 0.9854 | 0.9854 | 0.9449
110 | 0.9517 | 0.9565 1.0004 1.0011 10011 | 0.9690 B
112 | 09253 | 09327 | 09721 | 09732 | 09732 | 0.9421 L
v
0;

which are the two longest lines are shifted to hours 5 and 6 (see

Table B3). Table VIII shows corrected bus voltages in Case 2.

The paper presents a decomposition approach based on the

V. CONCLUSIONS

duality theory for the short-term transmission line maintenance

scheduling with transmission and voltage constraints. The for- *
mulation consists of a master program and sub-problems which

consist of two independent programs. In the master problem,

maintenance problem is solved and in sub-problems, transmis-

sion and voltage problems are solved independently.

The test results on the modified IEEE 118-bus system demon-

strate that limits on transmission and voltage affect line mainte-
nance scheduling and increase the maintenance cost. The cos.-
tradeoffs and constraints that are involved in evaluating the im-

pact of line maintenance schedule are solved based on the pro-
posed method. Introducing a minimum loss of revenue as one of

the objective function, the proposed method is flexible enough
to accommodate various pricing schemes.

Yir

Vi

APPENDIX A

Transmission maintenance cost per-line in the
right-awayk at hourr.

Loss of revenue per-MW at budsand hourr due to
real power interruption.

Loss of revenue per-MVAR at busand hourr due

to reactive power interruption or purchasing reactive
power from ancillary services.

Real power interruption at busnd hourr; in vector
form isr; maximum value is.

Reactive power interruption or ancillary services at
busi and hourr; in vector form iss; maximum value

is s.

Number of lines available in the right-of-way
Number of lines with maintenance in the
right-of-way k.

Line maintenance status, 0O i#/; lines in the
right-of-way k& are off-line for maintenance.

Number of weeks at hour — 1 that lines in the
right-of-way % have been on maintenance.

Earliest period to begin maintenance of lihe

Latest period to begin maintenance of line
Duration of maintenance for link.
Active power capacity of liné; in vector form isf.
Active power flow on linkk at hourr; in vector form
is f.
Vector of power generation for each unit at haur
Vector of hourly bus loads at hout

Node-branch incidence matrix.

Susceptance matrix.
Susceptance of branéh in vector form isy.
\oltage angle associated with nogén vector form

is 6.
APPENDIX B
TABLE B1
HOURLY TOTAL TRANSACTIONS

P [7] T P [7] T P [9]

MW MVAR MW MVAR MW MVAR
1 4242 2969.4 9 4950 3465.0 17 4351 3045.7
2 3916 2741.2 10 5438 3806.6 18 4786 3350.2
3 3698 2588.6 11 5385 3769.5 19 4895 3426.5
4 3589 2512.3 12 5276 3693.2 20 4950 3465.0
s| 3481 | 24367 | 13 | 5112 | 35784 | 21 | 4895 | 34265
6 3484 2438.8 14 5003 3502.1 22 4786 3350.2
7| 3580 | 25123 | 15 | 4732 | 33124 | 23 | 4732 | 33124
81 3807 | 26649 | 16 | 4406 | 30842 | 24 | 4732 | 33124

TABLE B2
PARAMETERS OF TRANSMISSIONLINES IN MAINTENANCE AREA

Line Bus | Bus R (pu) X (pu) | Length (km)
1 3 5 0.1080 0.0142 150
2 5 6 0.0540 0.0071 70
3 6 7 0.0208 0.0027 50
4 8 9 0.0305 0.5810 580
5 3 12 0.0484 0.1600 200
6 9 10 0.0322 0.6150 600
7 4 11 0.0688 0.0087 100
8 5 11 0.0682 0.0087 100
9 11 12 0.0196 0.0025 50
10 2 12 0.0616 0.0079 80

TABLE B3
LINE MAINTENANCE COST

T Cir T Cir T Cir

($/km) ($/km) ($/km)
1 3.5 9 1.152 17 1.152
2 3.5 10 1.152 18 23
3 3.5 11 1.152 19 2.3
4 35 12 1.152 20 2.3
5 3.5 13 1.152 21 2.3
6 3.5 14 1.152 22 2.3
7 23 15 1.152 23 3.5
8 2.3 16 1.152 24 3.5
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