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Short-term Transmission Maintenance Scheduling
Considering Network Topology Optimization

Weixin Zhang, Bo Hu, Kaigui Xie, Changzheng Shao, Tao Niu, Jiahao Yan, Lvbin Peng,
Maosen Cao, and Yue Sun

Abstract—With the increasing penetration of renewable ener-
gy sources, transmission maintenance scheduling (TMS) will
have a larger impact on the accommodation of wind power.
Meanwhile, the more flexible transmission network topology ow-
ing to the network topology optimization (NTO) technique can
ensure the secure and economic operation of power systems.
This paper proposes a TMS model considering NTO to de-
crease the wind curtailment without adding control devices.
The problem is formulated as a two-stage stochastic mixed-inte-
ger programming model. The first stage arranges the mainte-
nance periods of transmission lines. The second stage optimizes
the transmission network topology to minimize the maintenance
cost and system operation in different wind speed scenarios.
The proposed model cannot be solved efficiently with off-the-
shelf solvers due to the binary variables in both stages. There-
fore, the progressive hedging algorithm is applied. The results
on the modified IEEE RTS-79 system show that the proposed
method can reduce the negative impact of transmission mainte-
nance on wind accommodation by 65.49%, which proves its ef-
fectiveness.

Index Terms—Mixed-integer linear programming, network to-
pology optimization, progressive hedging algorithm, stochastic
optimization, transmission maintenance scheduling, wind cur-
tailment.

NOMENCLATURE
A. Indices
d Index of load buses from 1 to D
g Index of units from 1 to G
) Index of lines that need maintenance from 1 to L
s Index of typical scenarios from 1 to S
t Index of research periods from 1 to T’
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w Index of wind farms from 1 to W
B. Constants

s

T Probability of typical scenario s
0™ The maximum phase angle difference
B Number of buses

b, Susceptance of line /

Cus Maintenance cost of line / during period ¢

Ce Marginal cost of conventional unit g

C, Unit cost of wind curtailment of wind farm w

Cq Unit cost of load shedding of load bus d

D Number of load buses

€ The earliest period to begin maintenance of line /
G Number of conventional units

L Number of lines that need maintenance

[ The latest period to finish maintenance of line /
M, A large enough constant

n The maximum number of concurrent bus-bar split-
ting during period ¢

Lower limit of real power generation of unit g
P Upper limit of real power generation of unit g
P,,  Load demand of load bus d during period ¢

P,,  Real power generation of wind farm w during peri-
od ¢
P™  The maximum capacity of line /

N Number of typical scenarios
T Number of time periods

w Number of wind farms
X,

Number of time periods required for maintenance

of line /

X™  The maximum number of concurrent transmission
maintenances during period ¢

C. Sets

D, Set of load buses connected to substation

G, Set of units connected to substation b

L, Set of lines connected to substation b

LF,  Set of lines flow from substation b

LT,  Set of lines flow to substation b
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Set of wind farms connected to substation b

D. Variables
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Phase angle of bus-bar i (i = 1, 2) of substation b
during period ¢ in typical scenario s

Phase angle of line / at the side of e (e = f#; to,
where fir means starting bus, o means end bus) dur-
ing period ¢ in typical scenario s

Phase angle of line / at the side of e (e = fi, to)
connected to bus-bar i (i = 1, 2) during period ¢ in
typical scenario s

Real power generation of unit g during period ¢ in
typical scenario s

Real power generation of unit g connected to bus-
bar i (i = 1, 2) during period ¢ in typical scenario s

Load demand of load bus d connected to bus-bar i
(i =1, 2) during period ¢ in typical scenario s

Real power generation of wind farm w connected
to bus-bar i (i = 1, 2) during period ¢ in typical sce-
nario s

Load shedding of load bus d during period ¢ in typi-
cal scenario s

Load shedding of load bus d connected to bus-bar i
(i =1, 2) during period 7 in typical scenario s

Wind curtailment of wind farm w during period ¢
in typical scenario s

Wind curtailment of wind farm w connected to bus-
bar i (i = 1, 2) during period ¢ in typical scenario s

Power flow of line / during period ¢ in typical sce-
nario s

Power flow of line / at the side of e (e = f;, fo) dur-
ing period ¢ through bus-bar i (i = 1, 2) in typical
scenario s

Binary variables representing state of line / during
period ¢ (0 if line is open, otherwise 1)

Binary variables representing connection status of
line / at the side of e (e = f, to) during period ¢ (0
if it is connected to bus-bar 1, otherwise bus-bar 2)
in typical scenario s

Binary variables representing state of bus-bar in
substation b (0 if bus-bar is splitting, otherwise 1)
in typical scenario s

Binary variables representing connection status of
unit g during period ¢ (0 if it is connected to bus-
bar 1, otherwise bus-bar 2) in typical scenario s

Binary variables representing connection status of
wind farm w during period ¢ (0 if it is connected to
bus-bar 1, otherwise bus-bar 2) in typical scenario s

Binary variables representing connection status of
load bus d during period ¢ (0 if it is connected to
bus-bar 1, otherwise bus-bar 2) in typical scenario s

1. INTRODUCTION

ITH the growth of renewable energy capacity around

the world, the past decade has witnessed great
change in the energy supply mix. However, large portions of
wind power are curtailed due to the technical limitations of
power system operations. Among these limitations, transmis-
sion congestion accounts for a significant portion of wind
curtailment [1], [2].

From the perspective of power transmission systems, both
the insufficient capacity of transmission lines and underuti-
lization of transmission lines due to systemwide transmission
congestion are the causes of wind curtailment [2]. Mostly,
the transmission congestion has been triggered by line outag-
es, including forced outages due to contingencies or sched-
uled outages due to transmission maintenance scheduling
(TMS) [3]. Therefore, if TMS is not designed properly, it is
likely to cause transmission congestion and further lead to a
large amount of wind curtailment.

Many research works have focused on the field of TMS.
Generally, TMS is addressed jointly with generation mainte-
nance scheduling (GMS) [4]. In [5], a generation and trans-
mission maintenance scheduling (G&TMS) model consider-
ing network security constraints is established. The Benders
decomposition technique is used to solve the problem due to
its complexity. Emission limitations and fuel supply con-
straints are further considered in [6] based on the model in
[5]. Transmission constraints and forced outage rates are con-
sidered in [7]. The Lagrange relaxation method and Benders
decomposition technique are used for transmission con-
strained price and line maintenance. In [8], a G&TMS mod-
el considering N—1 contingencies is proposed. The Benders
decomposition technique is also employed to decompose the
problem into a master problem and several subproblems. Fur-
thermore, the relaxation induced algorithm is used to effi-
ciently solve the computationally burdensome master prob-
lem. In [9] and [10], a G&TMS model based on security-
constrained unit commitment is proposed. It can be decom-
posed into mid-term GMS, TMS, and short-term security-
constrained unit commitment problems. These problems are
co-optimized to effectively improve the system security dur-
ing the maintenance period. In [11], a G&TMS model based
on an hourly basis is proposed. The algorithm called teach-
ing learning based optimization is proposed for solving the
integrated maintenance scheduling problem. In [12], covari-
ates such as equipment aging, critical equipment outage, and
extreme weather are further considered during the mainte-
nance. Their influences on maintenance are quantified through
a Monte Carlo based framework.

TMS can also be addressed independently from GMS. In
[13], TMS is solved by the genetic algorithm. A short-term
TMS model is proposed in [14]. It is decomposed into a
master problem and two subproblems. The maintenance
scheduling is solved in the master problem, while the trans-
mission/voltage constraints are considered in the subprob-
lems separately. In [15], a bilevel model of TMS on a yearly
basis is proposed. The upper layer aims to maximize the
transmission capacity, while the lower layer aims to maxi-
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mize the social welfare. Finally, the bilevel model is solved
after it is transferred into a mixed-integer linear program-
ming (MILP) problem. The load shedding and N—1-1 contin-
gency analysis are considered in the TMS model in [16]. At
present, the wind power accommodation is rarely considered
in the TMS model. In [17], the robust optimization is used
to cope with the uncertainty of wind power. However, it is
mainly focused on the solution efficiency rather than the re-
duction of wind curtailment.

The purpose of this paper is to alleviate the negative im-
pact of TMS on wind power accommodation. The transmis-
sion network is conventionally regarded as a static structure.
In other words, its topology does not change with operation
conditions unless the equipment is damaged or out of ser-
vice for maintenance. However, it has been reported that net-
work topology optimization (NTO) can ensure the secure
and economical operation of the power system [18]. Thus,
NTO is introduced to relieve the issue of transmission con-
gestion in TMS.

NTO includes the optimal transmission switching (OTS)
[19] and bus-bar splitting (BBS) [20]. In [21], OTS and
BBS are used as correction mechanisms to alleviate the occa-
sional overload of transmission lines, and a heuristic algo-
rithm is used to solve the problem. OTS is used as a tool for
the congestion management in [22]. The goal of the model
is to minimize the overload of transmission lines. Both ge-
netic algorithms and deterministic methods are used to solve
this problem. In [20], OTS and BBS are adopted as correc-
tive measures to alleviate the overload and overvoltage of
transmission lines. Sparse techniques and fast decoupling
power flow are used to reduce the number of iterations re-
quired, which results in faster identification of the best
switching operations. In [23], OTS and the day-ahead unit
commitment are co-optimized to relieve the transmission
congestion and reduce the generation cost using switching
operations. BBS and OTS are combined to establish a uni-
fied NTO model in [24]. The coordination between BBS and
OTS can be realized by modifying the parameters of the
mathematical model. The results show that the NTO model
can effectively relieve transmission congestion and reduce
the operation cost. However, NTO has not been considered
to reduce wind curtailment in previous research works on
TMS.

In this paper, a TMS approach considering NTO is pro-
posed and formulated as a two-stage stochastic mixed-inte-
ger programming (SMIP) model. In the first stage, the sys-
tem planner makes maintenance arrangements for transmis-
sion lines. The second stage optimizes the transmission net-
work topology and evaluates the maintenance cost and sys-
tem operation cost considering various wind speed scenarios.
The wind power accommodation in different wind speed sce-
narios is measured by wind curtailment penalty cost.

The operation statuses of transmission lines and NTO deci-
sions are represented as integer variables in the first and sec-
ond stages of the proposed model, respectively, which result
in computational complexity. The ad-hoc MILP solvers can-
not be directly used to solve the proposed model. To solve
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the problem, the progressive hedging (PH) algorithm [25],
[26] is adopted to effectively solve the two-stage SMIP mod-
el. The PH algorithm has been widely implemented in kinds
of problems in power systems [27], [28]. Unlike the com-
monly used Benders decomposition, the PH algorithm does
not need any special form of the second stage. The first- and
second-stage decisions are not made separately. Instead, the
original problem is detached into scenario-based subprob-
lems, and the first- and second-stage decisions are co-opti-
mized for each scenario independently. Moreover, the paral-
lel solution of subproblems enables higher computational ef-
ficiency.

The main contributions of this paper are listed as follows.

1) A two-stage SMIP model is proposed to cope with
wind curtailment in TMS. The proposed model obtains the
sequence of maintenance for different transmission lines and
determines the optimal topology of the transmission network
during maintenance, which can efficiently relieve the trans-
mission congestion and reduce the wind curtailment.

2) The PH algorithm is introduced to deal with the large-
scale two-stage SMIP model. The PH algorithm can decom-
pose the original problem into small-scale scenario-based
subproblems and solve them in parallel, thereby reducing the
computational complexity.

The remainder of this paper is organized as follows. Sec-
tion II shows the mathematical formulation of the proposed
model. Section III introduces the solution algorithm. The re-
sults and analysis for the modified IEEE RTS-79 system are
discussed in Section IV. Section V concludes this paper.

II. MATHEMATICAL FORMULATION

A two-stage SMIP model is proposed for the short-term
TMS approach considering NTO under uncertainty. The first
stage is to make TMS decisions (operation status of transmis-
sion lines in each period), and the second stage is to make
NTO decisions and evaluate operation costs in terms of con-
ventional generation output, wind curtailment, and load shed-
ding in realized wind speed scenarios. Some reasonable as-
sumptions are first made about the proposed model. The
mechanism of NTO is then discussed, followed by the over-
all mathematical formulation of the model together with the
construction method of wind speed scenarios.

A. Model Assumption

The following assumptions are made in the proposed mod-
el.

1) The system components are reliable during mainte-
nance, i.e., random failures of components are not consid-
ered.

2) The total length of the planning period is a week,
which is divided into 7x24 time periods. The average wind
speed and the average load in each hour are regarded as the
wind speed and load for the corresponding period.

3) For simplicity, the load demand profile is the same as
historical data. In other words, the load uncertainty is not
considered.

4) All conventional generation units are turned on during
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the planning horizon. Therefore, the minimum on/off time
constraints can be ignored.

B. Mechanism of NTO

High-voltage substations are critical infrastructures that
transfer electric energy from the power source side to the us-
ers’ side at various voltage levels. NTO is used to change
the connections between different components through the
operations of circuit breakers (CBs) inside the substations.
This mechanism of NTO can be illustrated with the breaker-

and-a-half substation arrangement in Fig. 1.

Line 1 '—@7 Load
NN AP
Bus-bar 1 Bus-bar 2

N N RN S e

Generator/ 32

wind turbine

Fig. 1.

Line 2

Breaker-and-a-half substation arrangement.

The breaker-and-a-half substation arrangement consists of
two bus-bars, both of which are normally energized. In a
string, three CBs connect the two bus-bars, and between
each two CBs, there is a circuit. In this arrangement, three
CBs are used in two independent circuits. Hence, the two cir-
cuits share a CB as the common center, so each circuit has
1.5 CBs [29].

All CBs are put into operation under normal conditions.
When switching a line, two CBs must be open. For exam-
ple, switching line 1 requires opening CB1 and CB2. When
splitting a bus-bar, it is necessary to open at least one CB in
each set of CBs. For example, the splitting of bus-bar 1 and
bus-bar 2 requires the opening of CB2 and CBS. In this
way, line 1 and the generator/wind turbine can be connected
to bus-bar 1, while line 2 and the load can be connected to
bus-bar 2. Based on the above analysis, a generalized substa-
tion model can be established, as shown in Fig. 2.

I . I X I . I
' Substation 1 } b Substation 3 !
1 Yo N1 XLio = Vou |
| Yot — l l — ™ Ya |
‘ @r | | >
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Wind [ o 5 }

. 1o, b,
turbine | > | ! L Load |
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Vi Xi it X1t : X tot Yai :
|
Substation 2 ! Substation 7!
|

Fig. 2. Generalized substation model.

Then, the NTO mathematical model is formulated based
on the generalized substation model. In Fig. 2, each substa-
tion is composed of two bus-bars, and the power sources
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(conventional units/wind farms), transmission lines, and
loads can be connected to either bus-bar 1 or bus-bar 2.
NTO allows line switching and bus-bar splitting. In the math-
ematical formulation, the connection statuses of these compo-
nents are represented as the values of binary variables.

C. Optimization Model

In this two-stage SMIP model, the objective is to mini-
mize the expected costs over all time periods, including the
maintenance cost and operation cost (conventional genera-
tion cost, wind curtailment cost, and load shedding cost)
weighted by the probability of each scenario, as shown in
(1). There are totally five maintenance scheduling constraints
that should be considered in the first stage. Constraint (2)
specifies the total time required for the maintenance of each
line. Constraint (3) states the earliest start time and the latest
end time for the maintenance of each line. Constraint (4) en-
sures the continuity of the maintenance. Once a maintenance
activity begins, it will not stop until completed. Constraint
(5) limits the number of lines that can be switched for main-
tenance, which depends on the maintenance resources. Con-
straint (6) ensures the priority of the lines for maintenance.

L T

min > >c,, (1-x,,) +E, (4(s)) (1)
I=11t=1
S.t.
T
>-x,)=X, @)
=1
x,€{0,1} e<t<l, 3
x,=1 else )
xl,t_xl,t+lS1_xl,t+r 122739~-~7)(I (4)
L
>-x,)<xm™ )
=1
S-x,)=1-x, (6)
=1

The expected operation cost is obtained by solving the sec-
ond-stage problem in (7). For a fixed value of first-stage de-
cision variables x and a realized typical scenario s, the sec-
ond-stage problem can be formulated as (8)-(36).

B, (#(s)= D 7' ¢(s) (7)

G
DR

M~

#(s)=min s+ i ﬁ e, P+ ii Pt (8)
=1g=1 r=1w=1 t=1d=1
s.t.
=y PSP <=y, )P ©)
v, PIM<PS <y P (10)
P:,=P, +P,, (11)
Poa=0-yi)P,, (12)
Piia=yuPu, (13)
0<Py, <P, i=12 (14)
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Py, =P, +P;,, (15)

Pl a=10=y.)P,, (16)

Pl o=yl (17)
OSPV,,SP;,, i=1,2 (18)

P =P, +P5,, 19)

=x,, A =x;, )P <P}, <x,(L=x;, )P™ Ve (20)
=X, X, P <P}, 2 <x,,x,, P™ Ve (21)

P =P, +P.., Ve (22)

0™ (1-y,)=0,,,-0,,<0™ (1-y,,) (23)
-x,,.,0"™<0,,,-0,.,,<x,,,0™ Ve (24)
(1 -x, )0 <0),,-0,,,,<U-x,)0™ Ve (25)
=X, 0" <0),,, =00, <x,,.,0™ k=(e) (26)

_(l _xze.f)emaxseieiz Atz—(l xlet)emax k= (l e) (27)

Vi =14y, <0 (28)
Vh=1+y4,<0 (29)
Vh=1+y1,<0 (30)
Vi, —1+x],,<0 Ve 31
%22 -y;,) Ve
l;, e, Vb, (32)
D-xi )= D(-x,)221-y;) Ve 33
leL, leL,
(l_ St)Sn
ngtt+ E(Pwtr wt! zpz_m:"' zplmrt_
ge G, weWw, leLF, leLT,
(P Li PTTI l: 1’2
d;) 4 4 (35)
-M (1 xll)<(01/rl Hlsto/)b Plt—M(l xll) (36)

Equation (8) represents the objective function of the sec-
ond-stage problem, i.e., minimizing the operation cost in a
realized wind speed scenario. The mathematical model of
NTO mainly includes constraints (9)-(34).

Constraints (9) and (10) determine the connecting status
of unit g. When a unit is connected to one bus-bar, the pow-
er generation on the other bus-bar must be forced to be 0.
Similarly, constraints (12), (13) and constraints (16), (17) de-
termine the connecting statuses of loads and wind farms, re-
spectively. Constraint (11) represents the output of conven-
tional units. Constraints (14) and (15) limit the amount of
load shedding. Constraints (18) and (19) limit the amount of
wind curtailment.

Constraints (20) and (21) determine the power flow
through each end side of line /. When line / is open, i.e., x,,=
0, there is no power flow at both sides of line /, which is in-
dependent of the connection position. When line / is closed,
the connecting status of line / is defined similarly to con-
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straints (9) and (10). Constraint (22) states that the power flow
through line / is equal to that at each side of line /.

Constraint (23) means that the phase angle of each bus-
bar must be equal when the bus-bars are not split. Other-
wise, (23) is not a binding constraint. Constraints (24)-(27)
indicate that the phase angle at each side of the line is equal
to the phase angle of the bus-bar to which it is connected. k=
(/,e) means the substation £ is at the side of e of line /.

Constraints (28) - (31) indicate that conventional units,
wind farms, loads, and lines can be connected to any bus-
bar. However, when the bus-bars are not split, they are con-
nected to both bus-bars at the same time. In this situation,
the components are connected to bus-bar 1 by default. Con-
straints (32) and (33) indicate that only substations with
more than two lines or branches connected to each bus-bar
after BBS are allowed to be split. These constraints ensure
the connectivity of the network when a contingency occurs.
Meanwhile, if a transmission line is switched for mainte-
nance, some bus-bars may not be allowed to be split in a
certain scenario because of the requirement of the number of
lines, i.e., more than two lines, connected to each bus-bar af-
ter BBS. For example, if a bus-bar has only four lines con-
nected to it, it cannot be split when one of these four lines
is under maintenance. These two constraints link the first-
stage decisions with the second-stage variables. Moreover,
the choice of the substation to be split is limited, which re-
duces the solution space and computational complexity. Con-
straint (34) limits the maximum number of substations that
can be split at the same time.

In addition, power flow should be satisfied during mainte-
nance. Constraint (35) ensures the power balance on each
bus node. Constraint (36) determines the power flow on
each line. When a line is switched for maintenance, its pow-
er flow will be forced to be 0. Otherwise, P,,=(0,;,~0,,,,)b,
will be satisfied.

The multiplications of two binary variables in constraints
(20) and (21) result in nonlinear constraints and need to be
linearized. Since these constraints have the same structure,
they can be linearized by the same approach. some auxiliary
variables are introduced to linearize the original nonlinear
constraints. Taking constraint (20) as an example, the linear-
ization process is as follows:

0. <X, (37
a,..<1-x,, (38)

0o ZX,,— X0, 39)
-0, P <P, Sa, P™ (40)

D. Scenario Generation

The prediction of wind speed is not the focus of this pa-
per. Therefore, typical scenarios are generated based on the
historical wind speed data using the simultaneous backward
reduction [30], which should be run before solving the two-
stage SMIP model.
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III. SOLUTION ALGORITHM

The proposed two-stage SMIP model is computationally
intractable due to the co-optimization of multi-period TMS
decisions and the NTO decisions considering various scenari-
0s. Off-the-shelf solvers can be used to solve the model, but
will lead to the excessive computation time when a large
number of scenarios are included. Therefore, the PH algo-
rithm is applied to solve the proposed problem efficiently.

A. Compact Notation of Original Problem

To illustrate how the PH algorithm works, a compact nota-
tion is used to express the TMS model:

min | ¢’ x+ zns A(x, s)) 41)

S.t.
Ax<b (42)
xeZT (43)

The vector ¢ represents the cost coefficient. The vectors A
and b represent the associated parameters. Constraint (42) is
a vector-form representation of the maintenance scheduling
constraints (2)-(6). ¢(x, s) represents the system operation prob-
lem in a given wind speed scenario, which can be rewritten as:

P(x,s)=min(p"y) (44)
S.t.

Fy+G(s)x<H(s) (45)

y c ZiB+G+W+D)XT (46)

The vector y represents the binary decision variables in
the second stage. The vector p represents the cost coeffi-
cient. The vectors F, G(s), and H(s) represent the associated
parameters, where G(s) and H(s) are related to scenario s.
Constraint (45) is a vector-form representation of constraints
(9)-(36).

The model defined by (41)-(46) can be written as a large-
scale deterministic MILP model when there is a finite num-
ber of scenarios. The so-called extensive form (EF) of a two-
stage SMIP model is given as:

z=min {ch+ Sz (ps) ps) (x.p(s) € As)s=1,2,....8

(47)
where Q(s)={(x,y(s):Ax < b,x € Z"", Fy + G(s)x < H(s),y €
ZECDT Here, x is scenario independent, i.e., the non-
anticipativity constraint x(1)=x(2)=...=x(S) is enforced. p(s)
represents the s™ component of vector p. y(s) represents the
scenario-specific decision vector of the second stage given x
and a particular scenario s.

B. PH Algorithm

It is time-consuming to directly solve the EF form using
MIP solvers. PH algorithm is an efficient decomposition to
heuristically solve the two-stage SMIP model. The solution
process of the PH algorithm is stated in detail as follows. A
penalty factor p>0 and a termination threshold & are taken

as the input parameters.

PH algorithm for two-stage SMIP

Step 1: initialization. Let iteration counter k< 0 and multiplier (w(s))* < 0.
For each s=1,2, ..., S, calculate ((x(s))“*", (y(s))**"): = argmin {c" x(s)+
X(.1(9)

(P(s)" p(s¥(x(5).1(5) € As)}-
Step 2: iteration update, k< k+ 1.

Step 3: aggregation. Calculate the weighted average of all subproblem so-
lutions as x*= zn‘(x(s))k.
Step 4: multiplier update, i.e., (w(s))* =(w(s)) '+ p(x(s) %), s=1,2, ..., S.
Step 5: decomposition. For each s=1, 2, ..., S, calculate ((x(s))**".(»(s))* " ). =
. . 2
argmin {c"x(s)+(p(s))" p(s)+(w(s)) x(s)+ p ” x(s)—x* ” /2 (x(5), y(s)) € (s)}-

X(s).9(5)

COREY

Step 6: termination. Compute weighted distance 1*= 2%“
s

If J¥<e, the iteration stops; otherwise, return to Step 2.

Accordingly, each subproblem has significantly fewer bi-
nary decision variables than the original problem. Besides,
all subproblems can be solved in parallel. Hence, the compu-
tational performance is improved. The number of variables
and constraints for the original problem and each subprob-
lem are compared in Table I.

TABLE I
COMPLEXITY OF ORIGINAL PROBLEM AND EACH SUBPROBLEM

Item Original problem Subprobelm
Binary xl.tvxi/r,t’xj.zo.t’ XX f o X 0.0
variable yz.ﬁyzv.t’yfu.f’y;.r yh./’yg.ﬁyw,l’yd.[

Number of
binary QL+B+G+W+D)ST+TL ~ (2L+B+G+W+D)T+TL
variables
Pg,nP;,z.:’Pim’ Pg.l’Pg.l,z’Pd.l.i’
Continuous P PonPa PirParPai
variable P:‘,Z’P;:'J,i’P;t’ Pw‘z’Pw,t.i’PI,t’
PZe,/.i’ 02.1.[’ 67.&17 eze,/.i P/.e.u" eb;t‘i’ el.e.z’ el.e.z.i
Number of
continuous (1L+2B+3G+5W+5D)ST (11L+2B+3G+5W+5D)T
variables
ber of LALT-X)X,~ )+ T+  L+LT-X)X,— )+ T+
Number o 2LT+(16L+4B+4G+6W+ 2LT+(16L+4B+4G+6W+
constraints 6D+ 1)ST 6D+ T

Note that the advantage of the PH algorithm increases as
the number of scenarios increases.

The convergence of the PH algorithm can be accelerated
by setting the proper penalty factor p. In [26], a method for
selecting p is discussed:

_ c
p_ xxnin,l+ 1

- (48)

max, 1

where x,, , and x,,, , represent the maximum and minimum

max, min,

values of the obtained decisions in the Step I of PH algo-
rithm. Equation (48) exploits the fact that the PH algorithm
performs best when the penalty factor is proportional to ele-
ment unit cost c.



ZHANG et al.: SHORT-TERM TRANSMISSION MAINTENANCE SCHEDULING CONSIDERING NETWORK TOPOLOGY OPTIMIZATION

IV. CASE STUDY

In this section, case studies are presented to demonstrate
the effectiveness of the proposed model. Simulations are
modeled with YALMIP [31] and solved with Gurobi [32] in
MATLAB. All experiments are implemented on a worksta-
tion, whose individual blade consists of two 3.0 GHz 24-
Core Intel Xeon Gold 6248R processors and 256 GB of
RAM.

A. Test System and Data

The modified IEEE RTS-79 system [33] is used as the
test system. The load data of the 9" week are selected. The
system and data are modified as follows.

1) The 400 MW nuclear power plants at bus 18 and bus
21 are replaced by 400 MW wind farms. The data of the oth-
er generation units remain unchanged. The rated power of
each wind turbine generator is 5 MW. The cut-in, rated, and
cut-out wind speeds of wind turbine generators are 3 m/s, 11
m/s, and 25 m/s, respectively. The relationship between wind
speed and output power can be found in [34].

2) The rated capacities of lines 25, 26, and 27 are modi-
fied to 0.35 p.u.. The capacities of the remaining lines or
branches are modified to 0.6 p.u..

Overall, the modified system consists of 2 wind farms, 30
conventional units, 20 load buses, 24 buses, and 38 transmis-
sion lines. The marginal costs of conventional units can be
found in [35] and are reported in Table II. The costs of wind
curtailment and load shedding are set as 100 $/MW and 500
$/MW [36], respectively.

TABLE II
MARGINAL COSTS OF CONVENTIONAL UNITS

Unit type Capacity (MW) Marginal cost ($/MW)
ul2 12 56
U20 20 130
us0 50 0
u76 76 16
U100 100 43
U155 155 12
U197 197 48
U350 350 11

A total of three transmission lines need to be switched for
maintenance. The maintenance data are given in Table II1.

TABLE III
MAINTENANCE DATA OF TRANSMISSION LINES

Line No. Starting bus End bus Maintenance duration (hour)
18 Bus 11 Bus 13 24
25 Bus 15 Bus 21 24
30 Bus 17 Bus 18 24

B. Calculation Result

To investigate the effect of employing NTO during TMS,
the following cases are studied.
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Case 1: neither TMS nor NTO is considered. This case is
set as the base case.

Case 2: only TMS is considered.

Case 3: both TMS and NTO are considered.

In Case 3, assume NTO can only be employed during the
transmission maintenance period. Therefore, the cost of con-
sidering TMS and the benefits of introducing NTO can be
observed more intuitively.

The scheduled maintenance periods in Case 2 and Case 3
are listed in Table IV. There is no load shedding in all cases.
Therefore, the total cost consists of conventional generation
cost and wind curtailment cost. The specific results can be
found in Fig. 3.

TABLE IV
SCHEDULED MAINTENANCE PERIODS IN CASE 2 AND CASE 3

Scheduled maintenance period (hour)

Line No.
Case 2 Case 3
18 23-46 66-89
25 140-163 90-113
30 82-105 145-168
5.5r  mmConventional generation cost
mm Wind curtailment cost
53¢
@
2
g
5.1+
49 . .
1 2 3
Case

Fig. 3. Specific results of three cases.

Figure 3 shows that Case 1 has the least wind curtailment
cost and total cost, while Case 2 has the largest wind curtail-
ment cost and total cost. In addition, the total cost of Case 3
is lower than that of Case 2. The cost reduction can be attrib-
uted to the adoption of NTO, which decreases the wind cur-
tailment and enables higher outputs of low-cost units.

Furthermore, it can be found that the transmission net-
work topology remains consistent except for the mainte-
nance period. Figure 4 shows that the discrepancy between
wind curtailments of Case 1 and Case 2 can be regarded as
the cost considering maintenance, and the discrepancy be-
tween wind curtailments of Case 2 and Case 3 can be regarded
as the benefits from introducing NTO. It can be concluded that
NTO reduces the negative impact of transmission maintenance
on wind accommodation by 65.49% during the maintenance.

C. Impacts of TMS and NTO on Wind Curtailment

To intuitively observe the impacts of TMS and NTO on
wind curtailment, the difference of wind curtailment of Case
2 and Case 3 compared with that of Case | is drawn in the
form of stairs, as shown in Fig. 5.
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Fig. 4. Illustration of impacts of maintenance and NTO on wind curtail-
ment.
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Fig. 5. Difference of wind curtailment of Case 2 and Case 3 compared
with that of Case 1 in each period.

First, it can be found that the wind curtailment of Case 2
is slightly less than that of Case 1 during the maintenance
period of line 18. The reason is that the line needs to be dis-
connected during the maintenance, which can be regarded as
the outage of the line. On the other hand, the transmission
network topology in Case 2 is better than that in Case 1 in
the 23" hour. Although the maintenance will change the net-
work topology, the proper arrangement of maintenance peri-
ods will minimize its impact on system economic operation.

Then, it can be observed that the discrepancy between
wind curtailments of Case 1 and Case 2 or Case 3 mainly
occurs during the maintenance periods of line 25 and line
30. Both lines are directly connected to wind farms and their
maintenance will have a large impact on the wind curtail-
ment.

Finally, the maintenance of line 25 and line 30 leads to a
substantial increase in wind curtailment. However, the wind
curtailment can be alleviated through NTO. As mentioned
above, these two lines are directly connected to the wind
farms. Therefore, the maintenance of these two lines will re-
sult in fewer power transmission channels of wind farms and
a large amount of wind power cannot be used to supply the
system load, resulting in a sharp increase in wind curtail-
ment. When the network topology is optimized, the distribu-
tion of the power flow can be adjusted and the utilization
rates of the transmission lines directly connected to the wind
farms can be adjusted, thereby improving the accommoda-
tion rate of wind power.
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D. Analysis of Effect of NTO on Alleviating Transmission
Congestion

To explore the effect of NTO on alleviating the transmis-
sion congestion, the utilization rate of transmission lines
when line 30 is under maintenance is compared using the
form of heat map in Fig. 6. It can be observed that the distri-
bution of line flow is adjusted through NTO.

38 O = Utilization rate
1.0
33 - 0.9
| un, ’
29 0.8
= .
25 0.7
% 21 0.6
2
517 0.5
13 0.4
9 0.3
5 0.2
| . 0.1
145 150 155 160 165 168 0
Research period (hour)
(a)
38 — —— O Utilization rate
1.0
0.9
0.8
0.7
ZO 0.6
2
a 0.5
0.4
0.3
0.2
1 e — 0.1
145 150 155 160 165 168 0
Research period (hour)
(b)

Fig. 6. Utilization rate of transmission lines when line 30 is under mainte-
nance. (a) Situation without NTO. (b) Situation with NTO.

Line 25, line 26, and line 38 are important lines for deliver-
ing wind power. However, it can be observed from Fig. 6(a)
that both line 25 and line 26 are blocked during 158-167
hours. This will inevitably lead to a significant increase in
wind curtailment.

In Fig. 6(b), the utilization rate of line 25 and line 26
drops slightly and the utilization rate of line 38 increases sig-
nificantly. This result indicates that the NTO has a positive
impact on relieving transmission congestion and can im-
prove the wind power accommodation.

E. Analysis of Computational Performance

The computation time of the brute-force (BF) approach,
i.e., solving the EF of the proposed model directly using the
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Gurobi solver, and the PH algorithm is compared with differ-
ent numbers of scenarios, as shown in Table V.

TABLE V
COMPUTATION TIME OF BF APPROACH AND PH ALGORITHM

Number of Computation time (s)
scenarios BF PH
2 864.7 521.1
4 1958.0 731.7
6 9524.0 1346.8
8 48931.9 1726.4
10 > 200000.0 6727.0

Though both BF approach and PH algorithm can solve the
problem, their computation time is different. In the case of
two scenarios, the computation time of the BF approach is
close to that of the PH algorithm. However, as the number
of scenarios increases, the computation time of BF approach
increases faster than that of the PH algorithm. The BF ap-
proach cannot find a satisfactory solution in 200000 s in the
case of 10 scenarios. It fully reflects the advantage of the
PH algorithm when more scenarios are included in the for-
mulation.

F. Analysis of Split Bus-bars During Maintenance

In the test system, there are a total of nine bus-bars that
can be split. However, only four bus-bars need to be split
during the maintenance period. They are bus-bar 9, bus-bar
10, bus-bar 16, and bus-bar 21, respectively. In addition, 5
periods do not require the split of bus-bars during the main-
tenance period. It proves that NTO is not always necessary
to the economic operation of the system. During the mainte-
nance period of various transmission lines, the split times of
each bus-bar are divided by the total split time to derive the
proportion results, which are shown in Fig. 7.

0 8%
13% ’ 25% —
79%~
8%
—21%
(a) (b)
Yo 25%
0,
43%— 2%
25%~
13% T 18%
—33%
10%
(© (d)
mm None; = Bus-bar 9; mm Bus-bar 10; Bus-bar 16; mm Bus-bar 21

Fig. 7. Proportion of split times of each bus-bar during maintenance peri-
od of various transmission lines. (a) Line 18. (b) Line 25. (¢) Line 30. (d)
Total.

It can be observed that the components of bus-bar split
times are significantly different in the maintenance period of
various transmission lines. Therefore, the optimal transmis-
sion network topology is not always the same, which is de-
termined by the profile of power generation and load de-
mand. Taking bus-bar 9 as an example, the 9 situations after
splitting are shown in Fig. 8. The situations 1 and 2 occur
the most. Although it is difficult to capture the optimal trans-
mission network topology, a suboptimal one can be obtained
within a limited time according to the results in Fig. 7 and
Fig. 8.
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Fig. 8. Situations after splitting of bus-bar 9. (a) Situation 1. (b) Situation 2. (c) Situation 3. (d) Situation 4. (e) Situation 5. (f) Situation 6. (g) Situation 7.

(h) Situation 8. (i) Situation 9.
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V. CONCLUSION

This paper proposes an innovative short-term TMS ap-
proach. A two-stage SMIP model is established to co-opti-
mize the TMS and NTO. The first stage is to make TMS de-
cisions and the second stage is to determine the optimal
transmission network topology during the maintenance peri-
od. The modified IEEE RTS-79 system is applied for case
studies. The conclusions obtained from the case studies are
as follows.

1) The network topology will be changed by the transmis-
sion maintenance. Therefore, the negative impact of mainte-
nance on the system economic operation can be minimized
if it is properly scheduled.

2) The maintenance of transmission lines that are directly
connected to wind farms will lead to a large amount of wind
curtailment.

3) The optimization of network topology during the main-
tenance period can significantly relieve the transmission con-
gestion and consequently reduce the wind curtailment.
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