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Security-constrained Transmission Maintenance
Optimization Considering Generation and
Operational Risk Costs

Dan Xu, Zhi Cai, Qian Cheng, Guodong Huang, Jingyang Zhou, and Junjie Tang

Abstract—With the large-scale integration of renewable energy,
the traditional maintenance arrangement during the load valley
period cannot satisfy the transmission demand of renewable ener-
gy generation. Simultaneously, in a market-oriented operation
mode, the power dispatching control center aims to reduce the
overall power purchase cost while ensuring the security of the
power system. Therefore, a security-constrained transmission
maintenance optimization model considering generation and op-
erational risk costs is proposed herein. This model is built on dou-
ble-layer optimization framework, where the upper-layer model
is used for maintenance and generation planning, and the lower-
layer model is primarily used to address the operational security
risk arising from the random prediction error and N-1 transmis-
sion failure. Correspondingly, a generation-maintenance iterative
algorithm based on a defined cost feedback is included to in-
crease solution efficiency. Generation cost is determined using
long-term security-constrained unit commitment, and the opera-
tional risk cost is obtained using a double-layer N—1 risk assess-
ment model. An electrical correlation coupling coefficient is pro-
posed for the solution process to avoid maintenance of associated
equipment simultaneously, thereby improving model convergence
efficiency. The IEEE 118-bus system is used as a test case for illus-
tration, and test results suggest that the proposed model and algo-
rithm can reduce the total cost of transmission maintenance and
system operation while effectively improving the solution efficien-
cy of the joint optimization model.

Index Terms—Transmission maintenance, security-constrained
unit commitment, iterative algorithm, cost feedback, N-1 risk as-
sessment.

NOMENCLATURE

Vea Resources consumed by equipment & for
maintenance on day d
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Compensation price of load /, shedding dur-
ing period ¢

Active power transferred to equipment a
Cutoff power of load /, during period ¢

Node phase angle vector

Phase angles of head and end nodes of
branch b during period ¢

Dual variable of original subproblem
A determined boundary parameter

Maintenance operation cost of simultaneous
maintenance of n equipment on day d

Branch composition of Section £

The minimum start-up time requirement of
unit 7

The minimum shut-down time requirement
of unit i

Start-up and shut-down times of unit {
Maintenance cost of equipment k on day d
Value coefficient

Starting and end days when equipment & is
in maintenance state

Total number of days

Electrical correlation coupling coefficient of
equipment a and equipment b

Power flow transfer coefficient of equipment
b to equipment a after equipment b is tripped

Constraint coefficient matrix
Generation cost
Maintenance cost
Operational risk cost

Desired improvement in transmission and
transformation ~ maintenance scheduling
(TTMS) optimization objective transformed
from f,

Improvement in maintenance optimization
objective adjusted from f,

Operation cost of unit i during period ¢

Durations of equipment k£ and &'

Total number of maintenance equipment
Power flow of branch b during period ¢
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Ly o Upper limit of thermal stability of branch b

L, Total number of loads

M,, Active power flow of transmission Section E
during period ¢

M, o Limit of Section £ during period ¢

My, M;,, M, Limits of Section E when section members
are not maintained and when one member is
maintained

N Total number of units

P Node injection power vector

D, Active power of equipment b before fault

P, Negative reserve demand of system

Dimax The maximum output of unit i

Dimin The minimum output of unit i

Diwp> Prdown Upper and lower limits of unit i ramp

Pi Demand of load /, during period ¢

Py, Power transmission and receiving plan of
system during period ¢ with positive receiv-
ing and negative transmission

P, Positive reserve demand of system

D, Penalty cost for simultaneous maintenance of
equipment v, and equipment v,

Toa Generation cost considering equipment main-
tenance set @,={S",, S\";, .... S¢, on day d

iy Increased generation cost considering equip-
ment maintenance set @, on day d

7, Generation cost without considering any
maintenance on day d

Fioia Maintenance operation cost of sum of main-

“ tenance costs of equipment 7, and equipment

i, on day d compared with sum of mainte-
nance costs of i, and i,

Fi_ia Single-equipment maintenance cost of equip-
ment k on day d

R, Total resources that can be provided on day d

Sr Indicator of fault state of equipment b

S, State of unit i during period ¢

St Sia States of equipment k& and k' to be main-
tained on day d

Sy The maximum number of times unit i begins
up and shuts down

Tp Total generation scheduling period

Up,) Start-up cost of unit / during period ¢

X Set of decision variables

X, Reactance of branch b

Z,p Mutual impedance between two equipment
port nodes

Zyp Self-impedance of open port

VA Impedance matrix vector

1. INTRODUCTION

r I YHE primary task of maintenance scheduling (MS) is to
reasonably arrange the combination of maintenance and
the outage periods of generation, transmission, and transfor-
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mation equipment, to guarantee the operational security and
cost-effectiveness of the power system. In China, the Elec-
tric Power Dispatching Control Center has typically arranged
equipment maintenance scheduling in spring and autumn
(two load wvalleys during one year), followed by generation
scheduling (GS) based on the boundary conditions which are
determined from MS. However, decoupling MS and GS may
lead to the operational efficiency reduction and potential risk
increase. Transmission and transformation maintenance
scheduling (TTMS) reduces the transmission capacity of the
power system, resulting in several issues: an increased risk
of load shedding, the need for GS adjustments and addition-
al generation costs (GCs), and the possibility of curtailing re-
newable energy due to transmission limitations. Therefore, it
is necessary to study the combined optimization model and
method of GS and MS considering the operational economy
and risk.

Existing research on MS can be broadly categorized into
equipment noumenon maintenance (e.g., condition mainte-
nance based on the evaluation of each single equipment con-
dition in practical operation [1], [2]) and optimal arrange-
ment of maintenance from a systematic viewpoint. Unit
maintenance primarily affects the available generation capaci-
ty of the entire system, while transmission maintenance
leads to a topology change in the power system; thus, they
can be studied separately [3], [4]. TTMS affects the power
system topology, reduces the power transmission capacity of
the power system, and changes the operation mode of the en-
tire system. Therefore, a common maintenance modeling
concept is to build a maintenance optimization model by tak-
ing the minimum maintenance cost (MC) and the risk loss
of power system outage as the optimization objective, and
taking the maintenance duration and system operation securi-
ty as the constraints [5]-[7]. When the network topology
changes, it is difficult to accurately consider the power flow
distribution and transmission capacity change in the TTMS
optimization model. However, an optimization model of TT-
MS that considers changes in network topology is proposed
[8]. Although the proposed model and method can reduce
wind curtailment by optimizing network topology, it does
not consider the coupling relationship between the GS and
MS. The test case shows that the power system scale is
small and only for the weekly time scale. To minimize the
combined cost of power generation and maintenance, the se-
curity-constrained unit commitment (SCUC) problem must
first be solved. With the diversification of power sources and
the expansion of the power system scale, the SCUC problem
has been the research focus for a long time [9]-[12]. The pri-
mary solutions include reducing the model size, identifying
effective constraints, and introducing new intelligent algo-
rithms.

The joint optimization of GS and MS is a common techni-
cal solution to the MS problem [13]-[17]. In [13], a reliabili-
ty-based joint optimization model for GS and MS was pro-
posed, in which the genetic algorithm and quadratic program-
ming algorithm were used to solve the model. Although the
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literature reconstructed the reliability index under uncertainty
factors, it did not consider the prediction error of renewable
energy and load, while the power system scale of the test
case is small, and the calculation efficiency of the model
and algorithm was not mentioned. An approach to such an
integrated GS and MS formulation that considers N—1 contin-
gency constraints was proposed in [18], [19]; however, it ig-
nored the impacts of the GC and the operation constraints of
the units on maintenance determination. Furthermore, in the
medium- and long-term time domains, forecasting uncertain-
ty typically has an impact on decision-making in a power
system [20]-[22]. In [20], both the MC and minimum expect-
ed power shortage based on risk assessment were consid-
ered. A multi-objective optimization model of MS was estab-
lished, providing a reference technical guide for MS consid-
ering multiple objectives. A stochastic model coordinated
with a long-term MS model of generation units and transmis-
sion lines with short-term SCUC was presented in [21], and
the influence of uncertainty on maintenance scheduling was
considered by involving random scenarios. Even though the
MS optimization model and random influence were consid-
ered comprehensively, the calculation time was up to dozens
of hours. In [22], based on the Monte Carlo simulation meth-
od, a short-term MS optimization model under the influence
of random factors was constructed. The model considered
the relatively complete generation and maintenance con-
straints. However, the monthly maintenance optimization on
the IEEE 118-bus system required dozens of hours.

Based on the comprehensive analysis of the literature, the
research on MS still suffers from the following primary chal-
lenges: (D it is difficult to obtain the global optimal solution
due to the decoupling optimization of MS and GS; @ the
impact of renewable energy and load uncertainty is not con-
sidered in the joint optimization model of MS and GS, and
thus, the potential risk cannot be reasonably estimated; and
3 most models and algorithms are only applied to small-
scale power systems, thus the involvement of uncertainty re-
sults in a general problem of insufficient computational effi-
ciency. To address these issues, a security-constrained TTMS
optimization model considering maintenance, generation, and
operational risk costs (ORCs) is proposed in this paper. The
refined model considers the impacts of equipment outages
on renewable energy accommodation and market power pur-
chase costs, which can effectively reduce the adverse effects
of network topology changes. The primary contributions of
this paper are summarized as follows.

1) A generation-maintenance joint optimization model
with multiple objectives and comprehensive constraints is
proposed. The simultaneous and mutual exclusion constraints
of equipment are added based on the traditional TTMS con-
straints, and the flexible section limit constraints related to
maintenance are added in the SCUC model.

2) To determine the possible operational risks of the main-
tenance results, a max-min double-layer optimization model
that considers the stochastic effects of renewable generation,
load forecasting, and N—1 faults is proposed and presented
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in this paper.

3) An iterative generation-maintenance algorithm is pro-
posed to maintain a good balance between the accuracy and
efficiency of the solution. Changes in the generation and
ORCs are fed back to the maintenance optimization model
in terms of the maintenance operation cost (MOC). This pro-
cess ensures the overall optimization of maintenance and
generation, even when the primary model for maintenance
optimization does not consider the operation status of the
power system.

4) The strength of the electrical coupling is proposed as
an index and indicator of simultaneous shut-down and mutu-
al exclusion, which can effectively avoid overlapping mainte-
nance of the associated equipment. Thus, a few simultaneous
maintenance operations of the associated equipment can sig-
nificantly reduce the number of iterations of the algorithm
proposed in this paper and thus further improve its efficiency.

The remainder of this paper is organized as follows. Sec-
tion II introduces the newly established security-constrained
transmission maintenance optimization model. Section III
proposes an ORC model. Section IV proposes and describes
an iterative generation-maintenance algorithm. Section V in-
vestigates the IEEE 118-bus system as a test case to simu-
late and verify the proposed model and algorithm. Finally,
Section VI draws the primary conclusions.

II. SECURITY-CONSTRAINED TRANSMISSION MAINTENANCE
OPTIMIZATION MODEL

A. Optimization Objectives

The optimization objective of the proposed model is to
minimize the sum of the GC, MC, and ORC, i.e., load shed-
ding compensation cost. The load shedding compensation
cost refers to the fee that should be paid to any load when it
must be cut off due to an N—1 fault under a specific mainte-
nance scheme:

min F=f,+f,+f,
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In this paper, the time resolution is in hours, and there are
720 hours in one month. D is set to be 30 days in an entire
month. For S}, 1 implies start-up, and 0 implies shut-down.
U(p;,) includes both the cold and hot start-up costs. The
piecewise linear costs are used for F(p,,), which can typical-
ly be divided into five sections. For S/, 1 implies there is
maintenance, and 0 implies there is no maintenance. ¢ is a
determined boundary parameter, which can be obtained by
Monte Carlo simulation or based on practical experience or

historical statistical data.
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B. TTMS Constraints

The constraints relevant to TTMS include maintenance
time, concurrent stop, mutual exclusion, and maintenance re-
source constraints.

1) Maintenance Time Constraints
d,
Ssr=,
kd
t=d,

d—dy—1=

2

Equation (2) implies that equipment maintenance must
meet duration requirements and be in a continuous mainte-
nance state.

2) Simultaneous Maintenance Constraints

A concurrent stop constraint implies that the equipment
that can be maintained in one outage should be maintained
simultaneously to avoid repeated outages:

m m
Spi<Siq

Jo<Jy ®)

Formula (3) implies that if equipment & and &' must be
maintained simultaneously and the duration of equipment &
is less than that of equipment k', then when equipment £ is
in a maintenance state, equipment k' must also be in a main-
tenance state. This result will ensure that this constraint is
for the simultaneous maintenance.

3) Mutual Exclusion Constraints

A mutual exclusion constraint implies that, to ensure the
transmission capacity of the power system and avoid the oc-
currence of isolated regions, some equipment should not be
maintained simultaneously. A mutual exclusion constraint is
expressed as:

Se+SE <1 6]
Formula (4) implies that equipment k& and equipment k'

cannot be maintained simultaneously.
4) Maintenance Resource Constraints

zsk "Vra<Ry Q)
=

The resources in the definitions of y,, and R, refer to the
human and material resources required for the conducted
equipment maintenance.

Based on the above model, the MC can be minimized by
considering maintenance constraints. However, the genera-
tion and ORCs in the optimization model cannot be consid-
ered. To accurately consider the GC, the unit commitment
problem must be included in the maintenance optimization
model.

C. SCUC Constraints

SCUC constraints include load balance constraints, posi-
tive and negative reserve constraints, unit operation con-
straints, branch and transmission section limit constraints,
etc., which have been presented in many references. A brief
introduction is as follows.

1) Load Balance Constraints

L, N
zpld,t_PT,t: Z‘piétszz

l,=1

(6)
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2) Positive and Negative Reserve Constraints

z(plmax pl,)Sf,ZP
N (7
z(plt ptmm)Szt—

The maximum output of the renewable energy unit equals
its prediction, which can provide lower reserves but not up-
per reserves. In this paper, both positive and negative re-
serve demands are considered to be 15% of the total system
load.

3) Unit Operation Constraints

The constraints include those of the unit output limit, unit
ramp, and maximum number of unit start-up and shut-down
times, which are expressed as:

PiminSitSPiiSPimaSi

Pi,r_Pit—l—piup

P i = PSP down (®)
T

zS, i (1=87) <8y,

The time constraints of the unit start-up and shut-down
are expressed as:

Off (Szt Szt I)Btof]—

9
BZ’Z—(SI-.H B, )

I, 0)1

4) Branch and Transmission Section Limit Constraints
A DC power flow method is used in this paper. The ther-
mal stability limit constraints of the branches are expressed
as:
Z=G(S,
0="Zp
lb,z :(9[7/1,1 -0
L, <l

(10)

ot /X,
b, max

where Z depends on the state of the transmission equipment
and connection relationship.
Transmission section limit constraints are expressed as:

ME,tSME,t.max
11
M;,= zlb,t an
beE

As the security constraints in the GS model consider the
impacts of the TTMS on the grid topology and the transmis-
sion limit, if the SCUC satisfies the security constraints, the
corresponding TTMS also meets the security constraints.

D. Coupling of SCUC and TTMS Constraints

The TTMS leads to the transfer of power flow, which
could reduce the transmission capacity of the power system.
The additional increase in branch power may trigger branch
thermal stability limit constraints. The decrease in available
transmission capacity may trigger the transmission section
limit constraint. Also, the unit commitment or output result
will be adjusted, leading to a higher GC. However, TTMS
will directly change the grid connection relationship, which
will affect the calculation of Z in (10) and the value of
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M, .. I (11). In the traditional SCUC model, the TTMS is
a boundary value; thus, the impedance matrix vector can be
directly modified according to the maintenance results, and
the transmission section limit can be determined correspond-
ingly by matching. When maintenance becomes a decision
variable, the impedance matrix vector and the section limit
should be calculated dynamically according to the mainte-
nance state variables, which is called the dynamic section
limit.

For example, under the assumption that Section £ is com-
posed of L branches, the limit of Section £ can be ex-
pressed as:

My, 2 Sima =L
ImeE
ME.d.max= ME’Z lsz‘ES;;’d =L-1 (12)
M, 2 Sma=L-2
ImeE

When the section members are not maintained, the limit is
M,,, and when one or two members are maintained, the lim-
it is changed to M, or M,. In practice, the impacts of out-
ages of different objects on these limits may be different, in-
creasing the complexity of the quantification of the relation-
ships between the section limits and equipment maintenance.
However, the relationship can be expressed as logical expres-
sions of the maintenance states.

If the impacts of the TTMS on the power flow as well as
the transmission section limits are not considered, the accura-
cy of the optimization results will deteriorate significantly.

Although the MC and GC can be considered in the TTMS
optimization model with SCUC, this still does not include
the impact of the operational ORC in TTMS.

III. PROPOSED ORC MODEL

Renewable energy and load forecasting errors, equipment
maintenance, and N—1 failures may lead to load shedding.
The simultaneous occurrence of these events will significant-
ly increase the probability of load shedding. This paper de-
fines load shedding as system operational risk. When an op-
erational risk occurs, load shedding becomes a necessary
measure to ensure stable operation of the power system. In
this paper, the load shedding compensation cost is the ORC.
However, two problems must be solved to determine the
load shedding compensation. First, when considering the re-
newable energy and load forecasting errors and N—1 fail-
ures, load shedding is a random scenario, and a concrete sce-
nario must be specified to calculate the compensation cost.
A common solution is to adopt a multi-scenario simulation
method or the worst-scenario evaluation method. Second,
load shedding is also an optimization problem, and it is nec-
essary to construct an optimization model to reduce the total
load shedding to the maximum extent by adjusting the unit
commitment or output. To overcome the above problem, this
paper uses a robust optimization method to determine the
scenario with the maximum load reduction to evaluate the
ORC. This process transforms the ORC calculation into a
max-min double-layer optimization problem.

A. Max-min Double-layer Optimization Problem

1) Optimization Objectives

When there are fluctuations in the load, renewable energy
generation, or random faults in a transmission line, the load
connected to the node can be classified into three states: (1)
the load is unaffected by the fault; @ the load is completely
separated from the power system; and 3 due to the limita-
tion of the power system transmission capacity, a portion of
the load must be cut off. The load that is completely separat-
ed from the power system can be obtained directly by a to-
pology analysis. The partial cut-off load caused by the trans-
mission capacity of the power system must be obtained us-
ing an optimization model. The optimization model of par-
tial load compensation caused by equipment failure, load,
and fluctuation in renewable energy generation is introduced
next.

The scenario with the highest cost of load shedding com-
pensation is defined as the extreme scenario, whose compen-
sation cost is represented by f; in (1). The optimization mod-
el of partial load compensation is a max-min double-layer
optimization problem expressed as:

p L,

max {min Z z 0,,.8p,,,

=1l=1

(13)

The optimization objective of the lower level lies in the
minimum compensation value achieved by adjusting the unit
output after an N—1 fault in a specific maintenance scenar-
io. The upper maximum optimization involves finding the
most severe N— 1 fault in a specific maintenance scenario.

2) Constraints

Different relevant constraints include load balance con-
straints, positive and negative reserve constraints of the sys-
tem, operating constraints of a unit, and branch/section limit
constraints. The above constraints are similar to those ex-
pressed in (6)-(12), but the load and wind power shedding
variables must be introduced into the equations (e.g., (6)),
and the balance constraint must be adjusted to:

L, N
(p,‘,’,—Ap,‘[’,)—Pn,= zpi,tszft (14)
1 i=1

=

B. Calculation of N—1 Fault

The risk assessment model is a max-min double-layer opti-
mization problem. To ensure the solving efficiency of the
model, the solution of the N—1 fault must be explained in
detail. To avoid an N—1 failure analysis for all devices, the
following strategy is used in this paper.

1) The double-layer optimization model does not contain
N—1 decision variables. N—1 is the boundary condition of
the double-layer optimization model. If the number of N—1
scenarios to be resolved through the optimization is C, |,
the double-layer optimization model must be conducted C,_,
times. To improve the computing efficiency, it is a key issue
to reduce the number of N—1 scenarios.

2) If the N—1 fault causes a partial load to be completely
disconnected from the power system, the equipment fault
should be listed as an object of risk assessment. In this sce-
nario, the max-min double-layer optimization problem does
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not need to be resolved.

3) If the maintenance object is a member of the transmis-
sion section, an N—1 risk assessment should be conducted
for the other members of the same transmission section.

4) An N—1 power flow transfer analysis is conducted un-
der the base state condition. If the residual capacity of the
branch or section is less than 10% after disconnection, equip-
ment failure is listed as a risk assessment object.

For an N—1 fault, the new power flow distribution can be
obtained directly by modifying the original power flow us-
ing a branch outage distribution factor without any discon-
nection in the power system:

D Z, 1%,
abT l—z, /x
b-b"*b

(15)
ApZ:Da-bSﬁbpb

Both z, , and z, , can be determined according to the
node impedance matrix of the initial grid topology. For S,
1 implies a fault state.

C. Solution of Max-min Double-layer Optimization Problem

The methods to solve the max-min double-layer optimiza-
tion problem primarily include the dual transformation meth-
od and the Karush-Kuhn-Tucker (KKT) condition method.
The KKT condition is necessary to make a group of solu-
tions become the optimal, which can transform the optimiza-
tion problem into an equation for solving the problem; thus,
the double-layer optimization problem can be transformed in-
to a single-layer optimization problem. When the original
problem is convex, the KKT condition is also a sufficient
condition. The double-layer optimization problem proposed
in this paper does not involve unit commitment. N-1 con-
straint is given to the model as a boundary condition
through prejudgment. Therefore, the model is a linear optimi-
zation problem. The double-layer optimization problem can
be converted into a single-layer optimization problem by the
KKT condition.

Setting A as the dual variable of the original subproblem,
based on the complementary relaxation theorem, the subprob-
lem of the original double-layer optimization problem can be
expressed as:

SP: S(y)=max min dx

s.t. Ex>f (16)
It can be transformed into:
S(y)=max dx (17)
s.t.
Ex>f (18)
E")<d" (19)
d"-E"2),x,=0 Vi (20)
(Ex—f)4,=0 Vj 21
x>0
>0 (22)
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X, < Mo,
d"—E"2),<M(1-6,) Vi
5, €{0,1}

(23)

/1.1' s ng
(Ex—f),<M(1-6) vj
6,{0, 1}

24

Equation (16) is the original subproblem constraint, (18)
and (19) are the dual-problem constraints, and (20) and (21)
are the complementary relaxation conditions. Although the
corresponding constraints of the complementary relaxation
conditions are nonlinear, they are in different forms where
two nonnegative variables are multiplied to zero, which can
be linearized into the constraints in (23) and (24) using the
large-M method.

Therefore, the original max-min double-layer optimization
problem is transformed into a 0-1 mixed-integer program-
ming problem, which can be solved directly.

IV. PROPOSED ITERATIVE GENERATION-MAINTENANCE
ALGORITHM

Due to multiple decision variables, multiple calculation pe-
riods, and complex constraint conditions of the joint optimi-
zation model of maintenance and generation, the decomposi-
tion-coordination algorithm is primarily used to solve it. Fur-
thermore, the impact of equipment outages on power flow
transfer and section limits needs to be taken into account,
making it even more challenging to solve the model directly.
The impacts of the TTMS on GS and potential security risk
can be reflected in the economic cost. Assuming that all
types of costs corresponding to different maintenance combi-
nation modes in each period can be fully and accurately
quantified, the optimal maintenance combination results con-
sidering all types of costs can be obtained by solving the TT-
MS optimization model. Using the SCUC model and the
ORC model, the impacts of maintenance on the GC and
ORC can be fed back. Therefore, this paper proposes an iter-
ative algorithm based on target cost feedback. The core of
cost feedback is to measure the impact of maintenance on
power GC and ORC. If there are multiple pieces of equip-
ment that must be repaired, it is necessary to measure differ-
ent maintenance combinations one by one. The entire pro-
cess is similar to the enumeration algorithm. However, as
the increase in maintenance equipment in the same period
will not lead to a reduction in additional costs, the algorithm
proposed in this paper is a directional enumeration algorithm
that can accurately determine the termination conditions of
enumeration. To improve the enumeration efficiency, the
electrical correlation coupling coefficient is also introduced
to participate in the model construction.

A. Overall Concept of Proposed Algorithm

The overall concept of the proposed algorithm is shown in
Fig. 1. The joint optimization model can be divided into TT-
MS, SCUC, and operational risk models to be resolved. TT-
MS is mainly used to solve MS and provide the determined
grid topology and transmission section limits based on the
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obtained maintenance results. The optimization objectives
and constraints of the TTMS model remain unchanged in
each iteration step, and it mainly updates the optimization re-
sults based on the cost feedback from the SCUC and ORC
models. The determined maintenance results, power system
topology, and transmission section limits are the boundary
conditions for the SCUC and ORC models. SCUC is used to
solve the additional cost of generation caused by mainte-
nance. Meanwhile, the unit commitment results obtained by
the SCUC model are treated as the boundary of the ORC
model as well. Simultaneously, the max-min double-layer op-
timization problem is used to calculate the ORC. The SCUC
and ORC models only provide the cost information to the
TTMS model, without any constraint information. Therefore,
there are three key problems that must be solved. (D Do the
TTMS results influence the GC? 2 How can the ORC be
determined based on the TTMS results? @) If the TTMS re-
sults affect the GC, how can the TTMS results be adjusted
to compensate for the impacts on the GC and ORC?

Main model
TTSM

Formula [obj: f5 in (28) & s.t. (2)-(5)]
Determine topology and security limits

Evaluate Evaluate
additional cost of
cost of . operational
. Maintenance results -
generation bound risk
caused by are boundary

. conditions
maintenance

Max-min double-layer model ;

Random scene generation |

scheduling }

Formula [obj: 5 in (1) & }
s.t. (6)-(12), (14)]

scuc

s.t. (6)-(12)]

/|  Formula [obj: f; in (1) &
'l . Determine additional cost !
' caused by maintenance |

Formula (26)

Determine extreme scenario ||
and risk cost }
Formulas (16)-(24) i

Fig. 1. Schematic of model structure.

B. Construction of MOC Model

For Problem (D, it is easy to obtain an answer. Due to
equipment outages caused by maintenance, the original GC
may increase or remain unchanged. Therefore, the effect of
maintenance on the GC can be determined by comparing the
GC before and after maintenance.

Definition 1: initial generation cost (IGC). The GC with-
out considering any maintenance on day d is called the 1GC,
denoted as r,.

Definition 2: generation cost under maintenance (GCM).
The GC considering the equipment maintenance set @,=
{81,854 - S¢ .t on day d is called the GCM, denoted as
7ps The GCM is defined as the maximum value when there
is a network violation that cannot be eliminated due to outag-
es during maintenance.

Definition 3: MOC. The increased GC considering the
maintenance set @, on day d is called the MOC, denoted as
74,4 Expectedly, rj, ;=7 7.

773

For Problem ), under the given TTMS results, the max-
min double-layer optimization can be used to solve Problem
). The key step is finding a method for using the risk cost
for TTMS optimization, which will be introduced and ex-
plained in the following description.

For Problem (3, the key step lies in developing a method
for accurately establishing a logical relationship between 7y, ,
and equipment maintenance; therefore, it can be reflected in
the maintenance optimization model. This process allows us
to simultaneously consider both maintenance and operation
costs in the TTMS optimization model. The desired improve-
ment in the TTMS optimization objective f, is transformed
to f,, and can be expressed as:

K D D
— m !
Ja= zsz,dck.d + zrqxd
oy =

where rj,, depends on the impacts of the equipment mainte-
nance set @, on the GC. Simultaneously, the equipment
maintenance set @, affects the MC. In the maintenance mod-
el, S, denotes decision variables. Therefore, in the optimiza-
tion model for maintenance, the association between r;, , and
maintenance status S}, is expressed as:

K
"o
I'p.a= zl//d—n
n=1

K
m !
War2 sz,drk—l,d
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(26)

We define a nonnegative number y,_, to represent the MOC
of the simultaneous maintenance of n equipment on day d.
Therefore, the physical meaning of /', ,is clarified.

From (26), the following remarks can be inferred.

1) If only equipment k£ is under maintenance on day d,
Sy=1, w,_=ri_ s and y, ,—y, , can only be set to be
zero. If equipment i, and equipment i, are under mainte-
nance on day d, S/",=S",=1, y, ,=r/_ 41 H Wi,=
vl »and y, s—w, , can only be set to be 0.

2) If the operation cost of all maintenance combinations
must be determined, the calculation burden is high. Howev-
er, in practice, the K pieces of equipment to be repaired are
more evenly distributed, and equipment outage does not typi-
cally increase the GC. Therefore, the MOC includes many
zero values, leading to a significant reduction in the calcula-
tion scale.

Based on the calculation of the MOC, the calculated ORC
can be included in the calculation of 7y, Therefore, the
ORC corresponds to the combination of the maintenance
equipment. The risk and MOC are fed back to the main mod-
el of TTMS optimization to guide the maintenance optimiza-
tion adjustment.
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C. Avoiding Simultaneous Maintenance of Strongly Associat-
ed Equipment

The construction of (26) is a key factor affecting the solv-
ing performance of the model. To reduce the number of com-
putations, a feasible measure is to reduce the increase in the
cost caused by an overlapping of the maintenance of differ-
ent equipment. The equipment outage causes power flow
transfer, and the load rate of the equipment to take a portion
of the transfer power flow increases. In the case of power
flow overlapping transfer due to multi-equipment outages,
the probability of the network overlimit may increase, and
consequently, the operation cost may increase. By virtue of
the electrical correlation coupling coefficient index, the prob-
ability of power flow overlapping transfer decreases:

Z, /%
D _ a-b"™*b
“bl-z,,/x, @)
b 1
@ 1_Da-bDb-a

If D, , and D, , are small, the two pieces of equipment
are weakly associated, and D, approaches 1. In this paper,
according to the example test, if D, > 1.2, the relevant equip-
ment can be inferred to be strongly associated. When any
two pieces of equipment are strongly associated, a penalty is
added to f,. The improvement in the maintenance optimiza-
tion objective f, is adjusted to f; and can be expressed as:

K D D D K K

fim X3St Srhut >3 S SIS,
=1 d=1 d=1v,=1v,=1

(28)

k=1d
In this paper, the correlation coefficient of two pieces of
equipment is to be zero if D, is less than 1.2.
D. Pseudocode of Proposed Algorithm

Based on the previous description, the pseudocode of the
proposed algorithm is shown in Algorithm 1.

Algorithm 1: pseudocode of proposed algorithm

Begin
Input boundary data
Calculate D,
If D,>1.2 then
Add the penalty cost of simultaneous maintenance of equipment a and
equipment b into the optimization objective
Set V'=0; simultaneous maintenance of V' equipment
Calculate SCUC and MOC"
Calculate double-layer optimization model and ORC”
Do
Set V=V+1
Calculate SCUC and MOC"
Calculate double-layer optimization model and ORC"
Calculate daily distribution of MOC" and ORC"
Calculate TTSM with daily distribution of MOC" and ORC"”
While [MOC"-MOC"'|<e, and |f/~f""|<e, (¢, and e, are the given
convergence criteria)
Break
Output result of TTSM and SCUC
End

E. Analysis of Convergence

The convergence of the proposed algorithm covers two
main aspects: () the convergence of the algorithm used to
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solve TTMS, SCUC, and ORC models; and @ the conver-
gence of iterative calculations amongst SCUC, ORC, and
TTMS models.

The convergence of TTMS and SCUC solving algorithms
mainly depends on whether there are conflicts amongst con-
straints. ORC transforms a double-layer optimization prob-
lem into a single-layer optimization one for solution, essen-
tially a security-constrained economic dispatch considering
load shedding. The convergence of the above models can be
effectively improved by identifying the constraint conflicts.

Meanwhile, the proposed iterative algorithm has a good
convergence: firstly, the proposed algorithm does not add
any new constraint to the main model, and so the iterative
process does not deteriorate the convergence of the TTMS
model, which is an advantage of the proposed algorithm; sec-
ondly, the algorithm proposed herein is essentially an enu-
meration algorithm, which can ensure the convergence of it-
erations without considering the time costs. Therefore, an im-
provement on the iteration efficiency is the core point of the
algorithm, and the main ideas include: (D) based on the phys-
ical characteristics of model, providing the specific enumera-
tion direction to accelerate the convergence; and ) introduc-
ing electrical correlation coupling coefficients and setting it-
eration gaps to further improve the convergence efficiency
of the algorithm.

V. TEST CASE AND ANALYSIS

In this paper, the interconnection system of the IEEE 118-
bus system [23] with three areas (western, northern, and
southern areas) is considered as a test case. For verification,
it is necessary to make some changes to the power system
and initial conditions, and the modifications are described as
follows.

1) Three wind farms (units 55-57) are added at nodes 49,
80, and 118, and their predicted values are shown in Appen-
dix A Fig. Al. This figure shows periods of high and low
wind power generation across the month.

2) A monthly 720-point system load forecasting value is
built, and the full month curve is shown in Appendix A
Fig. A2.

3) Seventeen pieces of equipment maintenance (including
four switches, which verify the simultaneous maintenance
constraints) are undergoing, and the corresponding informa-
tion is summarized in Appendix A Table Al. The daily main-
tenance resources are shown in Appendix A Fig. A3.

4) We assume that the daily MC of each piece of equip-
ment is $50 on normal working days, $100 on weekends,
and $150 on legal holidays. The first day is a Monday, and
the first three days are legal holidays.

5) The power limits of branches 153 and 159 are set to be
250 MW, and the power limits of the remaining branches
are set to be 500 MW. To consider the impact of equipment
maintenance on the section limit, it is assumed that the trans-
mission section limit between the southern and northern ar-
eas of the power system is 1100 MW in the absence of
equipment maintenance. The limit is reduced by 200 MW
when one piece of equipment is out of service.

6) The fluctuation ranges of the wind power output and
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the load power are assumed to be 15% and 5% of their pre-
dicted values, respectively. The most extreme scenario in
risk assessment is avoidable, which makes the model rather
conservative to directly send back the ORC of the most ex-
treme scenario to the primary model; therefore, it is neces-
sary to define the probability of extreme scenario, which is
1%. The compensation for load shedding is 100 $/MWh. Ac-
cordingly, the optimization software CPLEX is used to solve
the optimization model in this paper. The hardware condition
of the test case study in this paper is a portable computer
with a CPU 15-5200 of 2.2 GHz with 16 GB memory.

Four modes are analyzed in this paper: in Mode 1, TTMS
is performed without considering the GC and the ORC; in
Mode 2, TTMS is performed by considering the GC; in
Mode 3, TTMS considers the GC and ORC, and ORC is cal-
culated through the double-level optimization algorithm pro-
posed in this paper; and in Mode 4, TTMS is performed by
considering the GC and ORC, in which the ORC is calculat-
ed by the Monte Carlo simulation method.

A. Maintenance Optimization Results Considering MOC
1) Analysis of MOC

With regard to the proposed algorithm, the key step is to
calculate the additional GC caused by maintenance.

The single-equipment maintenance of branches 31, 33,
129, 160, and 174 at any time of the month does not affect
the GC of the power system. When branches 98, 99, 118,
153, 159, 185, and 186 are maintained on a specific day of
the month, the negative impact on the operation cost is re-
duced. Figure 2 shows the influence of branch 153 on the in-
crease in MOC during maintenance on different days. Low-
cost generation resources are limited due to insufficient trans-
mission capacity, which is the key cause of the increase in
GC and can be divided into the following two scenarios.
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Maintenance period (day)
Fig. 2. Influence of branch 153 on increase in MOC during maintenance

on different days.

1) Maintenance reduces the transmission limit. Branches
153 and 159 constitute the delivery section of unit 44. The
maintenance of branches 153 and 159 leads to a unit output
limitation. Due to differences in the load demand and the
wind power output over the entire month, the MC is irregu-
larly distributed during this time, as shown in Fig. 3. The
power plant output limitation on the first day is also shown
in Fig. 3. Branches 98 and 99 are members of the transmis-
sion section between the southern and northern areas, and
their maintenance reduces the transmission section limit. The
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unit output must be adjusted to control the transmission sec-
tion power. Figure 4 shows the section power adjustment
caused by maintenance of branches 98 and 99 on the 28"
day.

33 N (9%
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(=] (=] (=]
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Output adjustment of unit 44 (MW)
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Fig. 3. Output adjustment of unit 44 caused by maintenance of branches
153 and 159 on the first day.
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Fig. 4. Section power adjustment caused by maintenance of branches 98
and 99 on the 28" day.

2) After maintenance, the power flow transfer causes the
power to exceed the constraint limit. The maintenance of ei-
ther branch 185 or 186 transfers power flow to another line.
Figure 5 shows the power flow adjustment of branch 185
caused by the maintenance of branch 186 on the 30" day. As
branches 185 and 186 carry the task of wind power transmis-
sion, if the maintenance of branch 185 or 186 is arranged on
the 30™ day, the wind power is correspondingly reduced.
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Fig. 5. Power flow adjustment of branch 185 caused by maintenance of
branch 186 on the 30™ day.

2) Impacts of MOC on Maintenance Optimization Results
The simulation results with and without considering the
MOC are shown in Table 1.
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TABLE I
COMPARISON OF MOC AND MC IN MODES 1 AND 2

Mode MC ($) MOC (8) Total cost ($)
Mode 1 5650 4685.50 10335.50
Mode 2 5650 66.75 5716.75

In Fig. 6, the red grid represents that the equipment has a
maintenance status on that day. As shown in Fig. 6, the two
modes can satisfy various maintenance constraints such as si-
multaneous shut-down, mutual exclusion, and maintenance
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resources. When the operation cost is considered, the mainte-
nance periods of some equipment are adjusted to satisfy the
needs of wind power integration (e.g., the maintenance of
branch 118 is conducted ahead of time).

In terms of costs, in Mode 1, the MC is $5650, the MOC
is increased by $4685.5, and the total cost reaches $10335.5.
In contrast, Mode 2 can markedly reduce the MOC to
$66.75. The MOC distribution on different days over one
month is shown in Fig. 7. Thus, considering the MOC in the
maintenance optimization model can lead to good economic
benefits.

Day

Branch

Branch 118

Branch 118, MOC

Branch 129

Branch 129, MOC

Branch 153

Branch 153, MOC

Branch 159

Branch 159, switch 1
Branch 159, switch 2
Branch 159, MOC

Branch 159, switch 1, MOC
Branch 159, switch 2, MOC
Branch 160

Branch 160, MOC

Branch 174

Branch 174, MOC

Branch 185

Branch 185, MOC

Branch 186

Branch 186, MOC

Branch 31

Branch 31, MOC

Branch 33

Branch 33, MOC

Branch 44

Branch 44, MOC

Branch 98

Branch 98, switch 1
Branch 98, switch 2
Branch 98, MOC

Branch 98, switch 1, MOC
Branch 98, switch 2, MOC
Branch 99

Branch 99, MOC

Fig. 6. Distribution diagram of maintenance results with and without considering MOC.

B. Maintenance Optimization Results Considering MOC and
ORC

1) Analysis of ORC
Based on the uncertainty of wind power forecasting, load

forecasting, and N—1 faults, this part presents an operational
risk analysis conducted on the uncertainty of the mainte-

nance results. The maintenance of branches 98 and 99 may
lead to a load loss risk of insufficient power supply capacity
in the northern area. By solving the operational risk model
described in Section III, the maintenance of branches 185/
186, 118, and 160 may lead to the loss of load risk of nodes
118, 76, and 101, respectively.
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Fig. 7. Distribution of total MCs.

The daily distribution of the ORCs generated by the load
shedding, which is caused by the maintenance of each line,
is shown in Fig. 8.
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Fig. 8. Daily distribution of ORCs.

2) Influence of ORC on Maintenance Optimization Results
The simulation results with and without considering the
ORC are shown in Table II and Fig. 9.

TABLE 11
COMPARISON OF MOC AND MC UNDER MODES 2 AND 3

Mode MC ($) MOC (%) ORC ($) Total cost ($)
Mode 2 5650 66.75 28257 33973.75
Mode 3 5750 75.25 27246 33071.25

Figure 9 shows that the maintenance of some equipment
is adjusted due to the consideration of the ORC (e.g., mainte-
nance of branch 118 is postponed to the 16™-19" days when
the ORC is lowered). Concurrently, considering the mainte-
nance resource limitation of the 16" day, the mainte-
nance of branch 129, which is not related to the opera-
tional risk, is postponed to the 19" day.

In terms of costs, in Mode 2, the ORC is $28257, and the
total cost reaches $33973.75. In contrast, Mode 3 can reduce
the ORC to $27246 and can reduce the ORC by $1011.
However, the adjustment cost is only $108.50. Remarkably,
the ORC changes the result of the maintenance plan and
reduces the ORC under the maintenance boundary by a
small increase in MC.

3) Comparative Analysis of Double-layer Optimization Prob-
lem and Scene Method

Risk assessment scenarios can be generated by Monte Car-
lo simulations. The ORC calculation based on Monte Carlo
simulation is defined as Mode 4. The load and wind power
forecasting errors follow a Gaussian distribution, in which
the standard deviation of the load forecasting error is 1.5%
and the wind power forecasting error is set to be 5%. The
random failure of transmission equipment follows a uniform
distribution, and the probability of failure is 1%. The exam-
ple does not consider the simultaneous failure of two pieces
of equipment. The generation-maintenance iterative algo-
rithm proposed in this paper must calculate the daily risk
cost of equipment maintenance throughout the month. There-
fore, if the equipment fails in a certain scenario, it means
that it will remain in the failure state for 30 days in this en-
tire month. Only the equipment that may incur ORC shall be
included in the equipment failure set. There are 100 scenari-
os used for risk assessment. For each of the 100 cases, the
ORC is calculated based on the determined unit commitment
results, and the average value of these 100 scenarios is con-
sidered to be the final ORC, as shown in Fig. 10.

Figure 10 differs from Fig. 8 in the following aspects. As
there is no branch failure in 100 scenarios that causes
branch 185/186 to result in ORC, there will be no ORC
throughout the month after the maintenance of branch
185/186.

Conversely, according to the power system structure, there
are 7 branches that may cause ORC after branch 98/99 main-
tenance, and five of 100 scenarios suffer from related branch
failures; thus, the ORC of this maintenance is much higher
in Mode 4 than in Mode 3. The above ORC is fed back to
the maintenance optimization model, and the cost optimiza-
tion results are shown in Table III.

Table III shows that there is a marginal difference be-
tween the MC and MOC values in Modes 3 and 4, while the
decrease in the ORC value in Mode 4 is primarily attributed
to the fact that the ORC of branch 185/186 is not included.
Similarly, the maintenance scheduling results of all branches
in the two modes are compared and analyzed, and only part
of the maintenance periods of branches 33, 118, or 186 in
Mode 3 are adjusted in Mode 4. The results show that the
solution to the max-min double-layer optimization problem
proposed in this paper and the Monte Carlo simulation meth-
od can achieve highly similar maintenance plans, and the
analysis of computational burden will be discussed in the fol-
lowing subsection.

C. Computational Burden of Algorithm

1) Calculation Time Analysis of Proposed Generation-main-
tenance Iterative Algorithm and Comparison with Others

The proposed algorithm (i.e., Mode 3) can be divided into
the generation, maintenance, and N—1 fault risk compensa-
tion models. The average time for each calculation during
each iteration is listed in Table IV. TSC is the time consump-
tion of a single calculation, and NTC is the number of times
a calculation is performed.
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Day

Branch

Branch 118, MOC

Branch 118, ORC

Branch 129, MOC

Branch 129, ORC

Branch 153, MOC

Branch 153, ORC

Branch 159, MOC

Branch 159, switch 1, MOC
Branch 159, switch 2, MOC
Branch 159, ORC

Branch 159, switch 1, ORC
Branch 159, switch 2, ORC
Branch 160, ORC

Branch 160, MOC

Branch 174, MOC

Branch 174, ORC

Branch 185, MOC

Branch 185, ORC

Branch 186, MOC

Branch 186, ORC

Branch 31, MOC

Branch 31, ORC

Branch 33, MOC

Branch 33, ORC

Branch 44, MOC

Branch 44, ORC

Branch 98, MOC

Branch 98, switch 1, MOC
Branch 98, switch 2, MOC
Branch 98, ORC

Branch 98, switch 1, ORC
Branch 98, switch 2, ORC
Branch 99, MOC

Branch 99, ORC

Fig. 9. Distribution diagram of maintenance results considering ORC.
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COMPUTATIONAL BURDEN ANALYSIS OF PROPOSED ALGORITHM

Fig. 10. Daily distribution of ORCs in Mode 4. Model TSC (s) NTC Total time (s)
Generation model 305 6 1830

In this paper, in the execution process of the test case, the

GS timizati del without ideri int Maintenance model 14 3 42
GS optimization model without considering any maintenance ORC model (Mode 3) 634 5 1268
is calculated once. Correspondingly, an N—1 analysis is per-

ORC model (Mode 4) 42 100 4200

formed on the power generation results to determine whether
the maintenance of equipment will increase the operation cost.
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Based on the analysis, for seven devices, their MOCs
must be calculated using the GS optimization model. Com-
bined with the topological connection characteristics of the
equipment, the GS optimization model must be calculated
four times. Based on the N—1 topology analysis and the
power flow transfer analysis with maintenance as the bound-
ary, the N—1 fault risk compensation model must be calcu-
lated twice. After TTMS, the GS optimization model is cal-
culated once. Therefore, the GS optimization model must be
conducted six times. When risk assessment is not consid-
ered, the total calculation time is approximately 30 min. If
the risk analysis is complete, the calculation time increases
to 51 min. The fast convergence of iteration is due to the in-
troduction of the electrical correlation coupling coefficient in-
to the model. In the previous subsection, the Monte Carlo
method is used for operational risk analysis (Mode 4), which
takes 42 s for each scenario and hence 4200 s for 100 sce-
narios; thus, its calculation time is as high as 3.3 times that
of the double-layer optimization method (Mode 3).

The total time cost of the model and algorithm proposed
in this paper is compared with [21], [22], and results are
shown in Table V. Although there are some differences in
the focus of these papers, the comparative analysis in Table
V shows that the transmission maintenance optimization
model and generation-maintenance iterative algorithm pro-
posed in this paper have better efficiencies than existing
methods. The ORC model in this paper is performed under
the calculated unit commitment and maintenance results.

TABLE V
COMPUTATIONAL EFFICIENCY COMPARISON WITH DIFFERENT METHODS

Number of Number of Whether to  Time
Mode/case maintenance  time peri- consider un-  cost
equipment ods certainty (min)
Mode 3 17 720 Yes 52
Reference [21] 4 672 Yes >240
Reference [22], case 4 4 672 Yes > 5000

2) Analysis of Influence of Coupling Coefficient on Pro-
posed Generation-maintenance lIterative Algorithm

In the previous text, the statistics of the calculation time
are obtained on the premise of considering the electrical cor-
relation coupling coefficient proposed in this paper. In the
case of simultaneous associated maintenance of multiple
equipment, the calculation scale will increase markedly if
the electrical correlation coupling coefficient is not consid-
ered, as in all the existing methods. The specific description
is shown as follows.

The calculated electrical correlation coupling coefficients
between two pieces of equipment under maintenance are list-
ed in Table VI.

In Fig. 11, Y and N represent the TTMS optimization re-
sults of branches 31 and 33 with and without considering
the electrical correlation coupling coefficient, respectively.
Considering the electrical correlation coupling coefficient,
branches 31 and 33 automatically avoid simultancous mainte-
nance due to the existence of a penalty cost. However, if the
electrical correlation coupling coefficient is not considered,
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simultaneous maintenance occurs on the 21%-23" days. The
curves reaching the value of 1 represent the maintenance re-
sults considering the electrical correlation coupling coeffi-
cient, while the curves reaching the value of 2 represent
those without considering it.

TABLE VI
ELECTRICAL CORRELATION COUPLING COEFFICIENTS

Equipment pair Coupling coefficient

Branches 31-33 1.30
Branches 98-99 1.34
Branches 118-185 4.23
Branches 118-186 4.54
Branches 185-186 3.17
Branches 153-159 5.52

2 -+ Branch 31,Y
- Branch 33, Y

Branch 31, N
—— Branch 33, N

Maintenance result

1 3 5
2 4 6 8

7 9 11 13 15 17 19 21 23 25 27 29

10 12 14 16 18 20 22 24 26 28 30
Maintenance period (day)

Fig. 11. Comparison of maintenance results with and without considering
electrical correlation coupling coefficient.

If the results of the simultaneous maintenance of branches
31 and 33 are introduced into the SCUC model, the MOC is
increased by $978. Based on this investigation, the simulta-
neous maintenance of branches 31 and 33 results in a
marked increase in the power flow of branch 38, which ex-
ceeds the transmission limit. The unit output must be adjust-
ed to enable branch 38 to satisfy the requirements of the
transmission limit. The adjustment of the unit output increas-
es the cost of power generation by $978. Based on the algo-
rithm logic used in this paper, it is necessary to calculate the
added value of the GC caused by the simultaneous mainte-
nance of branches 31 and 33 during different periods.

At this time, an iterative calculation is required. For each
iteration, it is necessary to calculate the GS optimization
model 4 times, the TTMS optimization model once, and the
ORC model twice, which is equivalent to doubling the calcu-
lation time, as shown in Table IV, thus resulting in a marked
increase in the calculation time. However, iterative calcula-
tion can be effectively avoided by considering the electrical
correlation coupling coefficient. Simulation results indicate
that two iterations are required to achieve convergence with-
out considering the electrical correlation coupling coeffi-
cient; otherwise, no iteration is conducted. Therefore, the
computational efficiency of the proposed generation-mainte-
nance iterative algorithm, benefitting from the novel electri-
cal correlation coupling coefficient, is markedly improved.
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VI. CONCLUSION

To comprehensively consider the impacts of transmission
equipment maintenance on the entire system operation, a se-
curity-constrained transmission maintenance optimization
model considering maintenance, generation, ORC, and grid
security constraints is built. To achieve a high solution effi-
ciency with the proposed model, a generation-maintenance it-
erative algorithm based on cost feedback and an electrical
correlation coupling coefficient is proposed. Based on the
analysis and verification, the following critical conclusions
are drawn.

1) A reasonable arrangement of MS can effectively reduce
the GC of a system and improve the renewable energy ac-
commodation capacity, resulting in more benefits.

2) The optimization model is divided into maintenance,
generation, and N—1 fault risk compensation models to cal-
culate solutions iteratively. The proposed model can accurate-
ly consider the impacts of maintenance on the power flow
and the section limit and thus reduce the complexity of the
model solution.

3) Changes in the generation and ORC are fed back to the
maintenance optimization model in the form of the MOC.
This process ensures the overall optimization of maintenance
and generation under the condition that the maintenance opti-
mization model does not directly include the operation status
of the power system.

4) Considering the electrical coupling degree of the equip-
ment in this maintenance optimization model, it is possible
to avoid overlapping maintenance of associated equipment
and thus improve the solution efficiency of the joint optimi-
zation model.

To improve model accuracy and algorithm efficiency, this
paper should be extended in two ways: (D the introduction
of big data mining technology can determine the window pe-
riod of equipment maintenance in advance, thus reducing the
solution space of the optimization model and improving the
solution efficiency with full consideration of operational
risk; and @ by conducting grid equipment association analy-
sis, the identification of a more appropriate combination of
concurrent stop and mutual exclusion for the equipment to
be repaired is required in advance to improve model efficien-

cy.
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Fig. Al.  Monthly wind power forecasting in each hour.
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TABLE Al
INFORMATION ON TRANSMISSION LINES TO BE REPAIRED
Branch No Head and end Scheduled Human and material
’ nodes/switch duration (day)  resources (R, in (5))
Branch 44 15-33 7 12
Branch 31 23-25 10 15
Branch 33 25-27 10 15
Branch 98 49-66 8 15
Branch 99 49-66 8 15
Branch 118 76-77 8 8
Branch 129 82-83 5 8
Branch 153 80-99 6 10
Branch 159 99-100 5 10
Branch 160 100-101 6 10
Branch 174 103-110 5 8
Branch 185 75-118 4 10
Branch 186 76-118 3 10
Branch 98 Switch 1 3 4
Branch 98 Switch 2 2 4
Branch 159 Switch 1 4 4
Branch 159 Switch 2 3 4
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Fig. A3. Maintenance resources on different days in one month.
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