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Because stochastic fault cases (i.e., opportunistic maintenance strategy) of the equipment are not considered in the condition-
based maintenance decision of the system, which will deviate from the actual situation, a system condition-based maintenance
scheduling model considering opportunistic maintenance strategy is proposed in this paper. To implement the system main-
tenance strategies, the correlation set is formulated by considering the relationship among different equipment. According to
renewal process theory, the availability of the correlation set considering planned maintenance and opportunity maintenance is
deduced and the maintenance strategy of the system is realized. ,en, to reflect the relationship between equipment maintenance
and system operation, a system state scheduling model aiming at minimizing the sum of maintenance risk and failure risk as well
as considering system resource constraints is proposed, thus obtaining the optimal maintenance schedule based on system state.
Finally, a simple test system and IEEE-RTS79 node system are employed to demonstrate the feasibility and effectiveness of the
proposed maintenance model, and it also verified that the proposed model can be integrated into the power system condition-
based maintenance theory.

1. Introduction

,e development of equipment condition-based mainte-
nance (CBM) technology plays a positive role in improving
the reliability and economy of system operation. And to
trade off the contradictions and conflicts between equipment
maintenance cost and system operation cost is a crucial issue
in the research of equipment maintenance strategies [1, 2].

,e purpose of maintenance activity is to extend
equipment lifetime and/or reduce the probability of
equipment failure [3]. ,e existing maintenance strategies
for equipment can be broadly classified into corrective
maintenance (CM) and preventive maintenance (PM) [4].
,e former only performs maintenance activity after
equipment fails. ,e latter can perform a maintenance plan
of equipment before a failure occurs. ,e state-of-the-art in
PM offers at least three basic approaches: (1) time-based

maintenance, (2) condition-based maintenance (CBM), and
(3) reliability-centered maintenance [5], in which the CBM
approach determines maintenance decisions based on the
deterioration state information. ,is information is pro-
vided by visual inspection, condition-monitoring technol-
ogy, or online condition-monitoring system that can
continuously monitor each equipment. ,e maintenance
mechanism of the CBM has better performance because it
develops a targeted maintenance plan for each equipment
[6].

,e conventional CBM methods described in the pre-
ceding literature focus on single equipment. ,at is to say,
the maintenance policies are made for individual equipment
components, rather than the whole system. However, for the
power system, it is a typical multiequipment system in which
the operation and maintenance policies are highly inter-
dependent. ,e dependence between equipment within a
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complex system can be categorized into three groups:
structural dependence, economic dependence, and sto-
chastic dependence [7]. ,erefore, the individual perfor-
mance of equipment and the correlation between types of
equipment need to be considered, when equipment main-
tenance strategy is formulated, and for a power system, the
differences of equipment maintenance schedule also must be
properly handled [8–10]. In [11], the concepts and models of
maintenance risk and failure risk for the general series
system were proposed, which fully consider the functional
dependence, economic dependence, and stochastic depen-
dence between equipment, and presented CBM optimiza-
tion strategy; this CBM research has made significant
progress. ,e study in [12] proposed the basic concept and
mathematical model of CBM for power transmission system
[13], which emphasized the relationship among equipment
and the correlation and the coupling relation between
system performance and demand.

,e analytical method of multiequipment maintenance
scheduling can be classified into two types: group maintenance
[8, 9] and opportunistic maintenance [10, 14]. In group
maintenance, the maintenance actions or equipment to be
replaced or repaired are grouped and one equipment in a group
fails; the whole group is maintained or replaced. In opportu-
nistic maintenance, the PM and CM activities are combined
when certain economic and/or technical criteria are satisfied. In
other words, some PM actions are performed when the system
stops due to a failure [15, 16]. In both approaches, the main-
tenance schedule is based on already occurred failure or
maintenance. ,erefore, considering the equipment degrada-
tion and dependencies, it is important that schedule mainte-
nance is formulated when the system is upped.

In CBM, the maintenance scheduling of equipment only
viewed the stochastic failure as risk [17]. And to treat the
emergency accident scene is not considered, which can
inevitably affect the goal of the maintenance decision. It
shows that there are few researches about CDM strategy of
equipment. ,erefore, stochastic failure is needed for in-
depth research. Conventionally, opportunistic maintenance
is a common strategy, which generally relies on a combi-
nation with other maintenance strategies (i.e., preventive
maintenance) [18–22]. In other words, some preventive
maintenance actions are performed after the system or
equipment stops due to a failure, and other pieces of
equipment can be also repaired together. By this way, the
fixed maintenance cost and power outage loss can be shared,
and the maintenance times of equipment can be reduced;
thereby, the reliability and economy of system operation can
be improved [13].

Visibly, opportunistic maintenance involves two types of
maintenance modes according to different repair time: CM
and PM [23]. For a long time, in the maintenance schedule
decisions of multiequipment systems, the researchers on the
opportunistic maintenance focused on the combination with

the PM strategies of different equipment [24]. However, the
treatment of the equipment stochastic failure case and the
decision of the predetermined equipment CBM strategy are
still separation, which will make a conservative or aggressive
decision. How to integrate the two CM and PM organically
for optimization decision is the core of this paper. Mean-
while, considering the opportunity maintenance in the CBM
strategy of the system, there must exist the series logical
relationship among the corresponding equipment.

,erefore, in this paper, the correlation set is defined and
formulated to describe the correlation relationship among
different equipment inmultiequipment systems.Meanwhile,
the theory of the renewal process is employed to deduce the
availability of the correlation set considering the opportu-
nistic maintenance policy. Based on the correlation set, the
mathematical model of system maintenance risk and failure
risk is deduced; we present a systemmaintenance scheduling
model, which aims to minimize the sum of maintenance risk
and failure risk while taking system resource constraint, to
derive the optimal system condition-based maintenance
scheduling. ,e case study results illustrate the feasibility
and validity of the proposed maintenance model, and this
model can be integrated into the theory of CBM for power
systems, which will have a prospect of practical engineering
application.

,emajor contributions of this paper are summarized as
follows:

(1) ,e conception of the correlation set is proposed to
describe the relationship among different equip-
ment. ,en taking the correlation set as the basic
unit, a system CBM decision-making model based
on correlation set decomposition is proposed, which
can effectively reduce the maintenance cost caused
by the scheduledmaintenance activities of the system
in multiequipment system.

(2) Based on the renewal process theory, the analytical
expressions of equipment risk and system operation
risk considering opportunity maintenance are de-
rived, and the mathematical model of system CBM
decision-making is reformulated. ,e opportunity
maintenance strategy can not only express the risk
level of system operation more accurately but also
improve the reliability and economy of power system
operation.

(3) A selective opportunistic maintenance strategy is
proposed, and a quantitative method of equipment
risk and system operation risk based on selective
opportunity maintenance strategy considering the
system maintenance time constraints and resource
constraints is proposed, which not only enhances the
integration between equipment CBM and system
operation decision-making but also further improves
the reliability and economy of the system operation.
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,e rest of this paper is organized as follows. Section 2
introduces the formulation of the correlation set. Section 3
introduces the availability of the correlation set based on
opportunistic maintenance. Section 4 defines the risk of
system maintenance and the risk of failure. Section 5
presents the mathematical model of system state overhaul
decision. Section 6 gives the solution of the model. ,e
numerical results are provided in Section 7, and the con-
clusions are drawn in Section 8.

2. Formulation of Correlation Set

Correlation set is defined as the collection of equipment sat-
isfying the following relevance during the system operation.
Any equipment maintenance or failure inside the correlation
set will cause outages of all equipment within this correlation
set.,e introduction of the correlation set is shown in Figure 1,
where equipment T1 and equipment B1 constitute a correlation
set. According to the actuating logic of relay protection
[25–28], the failure of any equipment in the correlation set (e.g.,
an active equipment failure occurs) will cause the whole
correlation set to stop operating after the switching operation
(fault removal and fault recovery). Since the failure of the
correlation set will cause some economic losses, considering the
correlation relation between equipment, the opportunistic
maintenance on other equipment can be used to carry out
during maintenance the failure of the correlation set. In ad-
dition, due to the use of automatic switching operation
equipment, the duration of equipment switching operation is
shorter than the duration of equipment maintenance. ,ere-
fore, opportunistic maintenance during equipment switching
operation is not considered in this paper.

For the primary equipment [29] in the system (bus,
transformer, generator, circuit, and breaker), the decision-
making principle of the correlation set is given.

(1) Enumerate the single failure of each primary
equipment i in the system, and consider the actions
of the relay protection device, so as to determine the
equipment set that the system finally exits operation
after the switching operation, and it is marked as
AGi, thus establishing the mapping relationship
between equipment i and the outage set.

(2) Select any equipment i.
(3) If there is only the equipment i in the set AGi, then

the equipment is a correlation set. Otherwise, for any
equipment j (j ∈AGi) in the set AGi, if it simulta-
neously satisfies i ∈AGj, it can be determined that
equipment j and equipment i belong to the same
correlation set. After completing the ergodic process
for all the internal equipment, the correlation set to
which the equipment i belongs and its composition
can be determined.

After completing the ergodic process for all equipment
of the system in accordance with the above decision-making
principles, the system can be decomposed into correlation
set and then take the correlation set as a unit to make
maintenance decisions.

3. Availability of the Correlation Set Based on
Opportunistic Maintenance

During the research period, the equipment to be overseen
in the system is obtained according to the equipment
condition-monitoring and prediction technology, and on
this basis, the correlation set that needs to be scheduled for
planned outage is determined. However, the opportunistic
maintenance inside the correlation set makes a series
number of combinations, the impacts of different com-
binations on the system operation are variable. To max-
imize the operation performance of the system, it is
necessary to comprehensively consider the actual com-
bination state and system operation condition. ,us, the
optimal opportunistic maintenance strategy can be de-
termined through the analysis of the various combinations
of equipment.

To make it clear, we take the simultaneously scheduled
maintenance of equipment within the correlation set as an
example to solve the availability expression of the correlation
set corresponding to different opportunistic maintenance
strategies. In other cases, the derivation method can be
deduced in a similar way.

,e derivation is based on the following three
assumptions:

(1) ,e correlation set is composed of n equipment, and
individual equipment is mutually independent. ,e
first life expectancy of equipment i is subject to
exponential distribution Fi(t) � 1 − e− λi,1t, and the
repair time of equipment i is subject to exponential
distribution Gi(t) � 1 − e−μit, ∀i � 1, 2, . . . , n.

(2) During the research periods, the failure rate of
equipment has dropped after the first maintenance,
and the decline relates to the adopted maintenance
strategy (such as full complete overhaul, incomplete
maintenance strategy [30]). To simplify the problem
analysis, it is assumed that the failure rate of
equipment i decreases to λi,0. ,en the failure rate of
equipment i is considered constant within the re-
search periods of maintenance scheduling. ,ereby,
the two-state transition process of the equipment is
shown in Figure 2.
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Figure 1: Demonstration of correlation.
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(3) After the first maintenance, Ai,0(t) and Ai,1(t) are the
availability functions of equipment i when it is in the
initial working state and fault state, respectively. ,e
mathematical expression can be expressed as [31]

Ai,0(t) �
μi

λi,0 + μi

+
λi,0

λi,0 + μi

e
− λi,0+μi( )t

,

Ai,1(t) �
μi

λi,0 + μi

−
μi

λi,0 + μi

e
− λi,0+μi( )t

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(1)

where “0” indicates working state, “1” indicates fault
state, μi is the failure repair rate of equipment i (i� 1, 2,
. . ., n), tm is the start time of maintenance schedule of
the correlation set, and di is the maintenance duration
of equipment i (i� 1, 2, . . ., n). Because the equipment
in the correlation set is scheduled for maintenance at
the same time, the maintenance time of the correlation
set is dm � max(d1, d2, . . . , dn). ,e first fault state
transition process of correlation set is shown in Fig-
ure 3, and the individual state is defined as follows:

State 0: n equipment is all working, and the cor-
relation set is in the working state.
State i (i� 1, 2, . . ., n): equipment i is failure, and the
correlation set is in the outage state.

As shown in Figure 3, the following equation set can be
derived according to the Markov state equation [32]:

dQ
dt

� QT,

T �

− 

n

j�1
λj,1 λ1,1 · · · λi,1 · · · λn,1

0 0 · · · 0 · · · 0

⋮ ⋮ · · · ⋮ · · · ⋮

0 0 · · · 0 · · · 0

⋮ ⋮ · · · ⋮ · · · ⋮

0 0 · · · 0 · · · 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Q � Q0(t) Q1(t) · · · Qi(t) · · · Qn(t) ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where Qi(t) is the probability of the correlation set when it is
in the state i at period t.

According to (2), the probability distribution of the
correlation set state during the research periods can be
obtained. ,ereby, the availability expressions of the cor-
relation set corresponding n+ 1 opportunistic maintenance
strategy can be derived.

3.1. 4e Correlation Set Is in the Working State before the
Schedule Maintenance. Q0 (t) is the probability of the cor-
relation set when it is in the working state at any time t that
belongs to the interval [0, tm], and Q0 (tm) is the imple-
mentation probability of the correlation set maintenance as
scheduled. ,e availability of the correlation set after the
completion of the scheduled maintenance can be obtained
according to (1).

Acase,0(t) �

Q0(t), t< tm,

0, tm ≤ t< tm + dm,

Q0 tm(  

n

i�1
Ai,0 t − tm − di( , t≥ tm + dm.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(3)

3.2. 4e Correlation Set Is in the Fault State before Schedule
Maintenance. Since the correlation set is composed of n
equipment, according to the causes that caused the outage of
the correlation set, there are n possible cases that should be
considered.

Case i (i� 1, 2, . . ., n) indicates that the failure of equipment
i causes outage of the correlation set. When it happens, the
equipment i will be overhauled, and then the state of equip-
ment i is improved. Meanwhile, the scheduled maintenance of
equipment i will be canceled according to [33]. It should be
pointed out that, in practice, the failure rate may rise instead of
decreasing because of the inadequate equipment maintenance
(such asmaintenance personnel’smisoperation). However, this
situation has a low probability [26]. ,erefore, to highlight the
idea of our work, the influence on maintenance decision will
not be considered, even if the proposed model in this paper is
applicable to this situation.

Since the failure of equipment i causes outage of the
correlation set, the availability expressions of the correlation
set can be obtained according to whether to perform op-
portunistic maintenance for the remaining n− 1 equipment.
,erefore, for the remaining n− 1 equipment, there are 2n−1

combinations of opportunistic maintenance, and the
availability expressions of the correlation set for the different
combinations can be calculated by
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Acase,i(t) �


t

0
Ai,1(t − u) 

j∈Ω1i

Aj,0 t − u − dj ε t − u − dj  · 

k∈Ω2i

Ak,de (t − u)dQi(u), t< tm,


tm

0
Ai,1(t − u) 

j∈Ω1i

Aj,0 t − u − dj ε t − u − dj  · 

k∈Ω2i

Ak (t − u)dQi(u), t≥ tm,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

Ak,de(t) � 1 − Fk(t) + 
t

0
Ak,0 (t − u)dWk(u), (5)

Wk(t) � 
t

0
Gk(t − u)dFk(u), (6)

where Ω1i and Ω2i are the set of equipment in which op-
portunistic maintenance is carried out and not carried out
inside the correlation set after equipment i failure, respec-
tively, and there are 2n−1 possible values. ε(t) is the unit step
function. Ak,de(t) is the availability function of equipment k
when the scheduled maintenance is not considered and
meets the delayed renewal process [33]. Wk(t) is the peri-
odic probability distribution function of equipment k during
the first update period. Ak(t − u) represents the availability
of equipment k (k ∈ Ω2i ) at the period t (t≥ tm) when
equipment i makes failure at the period u (u≤ tm). ,e
specific derivation process of Ak(t − u) is given.

,e stochastic process Xk(t), t≥ 0  is introduced to
indicate the state changing process of equipment k and
satisfies

Xk(t) �
0, if equipment k is inworking state at period t,

1, if equipment k is in fault state at period t,


(7)

where Xk(u) � 0 is given and ξk is the time before equip-
ment k first failure when it is in working state at the period u
(u≤ tm). ,en, Ak(t − u) can be expressed by full probability
equation [34].

Ak(t − u) � P ξk > tm − u, Xk(t) � 0|Xk(u) � 0  + P ξk ≤ tm − u, Xk(t) � 0|Xk(u) � 0 . (8)

,e first term of the right side in (8) represents
equipment k working reliably to the time tm, the mainte-
nance of the equipment k is carried out according to the
schedule, and the value of this item is

P ξk > tm − u, Xk(t) � 0|Xk(u) � 0 

�
0, tm ≤ t< tm + dk,

1 − Fk tm − u(  Ak,0 t − tm − dk( , t≥ tm + dk.


(9)

,e second term of the right side in (8) indicates
equipment k malfunctions before the period tm, the
equipment maintenance plan is transformed into postfault
maintenance, and then

P ξk ≤ tm − u, Xk(t) � 0|Xk(u) � 0 

� 
tm−u

0
P Xk(t) � 0|Xk(u) � 0, ξk � y dP ξk ≤y  � 

tm−u

0
Ak,0(t − u − y)dFk(y).

(10)

Considering the above n+ 1 cases, the availability of the
correlation set corresponding to the different opportunistic
maintenance strategies can be obtained by

A(t) � 
n

i�0
Acase,i(t), (11)

where (11) is the availability expression of the correlation
set in the first failure. Similarly, it can be extended to the
case where there is multiple opportunistic maintenance
in the correlation set. Visibly, if the opportunistic
maintenance is considered, there will be many combi-
nations of opportunistic maintenance of equipment in
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the correlation set. Otherwise, it is a traditional main-
tenance decision-making problem according to [35].

4. The Risk of System Maintenance and the
Risk of Failure

4.1. Equipment Maintenance Risk and Failure Risk.
Equipment maintenance risk and failure risk are the indi-
vidual equipment losses which are caused by the equipment
maintenance (schedule maintenance or opportunistic
maintenance) and malfunction, respectively. Taking the
correlation set as a unit, the maintenance risk and failure risk
of the equipment were calculated by considering the
abovementioned n+ 1 cases.

In this paper, it is assumed that Ni,j (t) represents the
fault number of the equipment i which is under the con-
dition of j (j ∈ {0, 1}) and belongs to (0, t] after the first
maintenance. We have

mi,j(t) � E Ni,j(t) , (12)

where E ·{ } represents the mathematical expectation of the
random variable ·.

According to [34], we have

mi,0(t) �
λi,0μi

λi,0 + μi

t +
λ2i,0

λi,0 + μi 
2 1 − e

− λi,0+μi( )t
 ,

mi,1(t) �
λi,0μi

λi,0 + μi

t −
λi,0μi

λi,0 + μi 
2 1 − e

− λi,0+μi( )t
 .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

,e equipment maintenance risk and failure risk are
deduced by considering the following n+ 1 cases:

(1) If the correlation set reliably runs to the scheduled
maintenance time tm, then the equipment mainte-
nance risk is the individual loss of equipment caused
by scheduled maintenance, which can be expressed
as

CR
P
case,0 � Q0 tm(  

n

i�1
CP,i, (14)

where CP,i is the needed maintenance cost of
equipment i.
When this event occurs, the equipment failure risk is
the individual equipment loss caused by the
equipment failure; it can be expressed as

CR
F
case,0 � Q0 tm(  

n

i�1
mi,0 T − tm − di( CF,i, (15)

where CF,i is the maintenance cost of the equipment i
which has been on the fault state and T is the number
of the research periods.

(2) If the correlation set cannot run reliably to the
scheduledmaintenance time tm, the following n cases
should be considered according to the different
equipment causing the outage of association set.

For case i (i� 1, 2, . . ., n), the failure of equipment i
causes the outage of correlation set. Meanwhile, the
equipment maintenance risk and the failure risk can be
calculated according to whether or not to carry out the
opportunistic maintenance for the remaining n− 1
equipment.

,e equipment maintenance risk can be expressed as

CR
P
case,i � Qi tm(  

j∈Ω1i

CP,j + 
tm

0


k∈Ω2i

1 − Fk tm − u(  CP,kdQi(u),

(16)

where the first term on the right (16) indicates that the
individual losses are caused by opportunistic maintenance,
the second item indicates the individual losses of equipment
due to schedule maintenance.,e equipment failure risk can
be expressed as

CR
F
case,i � 

tm

0
1 + mi,1(T − u) CF,idQi(u) + 

tm

0


j∈Ω1i

mj,0 T − u − dj CF,jdQi(u) + 
tm

0


k∈Ω2i

nk(u, T)CF;kdQi(u),

nk(u, T) � E Nk,0(T)|ξk > tm − u P ξk > tm − u  + 
tm−u

0
E Nk,0(T)|ξk � y dP ξk ≤y 

� mk,0 T − tm − dk(  1 − Fk tm − u(   + 
tm−u

0
1 + mk,1(T − u − y) dFk(y),

(17)

where nk(u, T) is the average fault number of equipment k
during the research period when equipment i malfunctions
at the period u (u≤ tm). When xk(u) � 0, nk(u, T) can be
expressed by the total probability.

Considering the above n+ 1 cases, the equipment
maintenance risk and the failure risk of a correlation set can
be expressed as

RComp � 
n

i�0
CR

P
case,i + CR

F
case,i . (18)

4.2. Power System Operation Risk. System operation risk
refers to the maintenance risk and failure risk of the system
caused by equipment maintenance failure during the
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research periods. ,e expected energy not supplied (EENS)
is adopted to describe the risk loss of the system that includes
the scheduled and unscheduled loss of load.

RSys � 
T

t�1


s∈S(t)

Ps(t) sevs,1(t) + sevs,2(t) ,

Ps(t) � 

N−Ns

i�1
Ai(t) 

Ns

j�1
1 − Aj(t) ,

sevs,1(t) � 
i∈Nd

min Ls,i(t), L0,i(t) cp,

sevs,2(t) � 
i∈Nd

max 0, Ls,i(t) − L0,i(t) cf,

(19)

where S (t) is the accident set of the system at the period t,
which can be determined by analysis N− 1 for complex power
systems. Ps (t) is the probability of the accident s occurred at the
period t. sevs,1 (t) and sevs,2 (t) are the loss of scheduled load and
unscheduled load at the period t, respectively. N is the number
of the correlation set decomposed by system.N−Ns andNs are
the number of the correlation set in available state and un-
available state in accident s, respectively. Nd is the system load
set. L0,i(t) is the scheduled load loss of node i at the period t,
which can be determined by the system state of the schedule
maintenance failure of equipment. Ls,i(t) is the load loss of
node i corresponding to the accident s at the period t. For
different systems (such as substation), relevant algorithms have
been very mature, and the detailed content can be found in
[32]. cp and cf are the scheduled and unscheduled load unit loss,
respectively (cp< cf).

5. The Mathematical Model of System State
Overhaul Decision

During the research period, to minimize the sum of
equipment maintenance risk, failure risk, and system op-
eration risk, the optimal decision-making model of system
CBM is constructed, as shown in

min
N

i�1
Ri,Comp + RSys. (20)

,e system maintenance decision should meet the fol-
lowing constraints.

5.1. Maintenance Time Constraints. ,e scheduled mainte-
nance of the equipment should be arranged within a given
time interval.

xi(t) � 0, t< bi or t> ei,

xi(t) � 1, bi ≤ t≤ ei,
 (21)

where xi(t) represents the state of equipment i at period t, if
the maintenance of the equipment i in period t is serviced;
xi(t) � 1; otherwise, xi(t) � 0. bi and ei are, respectively, the
earliest period and the latest period when the equipment i is
allowed to be overhauled.

5.2. Maintenance Resource Constraints.



NM

i�1
xi(t)ri,k ≤ Ik(t), ∀k, t, (22)

where NM is the number of equipment waiting for main-
tenance in the system. ri,k is the maintenance demand of
equipment i for resource k. Ik(t) is the availability of re-
source k at period t.

5.3. Synchronous Maintenance Constraints. For the equip-
ment i and j to be overhauled in the same correlation set,
they should be arranged to be overhauled together to avoid
repeated power outages

xi(t) � xj(t), ∀t. (23)

6. The Solution of Model

,e decision-making of system maintenance is a combi-
natorial optimization problem with a variety of constraints.
,erefore, the traditional mathematical optimization
method may be difficult to solve the problem, it is available
to adopt intelligent search technique, and the genetic al-
gorithms are used in this paper. ,e detailed solving process
is as follows:

Step 1: making the correlation set of the system.
Step 2: population initialization. Each individual in the
population represents a maintenance scheme, which
corresponds to the maintenance time of the equipment
to be overhauled in the correlation set and the op-
portunity maintenance strategy will be implemented.
Step 3: for each individual of the population, we should
judge whether it meets the constraints of the system
maintenance decision-making. If it is satisfied, the sum
of the system maintenance risk and failure risk cor-
responding to the maintenance scheme is calculated as

Working
state

Fault
state0 1

μi

λi,1 λi,0

Figure 2: Transition process of the equipment state.

Working state

Fault state

0

1 2 i n... ...

λ1,1 λ2,1 λi,1 λn,1

Figure 3: ,e first fault state transition process of correlation set.
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the individual fitness value. Otherwise, a larger value is
directly assigned as the corresponding fitness value.
Step 4: judge the convergence of the genetic algorithm.
If the algorithm converges, the individual with the least
fitness is used as the solution of the model. Otherwise,
the individuals will cross over and mutate, regenerate a
new population, and return Step 3.

7. Example and Analysis

7.1. Simple Structure of Substation. As shown in Figure 4, a
simple substation structure [26–28] is used to reveal the
mechanism of the proposed model in this paper. ,e pro-
posed maintenance strategies are studied over 180 days and
2 days as a basic unit; therefore, it can be divided into 90
periods. ,e status information and related parameters of
the equipment to be overhauled in the system are shown in
Tables 1 and 2, respectively. It is assumed that the L1, L2, and
L3 can operate reliably over the whole research periods, and
the availability of other equipment is shown in Table 3. ,e
system load curve in the research periods is shown in
Figure 5. In this paper, the unit loss of the scheduled and
unscheduled load loss is 0.53 thousand yuan/(MW·h) and
10.53 thousand yuan/(MW·h), respectively.

7.1.1. Maintenance Strategy Analysis of Substation A. For
substation a, when the equipment maintenance schedule is
predetermined, the mechanism of different opportunistic
maintenance strategies is analyzed. It is assumed that the
maintenance schedule is arranged in the system load trough
(the starting period of the scheduled maintenance is 60).,e
following three kinds of maintenance schemes are analyzed:

Scheme 1: before scheduled maintenance, if any
equipment makes failure in the equipment set which is
to schedule the pending maintenance equipment, then
the opportunistic maintenance for the other pending
maintenance equipment will be served.
Scheme 2: before scheduled maintenance, only the
opportunistic maintenance of equipment B1 is
considered.
Scheme 3: it is analyzed without considering the op-
portunistic maintenance.

By analyzing the above three maintenance schemes, the
corresponding to the availability curve of the system can be
obtained, which is shown in Figure 6.

Figure 6 shows the following.
Comparing Schemes 2 with 3, the system availability of

Scheme 2 is slightly higher. ,is is because the opportunistic
maintenance for equipment B1 is performed after equip-
ment T1 failure. As shown in Tables 1 and 2, compared with
the average failure repair time of equipment T1, the
maintenance time of equipment B1 is shorter. From the
deduce process of availability, it can be seen that the op-
portunistic maintenance reduces the increment of un-
scheduled downtime in terms of probability. Meanwhile, the
operation status of equipment B1 improved by opportunistic
maintenance before scheduled maintenance. As a result, the

maintenance schedule of equipment B1 is canceled, which
reduces the probability of system-scheduled outage.

Comparing Scheme 1 with Scheme 2, the system
availability of Scheme 1 is slightly lower before scheduled
maintenance. ,is is because that Scheme 1 further takes
advantage of the outage of equipment B1 to overhaul
equipment T1 on the basis of Scheme 2, and themaintenance
time of equipment T1 is longer compared with the average
failure repair time of equipment B1. ,erefore, in view of
probability, the unscheduled outage time of the system
significantly increased before scheduled maintenance in
Scheme 1, thus reducing the system availability. As shown in
Figure 6, the system availability of Scheme 1 in the scheduled
maintenance interval is slightly higher; this is because the
maintenance probability of the equipment T1 before
scheduled maintenance increased due to the opportunistic
maintenance strategy, thereby reducing the probability of
the system-scheduled outage.

,e risk index of the system corresponding to the above
three maintenance schemes is illustrated in Table 4.

Table 4 shows the following.
Compared with Scheme 3, both the equipment risk and

the system operation risk of Scheme 2 are reduced; the main
reason is that the equipment B1 has been overhauled before
scheduled maintenance is conducted by opportunistic
maintenance, which reduces the possibility of further failure
of equipment B1 and the loss of equipment failure.
Meanwhile, the system outage again caused by scheduled
maintenance of equipment B1 can be avoided. ,e reduced
loss of equipment failure is greater than the increased outage
loss of system which implements the opportunistic
maintenance.

Comparing Scheme 1 with Scheme 2, the equipment risk
of Scheme 1 is reduced, but the system operation risk of
Scheme 1 is increased, which shows that Scheme 1 is
beneficial to reducing the equipment loss, but Scheme 1 has a
great influence on the unscheduled outage time of the
system, because of the weak structure of substation a, so the
main contradiction of maintenance decision is how to re-
duce the system operation risk. Although Scheme 1 reduces
the equipment failure loss and system-scheduled outage loss,
the increment of system outage loss caused by the imple-
mentation of the opportunistic maintenance is much greater
than the decrement of the above two losses, which eventually
leads to the total risk of Scheme 1 which is large in all time
intervals.

7.1.2. Maintenance Strategy Analysis of Substation B. For the
above three maintenance schemes, one can analyze the
impacts of different opportunistic maintenance strategies on
substation b. Table 5 demonstrates the system risk indicators
corresponding to the above three maintenance schemes.

Table 5 shows the following.
Comparing Scheme 2 and Scheme 3, it is concluded that

both the equipment risk and the system operation risk have
been reduced, which is consistent with that in Section 7.1.1.

Comparing Scheme 1 with Scheme 2, the equipment risk
of Scheme 1 is reduced, but the system operation risk of
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Scheme 1 is increased. However, due to the high reliability of
the substation b, the proportion of system operating risk to
the total system risk is small. At this time, how to reduce the
risk of equipment becomes the main contradiction of
maintenance decision, which leads to the decrement of
equipment risk in Scheme 1 which is larger than the in-
crement of system operation risk, and the total system risk of
Scheme 1 is small in the whole research periods. It is also
affected by the factors of individual performance of the
equipment, opportunity of maintenance, the system load
pattern, and so on.

,erefore, it is meaningful to take opportunistic
maintenance strategy into system maintenance decisions,
and a reasonable choice of equipment to implement the
opportunistic maintenance strategy is also very impor-
tant. ,erefore, for all the time intervals, both the
equipment risk and system operational risk should be
considered to determine the opportunistic maintenance
strategy of equipment from the point of systemic view.

7.1.3. Maintenance Strategy Analysis of Substation C. In
view of substation c, when the equipment maintenance
schedule is predesignated, the mechanism of different op-
portunity maintenance strategies is analyzed. ,is paper
assumes that the initial maintenance period is 60. ,en,
analyze the following three maintenance schemes:

Scheme 1: before scheduled maintenance, if any equip-
ment makes failure in the set of pending maintenance
equipment, then the opportunistic maintenance for the
other pending maintenance equipment will be served.
Scheme 2: before scheduled maintenance, only con-
sider the opportunistic maintenance to the equipment
B3.
Scheme 3: it is analyzed without considering the op-
portunistic maintenance.

T1B1
L1 LP

(a)

T1B1
L1

T2B2
L2

LP

(b)

T3B3
L3 LP

B4

(c)

Figure 4: Substation configurations. (a) Substation a. (b) Substation b. (c) Substation c.

Table 1: State of the equipment.

Equipment λ1 (time/day) λ0 (time/day) μ (time/day)
T1 0.0035 0.001 0.042
B1 0.0025 0.0005 0.11
B3 0.003 0.0001 0.11
B4 0.004 0.0003 0.11

Table 2: Maintenance data of the equipment.

Equipment d (day) CP (104 yuan) CF (104 yuan)
T1 14 20 90
B1 6 5 10
B3 6 5 10
B4 6 5 10

Table 3: Availability of substation equipment.

Equipment Availability (%)
B2 99.8
T2 99.8
T3 99

Lo
ad

 (M
W

)

15 300 60 7545 90
Time (day)

0

15

30

45

Figure 5: Load curve.
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,e risk index of the system corresponding to the above
three maintenance schemes is illustrated in Table 6. ,e
following conclusions can be obtained.

Comparing Scheme 2 with Scheme 3, both the equip-
ment risk and the system operation risk have been reduced,
which is due to the fact that the maintenance time of
equipment B3 is shorter (compared to MTTR of equipment
B4). ,erefore, the opportunistic maintenance for equip-
ment B3 will improve the operating condition before the
scheduledmaintenance, which is helpful to reduce the loss of
equipment failure. Besides, from the perspective of system
operation, the decrement of the system outage lost after
opportunistic maintenance is greater than the system outage
lost when implementing the opportunistic maintenance.

Scheme 1 is based on Scheme 2 and further implements
opportunistic maintenance for equipment B4; it is easy to find
that Scheme 1 can further reduce the equipment risk and

operation risk, which is consistent with the results of Table 6.
,erefore, the above examples fully show that this paper
proposed systemmaintenance risk and failure risk, which can
adequately quantify the impacts of different maintenance
schemes on the individual performance of equipment and
system operation risk, and the smaller the sum of system
maintenance risk and failure risk is, the more advantageous to
coordinate the relationship between the opportunistic
maintenance of equipment and the system operation will be.

7.2. IEEE-RTS79. ,e IEEE-RTS79 system is adopted to
further prove the effectiveness and significance of the
proposed theoretical study, the system diagram is shown in
Figure 7. ,e research periods are 120 days, which is divided
into 60 periods, and the duration of each period is 2 days.
During the research periods, the scheduled maintenance is

Table 6: Maintenance strategy comparison of substation c.

Schemes Equipment risk System operation risk Total risk
Scheme 1 13.20 6655.47 6668.67
Scheme 2 13.44 6733.51 6746.95
Scheme 3 13.72 6750.81 6764.53

Table 5: Maintenance strategy comparison of substation b.

Schemes Equipment risk System operation risk Total risk
Scheme 1 54.33 42.16 96.49
Scheme 2 56.25 40.79 97.04
Scheme 3 56.39 41.96 98.35

Table 4: Maintenance strategy comparison of substation a.

Scheme Equipment risk System operation risk Total risk
Scheme 1 54.33 10008.98 10063.31
Scheme 2 56.25 9436.08 9492.33
Scheme 3 56.39 9505.04 9561.43

A
va

ila
bi

lit
y

Scheme 1
Scheme 2
Scheme 3

0.0

0.2

0.4

0.6

0.8

1.0

15 30 60 900 45 75
Time (day)

Figure 6: Availability of the system.
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implemented on some equipment of bus 13 and bus 23 (as
shown in Figure 8) and assumes that other types of
equipment are all reliable operation. ,e status information
and the maintenance parameters of equipment at each bus
are shown in Tables 7 and 8. ,e load data of each period of
the system are shown in Table 9, and other detailed pa-
rameters can be found in [36].,e unit loss of scheduled and
unscheduled load loss is 0.53 thousand yuan/MWh and
10.53 thousand yuan/MWh, respectively. In the process of
systemCBMdecision, the load shedding of the system can be
obtained by calculating the DC optimal power flow model.

Make decisions based on the following three mainte-
nance schemes:

Scheme 1: before scheduled maintenance, if any equip-
ment makes failures in the set of the pendingmaintenance
equipment, then the opportunistic maintenance for the
other pending maintenance equipment will be served.

Scheme 2: the selective opportunistic maintenance
from the point of view of the system is implemented; it
is the model proposed in this paper.
Scheme 3: it is analyzed without considering the op-
portunistic maintenance.

Table 10 is the correlation set decomposition results of
the system. Tables 11∼13 are the maintenance schedule, the
optimal opportunistic strategy, and the risk of the IEEE-
RTS79 system.

Tables 11∼13 show the following:

(1) Contrasting the three maintenance schemes, the
maintenance opportunity of equipment varies from
the different maintenance schemes. ,erefore, it
demonstrates that the opportunistic maintenance
has a great influence on the system operation and
embodies the necessity of this study.

Bus 18

Bus 21 Bus 22

Bus 23

Bus 13

Bus 2
Bus 1

Bus 3 Bus 9 Bus 10

Bus 11 Bus 12Bus 24

Bus 15

Bus 17

Bus 7

Bus 8
Bus 5

Bus 4 Bus 6

Bus 14

Bus 20Bus 19

230kV

138kV

Cable

Cable

Synch.
cond.

C

Bus 16

A

B

G

D

E

F

S

S

Figure 7: System diagram of IEEE-RTS79.
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G1 G2 G3

T1 T2 T3

B1 B2 B3

B4 B5

B10

B6

B7
B9 B8

L13–12LoadL13–23

L13–11

(a)

G4 G5 G6

T4 T5 T6

B13 B14
B12

B15 B16 B17

B11

L23–12 L13–23 L23–20 L23–20

(b)

Figure 8: Electric connection scheme diagram. (a) Bus 13. (b) Bus 23.

Table 8: Equipment state of IEEE-RTS79 system.

Equipment λ1 (time/day) λ0 (time/day) μ (time/day) Cp (104 yuan)
G1 0.00285 0.00075 0.0625 20
G5 0.00350 0.00075 0.0625 20
T2 0.00285 0.00050 0.0420 90
T5 0.00300 0.00050 0.0420 90
B1 0.00285 0.00030 0.1100 10
B2 0.00400 0.00030 0.1100 10
B3 0.00350 0.00030 0.1100 10
B4 0.00070 0.00030 0.1100 10
B5 0.00090 0.00030 0.1100 10
B6 0.00100 0.00030 0.1100 10
B7 0.00100 0.00030 0.1100 10
B8 0.00100 0.00030 0.1100 10
B9 0.00100 0.00030 0.1100 10
B10 0.00100 0.00030 0.1100 10
B11 0.00100 0.00030 0.1100 10
B12 0.00100 0.00030 0.1100 10
B13 0.00090 0.00030 0.1100 10
B14 0.00080 0.00030 0.1100 10
B15 0.00100 0.00030 0.1100 10
B16 0.00800 0.00030 0.1100 10
B17 0.00800 0.00030 0.1100 10

Table 7: Maintenance data of the equipment in IEEE-RTS79 system.

Equipment λ1 (time/day) λ0 (time/day) μ (time/day) d (day) Cp (104 yuan) CF (104 yuan)
G2 0.0030 0.00075 0.0625 10 6 20
G3 0.0025 0.00075 0.0625 10 6 20
G4 0.0020 0.00075 0.0625 10 6 20
G6 0.0035 0.00075 0.0625 10 6 20
T1 0.0025 0.00050 0.0420 14 20 90
T3 0.0025 0.00050 0.0420 14 20 90
T4 0.0025 0.00050 0.0420 14 20 90
T6 0.0030 0.00050 0.0420 14 20 90
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(2) ,e different maintenance schemes have different
effects on system operation. By contrasting Scheme 1
and Scheme 3, the system total risk of the corre-
sponding maintenance strategy proposed model in

Table 9: Peak load in percent of annual peak in IEEE-RTS79
system.

Time Load
1 117.1
2 116.9
3 110.1
4 101.9
5 101.3
6 102.8
7 98.5
8 94.4
9 93.9
10 89.3
11 88.1
12 87.6
13 92.7
14 96.8
15 93.9
16 93.9
17 91.6
18 96.2
19 97.3
20 95.1
21 109.2
22 110.1
23 112.3
24 114.6
25 112.8
26 118.6
27 113.4
28 112.3
29 107.7
30 98.5
31 112.3
32 110.1
33 107.7
34 104.2
35 105.4
36 113.4
37 104.2
38 98.5
39 99.6
40 90.4
41 89.5
42 94.6
43 90.4
44 87.6
45 88.1
46 90.4
47 89.3
48 92.7
49 97.5
50 95.7
51 98.5
52 106.8
53 110.1
54 114.3
55 110.9
56 118.1
57 116.9
58 116.1
59 114.4
60 113.1

Table 10: Correlation set decomposition of bus 13 and 23.

Correlation set Internal equipment
1 G1, B1, T1
2 G2, B2, T2
3 G3, B3, T3
4 B4
5 B5
6 B6
7 B7
8 B8
9 B9
10 B10
11 G4, T4
12 G5, T5
13 G6, T6
14 B11
15 B12
16 B13
17 B14
18 B15
19 B16
20 B17

Table 11: Maintenance schedule of IEEE-RTS79 system.

Equipment
Starting period of maintenance (2 days)

Scheme 1 Scheme 2 Scheme 3
G2 15 38 40
G3 8 8 10
G4 13 48 39
G6 6 6 6
T1 40 13 13
T3 8 8 10
T4 13 48 39
T6 6 6 6

Table 12: Optimal opportunistic strategy of IEEE-RTS79 system.

Equipment of pending
maintenance

Equipment of opportunistic
maintenance

G2 T2
G3 T3
G4 T4
G6 T6
T1 G1
T3 G3
T4 G4
T6 G6

Table 13: Risk of IEEE-RTS79 system.

Schemes Equipment risk System operation risk Total risk
Scheme 1 251.95 28956.92 29208.87
Scheme 2 280.96 18003.65 18284.61
Scheme 3 272.39 28346.83 28619.22
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this paper is the smallest, which effectively coordi-
nates the relationship between equipment mainte-
nance and system operation.

,erefore, in the practical application, the maintenance
decision should be based on the proposed model and choose
the optimal opportunity maintenance strategy for equip-
ment from the point of systemic view.

8. Conclusion

Based on the equipment condition-based maintenance, in
this paper, a mathematical model of the system condition-
based maintenance decision considering the opportunistic
maintenance strategy is proposed. ,e results on three
simple substations and IEEE-RTS79 system verify that the
effectiveness of the proposed method and the major con-
tributions of this paper are summarized as follows:

(1) It is necessary to consider opportunistic mainte-
nance in the process of equipment condition-based
maintenance decision-making, which is conducive
to coordinate the relationship between equipment
maintenance and system operation and improve the
reliability and economy of the system operation.

(2) Compared with the existing researches, the proposed
model can flexibly choose the opportunistic main-
tenance strategies according to the actual condition
of the system equipment and system risk.

However, the CBM decision-making of power system is
a complex combinatorial optimization problem; with the
increase of the system scale, the solution efficiency will
decrease. How to improve the existing intelligent search
algorithm to increase the solution efficiency is the focus of
our future research.
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