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Abstract: Current studies on preventive condition-based maintenance of power transmission and
transformation equipment mainly focus on mid-term or long-term maintenance, and cannot meet
the requirements of short-term especially temporary maintenance. In order to solve the defects of
the present preventive maintenance strategies, according to the engineering application and based
on risk-cost analysis, a short-term maintenance strategy is proposed in this manuscript. For the
equipment working in bad health condition, its active maintenance costs and operation risk costs
are evaluated, respectively. Then the latest maintenance time is calculated in accordance with the
principle that its operation risk costs are no higher than active maintenance costs. Utilizing the latest
maintenance time, the best maintenance time is calculated by setting the maximum relative earnings
of postponing maintenance as the target, which provides the operation staffs with comprehensive
maintenance-decision support. In the end, different cases on the IEEE 24-bus system are simulated.
The effectiveness and advantages of the proposed strategy are demonstrated by the simulation results.

Keywords: short-term maintenance strategy; risk cost analysis; power equipment maintenance;
latest maintenance time; best maintenance time

1. Introduction

With the development of power systems, their scale is getting increasingly complicated, and the
amount of power transmission and transformation equipment is getting larger as well. In order to
reduce the failure probability of equipment and maintenance expenses, as well as increase the operating
stability of power systems, maintenance systems have been switching from the traditional planned
maintenance to condition-based maintenance [1,2], which has become the main development trend.
The core of condition-based maintenance is to calculate the fault risk costs (also denoted as operation
risk costs) when the equipment has been working in bad health condition for a long time and
the possible expenses of active maintenance (also called active maintenance costs). In this way,
reasonable maintenance time and maintenance strategy are established. There are two categories
of condition-based maintenance for power transmission and transformation equipment: mid-term
or long-term maintenance strategy; short-term maintenance strategy. According to the health state
evaluating results, mid-term or long-term maintenance strategies offer the maintenance plan in the
following half a year or later on time scale. As the health state of the equipment is time-varying
and stochastic, the main problems of mid-term or long-term maintenance are that the corresponding
strategies cannot apply to the practical situation once the health condition begins deteriorating.
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What’s more, as the mid-term or long-term maintenance strategies have a large time span, the operation
risk of the equipment cannot be evaluated precisely, which has a great influence on the correctness
of the strategy. Unlike mid-term and long-term maintenance, short-term maintenance makes on-line
dynamic decisions by taking the operating condition of both the equipment and power system into
consideration, which can compensate the deficiency of mid-term and long-term maintenance. In this
way, it can improve the operation stability of both power system and power equipment, which needs
to be solved urgently.

Comparing to mid-term or long-term maintenance [3–7], short-term maintenance takes the
fluctuation of load, electricity price at different time, changes about the operation of power system,
work condition of equipment and many other short-term influence factors into consideration, which can
comprehensively evaluate the influence of the maintenance on the equipment itself and safety operation
of power system. Considering the power transmission costs and fluctuating of load, literature [8]
used the probabilistic methods to propose a maintenance strategy for transmission line. In [9–11],
different risk evaluating indicator systems were established, which include consequence severity and
economic losses. However, because of the inconsistency of measurement standard, the risk consequence
cannot be evaluated precisely. In [12], by introducing interval analysis, a semi-quantitative calculation
method was proposed to evaluate the risk consequence caused by the quit-operating of equipment.
Because the influence factors considered in these methods are limited, the maintenance consequence
on power system and equipment cannot be evaluated accurately.

Besides that, maintenance strategies have been studied by many scholars [13–16]. In [13], on the
basis of the health condition prediction results, a condition-based maintenance model was established
by taking the minimum value of the sum of operation risk and maintenance risk. But this model cannot
make quantitative analysis uniformly. The operation state and significance of the candidate transformer
were taken into consideration in [14], in which way a risk matrix was established and corresponding
maintenance strategy was proposed. But a large number of operation data was needed in this strategy,
which relied greatly on practical operation experience. In [15], a short-term maintenance strategy
framework for transformer was brought up, by considering economic condition, operation limits and
reliability of “N − 1” failure. On the basis of operation condition factors and maintenance factors,
the particle swarm optimization was used in [16] to offer a maintenance plan for the transformer
working in bad health condition, but these two maintenance strategies in [15,16] cannot provide the
operation staff with accurate maintenance times.

As mentioned above, defects of the present condition-based maintenance strategy are as follows:
firstly, mid-term or long-term maintenance strategies cannot consider the change about the operation
condition of power system and the health state deterioration of equipment in the near future,
which calls for the short-term maintenance strategy. Secondly, present short-term maintenance
strategies mainly apply the semi-quantitative calculation methods synthesizing the severity degrees of
consequence and economic losses, which lack the unified quantitative calculation methods to evaluate
the risk consequence objectively and precisely. Finally, accurate maintenance time cannot be offered to
operation staffs, which makes it hard in engineering application.

Aiming at solving the problems of the present condition-based maintenance strategy for power
transmission and transformation equipment, this manuscript proposes a short-term maintenance
strategy based on risk-cost-analysis. In order to solve the problems of unified weights and measures,
the component elements of operation risk costs and active maintenance costs are brought out, following
which the corresponding quantitative calculation methods are established in Sections 2 and 3,
respectively. In Section 4, for the equipment working in bad health condition, by setting the
operation risk costs less than active maintenance costs as the principles, the latest maintenance
time can be calculated. Besides that, on the basis of the latest maintenance time, for those equipment
whose maintenance plan can be postponed, by taking the maximum relative earnings of postponing
maintenance as the target, the best maintenance time can be determined. In this way, by synthesizing
the latest maintenance time and best maintenance time, the risk-cost-analysis-based maintenance
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decision-making can be proposed, which can provide the operation staffs with multi-dimension
support when scheduling short-term maintenance plan. In Section 5, IEEE 24-bus system is applied
to verify the validity and correctness of the proposed maintenance strategy. Finally, conclusions are
drawn in Section 6.

2. Quantitative Calculation Methods of Active Maintenance Costs

Active maintenance costs are made up of the direct costs and indirect costs. The direct costs
mainly include the labor costs, material costs and transportation expenses. While the indirect costs are
comprised of direct costs and indirect costs of load loss caused by quit-running of equipment. Thus,
active maintenance costs can be calculated as:

Rre(t) = Rre−1(t) + Rre−2(t) (1)

where, Rre(t), Rre−1(t) and Rre−2(t) refer to the active maintenance costs, the direct costs and the indirect
costs, respectively.

For Rre−1(t) in Equation (1), whose amount is usually related to time limit, number of people
involved in maintenance actions and salary for each staff. Hence Rre−1(t) is mainly decided by the
complexity of each maintenance action, which makes it hard to be evaluated precisely. In practical
engineering application, quantity standards and guides can be used to determine the possible active
maintenance expenses. Literature [17] which is promulgated by National Energy Administration
of China, is widely used in field operation. This standard can provide the operation staffs with the
representative budget and outage duration for different types of power equipment, which can helpfully
guide the field staffs to schedule the maintenance plan. Besides, if the historical data was enough,
the statistical calculation method can also be applied, shown as:

Rre−1(t) =

n
∑

k=1
Rre−1−k

n
(2)

where n refers to the number of the active maintenances taken on the power equipment; Rre−1−k is
the direct expense of kth active maintenance. Especially, if n = 0, which means that the equipment has
never experienced active maintenance before, then Rre−1(t) of the similar equipment can be applied.

Rre−2(t) in Equation (1) are comprised of direct costs and indirect costs of load loss. From power
supply enterprise point of view, direct costs of load loss can be calculated by multiplying the loss of
load and the power prices during the power cut caused by the active maintenance, while indirect
costs of load losses are made up of personal losses, environment loss, social loss and so on. Indirect
costs are hard to be evaluated precisely for involving too many factors. Currently, literatures about
maintenance strategy usually ignore these indirect costs of load loss [12,18,19], which have a great
influence on the accuracy of calculating maintenance expenses. Considering that the loss of load
caused by quit-running of equipment can be deemed as power operation accidents, a practical method
is to calculate the compensation expenses due to power supply interruption according to certain
system operation regulations. The penalty price can be referred in [20]. Hence the calculations of
Rre−2(t) can be shown as:

Rre−2(t) = Rre−load−1(t) + Rre−load−2(t)

Rre−load−1(t) =
3
∑

i=1

∫ t+Tre
t (psell−i(τ)− pbuy−i(τ))× ∆PLD−i(τ)dτ

Rre−load−2(t) =
3
∑

i=1

∫ t+Tre
t (ppenalty−i(τ)× ∆PLD−i(τ))dτ

(3)

where, Rre(t), Rre−1(t) and Rre−2(t) refer to the risk cost of active maintenance, the direct costs and
the indirect costs, respectively; Rre−load−1(t) and Rre−load−2(t) denote to the direct and indirect costs of
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load loss; i (i = 1, 2, 3) refer to the first , second and third level load, respectively; psell−i(τ), pbuy−i(τ)
and ppenalty−i(τ) refer to the electricity power selling price at different time, purchasing price and
compensation price of the power supply enterprise, respectively; Tre is the duration of the active
maintenance; ∆PLD−i(τ) is the i-th level load loss in terms quantified at time τ. From Equation (3),
the key to calculate Rre−2(t) is to precisely evaluate the amounts of power outage, which are mainly
decided by the outage duration of active maintenance and amount of load loss. The quantitative
calculation methods of these two factors will be presented below.

2.1. Calculation of the Duration of Active Maintenance

Similar to Rre−1(t), the outage duration of active maintenance is decided by the complexity of
the maintenance actions as well. Thus, from a practical point of view, the quantity standards in [17],
or statistical calculation method can be used, shown as:

Tre =

n
∑

k=1
Tre−k

n
(4)

where, n refers to the number of the active maintenances taken on the power equipment; Tre−k is the
repair time of the kth active maintenance. Especially, if n = 0, which means that the equipment has
never experienced active maintenance before, then Tre of the similar equipment can be applied.

2.2. Calculation of the Amount of Load Loss

In current researches on quantity of load loss, Expected Energy Not Supplied (EENS) is usually
used [21,22]. While, as a commonly used reliability index, EENS evaluates the load loss from a view of
long time scale, which can’t precisely capture the real loss of power system when the equipment quits
operating. Thus, according to the practical operation condition of power system, load loss at each
moment during the outage time of active maintenance under the results of short-term load forecasting.
Short-term load forecasting method such as regression analysis method, time series method, similar
day method, grey forecasting method and intelligent prediction method have been studied thoroughly,
which need no more introductions [23,24].

Load losses caused by active maintenance are influenced in many different aspects.
When quit-operating of equipment caused by active maintenance directly leads to power interruption
of the nearby load buses, the quantity of load losses is equal to the total amount of the load on the
relative load buses. However, if loads on the relative load buses can be transferred to other buses,
it will cause over-limit and overload on these buses. Under these circumstances, load shedding is
needed. In practical operation condition of power system, load shedding caused by power transferring
usually takes the significance of each load into consideration, which means that unimportant loads are
cut preferentially. Thus, a load shedding model which comprehensively considers the significance of
each load bus is established, whose objective function is shown as:

min
3

∑
j=1

(β jXij) (5)

where, β j refers to the importance degree of the jth level load; Xij is the quantity of the jth level load
shedding from the i-th load bus.
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The proposed objective function should satisfy the following constraints:

• Power flow constraints:
n
∑

j=1
UiUj(gijcosθij + bijsinθij) = Pgi − (Pdi −

3
∑

j=1
Xij)

n
∑

j=1
UiUj(gij sin θij − bij cos θij) = Qgi −Qli

(6)

where, Pgi and Qgi refer to the max active power and max reactive power of the generator on bus
i; Pdi and Qli refer to the active power and reactive power of the load bus i before load shedding;
θij is the angular phase difference between bus i and bus j. gij and bij refer to the conductance and
susceptance of the branch i and j.

• Generator output constraints: {
Pmin

gi ≤ Pgi ≤ Pmax
gi

Qmin
gi ≤ Qgi ≤ Qmax

gi
(7)

where, Pmin
gi and Pmax

gi refer to the upper and lower limit of active power from generator on

bus i; Qmin
gi and Qmax

gi refer to the upper and lower limit of reactive power from generator on
bus i, respectively.

• Node voltage constraints:
Umin

i ≤ Ui ≤ Umax
i (8)

where, Umin
i and Umax

i refer to the upper and lower limit of voltage on bus i.

• Branch power transmission constraints:

P2
ij + Q2

ij ≤
∣∣Sijmax

∣∣2 (9)

where, Pij, Qij, |Sijmax| refer to the active power, reactive power and transmission capacity limit
of the branch i − j, respectively.

• Amount of load shedding constraints:{
0 ≤ Xij ≤ λijPdi
0 ≤ Qli ≤ Qdi

(10)

where, λij means the proportion of each level load; Qdi refers to the reactive power on bus i before
the load shedding.

Power flow and generator output constraints are the basic equations of power flow calculations.
Node voltage and branch power transmission constraints reflect the influence of the quit-operating of
equipment on other branches, which is usually evaluated by over-limit severity index. In this way,
the consequence of the quit-operating of equipment can be uniformly summed up as economic
indicators. By comprehensively considering all the constraints above, primal-dual interior point
method can be applied to solve the established objective function. Then, ∆PLD−i(τ) in Equation (3)
can be obtained.

3. Quantitative Calculation Methods of Operation Risk Costs

In the risk assessment of power system, risk is the product of probability and consequence.
Operation risk costs refer to the expected economic losses if failure occurs, more specifically,
the equipment is out of service. Different from the active maintenance costs, operation risk costs
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may increase with the accumulation of operation time. It not only includes the instantaneous failure
risk costs at the current moment, but also contains the accumulated failure risk costs since the reference
moment. Reflecting on time, the accumulation effect of operation risk costs can be shown as Figure 1.
In Figure 1, time period between t0 and tx can be divided into several unit time scale, which is
usually measured as 15 min. During each time unit, the accumulation operation risk costs are equal
to the accumulation value of the product of accumulated fault probability and fault consequence.
Its quantitative calculation equation is shown as:

R f ault(t) =
t

∑
ti=t0

∆p(ti)S f ault(ti) (11)

where, Rfault(t) refers to the operation risk costs; ∆p(ti) means the accumulated fault probability rate in
unit time; S(ti) refers to the total fault consequence at time ti.Energies 2017, 10, 1865 6 of 16 

 

 
Figure 1. Diagram of the accumulation effect on operation risk costs. 

Component elements of Sfault(ti) in Equation (11) is similar to active maintenance costs in Section 
2, which are also made up of direct losses and indirect losses. It is important to note that these two 
losses are much larger than the losses caused by active maintenance. Thus, according to Equation (3), 
the calculation of operation risk costs is shown as: 

1 2

3

1
1

3

2
1

( ) ( ) ( )

( ) ( ( ) ( )) ( )

( ) ( ( ) ( ))

fault

fault

fault fault fault

t T

fault sell i buy i LD it
i

t T

re load penalty i LD it
i

S t S t S t

S t p p P d

S t p P d

τ τ τ τ

τ τ τ

− −

+

− − − −
=

+

− − − −
=


 = +



= − × Δ



= × Δ






 (12) 

where, Sfault (t) Sfault−1(t) and Sfault−2(t) refer to the total fault consequence, direct consequence and 
indirect consequence, respectively; Tfault refers to the duration of fault on the equipment. 

From Equations (11) and (12), the key to calculate operation risk costs is to precisely evaluate the 
fault probability and fault consequence. As the calculation method of - ( )LD iP τΔ  has been discussed 
in Section 2, the following parts of this Section mainly focus on the quantitative calculation methods 
of fault probability, direct fault consequence and duration of fault. 

3.1. Calculation of Fault Probability 

As an important and widely-used reliability index, fault rate of power equipment has been 
studied extensively [25]. In reliability analysis, fault probability of power equipment is usually 
evaluated from the view of equipment life [26,27]. The physical meaning of ( )ip tΔ  in Equation (11) 
is as follows: at the ti moment, the possibility of fault on equipment in the next unit time tΔ . Thus, 

( )ip tΔ  can be described in the form of conditional probability: 

( ) ( | )ip t P A BΔ =  (13) 

where, event A notes that the fault occurs between ti and ti + tΔ , which means that the equipment 
life is ti and ti + tΔ ; event B notes that there is no fault before ti, which means that the equipment life 
is longer than ti. 

Thus from the equipment life analysis view, the calculation equation of ( )ip tΔ  is shown as: 

( ){ }
( ) { | } = =

{ } ( )

i

i

i

t t

ti i
i i i i

i
t

f t dtP t T t t
p t P t T t t T t

P T t f t dt

+Δ

∞

< < + Δ
Δ = < < + Δ >

>



 (14) 

where, T refers to the real life of equipment; f(t) means the failure probability density function, which 
can be depicted by normal distribution, Weibull distribution, or exponential distribution. 

From the view of engineering application, in order to describe the explicit expression, 
exponential distribution can be used to portray f(t),which means ( ) tf t e λλ −= , where, λ  refers to the 
fault rate of equipment, which is time-variable because of the change of its operation condition. Thus, 
it can be evaluated by its health status [28], shown as: 

C HI
h K eλ = ×   (15) 

Figure 1. Diagram of the accumulation effect on operation risk costs.

Component elements of Sfault(ti) in Equation (11) is similar to active maintenance costs in Section 2,
which are also made up of direct losses and indirect losses. It is important to note that these two losses
are much larger than the losses caused by active maintenance. Thus, according to Equation (3),
the calculation of operation risk costs is shown as:

S f ault(t) = S f ault−1(t) + S f ault−2(t)

S f ault−1(t) =
3
∑

i=1

∫ t+Tf ault
t (psell−i(τ)− pbuy−i(τ))× ∆PLD−i(τ)dτ

Sre−load−2(t) =
3
∑

i=1

∫ t+Tf ault
t (ppenalty−i(τ)× ∆PLD−i(τ))dτ

(12)

where, Sfault (t) Sfault−1(t) and Sfault−2(t) refer to the total fault consequence, direct consequence and
indirect consequence, respectively; Tfault refers to the duration of fault on the equipment.

From Equations (11) and (12), the key to calculate operation risk costs is to precisely evaluate the
fault probability and fault consequence. As the calculation method of ∆PLD−i(τ) has been discussed
in Section 2, the following parts of this Section mainly focus on the quantitative calculation methods of
fault probability, direct fault consequence and duration of fault.

3.1. Calculation of Fault Probability

As an important and widely-used reliability index, fault rate of power equipment has been studied
extensively [25]. In reliability analysis, fault probability of power equipment is usually evaluated from
the view of equipment life [26,27]. The physical meaning of ∆p(ti) in Equation (11) is as follows: at the
ti moment, the possibility of fault on equipment in the next unit time ∆t. Thus, ∆p(ti) can be described
in the form of conditional probability:

∆p(ti) = P(A|B) (13)

where, event A notes that the fault occurs between ti and ti + ∆t, which means that the equipment life
is ti and ti + ∆t; event B notes that there is no fault before ti, which means that the equipment life is
longer than ti.
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Thus from the equipment life analysis view, the calculation equation of ∆p(ti) is shown as:

∆p(ti) = P{ti < T < ti + ∆t|T > ti} =
P{ti < T < ti + ∆t}

P{T > ti}
=

∫ ti+∆t
ti

f (t)dt∫ ∞
ti

f (t)dt
(14)

where, T refers to the real life of equipment; f (t) means the failure probability density function,
which can be depicted by normal distribution, Weibull distribution, or exponential distribution.

From the view of engineering application, in order to describe the explicit expression, exponential
distribution can be used to portray f (t), which means f (t) = λe−λt, where, λ refers to the fault rate of
equipment, which is time-variable because of the change of its operation condition. Thus, it can be
evaluated by its health status [28], shown as:

λh = K× eC·HI (15)

where, K refers to the proportionality coefficient; C is the curvature coefficient; HI means the health
status evaluation index of this equipment.

K and C in Equation (15) can be obtained through inversion method; HI can be obtained from the
scoring rules of power equipment health state assessment regulations.

Based on Equation (15), then Equation (14) can be calculated as:

∆p(ti) =

∫ ti+∆t
ti

f (t)dt∫ ∞
ti

f (t)dt
=

∫ ti+∆t
ti

λeλtdt∫ ∞
ti

λe−λtdt
= e−λti−e−λ(ti+∆t)

e−λti

= 1− e−λ∆t = 1− (1 +
∞
∑

n=0

(−λ∆t)n

n! ) = λ∆t−
∞
∑

n=2

(−λ∆t)n

n!

(16)

Considering that the unit time ∆t is quite small, λ∆t is very small as well, which means that
∞
∑

n=2

(−λ∆t)n

n! in Equation (16) can be ignored. Therefore, for the equipment whose failure probability

density function follows exponential distribution, its fault probability in the next unit time is
approximately equal to its fault rate in unit time.

3.2. Calculation of the Failure Direct Consequence Costs and Duration of Failure

As the failure direct consequence costs and duration of failure are both primarily determined
by the complexity of the maintenance after failure, then according to Equations (2) and (4) in
Section 2, practical statistical computation methods are used to calculate these two elements, shown as
Equations (17) and (18) below:

S f ault−1(t) =

n
∑

k=1
S f ault−1−k

n
(17)

Tf ault =

n
∑

k=1
Tf ault−k

n
(18)

where, n refers to the number of faults happened on equipment; Sfault−1−k and Tfault−k refer to the
maintenance expense and duration of the maintenance after the kth fault, respectively. Especially,
if n = 0, which means that equipment has never experienced failure before, then Sfault−1−k and Tfault−k
of the similar equipment can be applied.
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4. Short-Term Maintenance Strategy Based on Risk-Cost-Analysis

Short-term maintenance plans are mainly targeted to equipment in bad health condition.
The essence of the strategy is to compare the relative values between operation risk costs and the
active maintenance costs when the equipment works under bad health condition. In this way, the best
maintenance time can be obtained by setting the maximum economic earnings However, in the
practical engineering application, as the maintenance plan is usually affected by several uncontrollable
factors, such as the sufficiency of maintenance resources, there is great uncertainty about planning the
maintenance actions at the best time. Thus, short-term maintenance strategy should not only provide
the best maintenance time, but also the latest maintenance time, which can offer multi-dimensional
maintenance decision-making support. Based on the compare between active maintenance costs
and operation costs, calculations of the latest maintenance time and best maintenance time are
proposed, respectively.

4.1. Calculation of the Latest Maintenance Time

When making maintenance plans at the present time t0, according to the studies above, from the
viewpoint of economic cost analysis, both the fault risk cost and the active maintenance risk costs
should be comprehensively compared:

(1) If Rfaultl(t0) < Rre(t0), it means that the expected fault loss costs are lower than the expenses of
active maintenance. In principle, this transformer doesn’t need maintenance, which means that
the short-term maintenance plan on it can be postponed.

(2) If Rfaultl(t0) ≥ Rre(t0), it means that the expected fault loss costs are higher than the expenses of
active maintenance. So taking active maintenance is much more economical. The main reason is
that the health status of this transformer is bad and its fault probability is high. Thus, for sake of
reliability, this transformer needs active maintenance as soon as possible.

For the equipment whose expected operation risk costs are lower than its active maintenance costs,
with the accumulation of its operation time, the fault probability keeps increasing as well. For the need
of power system safety operation, the active maintenance can be postponed only when the operation
risk costs Rfault(tx) are lower than the active maintenance costs Rre(tx). If Rfault(tx) exceeds Rre(tx)
for the first time, the moment tx is the latest maintenance time for postponing maintenance actions,
whose criteria are shown as: {

R f ault(t0) < Rre(t0)

R f ault(tmax) = Rre(tmax)
(19)

where, Rfault(t0) and Rre(t0) represent the operation risk costs and maintenance costs at the moment t0,

respectively; Rfault(tmax) and Rre(tmax) refer to the operation risk costs and maintenance costs at the
moment tmax, respectively.

4.2. Calculation of the Best Maintenance Time

A feasible region of the maintenance time is provided to the operating staffs by calculating the
latest maintenance time. In this feasible region, the maintenance expenses can be reduced by reasonably
arrange the maintenance plans according to the actual load level.

It is worth noting that: on the one hand, postponing the maintenance plans when the load level
is low can reduce the expenses; on the other hand, the operation risks are also increasing with the
accumulation of operation time. Thus, in order to obtain the optimum economic benefits, a balance of
these two risk costs should be made to determine the best maintenance time.
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Assuming that the maintenance plan is postponed from t0 to tx, the reduction of active
maintenance expenses ∆Rre(tx) is calculated as:

∆Rre(tx) = Rre(t0)− Rre(tx) (20)

Correspondingly, during the period from t0 to tx, the extra operation costs ∆R f ault(tx) is
calculated as:

∆R f ault(tx) = R f ault(tx)− R f ault(t0) (21)

The difference of ∆Rre(tx) and ∆R f ault(tx) is the relative earnings of postponing maintenance
plan SY(tx), shown as:

SY(tx) = ∆Rre(tx)− ∆R f ault(tx) (22)

If SY(tx) < 0, the decrease of active maintenance costs can’t make up the increase of operation risk
costs, which means that it is not economic to postpone the maintenance plan from the current moment
t0 to the future moment tx.

On the other hand, if SY(tx) > 0, the decrease of active maintenance costs is higher than the
increase of operation risk costs, which means that it is worth postponing the maintenance plan from t0

to tx.
According to the analysis above, in the feasible region of maintenance time, the most economical

moment of postponed maintenance is the moment whose SY(tx) is the biggest. In other words,
in the view of economy, based on the latest maintenance time deducted from Equation (19),
the objective function and constraints of the best maintenance time are presented in Equations (23)
and (24), respectively:

maxSY(tx) = max(∆Rre(tx)− ∆R f ault(tx)) = max[(Rre(t0)− Rre(tbest))− (R f ault(tbest)− R f ault(t0))] (23)

t0 ≤ tbest ≤ tmax (24)

where, Equation (23) is the objective function to calculate the best maintenance time; Equation (24) is
the time constraint.

4.3. Implementation Procedure of the Short-Term Maintenance Strategy Based on Risk-Cost-Analysis

In accordance with the previous studies, implementation procedure of the short-term maintenance
strategy based on risk-cost-analysis is shown as Figure 2.

According to Figure 2, the basic steps are as follows:

Step 1. Obtain the health status of the candidate power transformer: if it is in good condition, it can
keep on operating; otherwise, calculate the operation risk costs Rfault(t0) and active maintenance
costs Rre(t0) at the current moment according to Equations (1) and (11), respectively.

Step 2. Compare Rfault(t0) and Rre(t0): if Rfault(t0) > Rre(t0), then maintenance should be taken
immediately; otherwise, then the maintenance plan can be postponed.

Step 3. For the candidate power transformer whose Rfault(t0) is lower than its Rre(t0), calculate its
operation risk costs and active risk costs in a future time, and deduce the latest maintenance
time according to Equation (19).

Step 4. Based on the latest maintenance time, in accordance with Equations (20)–(24), the best
maintenance time can be derived.
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Figure 2. The flow diagram of the short-term maintenance strategy based on risk-cost-analysis. Figure 2. The flow diagram of the short-term maintenance strategy based on risk-cost-analysis.

5. Case Study

The IEEE 24-bus system [27] is employed to verify the rationality and validity of the proposed
short-term maintenance strategy based on risk-cost-analysis, whose structure diagram is shown as
below. The simulations are programmed based on Matpower 5.0 in Matlab (MathWorks, Natick, MA,
USA), and the tests are fulfilled on a laptop with an Intel Core i5-4200 CPU at 3.4-GHz and equipped
with 4 GB memory (Intel, Santa Clara, CA, USA).

In Figure 3, the transformer between the bus 3 and bus 24 is assumed in bad condition,
which needs a short-term maintenance. The direct costs are as follows: Rre−1(t) = 17,761.82 ¥,
Rfault−1(t) = 138,579.11 ¥ [17]. The outage duration parameters are as follows: Tre = 8 h, Tfault = 12 h [17].
The unit time ∆t is 15 min, and the fault probability ∆p(ti) = λ∆t = 0.00006312.
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All the load buses take the uniformly same proportions of each level load: first level load is 20%;
second level load is 30%; third level load is 50%. The importance degrees of different load are as
follows: β1 = 1.5, β2 = 1.2 and β3 = 1.0. The electric power price data are as shown in Table 1.

Table 1. The electric power price data.

Items
Electric Power Price/(¥/kWh)

Peak Period: 17:00–22:00 Flat Period: 9:00–17:00 Valley Period: 23:00–7:00

pbuy 0.3 0.3 0.3
psell−1 1.67 1.3 1.1
psell−2 1.43 1.21 0.99
psell−3 1.13 0.91 0.62

ppenalty−1 5.01 3.9 3.3
ppenalty−2 4.29 3.63 2.97
ppenalty−3 3.39 2.73 1.86

The loads of the simulation system change from time to time. If the health status of the candidate
transformer alarms at different time, both its operation risk costs and active maintenance costs vary
a lot. Thus, the corresponding short-term maintenance strategy based on risk-cost-analysis is different.
In Table 1, there are three different periods in each day. Considering the load level is usually very
low at 24:00 and heavy at 19:00, these two typical situations are simulated to testify the proposed
short-term strategy.
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5.1. The Current Moment Is 24:00

According to the load shedding model established in Section 2, when the candidate transformer
between the bus 3 and bus 24 quits operating, loads at bus 17 need to be reduced. In the following
3 days, the load level of bus 17, the quantity of load shedding at bus 17 and the change trend of the
risk costs of the candidate transformer are portrayed in Figures 4 and 5.
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results of bus 17.
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t = 0. Thus, according to former analysis, the best maintenance time is the current moment. From the 
above analysis, when the health status of the candidate transformer begins deteriorating at 24:00, 
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From Figure 4, when the candidate equipment quits operating caused by active maintenance or
failure, its quantity of load loss is changed with the actual load level of bus 17, which means that the
indirect losses are fluctuating. Besides that, it can also be concluded from the two risk cost curves in
Figure 5 that as the direct losses are smaller than indirect losses, the variation trends of maintenance
costs are similar to the quantity of load shedding; because of the accumulation effect, the operation
risk costs are increasing during the outage period caused by failure. At the current moment 24:00,
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since Rfault(t0) > Rre(t0), then the maintenance schedule can be postponed. When t = 56, in other
words—14 h later (56 × 15 min = 840 min = 14 h), its active operation risk costs reaches its active
maintenance costs for the first time. Thus, according to Equation (19), its latest maintenance time is 14 h
later from the current moment. Based on the maintenance time, in accordance with Equations (20)–(24),
its relative earnings of postponing maintenance plan SY(tx) is obtained, shown as Figure 6.
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In Figure 6, in the next 14 h, the maximum value of SY(tx) is 0, whose time is the current moment
t = 0. Thus, according to former analysis, the best maintenance time is the current moment. From the
above analysis, when the health status of the candidate transformer begins deteriorating at 24:00,
taking both the economy and reliability into consideration, the maintenance strategy based on the
risk-cost-analysis is shown as follows: the latest maintenance time is 14 h from the current moment,
in other words—14:00 next afternoon; because of the relative earnings are always below 0 except t = 0,
the best maintenance time is the current moment; if there are no other requirements, operating staffs
should schedule the maintenance plan at the current moment.

5.2. The Current Moment Is 19:00

Similar to the simulation in Section 4.1, if the current moment is 19:00, when the candidate
transformer between bus 3 and bus 24 quits operating, loads at bus 17 needs to be reduced.
The simulation results are depicted in Figures 7 and 8. Comparing Figures 5 and 8, the change
trends of each curve are quite similar. Since the current moment is 19:00, which belongs to the peak
period, then the load level, load shedding, Rfault(t0) and Rre(t0) in Figure 8 are all higher than those in
Figure 5. Moreover, as Rfault(t0) is less than Rre(t0) in Figure 8, thus the maintenance schedule can be
postponed. When t = 36, in other words—9 h later (36 × 15 min = 540 min = 9 h), its active operation
risk costs reaches its active maintenance costs for the first time. Thus, according to Equation (19),
its latest maintenance time is 9 h later from the current moment. Based on the maintenance time,
in accordance with Equations (20)–(24), its relative earnings of postponing maintenance plan SY(tx) is
obtained, shown as Figure 9.
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Figure 7. Simulation results of bus 17 at 19:00 (a) Load forecasting results of bus 17; (b) Load shedding 
results of bus 17. 
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In Figure 9, in the next 9 h, the relative earnings of postponing maintenance schedule is always
bigger than 0, which means that it is beneficial by postponing the maintenance schedule in this period.
From the economic cost view, planning maintenance actions in this period can reduce the maintenance
expenses. When t = 23, in other words—5.75 h later (23× 15 min = 345 min = 5.75 h), it relative earnings
SY(tx) reaches its maximum value, which is about 350,000 ¥. This maximum relative earnings show
that, comparing to performing the maintenance at the current moment, scheduling the maintenance
plan in 5.75 h later can save 350,000 ¥.

From the above analysis, when the health status of the candidate transformer begins deteriorating
at 19:00, the short-term maintenance strategy based on risk-cost-analysis is shown as follows: the latest
maintenance time is 9 h later, i.e., 4:00 in the next morning; the best maintenance time is 5.75 h later,
which is 00:45 in the next morning; if there are no other requirements, operating staffs should schedule
the active maintenance at 00:45 in the next morning.
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In Figure 9, in the next 9 h, the relative earnings of postponing maintenance schedule is always 
bigger than 0, which means that it is beneficial by postponing the maintenance schedule in this 
period. From the economic cost view, planning maintenance actions in this period can reduce the 
maintenance expenses. When t = 23, in other words—5.75 h later (23 × 15 min = 345 min =5.75 h), it 
relative earnings SY(tx) reaches its maximum value, which is about 350,000¥. This maximum relative 
earnings show that, comparing to performing the maintenance at the current moment, scheduling 
the maintenance plan in 5.75 h later can save 350,000 ¥. 

From the above analysis, when the health status of the candidate transformer begins 
deteriorating at 19:00, the short-term maintenance strategy based on risk-cost-analysis is shown as 
follows: the latest maintenance time is 9 h later, i.e., 4:00 in the next morning; the best maintenance 
time is 5.75 h later, which is 00:45 in the next morning; if there are no other requirements, operating 
staffs should schedule the active maintenance at 00:45 in the next morning. 
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6. Conclusions

The present condition-based maintenance strategies of power transmission and transformation
equipment mainly focus on the long-term maintenance, which cannot meet the requirements of
short-term especially temporary maintenance. Thus, a novel short-term maintenance strategy based on
risk-cost-analysis is proposed in this manuscript, which can effectively solve the existing problems of
long-term maintenance. From our theoretical studies and simulation results the following conclusions
may be drawn:

(1) Component elements of operation risk costs and active maintenance costs are studied, which both
are made up of direct risk costs and indirect risk costs. From the view of better engineering
application, economic quantitative calculation methods of these elements are proposed, which can
solve the problems of unified weights and measures.

(2) For those equipment whose operation status continues deteriorating, from a better engineering
application perspective, based on risk-cost-analysis, calculation methods of the latest maintenance
time and best maintenance time are proposed, which can offer operation staffs with accurate and
multi-dimensional decision-making support when scheduling the maintenance.

(3) Based on IEEE-24-bus system, two typical cases are studied: when the health status of the
equipment alerts at the peak load period, its longest time of postponing maintenance plan is
shorter than the equipment whose health status alerts at the valley load period; the maintenance
plans should always be scheduled at low load periods by comprehensively considering economy
and safety. These simulation results testify the correctness and validity of the proposed strategy.
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