1) Check for updates

Institution of Journal of

RAIL AND
RAPID TRANSIT

C.
ENGINEERS

Original Article

Proc IMechE Part F:
J Rail and Rapid Transit

A preventive, opportunistic maintenance .7
strategy for the catenary system of Arice reuse guidelines
high-speed railways based on reliability

sagepub.com/journals-permissions
DOI: 10.1177/0954409719884215
journals.sagepub.com/home/pif

®SAGE

Hongbo Cheng'?®, Yufan Cao?, Jiaxin Wang?, Wei Zhang? and
Han Zeng?

Abstract

The catenary is a vital component of the electrified railway system. It consists of many parts which are interrelated; the
maintenance schedule of the catenary system should consider the influence of the interrelationship. In this study,
a preventive, opportunistic maintenance method is proposed to schedule the maintenance process of the catenary
system. First, the reliability of the key parts of the catenary is modeled using Weibull distribution. Second, a reliability
margin is proposed to expand the maintenance time from point to interval, and the reliability margin is optimized
to minimize the maintenance cost. Then, a preventive opportunistic maintenance schedule can be arranged on the
basis of the optimal reliability margin. Case study results verify that the proposed preventive opportunistic maintenance

method can reduce the number of maintenance schedules and can effectively save the maintenance cost.
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Introduction

Catenary is a vital component of the electrified rail-
way system, as it provides the energy to drive the
locomotive. With the gradual expansion of the scale
of high-speed railways and the continuous increase in
operating time, the burden of maintaining the caten-
ary is also increasing.! The catenary system managed
by the power supply departments of railway bureaus
is huge and covers a wide area, while the maintenance
staff and resources are limited; the contradiction
between the catenary maintenance workload and
resource is becoming increasingly prominent.
Therefore, a reasonable, economical and efficient
maintenance strategy to ensure the high reliability of
catenary while reducing the labor intensity and main-
tenance costs is of great significance. It is also the
actual urgent need of the railway bureaus at present.

The maintenance of catenary has developed from a
periodic maintenance to a condition-based mainten-
ance. Periodic maintenance, also called as time-based
maintenance, includes carrying out activities regularly
according to a predetermined schedule in order to
maintain the condition of catenary; it is expensive
and may lead to over-maintenance.” With the
improvement of monitoring methods and the increas-
ing availability of monitoring data, condition-based

maintenance is becoming more and more popular.
Some researchers™* developed an over-head monitor-
ing service for monitoring the catenary in real time
and to detect the potential risk needed for mainten-
ance, thus improving the service quality of the caten-
ary and reducing the costs of maintenance. Cost is an
important factor to consider in maintenance’; many
methods are used to optimize the maintenance sched-
ule of the catenary. The individual components-based
heuristic algorithm for solving the optimization model
was developed in Chen et al..® which considers the
connections of components in the catenary system.
Moreover, Chen et al.” incorporated the consider-
ations of different levels of maintenance activities to
balance between reliability and cost. By establishing
the system reliability model, the contribution of indi-
vidual component reliability toward the overall
system reliability is extracted from the functional
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relationship among the components. The optimiza-
tion of the maintenance schedule is to achieve the
maximum reliability of the catenary system and the
minimum maintenance cost at the same time. To solve
this typical multi-objective optimization problem, an
advanced  Chaos  Self-adaptive  Evolutionary
Algorithm, called CSEA, has been proposed in Li
et al.® Liu et al.’ proposed an optimization model
for the risk-based high-speed railway catenary
system maintenance, which takes the minimum main-
tenance cost as the optimization objective; under the
restrictions of fault risk and repair resource, a genetic
particle swarm optimization algorithm with good
convergence is designed to solve the optimization
problem. In an aim to find a long-term tactical plan
that optimally schedules train-free windows sufficient
for a given volume of regular maintenance together
with the wanted train traffic, Lidén and Joborn'® pre-
sented a mixed integer programming model for sol-
ving an integrated railway traffic and network
maintenance problem. D’Ariano et al.'' modeled it
as a mixed-integer linear programming formulation,
in which the traffic flow and track maintenance vari-
ables, constraints and objectives are integrated under
a stochastic environment. The resulting bi-objective
optimization problem is to minimize the deviation
from a scheduled plan and to maximize the number
of aggregated maintenance works under stochastic
disturbances.

In order to avoid the loss caused by failure, pre-
ventive maintenance fixes small problems before
major ones develop.'>!'* By analyzing the catenary
system based on fault tree model, and using different
parameters of Weibull distribution to describe the
device failure probability of the various parts of the
catenary system, Liu et al.'* proposed an optimization
function of preventive maintenance strategy on
the catenary system based on reliability constraints.
The dynamic reliability model and the maintenance
cost model on catenary have been established in
Min et al.'’; the objective is to optimize the mainten-
ance actions so that the maximum reliability and min-
imum maintenance cost can be achieved. Guan et al.'®
provided a new maintenance strategy for the
Overhead Contact System (OCS) based on the relia-
bility-centered maintenance (RCM) technology; a
maintenance plan can be worked out by the proposed
RCM decision-making body. On the basis of a sto-
chastic lifetime model, Ho et al.'” presented a generic
software evaluation tool that enables the operators to
manage risk of failure and cost quantitatively in order
to match their preferred levels of service quality.

The catenary is a complex component consisting
of many parts: contact suspension, support device,
positioning device, pillar and foundation, etc.
Failure of any part will result in power failure of the
catenary; therefore, the current maintenance method
will lead to frequent power outages of catenary, which
will result in higher maintenance costs and power

outage losses. Moreover, frequent outage will lead
to interruption of railway transportation and have a
negative impact on the reputation of railway depart-
ments. Therefore, if the parts of catenary with low
reliability can be repaired at the same time while
repairing the faulty parts, the fixed maintenance
cost and power outage loss can be shared, and the
maintenance times of catenary can be reduced, also
achieving the goal of cost saving.

The reliability of the key parts
of catenary

As the complex mechanical structure is comprised of
many parts, the reliability of catenary is greatly
affected by the material strength. As a widely used
model in equipment reliability analysis, Weibull
distribution is most suitable for the characterization
of catenary parts.'®2°

The failure rate of catenary parts changes accord-
ing to the bathtub curve shown in Figure 1. The fail-
ure distribution function of two-parameter model®' is

Fiy=1- exp[—(%) :| (1

The reliability function is

R(i) =1 — F(i) = exp|:— (%)] ?)

The failure function is

mt" 1

/’L( t) = nl‘ﬂ

(©)

where ¢ represents time and m represents the shape
parameter, which are related to the variation trend
of the failure rate. n is the scale parameter which is
related to the lowest failure rate.
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Figure |. Bathtub curve of the failure rate.
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From formula (3), when m < 1, the failure rate func-
tion A(¢) is degraded and the failure rate decreases with
increase of ¢, which applies to model failure in early
period; when m = 1, the failure rate A(¢) is a constant;
the device works in the random failure period, which
applies to model random failure; and when m > 1, the
failure rate function A(¢) is ascendant and the device
works in wear-out failure period, which applies to
model failure due to wear-out or aging. It corresponds
to the three stages of bathtub curve in Figure 1.

Based on the failure record, the parameters m and
n are obtained by using least square method; thus, the
reliability of device can be obtained.

Preventive opportunistic maintenance
model for the catenary

As it can be seen, the reliability of catenary parts
varies with service time; when the reliability of a
part decreases to a value that may affect normal oper-
ation, preventive maintenance is required. Let pre-
ventive maintenance time 71, represents this
moment, the 7, of different parts will be different
due to the different operation times and different
rules of reliability. If every part is repaired at its pre-
ventive maintenance time, it will result in multiple
overhauling and high maintenance cost.

Opportunistic maintenance extends preventive
maintenance time to a time interval [7,, 7)], where
T, is the beginning time for opportunistic mainten-
ance. The part can be repaired at any time within
the time interval, so that there is an opportunity for
different parts of the catenary to cooperate with each
other in maintenance.

The schematic diagram of the preventive opportun-
istic maintenance model between different parts of
catenary is shown in Figure 2, where R, represents
opportunistic maintenance reliability and R, repre-
sents preventive maintenance reliability maintenance.
70, T)and TY represent the opportunity beginning
time of part i, j, k, respectively, ﬂpi), 7}«" ), Y‘P") represent
the preventive maintenance time of part i, j, k, respect-
ively; they are determined by the acceptable reliability
of different parts.

The preventive opportunistic maintenance model
of catenary is defined as

1. For part i, preventive maintenance is carried out
when its running time ¢ satisfies

1= TY(1) “4)
2. When the preventive maintenance of part i is car-
ried out, if another part j(j =1,---, N, and j # i)

satisfies

TV (<t < TY(0) ()

R(»)

Ll i I
Tﬂlk]T’Ekl Tﬂ(r] Tﬂ:j) T}‘,'] T;” T

Figure 2. Schematic diagram of the preventive opportunistic
maintenance model.

Then the opportunistic maintenance of j can be
carried out at the same time.

3. When the preventive maintenance of part 7 is car-
ried out, if part k, (k=1,---,N, andk #i#]))
satisfies

t < TN (6)

Then no opportunistic maintenance for k while i
maintenance, where N is the total number of the parts.

That is to say, preventive maintenance is carried
out when i runs to its preventive maintenance time,
checks other parts j, k at the same time, if 71 is within
the opportunistic maintenance interval of part j, j
should implement opportunistic maintenance; on the
contrary, if 7}}’ is not within the interval of k, there
should no opportunistic maintenance for k.

With preventive opportunistic maintenance, the
part has an opportunity to be maintained together
with the part which has met the requirement of pre-
ventive maintenance. Only one maintenance is per-
formed for them, which will reduce the number of
outages and will save the cost; in addition, it can elim-
inate hidden trouble and meet the requirement of high
reliability of the catenary by repairing parts in the
latent period of failure.

Optimization of preventive opportunistic
maintenance interval for the catenary

Solution for opportunistic maintenance interval

As the basis of maintenance decision, opportunistic
maintenance interval affects the catenary reliability
and maintenance cost at the same time. Long oppor-
tunistic maintenance interval will lead to too many
times of opportunistic maintenance; over-repair will
make parts defective and increase the maintenance
cost. Short opportunistic maintenance interval will
make it impossible for parts to cooperate with each
other and cannot achieve the goal of reducing main-
tenance times and saving maintenance costs.
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Opportunistic maintenance interval, [7T,,7,], is
determined by preventive maintenance time 7, and
opportunistic maintenance starting time 7.
Preventive maintenance time 7, derived from reli-
ability function and operation requirement of caten-
ary, is generally fixed. Therefore, opportunistic
maintenance starting time 7, is particularly import-
ant; only a reasonable opportunistic maintenance
starting time can make it possible to combine the reli-
ability and economy.

The opportunistic maintenance time margin Ay is
defined to describe the distance between preventive
maintenance time 7, and opportunistic maintenance
time 7,, Ar=T,—T,; accordingly, the difference
between opportunistic maintenance reliability R,
and preventive maintenance reliability R, is the
opportunistic maintenance reliability margin, Ag =
Rl =1, = R(Ol;=y, = R, — R, The relationship
between A7 and Ay is shown in Figure 3.

Compared with the whole service cycle, the dis-
tance between the opportunity starting time 7, and
preventive time 7), is generally small, so that

AR~ krAT (7
where kp is the slope of the reliability curve at the
point (7}, R,), which reflects the change rate of reli-

ability function at this point. Since A7 is small, it can
be concluded with equation (2) that*

AR m A\ "
R="a _n<n> e"p[‘(n) }
m(t m—1
SR
n\n

Therefore, kg is the function of scale parameter 7
and shape parameter m. If n is large and m is small, kg

®)

R ¢

Figure 3. Relationship between opportunistic maintenance
time margin and reliability margin.

will be large, which means under the same require-
ment of Ag, the corresponding A7 is small, which
leads to small opportunistic maintenance interval
and small possibility of opportunistic maintenance.
Otherwise, if n is small and m is large, kx will be
small, Ay is large for the same Ag, which leads to
large opportunistic maintenance interval and large
possibility of opportunistic maintenance. Therefore,
appropriate reliability margin should be optimized
for different parts of catenary, since they have differ-
ent scale parameter 1 and shape parameter m.

In different operation stages of catenary, m will
have different values, as shown in Figure 1. From
equation (8) and Figure 3, it can be seen that kg
will remain as positive for each stage, and the ampli-
tude will reach minimum when m = 1; that means kg
is minimum in the normal operating stage; in order to
avoid excessive maintenance, A can take a large
value which means the preventive maintenance inter-
vals in normal operating stage can be large.

Optimization of opportunistic maintenance interval

Considering the catenary reliability and maintenance
economy, opportunistic maintenance interval should
be optimized by different reliability margins to differ-
ent parts of the catenary. Therefore, on the basis of
reliability requirement of catenary, a preventive
opportunistic maintenance decision model is pro-
posed aiming at the lowest maintenance cost.

N
min Cpp = > [MOCY +(CQ + G+ CoMP] (9)
[
where C,, is the total maintenance cost of catenary
under preventive opportunistic maintenance, N is the
total number of parts of catenary, C}f) is the cost of
preventive maintenance for part i, M is the oppor-
tunistic maintenance number of part i, Cy is the regu-
lar maintenance cost due to manpower, tools
and other inputs for each maintenance, C, is
the loss caused by outage of catenary maintenance,
M is the preventive maintenance number of part
i, the relationship between Mg) and the life of part
T is as follows when regardless of opportunistic
maintenance

M) =T/T) (10)

The constrains of the preventive opportunistic
maintenance of catenary is

1. Reliability constraint

RO > R(T®)>=RY
{ 4 0 P ( 1 1)

i) (0
R(T) =R}
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It refers to the reliability of the catenary at oppor-
tunistic maintenance, and preventive maintenance
should meet the requirement of catenary operation.
When we perform preventive maintenance at time
T\, the time T\ should satisfy R(T\?)> R, which
means that the preventive maintenance should be per-
formed before the reliability falls to R, and also the
opportunity maintenance time 7%? should make
R) > R(T")> R} satisfied, which means the oppor-
tunity maintenance time 7' can be a time within the
interval [70,70].

2. Opportunistic maintenance interval constraint

0 _BR

7% — T/ < (12)
V4 k(R)

where ¢ is an infinitesimal quantity. Equation (12)
refers to the optimized 77; it should be near 77"
and it should satisfy the changing rule of reliability.

Since equation (9) is not an explicit function of
opportunistic maintenance margin Ag, in order to
avoid solving Jacobian matrix and Hessian matrix,
quadratic interpolation method can be used as an
optimization algorithm.>® For each Ag, calculate a
C,p, then serveral points can be obtained to fit an
interpolation polynomial approximated to the objec-
tive function. Based on the principle of interval elim-
ination, the optimal point is determined by gradually
reducing the search interval, and the optimal solution
of this polynomial can be used as the approximate
optimal A%.

Case study

One section of the catenary is taken as an example;
this section of the catenary is 46 km long and is man-
aged by a work class; based on the fault statistics for
the past three years, from 2008 to 2010, we can esti-
mate the reliability parameters for the most key parts
of the catenary as shown in Table 1.

According to statistical data, the fixed maintenance
cost Cy of catenary is 17,000 CNY, and the power
outage loss C, caused by preventive maintenance is
35,000 CNY.*

Based on the R, shown in Table 1, the slope kg of
the reliability curve at point (7p, Rp) can be calculated
first according to formula (8); then the opportunistic
maintenance time margin A, can be calculated by
equation (7). Finally, the opportunistic maintenance
interval can be obtained. The corresponding results
are shown in Table 2.

Figure 4 shows the process of solving the optimal
solution of reliability margin with quadratic interpol-
ation method described in last paragraph of the
‘Preventive opportunistic maintenance model for the
catenary’ section. The total maintenance cost for dif-
ferent reliability margins is shown in Figure 4.

Since R, + Ar<1 and the standard R, of reliabil-
ity is large, usually A is very small. The maintenance
cost decreases first and then increases when the reli-
ability margin increases, because when Ay is small,
the corresponding Ar is also small; that will lead to
independent preventive maintenance, which is expen-
sive. On the other hand, when Ay is too large, the
corresponding opportunity interval is large, and the
part will implement opportunistic maintenance easily;

Table I. Reliability parameters and maintenance parameters for the parts of catenary.

Scale

Part of catenary parameter 7

Shape

parameter, m

Standard for
preventive
maintenance, RP

Maintenance
cost C,/(10°CNY)

Contact line 1.67 x 10°
Messenger wire 1.29 x 10°
insulator 1583.57
Tension compensation device 6.54 x 10*
Electrical connection device 4320.50

0.37
0.48
0.86
043
0.76

12 0.988
I 0.995
8 0.972
5.5 0.968
3.0 0.967

Table 2. Calculation results for opportunistic maintenance interval.

Part of catenary kg [Rp, Ro] At/month [To, Tp)/month
Contact line 3.70x 107* [0.988, 0.989] 3.01 [9.01, 12.02]

Messenger wire 121 x 107* [0.995, 0.996] 9.21 [10.46, 19.67]
insulator 9.60 x 107* [0.972, 0.973] 1.16 [23.44, 24.60]
Tension compensation device 638x 107* [0968, 0.969] 1.75 [19.28, 21.03]
Electrical connection device 506x 107* [0.967, 0.968] 2.20 [46.33, 48.53]

Note: The unit for Ay, To, TP is month, which is suitable to guide the on-site maintenance work.
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Figure 4. Relationship between maintenance cost and reli-
ability margin.

Table 3. Maintenance times and cost in different maintenance
modes.

Preventive
opportunistic
maintenance

Preventive
maintenance

Parts of
catenary M, GJI0°CNY M, M, C,/10°CNY
Contact line 12 6 6
Messenger wire 6 0 9
Insulator 6 2016 3 3 1269
Tension 6 6 0
compensation
device
Electrical 3 3 0
connection
device

too frequent maintenance will increase the mainten-
ance cost.

The minimum maintenance cost can be calculated
by quadratic interpolation, as shown with the dotted
line in Figure 4, and its corresponding reliability
margin is A% = 0.001114. Based on this reliability
margin, opportunistic maintenance intervals can be
calculated as shown in Table 2.

From Table 2, it can be seen that a maintenance
cycle comprises 56 months. On the basis of these
opportunistic maintenance intervals, the maintenance
times and cost for different catenary parts in this sec-
tion in 168 months (14 years’ design life) are shown in
Table 3, and the process of preventive opportunistic
maintenance for different parts of catenary is shown
in Figure 5.

It can be seen from Table 3 that, in the case of only
preventive maintenance, the total number of mainten-
ance is 33, while when the preventive opportunistic
maintenance is taken into account, the total number

A Preventive maintenance @ Opportunistic maintenanc
P Celel b b Cyele2 B b DL Cyeled
Conlt.act—r-*—rc '!L 1 W‘W—Cl"v-l'—ﬂo-r--v- fr Adb
ine
! L ! 1
messenger | - ded 4 Qb d- QL QL L@ L
v T T TP T T T T T
i ' i
L Al
imsulator o4+ F+ot-+ ot--
i I i
Electrical | J J A ‘L A
connection | I ] o~
vice | [ |
] ' ' ]
Tension|_ i g l ]
compensati[ [ T4 11 AT r
L I O A A A O
L1111 I I v I
1224 36 48 60 72 8 96 108 120 132 144 156 168
Operation time/months

Figure 5. Process of preventive opportunistic maintenance of
catenary.

of maintenance is 18, which is reduced by 45.5%. It
is because in the case of preventive opportunistic
maintenance, there are 18 opportunistic maintenance
processes which reduce the number of preventive
maintenance and save 747,000 CNY in maintenance
costs; the cost reduction rate is up to 37.1%.

Conclusions

1. As a vital component that provides energy for
locomotives, the catenary should always be in
good condition. Reasonable maintenance is an
important means to ensure good working condi-
tion of the catenary.

2. The catenary is a complex system consisting of
multiple parts, which are interrelated and interact
with each other; the maintenance schedule of
catenary should consider the influence of the
interrelationship.

3. Opportunistic maintenance can provide coordin-
ation chances for the maintenance of different
parts of catenary, which can reduce the number
of maintenance schedules and save the mainten-
ance cost.

4. Reliability margin is a way to calculate opportun-
istic maintenance intervals; a reasonable reliability
margin is the key to realize the balance between
reliability and maintenance economy of the
catenary.
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