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Abstract: With difficulties in maintaining multicomponent
systems of wind turbines and formulating economical and
reasonable maintenance strategies, a dynamic opportunistic
maintenance strategy of multicomponent systems is applied in
terms of economic relevance and opportunistic maintenance
among various components. A preventive maintenance model
based on cost-effectiveness is proposed by incorporating cost-
effectiveness analysis into the multicomponent preventive
maintenance strategy. The failure rate recovery degree is used
to describe the effects of imperfect maintenance and
replacement. When the reliability of the component reaches
the threshold of preventive or opportunistic maintenance, a
reasonable maintenance method is selected on the basis of the
cost-effectiveness ratio of the failure rate. A case study is
conducted by taking four components of a wind turbine as the
research object and comparing them with the opportunistic
maintenance model without considering cost-effectiveness.
Results show that the total maintenance cost is reduced by
373 600 yuan, indicating that the preventive opportunistic
maintenance based on cost-effectiveness is more economical
and can provide a theoretical basis for formulating a preventive
maintenance plan.
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ith the increasing complexity of modern equip-

ment, maintenance technology, and costs, correc-
tive maintenance concepts cannot satisfy the requirements
of equipment maintenance reliability and economy; as
such, the maintenance strategy of economic optimization
has been continuously studied. With in-depth studies on
preventive maintenance and the urgent need for a multi-
component maintenance economy,
opportunity maintenance
oped" ™. In a multicomponent system, stochastic, struc-
tural, and economic dependence usually exist between

numerous multipart

models have been devel-
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components'”’, and opportunity maintenance is a common
strategy that involves applying economic dependence to
Xu et al. ' quantified the
economic relevance between different instruments and

. 4
reduce maintenance COStS[ ].

verified the effectiveness of opportunistic maintenance.

Van Horenbeek et al. '

considered the dependencies be-
tween components and established a dynamic predictive
maintenance strategy for multicomponent systems. Salari
et al. "
two-component system with economic relevance and dif-
ferent failure modes. Hu et al. ™ used the Wiener process
to establish an opportunistic maintenance model for a se-
ries of systems composed of two economically relevant
degraded components. In addition to the correlation be-

tween components,

created an opportunistic maintenance model for a

opportunistic maintenance can be
conducted on the basis of the relationship between exter-
nal conditions and systems. Besnard et al. "
failure opportunities with the measured wind farm data

combined

and developed an opportunity repair model to minimize
maintenance costs. Zhang et al. """ used a Markov chain
model to describe the wind speed time series and pro-
posed an opportunistic maintenance strategy by consider-
ing random weather conditions and spare part inventory.
Yang et al.'"! established an opportunity maintenance
strategy for a randomly waiting production system. Zheng

12
et al. "

considered the three types of failures of compo-
nents and put forward an opportunistic maintenance strate-
gy related to the influence of wind speed. Considering the
opportunity of maintenance, Zhang et al.'"’ created a
two-level maintenance threshold strategy and applied sim-
ulation to verify the economic advantages of this strategy.

In most studies, only a single repair condition is set to
determine the repair method of components. Although
benefits can be guaranteed to a certain extent, compre-
hensive opportunity maintenance control conditions are
consistent with actual operating conditions. Therefore,
multipart opportunistic maintenance under cost-effective-
ness and imperfect maintenance is proposed. In this
study, cost-benefit analysis based on the failure rate is
proposed by considering the recovery degree of the failure
rate of various maintenance methods.
nance methods are determined by comparing the cost-ben-
efit ratios of different maintenance methods. A preventive
maintenance decision-making model for imperfect mainte-
nance of wind turbines is also established. Finally, it is

Specific mainte-
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compared with a model that does not consider the cost-ef-
fectiveness ratio and opportunity maintenance to verify the
economics and effectiveness of the proposed model.

1 Maintenance Model

1.1 Maintenance model assumptions and maintenance
strategy

Opportunity maintenance is one of the most commonly
used methods in multicomponent systems. The principle
of opportunity maintenance is shown in Fig. 1. For a sys-
tem composed of multiple components, each component
has an opportunity maintenance reliability threshold R,
and preventive maintenance reliability threshold R.
When one of the components runs to 7, its reliability rea-
ches R, and preventive maintenance is performed on that
component while providing an opportunity for other com-
ponents to be repaired.

R(®)
1

Fig.1 Schematic of opportunity maintenance

For other components, the repair methods are as fol-
lows:
1) When the reliability of a given component is R >

R,, no maintenance is performed on the component.

2) When the reliability of the component is R, < R<
R,, the component is in the opportunity maintenance in-
terval. It is undergoing preventive maintenance, so it can
be repaired.

Preventive maintenance and opportunistic maintenance
involve two maintenance methods: imperfect maintenance
and replacement. In this study, the maintenance method
is selected and determined through cost-effectiveness anal-

ysis to obtain a more economical maintenance method.

0

The following model assumptions are made:

1) The fault distribution of components in a system is
independent of one another and obeys the Weibull distri-
bution.

2) The unexpected failure of the system is completed
with minimum maintenance, which does not change the
failure rate of the system.

3) The system starts in a completely new state.

4) The system has sufficient maintenance resources dur-
ing maintenance.

1.2 Evolution of failure rate

If the failure of the system follows the two-parameter-

Weibull distribution with the shape parameter of 8 and the
scale parameter of vy, the expression of the failure rate is

=)

The failure rate decreases after the imperfect preventive
maintenance of the component. However, as the number
of repairs increases, the recovery rate of the failure rate
lessens, and the failure rate increases. The relationship

between the failure rate function of the equipment before
[14]

=0 (1)

and after imperfect maintenance can be defined as
/\i,m(t) :bi—l)‘i—l,m(t+ni—1Ti71,m) (2)

where i =1, 2, ..., nis the amount of preventive mainte-

nance; T, is the working time of the (i — 1) -th mainte-

i-1,m
nance cycle of m; 7),_, is the age reduction factor, and 0
<m,_, < 1; b,_, >1 is the hazard rate increase factor;
A, (1) is the failure rate distribution function of m before
the i-th preventive maintenance.

The failure rate function in the i-th preventive mainte-

nance cycle 7T, of m can be written as

i-1 i-1
/\i,m(t) = ku)‘l,m(t + znka,m)
k=1 k=1
te[0,T) (3)

2<i<n,

1.3 Determination of a nonequal maintenance cycle

Each component exists independently and does not af-
fect other components, and the reliability of components
changes with the failure rate after each imperfect repair or
replacement. The relationship between the failure rate and
reliability is

R = exp[ _fT'Ai(t)dt] (4)

Considering the constraint of the preventive mainte-
nance reliability threshold R, the failure risk of each pre-
ventive maintenance cycle is the same, so the reliability
equation is as follows:

exp| —f:,\,(t) dr] = exp| —J:/\Z(t)dt] - =
exp| —fr‘/\,.(t)dt] = R, (5)

Eq. (5) can be transformed into the following equa-
tion:

= fT'Ai(t)dr = —InR,
(6)

f:')\l(z)dt = J?)\ﬂt)dt -

T,
where f A, (t)dt is the cumulative failure risk during the
0

i-th maintenance interval.

According to Egs. (1) and (6), T, can be calculated.
Combining Eqs. (1), (3) and (6), the i-th nonequal
maintenance cycle can be obtained as
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2<i<n (7)

Opportunistic maintenance can improve the current re-
pair time of components and affect the subsequent repair

cycles. Therefore, T/, should meet the following condi-
tions:
7,
exp| - [ A, (pdi] =R, (8)
0
where T/, is the i-th maintenance cycle when opportunis-

tic maintenance is considered for m; A/, (t) is the new
failure rate function, which can be determined by Eq.
(3) and the previous i — 1 actual maintenance cycle.
When opportunistic maintenance occurs, it affects the
failure rate and service interval of the component in the
next cycle. Therefore, in the calculation of the unequal
maintenance period, the maintenance time of other com-
ponents and the reliability of the current component
should be considered comprehensively. Then, if the first
i —1 maintenance interval of m is known, T/, can be ob-

tained from Eqgs. (3) and (8) as

'yln

];,/m = ( Z“’?kam)

d<i<n (9)

where T,

. 18 the actual operating cycle of m, 1 <k<
i-1.

1.4 Maintenance costs of multi-component systems

In the maintenance of multi-component systems, the
following maintenance costs are mainly considered: mini-
mal maintenance cost (C, ),
(C,.,), opportunistic maintenance cost (C,,), preven-
tive replacement costs ( C;,), opportunity replacement
cost (C, ), and downtime loss (C,).

1.4.1 Dynamic minimum total maintenance cost

When m has an unexpected failure in the i-th cycle,
minimum maintenance is conducted, and no opportunity
for maintenance is available.

imperfect maintenance cost

The maintenance cost in an
imperfect maintenance cycle can be expressed as

Cv, im = CmFi, m (10)

T

= fo A (n)de

is the minimum number of repairs in the i-th cycle of m.

1.4.2
If m undergoes incomplete preventive maintenance in

the i-th cycle, its total cost includes the cost of single im-

perfect maintenance and the downtime loss:

cC..=C C

ps i, h,m ,m o d

where C, is the single maintenance cost; F,,,

Imperfect preventive maintenance cost

(1)

where C, ,, is the single imperfect maintenance cost of m;

f, . is the single imperfect maintenance time of m; C, is

the cost of loss per unit time.

1.4.3
When part m receives the opportunity to repair, its total

costs include the costs of imperfect opportunity mainte-

nance and penalty. The penalty cost for opportunity ma-

intenance to repair m at the i-th maintenance is

C. =C (T ~-T )

c, i,m s, m i,m im

Imperfect opportunity maintenance cost

(12)

where C, , is the penalty fee per unit time. Therefore, the
imperfect opportunity maintenance cost of m in the i-th

maintenance interval is

Coin=C,,+C (13)

c,i,m

where C,, is the single imperfect opportunity mainte-

nance cost of m.

1.4.4 Preventive replacement cost
When m is replaced in the i-th cycle,

the replacement cost of the component and the downtime

loss:

its cost includes

C.n=C.,+CT, (14)

f,i,m

where C,, is the replacement cost of m; T, is the time re-
quired for replacement.
1.4.5 Opportunity replacement cost

When m has an opportunity for maintenance in the i-th
cycle and meets the replacement conditions, m can be re-
placed with an opportunity. The cost includes the replace-

ment cost of m and the penalty fee for early replacement:

C. =C +C (15)

ri,m f e,m

where C, is a fixed penalty fee.

The preventive maintenance of multi-component sys-
tems is an ongoing periodic process, and the components
during each cycle have different maintenance methods.
The following factors are introduced to facilitate calcula-
tion:

[0 R, <R
Vi {1 R, =R, (1)

im

where ¢, indicates whether m has maintenance activity
during the i-th shutdown.

If part m needs maintenance, the reliability of the com-
ponent can be determined in the opportunistic mainte-
nance interval or the preventive maintenance interval ac-
cording to the following equation:

0 R, (D <R, ,
T"m‘{l R, <R,.(1) <R,,

im

The maintenance method of m during the i-th shutdown

[0
qi,m - {1

is
imperfect preventive maintenance
preventive replacement
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The maintenance method of m during the i-th shutdown
is
0 - 0 imperfect opportunity maintenance
b {1 opportunity replacement

Combined with the above various maintenance meth-
ods, the maintenance cost of m during the i-th shutdown
maintenance of the system can be described as

im~fi,m
(1 _Oivm) Co,i,m
T,',m[ +0‘-'mC ‘ :I}+Cv,i,m

r i, m

(16)

The total cost of N components in the system at the i-th
shutdown for maintenance is
N
C(n = ZIC,-,m(f) (17)
In the interval [0, 7], the system has performed M ma-
intenance, the total maintenance cost is

M N

=Y

i=l m=

C, . (1) (18)

1.5 Choice of the maintenance method

The failure rate of the component can be restored after
imperfect maintenance but cannot return to 0:

i-1 i-1
/\i,/m (t) = /\i,/m(Ti,m) = ku/\l(Ti,m + 2 ”’Ika‘m)
= k=1

i

)\i,/m ("= )‘i/+1,m(0) = ku)‘l( Aka,m)

k=1

(19)

The difference in the failure rate before and after im-
perfect maintenance is used to express the repair effect,
which is expressed as follows:

i-1 .
AA;,W(z) = ku/\l (Ti,m + ”’7ka,"¢) -
k=1 k=1

b, ( 77ka, m )
1

k=1 k=

(20)

After replacement, the failure rate of the parts can de-
crease to O:

i

i-1
N7 =N, (T, = Tba, (T, + X T, )}
k=1

A, ()7=0
(21)

After being replaced, the part is restored as new, and
the difference in the failure rate before and after the re-
placement is equivalent to the failure rate before mainte-
nance:

i-1 i-1
A/\Izm(t) = H bkAl ( Ti,m + AZ nka,m ) (22)
k=1 c=1

If the part fails unexpectedly during maintenance inter-
vals, the failure rate of the parts cannot be changed after
the minimum maintenance.

When the system shuts down for the i-th time at time ¢,
if m is in the preventive maintenance interval, the recov-
ery level of the failure rate is used as the maintenance
effect. The cost-effectiveness ratio of the imperfect pre-
ventive maintenance can be obtained as

Cp im
Lp,, i, m( t) — (23)

AN (D)

After replacement, the failure rate of the component

becomes 0, and the cost-effectiveness ratio of preventive
replacement can be obtained as

L (t) _ Cf’i’m
f,i,m _AAz (t)

im

(24)

According to Egs. (23) and (24), the method of pre-
ventive maintenance for the i-th component m can be de-
termined, so g, is assigned as follows:

0 Lwlm(t) sLﬁz‘,m(t)
qi,m = 1

L,..()>L. (1)

When the system shuts down for the i-th time at time ¢,
if m is in the opportunity maintenance interval, the recov-
ery level of the failure rate as the maintenance effect is
taken, and the cost-effectiveness ratio of the imperfect
opportunity maintenance is

P, (1) = Soin_ (25)

TAA (1)

im

After replacement, the failure rate of the component
becomes 0, and the cost-effectiveness of the opportunity
replacement is

P (I) _ Cr.i,m
f,i,m _A/\Z (t)

im

(26)

According to Eqs. (25) and (26), the i-th opportunity
maintenance mode of m can be determined, so O, , is as-
signed as

O Polm(t)$Pttm(t)
{1 P, .()>P; (D)

2 Numerical Examples

In this section, an example is used to verify the effec-
tiveness of the wind power system maintenance method
proposed in this paper. In this example, four key compo-
nents in each wind turbine are studied: the rotor, the
main bearing, the gearbox, and the generator. The fail-
ure rate is independent of one another and obeys the two
parameters of the Weibull distribution. These parameters
and the reliability of each component are shown in Tab.
1. The age reduction factor is n, = i/(3i +7), and the
hazard increasing factor is b, = (12i +1)/(11i +1)"",
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Tab.1 Weibull distribution parameters and reliability parameters

1.00 \ “ \ \ \ \ \
Component vy B R, R, 0.96- \ \\
1 2 400 3 0.85 0.90 & ‘ \ \ \\\‘\‘
2 3750 2 0.80 0.90 5 0221 \ \ \ \ \ \H
3 3300 2 0.88 0.92 &0‘88_ | | | | \\\
4 3 000 3 0.88 0.92 M\H | \m
In a previous study'”, the maintenance parameters of 0'840 ) 4IR ,6 ) 5/1031(;0 12 14
each component are specified (see Tab. 2). unn(l:;g time
Tab.2 Maintenance parameters 1'00_\ NV
Component 1 2 3 4 096\ \ \ \ \ \\ \ | \\ \
Cy 38 000 15 000 25 000 28 000 = \ \ \\ \ \ \\ \\ \ ‘\ \\ \\
C. 152000 60000 100 000 112 000 z 0.92- \\ \\ | \\ \ \ | ‘,‘ |
C, 2 000 2000 2000 2000 chis | | |
Cn 6 000 6 000 6 000 6 000 0.84F “ b \\
C, 140 70 90 100 0.80 N
C 15000 15000 15000 15 000 0 2 }‘z‘unmn(’g o g i 0.'1 do 1214
C, 25 000 8 000 15 000 16 000 (b)
T; 15 15 15 15
A 10 10 10 10 1‘00\ \\ | \ \ \ \\\ \ \\
A reliability change curve for each component during _@O%' \ \ \‘\ \ \ “\ \\ \ \\ \ \
the operation time of [0, 12 500] d is obtained on the ba- ;; 0.9k \ \ ‘\ | | \ | \ H \ \ \ \
sis of the data in Tab. 1, Tab. 2, and the proposed mod- E ' \ \ ‘q‘ \ \ \ \ L ‘.‘
el (see Fig. 2). Several representative strategies are se- ogsl | . \ \ \ ‘\
lected from the specific maintenance plan for analyzing >4 6 8§ 10 12 14
the samples. Running time /10°d
At 1 195 d, Component 3 initially reaches the preven- (c)
tive maintenance time. At this time, the reliability of 1-00\ \ \ \ IR RRR
Component 1 is 0.883 9, which is in the opportunity ma- RAEEREE VA \‘ \\\
intenance interval, and it can be opportunistic mainte- _‘? 0.9 \ \ \, \ “‘, \‘ \ \\‘ | \\\\
nance. The cost-effectiveness ratio of the imperfect op- E 0.92L ‘ ‘\ ‘\ | ". \“ \ \ \ \ "‘ ‘\‘ “
portunity maintenance is better than that of opportunity & \\ ’\ \ \ ‘. | ! L ‘\‘
replacement. The reliabilities of Components 2 and 4 are osg | L L1 ‘
0.903 5 and 0. 938 8, respectively, which are greater 2 4 é , g _lb 14
than their opportunity maintenance reliability threshold. Running time /10%d
As such, no maintenance is performed. (@

When the system runs to 9 764 d, Component 4 rea-
ches the preventive maintenance reliability threshold. At
this time, the reliability of Components 1, 2, and 3 are
within the opportunity maintenance interval
nance can be performed simultaneously.

, and mainte-

The cost-effec-
tiveness ratio of the imperfect opportunistic maintenance

for Components 1 and 3 is less than that of replacement;
in this way, the imperfect opportunity maintenance is
chosen. The replacement cost-effectiveness ratio of Com-
ponent 2 is less than that of imperfect opportunity mainte-
nance; thus, Part 2 is replaced.

By the time the system runs to 12 500 d, Part 1 has
carried out nine imperfect preventive maintenances,

imperfect opportunity maintenances,
replacements.

six
and two preventive
Part 2 has undergone eight opportunistic
imperfect maintenances and two opportunity replace-
ments. Part 3 has undergone eight imperfect preventive
maintenances, five imperfect opportunity maintenances,
and two preventive replacements. Part 4 has been under

Fig.2 Reliability curves. (a) Component 1;

(b) Component 2;
(c) Component 3; (d) Component 4

seven imperfect preventive maintenances,
opportunity maintenances,
ment.

five imperfect
and one preventive replace-

The maintenance strategy, combined with Fig. 2 and
the specific maintenance plan described above, can rea-
sonably determine the maintenance method according to
the actual reliability of components. When the preventive

maintenance of a component is performed,
stances,

in most in-
one or more components can be maintained, the
fixed repair costs can be shared equally, and downtime
and costs can be saved. The reliability of the components
has a certain periodicity. After several imperfect mainte-
nances, the degree of system deterioration accumulates to
a certain extent, and the failure rate of each part increa-
ses. Consequently, the maintenance interval shortens
when it reaches a certain level. The cost-effectiveness ra-
tio of incomplete repair is higher than the cost-effective-
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ness ratio of replacement. Therefore, replacement is used
to restore the parts as new and ensure the stable operation
of the whole system, which is consistent with the actual
operation.

3 Model Comparison Study

The economy and effectiveness of the multipart oppor-
tunity maintenance strategy based on cost-effectiveness
are verified by comparing it with the single-part preven-
tive maintenance model without cost-effectiveness and op-
portunity maintenance. The optimization results of the
single-component preventive maintenance strategy can be
derived on the basis of the same maintenance parameters.

The comparison between the two models is shown in
Tab. 3. Strategy 1 means single-component preventive
maintenance (replacement); Strategy 2 means preventive
maintenance opportunities considering cost-effectiveness;
M., M., M, and M are the amounts of preventive
maintenance, opportunistic maintenance, preventive re-
placement, and opportunistic replacement, respectively.
The total number of preventive maintenances decreases
from 34 to 24, and the number of replacements decreases
from 10 to 7 in the proposed model compared with that of
the single-component preventive maintenance model, al-
though the model adds 24 opportunistic maintenances.
After calculation, the maintenance cost is reduced from
3.073 2 million yuan to 2. 699 6 million yuan. The cost
of opportunistic maintenance is much lower than the re-
placement cost, and the total maintenance cost is reduced
by 373 600 yuan; that is, saving 12.16% of the mainte-
nance costs, which shows that the preventive opportunis-
tic maintenance model based on the cost-effectiveness ra-
tio is more economical.

Tab.3 Maintenance strategy and cost comparison

Strategy 1 Strategy 2
Component
Mpm Mpr Mpm Mom Mpr Mor
Gearbox 9 3 9 6 2 0
Bearing 7 2 0 8 0 2
Generator 10 3 8 5 2 0
Rotor 8 2 7 5 1 0

4 Conclusions

1) Cost-effectiveness analysis involving multiple main-
tenance methods based on the failure rate is applied to the
multicomponent opportunity maintenance strategy, which
effectively overcomes the lack of only considering relia-
bility in the previous opportunity maintenance strategy. It
also conforms to the actual maintenance situation.

2) The comprehensive consideration of the economic
relevance between multiple components, the effect of op-
portunistic maintenance on the reliability of each compo-
nent, the recovery degree of different maintenance meth-
ods, and the cost-effectiveness based on the failure rate
are used as the control conditions of the maintenance

method. The economical and reasonable maintenance
method is selected to ensure that wind turbines can run
with high reliability while saving on maintenance costs.

3) The cost-effectiveness maintenance model based on
reliability changes is more economical and feasible. The
results show that this strategy can describe the economic
relevance between multiple components, improve the ma-
intenance coordination of the system, and save mainte-
nance costs by applying this method to wind turbines for
verification.
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