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ABSTRACT

To reduce maintenance cost and improve the efficiency of the equipment for enterprise,
the theory of modern equipment maintenance is adopted. By considering the dynamic
nature of preventive maintenance cost and the age reduction factor, a preventive
maintenance decision-making model is established. Unit time minimum cost is regarded
as the optimization goal and the availability is regarded as the constraint in the preventive
update cycle of the model. Numerical example is given, and the enumeration approach
and software simulation is proposed to get preventive maintenance cycle and cost under
the different times of the preventive maintenance. The result shows that when equipment
preventive maintenance cycle narrows gradually, maintenance cost decreases at first and
increases later, and when the cost reaches the minimum, the availability reaches the
maximum.
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INTRODUCTION

Equipment maintenance issue has been an important factor affecting the development of the
industry, agriculture, military, and economy and in other areas, without unreasonable equipment
preventive maintenance planning, it may lead to the problem of excess maintenance along with
substantial waste of device effective use time as well as manpower and material and other resources; on
the other hand it may lead to inadequate maintenance of equipment along with an increase in post-
maintenance cost and unnecessary malfunction losses. Therefore, the development of a preventive
maintenance strategy is crucial for enterprises to save costs, improve production efficiency and make
business operations more economical.

Currently, there are a large number of scholars carried out extensive research on the issue of
preventive maintenance. K.Das et al (2007)™ proposed an optimal preventive maintenance strategy for
integrated manufacturing system based on the system reliability and availability of resources.
P.Beaurepaire et al (2012) approached reliability-based optimization model of maintenance scheduling
of mechanical components under fatigue, and analyzed the parameter sensitivity. A preventive
maintenance policy for a continuously monitored systems with correlated wear indicators was studied by
Mercier et al (2012)!. Minh et al (2013)"! proposed a preventive maintenance strategy to improve
reliability of device system through the state monitoring and estimating the state of a degradation
system. K.T. Huynh et al (2012)[5] obtained age-based maintenance strategies model with minimal
repairs in the dynamic environment. A hybrid preventive maintenance model for equipment
maintenance features was established by Chun-jie Yang et al (2008)!® based on two maintenance
strategies of equipment failure rate decay and age decrease. Bang-jun Han et al (2003)") builded an
optimal preventive maintenance policy model in finite time horizon of the equipment concerning with
the concept of age reduction factor. Moreover, Zhao-yong Mao et al (2010)™ discussed the recursion
relationship of failure rate before and after preventive maintenance concerning with the concept of age
reduction factor and the difference of preventive maintenance period.

As described above literatures, we consider the economy and reliability of equipment
maintenance problems, but that’s not enough to consider these two aspects because the maintenance
state and cost of the system will vary as the time changes. Therefore, different from the existing
literature, a maintenance optimization strategy model is established in which unit time maintenance cost
as the objective function and availability as constraint by taking into account that preventive
maintenance cost changes. Numerical example is given, and the enumeration approach and software
simulation is proposed to get optimal preventive maintenance cycle and cost under the different times of
the preventive maintenance. This paper considers the isochronic cycle preventive maintenance
strategies, which facilitate the control and management in the actual production and equipment
maintenance, the optimization results of this model coincide with the actual situation, so this paper has a
real sense of operability.

PREVENTIVE MAINTENANCE MODEL

Assuming the device is a repairable system, and we implement N —1 periodic preventive
maintenance in infinite time horizon, the device does not return to new or initial state, however, its
enlistment age will be reduced, as well as return to the state of the younger. During maintenance interval
failure rate increases, then replacing equipment parts in N -th maintenance will be more economical. If
a failure occurs then conduct the minimal maintenance. Periodic preventive maintenance activities can
be shown as Figure 1.
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Figure 1 : The sequence chart of isochronic cycle preventive maintenance activities
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Fundamental assumption:

(1) Assuming the equipments implement preventive maintenance for an infinite time horizon ;

(2) Implementing isochronic cycle preventive maintenance strategy in infinite time horizon, if
the equipment failure occurred during the maintenance cycle, we adopt minimal maintenance measures,
minimal maintenance does not change failure rate ;

(3) The failure rate of devices increases with the passage of time, that is, the equipment system is
degenerate;

(4) We introduce age reduction factor to measure the available enlistment age after preventive
maintenance, the minimal maintenance cost and the equipment replacement cost are fixed constants.

AGE REDUCTION FACTOR AND FAILURE RATE

Age reduction factor
Let the preventive maintenance cost of every time be C,,, , then it is expressed as follow:

C,m =C; +1IC, 1)

pm;

where i means the i-th preventive maintenance,c, and c, are the fixed cost and the variable

cost, respectively. We can see from the above equation that preventive maintenance cost increases as
maintenance frequency increases. After maintenance the equipment can not reach a new state, the more
maintenance frequency, the faster equipment aging. Preventive maintenance optimization model can
reduce the failure rate of the equipment and improve the life of equipment. In order to describe the effect
of the performance of the equipment or system of the preventive maintenance optimization model, we
introduce the age reduction factor to indicate the degree of equipment recovery :

b

Com .
5i: a- il 1|::L---1N_1 (2)
Cpr

where N is preventive maintenance frequency, c,, is the preventive maintenance cost each
time, c, is the preventive replacement cost every time, c, <c,, a is adjustment coefficient of
maintenance cost, and 1<a<c, /c b is adjustment parameter of preventive maintenance frequency,

0<b<1. The equation also shows that &, decreases as i increases.

pm;
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Available enlistment age and failure times
Let the equipment maintenance cycle be h, due to the influence of &,, then available age before

and after the first maintenance are given as follow respectively :
T, =h, T =h-9h (3)

that is, the remain age of the equipment increase by o,h after maintenance. The available age
before and after the second maintenance are given as follow respectively :

T, =T, +h=(@1-6,)h+h=(2-5))h (4)
T, =T, -6,h=(2-06,)h-5,h=(2-6,-75,)h (5)
In the same way, the available age before i-th maintenance is:
T =Ti+1+h=(i—51—52—...—5i1)h:(i—ii5j)h (6)
=
And the available age after i-th maintenance is :
T =T -Sh= (i—ii§j)h—§ih =(i-8-...-6_,-8)h= (i—iéj)h (7
= =i

In age-based maintenance model, the age of equipment of i-th preventive maintenance cycle can
decrease to (1-6;)h, that means equipment failure rate will be reduced to a certain extent after each

preventive maintenance, then grow at a constant rate. Let the failure rate function is ﬂ(t), thus the
failure rate function can be depicted as :

A(t)= ()
A (t)=A(t+(1-6,)h)
A5(t) = A(t+(1- 1)h+(1—52)h) 8)

ﬁ,,(t)/l(tJr(iljzl;dth

Weibull distribution is widely used in the description of mechanical products or equipment

malfunction law. The failure rate expression of Weibull distribution is A(t) :E(t)ﬂfl, where S is form
(04

parameter, « is scale parameter. «,f usually due to the analysis of historical data of equipment

malfunction utilizing mathematical statistics'®"
Suppose that equipment failure density function follows two-parameter Weibull distribution,
then failure rate function in i-th maintenance cycle is :

i1 B-1
ﬂi(t)zﬁ(t+[i—l—lz§thj ©)
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Hence in i-th maintenance cycle, the failure times of the system is :
" (t)d
n = [ A(t)dt (10)

AVAILABILITY-BASED OPTIMIZATION MODEL

Maintenance cost

In this model, unit time minimum cost is regarded as the optimization goal and the availability is
regarded as the constraint. The total maintenance cost consists of minimal repairs cost, periodic
preventive maintenance cost, production loss cost and replacement cost.

Minimal repairs cost and the time required

Let the minimal repairs cost be ¢, and suppose that each minimal repairs time is t_, both are

constant, then total minimum maintenance cost and total minimum maintenance time during N
preventive maintenance cycles are :

TC,, = i el = ([ A+ [ )t +. .+ [ A, Oclt) (11)

T, =t =t ( [ a@dt+ [ A @dt+..+ [ 2, @d) (12)

i=1

Periodic preventive maintenance cost and time
Let per preventive maintenance cost be Cp, , then we can get the expression of the total cost of
N —1 preventive maintenances from formula (1), that is :

N (N —1)c, (13)

N -1 N -1
TCpmz_Zicpmi=Z‘1(cf+icv)=(N—1)cf+ >

Let the time required for per preventive maintenance be t .. With the increase of equipment

age, the device is worn constantly, the time needed for per maintenance will be longer and longer,
suppose that preventive maintenance cost is proportional to the preventive maintenance time™, that is :

Cpmi =C +77'tpmi (14)

where 7 is the adjust parameter of preventive maintenance time. Therefore we can get total
preventive maintenance from formula (1), (15), that is

N-1 S N (N -1)c
Tow=2tmi=2,—C=—"7"F""7" (15)
P zl P Z177 2n

Production loss cost
Both minimum maintenance and periodic preventive maintenance would spend some time,
which will cause some production loss. Let unit time production loss cost be c,, according to formula

(12) and (15), the total production loss cost of equipment during maintenance process is :
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N J—
TC, =cT,, +CT,, :th n, +c, N(N -T)e,

s'mr-

(16)
i-1 2n
Replacement cost
After repeatedly minimal repairs and N —1 periodic preventive maintenance, we carry out the
preventive replacement of equipment in N -th time, so that the device can run properly and
economically, assuming that the replacement cost of the equipment is C_, and ignoring equipment

replacement time.
From formula (11)~(17), total repair costs in the periodic preventive maintenance optimization
model can be expressed as follow:

TC =TC,, +TC,, +TC, +C,,

:cmr'ini'i'[(N _:L)cf N(N 1)Cv] icstmrnl_;’_c %+Cpr
i i n
G+, ([ A +j AN -De, + M Do RO ¢ (17)
n

The total run time T of equipment before replacing, including preventive maintenance time
interval h, and preventive maintenance time required t__., from the formula (17), we get the total run

time expressed as follow:

pmi ?

T=Nh+Tpm=Nh+w (18)
n

Availability
The average working hour of the long-run system in unit time is called availability of the system,

thatis A — 1im 2 where A is availability, A(t) is total working time of the system's long-running, t

to>w t
is the life of system™.
We can get availability from above definitions :

N
nhoT, NP2t (19)
T Nh+T N (N -1)c,
2n

pm Nh +

The availability should be controlled on the minimum allowable value A, in order to ensure
equipment economy. In summary, we can get the following optimization model:
TC TC, +TC,, +TC,+C,,
min C(h,N)=— T - T

(Coe + €.t )([ (D4, +jTT A, (O)dt) +[(N ~1)c, +

N(N Dy, o N(N-Dc, ¢

27 i (20)

w1+

N (N -1)c,
2n

Nh +
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N
Nh—->» t n,
S.t A= Nh_Tmr — ;L e > A (21)
Nh+TC NthN(N—1)cv -
2n
h>0
N=>0

ANALYSIS OF EXAMPLES

To test the above described preventive maintenance optimization model, the following examples
are given for analysis. Suppose that =3, « =500, ¢, =9000 yuan, ¢, =5000 yuan, t,, =0.5 days,

¢, =6000 yuan, ¢, =50 yuan, 77=0.05, C, =1000000 yuan, a=1, b=0.005, A :0,9_

Based on the optimization model in this paper, we achieve the nonlinear inequality constrained
optimization problems of examples using enumeration method and by programming. By calculation, we
get the optimal preventive maintenance frequency and optimal preventive maintenance cycle under the
fixed minimal availability, which are listed in TABLE 1.

TABLE 1 : The preventive maintenance intervals and unit time maintenance cost under fixed minimal availability

Pr_eventive Optimal Optir_nal Pr_eventive Optimal Optimal
maintenance maintenance unit time Availability maintenance maintenance U_mt time Availability

Friguency cycle /month maintenance Frequency cycle /month maintenance
ime cost/yuan /time cost/yuan
1 36.4743 41100 0.9557 16 4.9756 20600 0.9764
2 28.1927 26700 0.9714 17 4.5781 21200 0.9754
3 23.703 21300 0.977 18 4.2119 21800 0.9747
4 20.3832 18700 0.9797 19 3.9118 22400 0.9736
5 17.623 17400 0.9812 20 3.6421 23100 0.9726
6 15.353 16800 0.9818 21 3.4003 23700 0.9716
7 13.3596 16600 0.982 22 3.1713 24300 0.9708
8 11.7351 16700 0.9818 23 2.9822 24900 0.9697
9 10.2931 16900 0.9816 24 2.8095 25500 0.9686
10 9.1465 17300 0.9809 25 2.6519 26100 0.9675
11 8.1576 17800 0.9803 26 2.5083 26700 0.9664
12 7.2912 18300 0.9797 27 2.3694 27300 0.9655
13 6.5849 18800 0.9788 28 2.2528 27900 0.9643
14 5.972 19400 0.978 29 2.1448 28400 0.9631
15 5.4264 20000 0.9773 30 2.0448 29000 0.9619

From the table we can find that, when N =7, the optimal unit time preventive maintenance cost
is 16600, and the homologous optimal preventive maintenance interval is h=13.3596, that is, we
should conduct preventive maintenance every 13.3596 months, then replace equipment parts in seventh
after six preventive maintenance activities. In this case, the availability reaches 0.982, which is the
maximum.
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The unit time maintenance cost decreases first and increases later as the maintenance cycle
increases, it reaches minimum when h =13.3596, is shown as Figure 2. The preventive maintenance
cost also decreases first and then increases as maintenance frequency increases, as shown in Figure 3.

Then we have an optimal maintenance strategy combinations (h",N”).
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Figure 2 : The relationship between preventive maintenance cycle and cost
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Figure 3 : The relationship between preventive maintenance frequency and cost

The age reduction factor curve is shown as Figure 4, it decreases as maintenance frequency
increases. In the first preventive maintenance, age reduction factor is 0.9748, indicating that the device
can be restored to almost new condition, while in the 12th preventive maintenance, only return to
86.19% of the initial state of the device.
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This paper also shows the relationship between the preventive maintenance frequency and the
equipment availability, see Figure 5, we can know from the figure that when the maintenance times
reach at 7, equipment availability achieve the maximal degree. This indicates that the availability would
increases in early preventive maintenance because of low repair difficulty; With the increase of
preventive maintenance times and equipment aging, equipment maintenance will be more difficult while
the availability will decrease. Meanwhile, from the figure, when the device reaches the maximal
availability, the corresponding unit time maintenance cost reaches minimum. This is consistent with the
actual production.
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Figure 4 : The relationship between preventive maintenance frequency and age reduction factor
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Figure 5 : The relationship between preventive maintenance frequency and availability
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CONCLUSION

Based on the preventive maintenance cost changing with the change in maintenance frequency,
this paper studies the optimization problem of repairable system. Some similar studies have aimed to
minimize the average cost of the long-run equipment, and device availability as the bound for objective
function. Furthermore, those papers assume that preventive maintenance cost is fixed, which ignores the
limited availability and variable preventive maintenance cost. Considering the variable preventive
maintenance cost, the age reduction factor is introduced to determine the device age and failure rate and
then a trade-off model about total maintenance costs and availability is established. This is a
comprehensive analysis of equipment preventive maintenance strategy which have important theoretical
significance and practical guidance. Finally, the article introduces the numerical examples to achieve the
validation of the model.
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