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For engineering and production systems, due to the structural dependence between components, the disassembly operation
caused by the replacement of components will affect the failure and degradation processes of other components in the system. In
order to optimize the extended warranty (EW) cost of the multi-component system with structural dependence, this paper
described the structural dependence and modeled the disassembly operation impact, and then the failure rate model of the
component considering the impact of disassembly operation under EW was developed. Combined with the actual situation, a
condition-based maintenance (CBM) strategy was employed to construct the EW cost model of the multi-component system with
structural dependence. Monte Carlo simulation was proposed to determine the optimal EW cost of the system and the optimal
periodic inspection interval of the CBM strategy. Finally, a numerical example of the planetary gear train of an automobile
generator is introduced to demonstrate the feasibility and advantages of the proposed model in EW cost optimization and the

analysis of disassembly operation impact on the optimal maintenance strategy.

1. Introduction

L.1. Motivation. Entering the twenty-first century, modern
production technology has been greatly developed. Most
durable consumer goods have a warranty policy (also called
basic warranty). From the perspective of manufacturers and
users, warranty policy has played an important role in
improving the profitability of enterprises [1] and user sat-
isfaction [2]. Generally speaking, warranty policies can be
divided into basic warranty (BW) and extended warranty
(EW). Blischke and Murthy [3] first introduced the concept
and theoretical model of BW. There are two main reasons for
providing a BW policy. For one thing, as a protection
function, warranty is an obligation stipulated in the main-
tenance contract. During the warranty period, the manu-
facturer must repair or replace the failed products for the
user free of charge [4]; for another thing, as a kind of
promotion, a more attractive warranty policy can enable
manufacturers to obtain higher user satisfaction and seize

more market share [5, 6]. BW, as an important part of
product sales price [7], is usually provided by manufacturers.
At the end of BW, manufacturers usually provide users with
the option to purchase EW services [8]. Actually, users can
choose whether to buy EW at the end of BW [9]. In recent
years, EW has been widely concerned by manufacturers and
customers [10]. EW refers to the extra warranty period
provided by the manufacturer for its products at the end of
BW, which is an extension of BW. EW, as an optional
warranty policy, has aroused widespread concern in the
industry and academia [11]. Unlike BW policy, which is free
for consumers and bundled with products, EW is an op-
tional contract, which usually provides extra protection for
customers after BW expires and must be purchased sepa-
rately at extra cost [12]. Existing EW research and market
cases show that EW plays an increasingly important role for
manufacturers and users [13]. More and more manufac-
turers tend to provide extra insurance for their products in
the form of EW [14]. For manufacturers, EW has become a
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rich source of profits [15], which means that EW has brought
some manufacturers a profit margin of 44% to 77%; in
addition, a considerable number of users purchase EW
services to reduce the economic burden caused by product
failures [8]. Although EW will bring extra costs to users,
considering that the structure and functions of modern
products are becoming more and more complex and ex-
pensive to maintain, more and more users tend to purchase
EW services [16]. In other words, EW alleviates consumers’
worries about product failure after BW expires [9]. As far as
manufacturers are concerned, EW also provides opportu-
nities to establish and maintain relationships with con-
sumers after BW ends. For manufacturers and users,
providing or purchasing EW services requires extra cost.
Therefore, the pricing of EW has become an urgent problem
to be solved. However, few studies have focused on this field
[17]. Through literature research, it is found that the key
factor affecting the price of EW is the cost of EW. Different
repair strategies have different EW costs [18]. Therefore, it is
very important for manufacturers to balance sales and costs.
Warranty policies and maintenance plans should be care-
fully considered. Modern engineering systems and
manufacturing systems usually consist of several interde-
pendent components or subsystems [19]. From the per-
spective of cost, reliability, and availability, the
maintenance activities of these systems play a key role in
their effective usage. In addition, reliability is an important
key performance indicator for manufacturing systems
[20-22]. The accurate assessment of system reliability must
prove its functionality, efficiency, and safety [23]. However,
due to the complexity of the system, it is difficult to model
maintenance optimization and evaluate the reliability of
the failure process within the scope of production re-
quirements; that is, the various components of the multi-
component system are interdependent in some form. In a
multi-component system, there are usually three forms of
dependence between components: economic dependence,
stochastic dependence, and structural dependence [24].
Economic dependence means that, compared with the
individual maintenance of components, the combined
maintenance of multiple components can reduce (positive
economic dependence) or increase (negative economic
dependence) maintenance costs [25]. Random dependence
means that the state of the component will affect the failure
process of other components in the system [26]. Finally,
when the components form a structurally connected sys-
tem, structural dependence occurs. Therefore, the disas-
sembly of the component requires the removal of other
blocking components from the system. Therefore, these
disassembled components may be damaged [27], which
will affect their failure process. In a multi-component
system, the dependence between components not only
brings challenges to the realization of maintenance oper-
ations but also brings challenges to the modeling of
component failure processes. In fact, many existing studies
assume that the components in the system are independent,
so the maintenance actions and failure processes of each
component are modeled separately [28, 29]. This is not
always true in practice.
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Nevertheless, the dependence between components
exists not only in the operation process but also in the
maintenance process. For example, in a multi-component
system with structural dependence, the disassembly oper-
ation of the component to be repaired may affect the failure
process of the disassembled component. Even from a
practical point of view, structural dependence widely exists
in various engineering and manufacturing systems, but the
impact of structural dependence has not been considered
and studied in component degradation and failure model-
ing. Therefore, the modeling and application of the multi-
component system with structural dependence considering
the impact of disassembly operation has important research
value and necessity.

1.2. Contributions of This Work. However, in the above
studies, there is no literature to carry out EW decision-
making research for multi-component systems structural
dependence considering the impact of disassembly opera-
tion. In traditional maintenance models, most of the
modeling studies on EW assume that the components are
independent to each other in the system. Model construction
and solution are less difficult, but there is a big error between
the maintenance process and the actual situation. Therefore,
in EW studies, simply treating the components in the system
as independent of each other is not in line with the actual
situation. It is necessary to consider the structural depen-
dence between the components and the impact of disas-
sembly operation to make the maintenance process more
consistent with the actual situation. This paper intends to fill
this gap.

In the current study, we will focus on the structural
dependence among the components in the above systems. In
the literature, disassembly operations can be divided into
three types: nondestructive disassembly, semidestructive
disassembly, and destructive disassembly [19]. However, due
to the limitation of maintenance resources and technical
conditions, whether nondestructive, semidestructive, or
destructive disassembly operations are adopted, the failure
process of the disassembled components may be affected.
However, the previous research seldom involves the impact
of disassembly operation due to the structural dependence
between components on maintenance optimization mod-
eling and failure process [30]. In the framework of multi-
component system maintenance optimization, maintenance
strategies can generally be divided into two categories: time-
based maintenance (TBM) and condition-based mainte-
nance (CBM) [31]. At present, the existing TBM and CBM
modeling research studies mostly focus on single-compo-
nent systems [32, 33]. However, there are few research
studies on multi-component systems. In addition, the
existing research studies on multi-component systems
mainly focus on TBM [34]. Although CBM is more eco-
nomical than TBM [35, 36], CBM of multi-component
systems has not been fully developed. CBM has been in-
troduced and become an important strategy in the frame-
work of maintenance optimization [26], which means that
preventive maintenance plan is based on the inspection
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status of the system. This is a very suitable maintenance
strategy, which can use the available information of system
status to optimize maintenance decisions [37]. Keizer [27]
reviewed and summarized the related theoretical methods,
practical applications, and the latest progress of CBM
strategy in multidependent component systems. Therefore,
the optimization modeling of multi-component systems
with structural dependence is worth studying deeply.

Therefore, the rest of this paper is organized as follows:
Section 2 first describes the model assumptions and nota-
tions used in the paper. Next, to construct the failure rate
model of the component under EW, the description of
disassembly operation and the modeling of disassembly
operation impact are presented under the logical framework
in Section 2. Then, we develop a CBM strategy for the multi-
component system based on periodic inspection and reli-
ability threshold. On this basis, the failure rate model and
EW cost model of the multi-component system considering
the impact of disassembly operation under EW are proposed
in Section 3. A numerical example is then given in Section 4
to illustrate the impact of disassembly operation and obtain
the optimal maintenance strategy with the lowest EW cost of
the multi-component system with structural dependence
under EW using the Monte Carlo simulation. Finally, the
conclusions are summarized in Section 5.

2. Analyzing and Modeling the Impact of
Structural Dependence

2.1. Model Assumptions. To facilitate the research, the sys-
tem modeling is based on the following assumptions:

(1) Inthe BW period, due to the low failure rate, only the
minimal maintenance after failures is carried out,
and the structural dependence can be ignored be-
cause minimal maintenance does not require dis-
assembly operation

(2) Only the replacement actions of the component will
cause the occurrence of the disassembly operation

(3) The minimal maintenance does not change the
degradation, reliability, and failure rate of the com-
ponent, and the minimal maintenance time is ignored

(4) The preventive maintenance and corrective main-
tenance during the EW period are the perfect
maintenance, and the components will be restored to
the state of “as good as new” after maintenance

(5) The periodic inspection whose time can be ignored is
perfect inspection, and the failures of components
will be discovered in time

(6) The degradation parameters are not affected by the
disassembly operation, and they are fixed values

2.2. System Description and Modeling. Under the EW policy,
this paper studies a multi-component system with structural
dependence. The BW period and EW period are [0, W] and
[W,W,] and start from t = 0 and t = W, respectively. In the
framework of reliability and maintenance, it is assumed that

the multi-component system is composed of n, n>1
components in series. Therefore, for whatever reason (such
as failures or maintenance activities), the shutdown of each
component will lead to the shutdown of the system.

The hierarchical structure between components in the
system can be represented by the directed graph [38].
Furthermore, the failure rate function of component i (i =
1,2,3,...,n) can be described by the Weibull proportional
hazard model [23]:

L (8 X;(8) = A (Do (X; (1)), (1)

where A) (t) = a;t% /B is the Weibull hazard rate function
with shape parameter ; and scale parameter f3;, respectively;
o(X; (1) =7,X;(t), X;(t) is a degradation function of
component i, and 7; is regression coefficient, which is used to
quantify the impact of degradation on the failure rate of
component i. In addition, it is generally assumed that X; (t)
follows a certain linear relationship, that is,
X;(t) =&+ y;t +x;B(t). X;(t) is the degradation process
driven by B(t), and ¢;, y;, and «; are the initial degradation
amount, degradation rate, and diffusion coeflicient of
component i, respectively. B(t) denotes the standard
Brownian motion and obey a distribution of B(t) ~ N (0,1).

The Weibull proportional hazard model has been widely
studied and successfully applied to practical engineering
systems [39]. These parameters are known or estimated
based on historical data and are used to model the impact of
disassembly operation, reliability assessment, and mainte-
nance optimization. The reliability of component i repre-
sents the probability that it is still in operation at time ¢,
which can be derived as follows:

R(f) = exp[— J;A,- (x, X, (x))dx]. 2)

For the series multi-component system, the reliability of
the system at time t is as follows:

R,(t) =] R (3)

i=1

2.3. Disassembly Operation Description and Modeling the
Disassembly Operation Impact. Disassembly operation is the
process of separating the components to be repaired from
the system [39]. The components are connected to form a
whole structure. The separation of failed components is the
process of breaking the connection between components
through disassembly operation. In the process of disas-
sembly operation, the degradation of components will be
affected. These damages will increase the failure risk of
components and reduce the reliability and performance of
components. If the effect of disassembly operation on the
degradation process of components is ignored, the failure
risk of components and systems will be underestimated.
In order to clearly show the connection relationship
between components, the connection matrix is used to
represent the structure of the system. The connection matrix

of the system, M, = [e;;],,.,» is a square matrix of order n,



indicating whether there is a structural connection between
component i and component j. When the value of ¢;; is 1, the
connection exists; if e;; is equal to 0, it indicates that there is
no connection between the two components [40]. At the
same time, we use the directed graph [30] to represent the
disassembly sequence of other components to be dis-
assembled when repairing a given component. Figure 1
shows the gearbox system of a certain type of automobile
transmission systems.

Many scholars have studied the method of finding the
optimal disassembly path [41, 42]. This paper does not do
specific research on this topic. It is assumed that the dis-
assembly path for each component is predefined and limited
by the previous design. Therefore, in Figure 1, according to
the actual situation of the gearbox system, the directed graph
of the gearbox system can be obtained as shown in Figure 2.

According to the definition of connection matrix, by
analyzing the structural diagram of the gearbox system, the
connection matrix can be obtained as follows:

0100
1011
0100
0100

Among them, node 0 represents the whole gearbox
system, and the other four nodes 1, 2, 3, and 4 represent the
single components of the gearbox system, respectively. The
line connecting the upper and lower nodes indicates that the
upper node needs to be disassembled before the lower node
is removed. The arrow between nodes on the same layer
refers to the disassembly sequence between nodes. It is
assumed that when the connection (i, j) between compo-
nent i and component j is disassembled, a certain amount of
damage (;; will be caused to the degradation level of
component i. Similarly, {;; represents the damage to com-
ponent j caused by the disassembly operation. {;; is used for
modeling the disassembly impact, which is mainly affected
by the following factors:

(1) The connection strength M° = [y, ilnxn between
components, ¥;; >0, indicates the strength of the
connection between component i and component j.
The greater the strength of the connection, the
greater the impact of the disassembly operation on
the degradation level of the components. The value of
M? is determined and can be obtained in the design
phase of the system. As shown in Figure 1, according
to the clearance between the bearing and the shaft,
the friction between the bearing and the shaft can be
calculated to represent the connection strength be-
tween the two components:

0500

o [5025
M, = . (5)

0200

0500
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1

FIGURE 1: The structural diagram of the gearbox system.

“ Layer 1

FiGure 2: The directed graph of the gearbox system.

(2) The physical properties of the component i expressed
by p; (p; = 0). For example, components made of high-
strength materials are less susceptible to disassembly
operations than components made of low-strength
materials. The physical properties of components can
be estimated based on historical data, life tests, etc.

(3) Technical ability of the maintenance personnel and
maintenance tools. For example, using the me-
chanical process to disassemble the bearings is more
harmful than the hydraulic process; in addition, the
technical ability of the maintenance personnel will
also affect the damage degree of components caused
by disassembly operation [43, 44]. Therefore, com-
bining the above two factors, the adjustment factor
¢;; is applied to reflect the influence of the technical
ability of the maintenance personnel and the
maintenance tools when dismantling the connection
(i, j). The adjustment factor ¢;; can be regarded as
the quality of disassembly operation, and it is very
difficult to estimate accurately. Therefore, we assume
that ¢;; is a random variable subject to a normal
distribution, and Hg, and 0,4 are the mean and
standard deviation of the normal distribution, which
represent the impact of maintenance tools and the
technical ability of the maintenance personnel, re-
spectively. The probability density function of the
normal distribution can be written as follows:

2

1 —(1/2)(x714¢ ./ow.)
X) = (4 vt 6
f H«s;j’%,-,-( ) V2noy, ©
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To sum up, referring to the linear model constructed by
Thompson [45] when calculating the amount of wear due to
friction, because the physical meaning is similar, we con-
struct a linear form about vy;;, p;, and ¢;; to express the
impact of disassembly operation, which can be expressed as
follows:

Cij = Vij~ pi~ i (7)

It can be seen that {;; also obeys the normal distribution
with mean Be, = Vij - Pi ty, and variance a?u = ( pil//,-j)2
aiij, then !

o an((xag i)
f.“(,‘j’g([,‘ (X) - \/Z_T%e ((x 'u[J) U{J) . (8)

In the process of removing the components that need to
be repaired from the system, due to the structural depen-
dence, the connection between other components in the
disassembly path of the failed or to be repaired components
should also be removed. The disassembly path of the
components can be represented by the disassembly matrix,
and it is assumed that the disassembly matrix has been
determined. Let the disassembly path of component r be
represented by disassembly matrix D" = [D];]. When the
connection (i, j) between component i and component j is
on the disassembly path of component r, then DI = 1;
otherwise, D}; = 0. For example, in Figure 1, the disassembly
matrix of component 3 is as follows:

0100

. 1010 ©)
“lo1o0o0 |

0000

Therefore, the impact of disassembly operation on the
degradation level of component i can be expressed as
follows:

n
Ly =) (D, (10)
j=1

When repairing a group of components Q,
(Q"+2)Nn (i ¢ Q"), h means the h-th maintenance action
for Q", and the disassembly paths of different components
intersect. The disassembly path for a group of components
Q" can be defined as D =D/uDfu...uD",
Jok, ... v € Q". Therefore, it can be concluded that the
impact of disassembly operation on the degradation level of
component i is as follows:

n
h
Ligr = Z(ijDz(‘;])' . (11)
=i

Based on the above analysis, it is assumed that the di-
rected graph of a three-component system structure is
shown in Figure 3, the maintenance activity is perfect
maintenance, and the components can be restored as good as
new. Figure 4 illustrates the degradation law of components
in the EW period due to the structural dependence between
components.

Layer 1

FiGUre 3: The directed graph of the three-component system.
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FiGure 4: Change graph of the component degradation function
considering the impact of disassembly operation.

3. Maintenance Strategy

3.1. CBM Strategy Description. Taking into account the
structural dependence between the components in the
system, a CBM strategy is adopted to optimize the system
EW cost, thereby reducing the system EW price.

During the EW period, each component in the system is
inspected regularly with an interval p, and the moment of the
v-th inspection of the component is T\, = vp, v =1,2,3, ..,
so it is necessary to evaluate and calculate the degradation
level of the components in operation during each inspection.
The single inspection cost of component i is C;, and the
specific maintenance strategy is discussed in two cases:

(1) If component i fails in the inspection interval
(T,.,,T,), the minimal repair will be implemented
on component i immediately

(2) If component i is still running at the inspection
moment T,, further decision should be made
according to the prediction of the component
reliability

If the reliability R;(T,) of component i is less than the
failure threshold Ry, component i will be replaced at T,.



If the reliability R, (T',,,|T,) of component i at the next
inspection moment T,,, is lower than its preventive
maintenance threshold R,, the preventive replacement will
be performed on component i at T',.

If the failure replacement or preventive replacement is
performed on a group of components Q" at T, and the
reliability R, (T,,,|T,) of component i (i ¢ Q") at the next
inspection moment T, is lower than its opportunistic
maintenance threshold R, (R, <R, <1), then the opportu-
nistic preventive replacement will be performed on com-
ponent i.

The CBM strategy proposed in this paper is shown in
Figure 5.

The characteristic of minimal maintenance is a non-
homogeneous Poisson process (NHPP). The expected
minimal repair number of the system in [0,t] is about

E[N(8)] = j;A(s)ds. (12)

3.2. Failure Rate Modeling considering the Impact of Disas-
sembly Operation under EW. For each component in the
system, the degradation function is composed of two parts,
including its continuous degradation with time and the
degradation caused by disassembly operation.

According to the inspection interval, the number of
inspection for the system during the EW period is

W‘W] (13)
P

In equation (13), “int” means rounding down.
During the EW period, the degradation function of
component i can be expressed as follows:

v, = int[

EN(t-W)
X, )+ Y Lg, te[W,t],
h=0
EN(t)
X0 =4 X,(0+ Y L
h=0
EN(¢)
X;(t)+ Y L
L h=0

t € [0, vap],

€ [0’ ch+We - Vep]’

(14)

where EN (t,) is the average number of maintenance actions
for a group of components Q" in [0,t,]; ty is the first re-
placement moment of component i in the EW period,
tr=W+vp, v=123,...,v; vgp is the interval between
the first replacement moment and the next replacement
moment of component i in the EW period,
vy=1,2,3,...,v, - L, v.p+ W, —v,p, which represents the
interval between the last replacement moment of component
i during the EW period and the EW deadline,
v.=0,1,2,...,v, — 1. Therefore, the failure rate function of
component i in the EW period can be deduced as follows:

A (6 X5 (8) = A (D9 (X (1) = A2 ()7, X (1), (15)

According to equation (14), it can be concluded that
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FIGURE 5: CBM strategy diagram. PR represents preventive re-

placement, while OR denotes opportunistic preventive
replacement.
r EN(t-W)
HOAPAGEISY L,.Qh], te Wt
L =0
r EN(t)
L6 Xy () =1 A (07| X, (£) + Z LiQ;,:|, t € [0,v4p],
L h=0
r EN(f)
)L?(t)r,- X;(t)+ Z L,-Qh:|, e [0,vp+ W, -vp].
L =0

(16)

Then, the minimal maintenance number of component i
during the EW period can be derived as follows:

E;[N(8)] = N, (£) + N, (£) + N5 (b),

EN(t-W)

Nl(t):J:’VA?(t)T,.[Xi(t)+ D L,.Qh]dt, te [W.tl,
h=0

EN(t)

N, (t) = ZJ:’PA? ()1, [x,.(t)+ D LiQh]dt, t € [0,v4p],

h=0

VeptWe=vep 0
N, (f) = JO 2 (),

EN(t)
[Xi (1) + z L,Qh]dt, te[0,v.p+ W, —vpl,
h=0

(17)

where the expression of N, (t) is the sum of multiple in-
tegrals and the number of integrals is uncertain changing
with the length of EW, which represents the minimal
maintenance number of component i between the first and
last replacement.

3.3. Reliability Assessment of Components considering the
Disassembly Operation Impact. If component i is still in
operation at the inspection moment T, the reliability of
component i at the next inspection moment T, is as
follows:

(X (t))dt]. (18)

v

T
Ri (Tv+1|Tv) = exp[_ JT
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When the failure replacement or preventive replacement
of a group of components Q" is carried out at the inspection
moment T, considering the impact of the disassembly
operation of Q" on the degradation level of component i, the
reliability of component i at the next inspection moment
T,., can be obtained as follows:

Tv+l
Ri(TV+1|TV)=exp[—riJT X (0] X;(0) + Lip|de | (19)

v

3.4. EW Cost and Maintenance Optimization of the Multi-
Component System with Structural Dependence. During the
EW period, the EW cost of component i can be divided into
three parts: preventive maintenance cost C, corrective
maintenance cost Cy, and minimal maintenance cost C,;.
The following will be analyzed separately.

3.4.1. Preventive Maintenance Cost C,,;. For component i,
the single preventive maintenance cost C,; includes single
preventive replacement cost C,; and the downtime loss cost
Cpy whichis C; = Cp; + C;. The downtime includes single
replacement time T',,; and single disassembly operation time
T4 The shutdown loss per unit time is C,4, then

Cpti = (Tpri + Tdi)cpd' (20)

According to the disassembly path and disassembly
matrix, the disassembly time of component i can be cal-
culated as follows:

Tdi =

NS

z Z T Doy (21)
a=1b=1

where T, is the time taken to disassemble the connection
(a,b). Similarly, the disassembly time of a group of com-
ponents Q" is as follows:

1 & & s
Tth = E Z Z T“bDqu. (22)
a=1b=1

Therefore, for a group of components Q", the downtime
caused by a preventive replacement is as follows:

Qh
Td = Tth + Z Tpri' (23)
ieQh

3.4.2. Corrective Maintenance Cost Cp. During the EW
period, the single corrective maintenance cost of component i
includes single failure replacement cost Cy; and the downtime
loss cost Cg;, namely Cy;. The downtime includes single re-
placement time T'; and single disassembly operation time
T4 and the shutdown loss per unit time is C,4, then

Cqi = (T + Ta))Cpas (24)

where the preventive replacement time is equal to the failure
replacement time, that is, T,; = Tg; = T';. Therefore, for a
group of components Q", the downtime caused by one
failure replacement is

h
TdQ = Tth + Z Tfri' (25)
ieQh

In summary, the system EW cost can be obtained as
follows:

EC(p,W,) =Y Y Cpi+ > Y Ci+EIN®)IC,. (26)
i=1 i=1

In equation (26), Y C; and ) Cj; represent the total
preventive maintenance cost and total corrective mainte-
nance cost of component i during the EW period, respec-
tively. In the above model, the decision variables are p and
W,. In order to obtain the minimal EW cost, the above
decision variables need to be optimized. By minimizing the
system EW cost, the best inspection interval p*, the optimal
EW cost EC(p*,W,), and the lowest EW price P (p*,W,) in
different EW periods can be obtained.

4. Numerical Example

4.1. Problem Description. Planetary gear train is an advanced
gear transmission mechanism, which is mainly composed of
planetary gear, center gear, and planetary carrier. It is widely
used in the mechanical equipment of national defense, wind
power, construction industry, and other departments.
Taking the planetary gear train of an automobile generator as
an example, the impact of disassembly operation on the
reliability and maintenance optimization of the planetary
gear train is explained in detail. The three-dimensional
model of the planetary gear train is shown in Figure 6.

In Figure 6, 1, 2, and 3 represent the center gear,
planetary gear, and planetary carrier, respectively. Planetary
gear train is a system with structural dependence, and the
directed graph of the system is shown in Figure 7.

By analyzing the system mechanism of the planetary gear
train, the connection matrix can be obtained as follows:

0 08 0
M®=|08 0 LI | (27)
0 11 0

Similarly, we can get the disassembly matrix of the
planetary gear train as follows:

010
D'=[100 |,
000
010
D= 101 |, (28)
010
000
D’=lo001 |
010

The failure rate and degradation parameters of each
component of the planetary gear train are shown in Table 1.



FIGURE 6: Three-dimensional model of the planetary gear train.

Layer 1

FIGURE 7: The directed graph of the planetary gear train.

TaBLE 1: System parameters.

Component «; f; (months) 17, & x; P
1 3 12 025 0 0.03 002 18
2 2 50 005 0 0.04 0.02 25
3 4 20 02 0 001 001 1.6

Furthermore, according to historical data analysis,
Ry =03, R, =0.65, and R, = 0.75. The maintenance cost
parameters of the system are shown in Table 2. The unit of all
maintenance cost parameters is set to CNY.

In Table 2, the unit of C,q is CNY/day. In addition, the
disassembly time of each connection (a, b) and the mean y 9,
and standard deviation o, of the adjustment factor ¢;; in the

planetary gear train are shown as follows:

0 L1 0
Hg, = L1 0 12,
0 12 0
0 01 0
05,=( 01 0 02 |, (29)
0 02 0
010
Tp=| 102
020
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TaBLE 2: Maintenance cost parameters.

Component C,; Cg Cy Gy Cyq (days) T, (hours)
1 700 850 60 150 1000 4
2 550 700 50 200 1000 5
3 600 760 75 300 1000 2

It is assumed that the BW period of the planetary gear
system is W = 2 years; besides, one year and one month are
calculated as 360 days and 30 days, respectively.

4.2. The Optimal Maintenance Strategy. According to the
above analysis and combined with relevant parameters, for
the complex nonlinear model in this paper, Monte Carlo
simulation is herein applied to figure out the optimal values
of the decision variables (p, W,). The flowchart of Monte
Carlo simulation is presented in Figure 8. In the above
model, EW cost will change with the change of periodic
inspection interval p and the EW deadline W,. Suppose the
value range of the periodic inspection interval p is
[36,336 days], and the value range of EW deadline W, is
[3, 10 years], whose change steps are all 30 days.

On the basis of the above data assumption, we can get the
change law of EW cost of the planetary gear train with
different inspection intervals p and EW deadline W,, as
shown in Figure 9. The jumping points on the surface are
caused by different inspection intervals.

It is demonstrated in Figure 9 that system EW cost is
influenced by the two variables p and W,. Moreover, there is
a minimal point for each curve that system EW cost changes
with p. That means we can obtain the optimal periodic
inspection intervals. At the same time, if p is fixed, the system
EW cost will always increase as W, grows. This is in line with
the law that the failure rate of each component of the system
will continue to increase over time and the system main-
tenance costs increase accordingly.

In order to facilitate the analysis and research on the
change law of EW cost, the three-dimensional graph of EW
cost is fixed at W, = 3420, 1440 days and p = 246, 96 days for
dimensionality reduction analysis, as shown in Figure 10.

As can be seen from Figure 10 that when the periodic
inspection interval is fixed, the system EW cost increases
with the increase of EW period; when the EW period is
determined, there is an optimal periodic inspection interval
to minimize the system EW cost.

Generally speaking, EW is a special commodity with a
certain price. Manufacturers need to obtain a certain profit
to provide the EW services. Consequently, it is usually
necessary to consider two factors to determine the EW price,
that is, EW cost and the manufacturer’s profit demand. In
view of this, the EW price model of the multi-component
system with structural dependence can be expressed as

P(t,t,) = EC(t,t,) + v (t, — t,), (30)

where t, and t, are the beginning and end time of EW,
respectively; EC(t,, ;) represents EW cost during (t,,t,); v
denotes the manufacturer’s profit demand per unit time.
Therefore, we need to optimize the EW strategy to reduce
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Figure 8: The flowchart of Monte Carlo simulation.
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FIGURE 9: Change trend of system EW cost with different EW periods and inspection intervals.
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FiGure 10: The dimensionality reduction analysis chart of the system EW cost. (a) W, = 3420 days. (b) W, = 1440 days. (c) p = 246 days.

(d) p =96 days.

EW cost and then to reduce the EW price. Supposing that
the profit demand per unit time of the manufacturer for the
planetary gear train is ¢ = 2000 CNY per year, then, based

on the above data and combined with the EW price model,
the decision results of EW price from plan 1 to plan 15 are
shown in Table 3.
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TaBLE 3: Optimization plans corresponding to different EW periods.

Plan W, (days) p* (days) EC(p*,W,) (CNY) P(p*,W,) (CNY)
1 1080 276 4488.80 6488.80
2 1260 276 4528.05 7528.05
3 1440 246 6043.02 10043.02
4 1620 336 7234.22 12234.22
5 1800 276 9650.16 15650.16
6 1980 336 9725.58 16725.58
7 2160 216 11077.76 19077.76
8 2340 336 12283.76 21283.76
9 2520 336 14693.97 24693.97
10 2700 336 14758.10 25758.10
11 2880 246 15700.43 27700.43
12 3060 246 17070.65 30070.65
13 3240 246 19581.58 33581.58
14 3420 246 19922.86 34922.86
15 3600 246 21128.34 37128.34
1 T T T 1
09k | 0.998 |
0.996
0.8 R
=, E 0994
54 54
0.7 + R
0.992
061 1 0.99
0.5 s s : - - 0.988 s - s - -
950 1000 1050 1100 1150 1200 1250 950 1000 1050 1100 1150 1200 1250
T (days) T (days)
—e— Without impact —— Without impact
—— With impact —e— With impact
(a) (b)
1
0.998
0.996
0.994
~ 09921
<099}
0.988
0.986 |
0.984 |
0.982 . . . . .
950 1000 1050 1100 1150 1200 1250
T (days)

—e— Without impact
—e— With impact

(c)

FiGgure 11: Component reliability with the disassembly operation impact. (a) The reliability of center gear. (b) The reliability of planetary
gear. (c) The reliability of planetary carrier.
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FIGURE 12: (a) The comparison of the above two situations. (b) Partial enlarged view of the lowest EW cost.

It can be seen from Table 3, by optimizing the periodic
inspection interval, we can obtain the optimal EW cost and
EW price under different EW periods. The data in Table 3
can provide a scientific and reasonable basis to determine the
EW price of the planetary gear train. On the basis of the
above analysis and plans in Table 3, some specific proposals
for manufacturers and consumers can be obtained. For one
thing, when manufacturers are doing marketing manage-
ment, they can reduce the EW price as much as possible
under the guarantee of their own profit demand, thereby
increasing users’ enthusiasm for buying EW and expanding
the market share. For another thing, users can selectively
purchase EW in customization and combine their own
demands to reduce the product utilization cost.

4.3. Reliability Assessment with the Disassembly Operation
Impact. In this section, the impact of disassembly opera-
tions on the component reliability will be investigated. It is
assumed that W, = 1440 days, so the optimal periodic in-
spection p* = 246 days. Then, according to the above cal-
culation and analysis, we can know all the maintenance
activities and maintenance moments of each component
during the EW period. Supposing that at the inspection T',,
the planetary gear, center gear, and planetary carrier are
replaced. Based on equations (18) and (19), Figure 11 shows
the predicted reliability of the three components at the next
inspection T',,,. It underlines that the disassembly opera-
tions have a significant impact on component reliability.

4.4. Analysis of Disassembly Operation Impact on the Optimal
Maintenance Strategy. To illustrate the impact of disas-
sembly operation on the optimal maintenance strategy, it is
assumed that the impact of disassembly operation on the
failure rate of the component is ignored, that is, the value of
Liq is 0 in the degradation function presented in equation

(14). In the meantime, for the convenience of analysis and
comparison, we take W, = 1440 days as an example, then the
optimal periodic inspection interval p* = 246 days. Then,
these values are next applied to the system to analyze the
impact of disassembly operation. Consequently, we only
need to add the minimal maintenance cost due to disas-
sembly operations and the lowest system EW cost is now
6052.76 CNY. This is significantly higher than the EW cost
determined in Section 4.2 (0.16% increase). The reason is
that in Section 4.2, the impact of disassembly operation is
integrated in the optimization process to find the optimal
EW cost, while this is not the case in Section 4.3 (the impact
is considered after calculation of the optimal parameters). It
implies that not regarding structural dependence between
components in finding the optimal decision variables can
lead to a suboptimal maintenance policy. The comparison of
the above two situations is shown in Figure 12.

It should be noted that if the impact of disassembly
operations is not considered in the whole modeling process,
the EW cost will certainly be lower because the increase of
failure rate caused by disassembly operation due to struc-
tural dependence is not considered.

5. Conclusions and Future Research Directions

In this paper, we investigate the CBM strategy with a pe-
riodic inspection interval for the multi-component system
with structural dependence under extended warranty, taking
into account the impact of disassembly operation on the
failure rate of the system due to the structural dependence.
Several factors that influence the impact of disassembly
operation have been considered and modeled. For this
purpose, a Weibull proportional hazard model that com-
bines the degradation function and failure rate is employed
to construct the failure rate function of the components.
Then, the disassembly operation is described and the
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disassembly operation impact is modeled to develop the
failure rate model considering the impact of disassembly
operation under EW. This study also proposed the pre-
ventive replacement and opportunistic preventive replace-
ment strategy in order to better fit the actual situation where
the overall trend of component failure rate is rising. The
presented model is finally applied for maintenance cost
optimization of the planetary gear train of an automobile
generator. By optimizing the EW cost, the optimal in-
spection interval and the lowest EW cost corresponding to
different EW periods can be obtained. It can be concluded
from the numerical example that the maintenance plan and
EW cost will be suboptimal if the impact of disassembly
operations is ignored. In the future, we think that it is a very
valuable research direction to consider the impact of dis-
assembly operation on degradation parameters, which will
have a certain impact on maintenance decision modeling
and engineering applications.
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