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Abstract

The repair of catapult is a complicated engineering. In this paper, the method of
Condition Based Maintenance is applied into the repair system based on the catapult
maintenance of system analysis. In view of the application of Condition Based
Maintenance in the modern aviation equipment, the catapult availability is the finalN\go
The structure of catapult maintenance system is analyzed. The structure model
dynamic feedback is established by using system dynamics method. Simulat' nj

the "Nimitz" actual data of the Surge operation in 1997.,The ove the
effectiveness and rationality of the proposed metho ugh th ysis of the
simulation evaluation results, the method applyln Ba d ntenance into

catapult repair system can improve catapult avail

Keywords: Catapult; Condition Based Mai@nce Sys%Dy amics; Repair System

1. Introduction ’ \

In the study of aviation maint a ased Maintenance (CBM) is a
maintenance mode. It is ¢ W|th e rlng practice closely. The main
characteristic of this malnt premlse of accurately grasping actual
technical condition of equipme the of less disassembly, less dismantlement
and less repair, the goal mmu@smn work time and improve the economic

benefit. .

How to reveal b@ laws ﬁ&iapult maintenance system process with CBM from
the perspective research the dynamic mechanism, and to support the catapult
availability; @ of the retical frontier in the field of military service. Today, it is
mostly bas the th robability and mathematical statistics method about CBM
state model and decigsi

thod [1-3]. This traditional modeling method is based on the
component or su structure relations and the reliability characteristics to establish

optimization r statistical model. Many deficiencies are exposed in practice.
Firstly, the, asSumptions have strict requirements. The models often ignore the
maintena ime and maintenance resource constraints. It is limited applied to the
catapul lex equipment maintenance issues. Secondly, the catapult availability

the internal factors of the system and the conditionality of external factors. It is

of macro control ability. Therefore, the effect of the model and the nature of the
system are difficult to observe and judge. Then, from the angle of maintenance [6-8],
people pay more attention to the change of the whole system. The traditional models are
often limited to the details. They ignore the factors of the actual catapult availability in the
operation of the system's influence. The maintenance system based on CBM is a complex
dynamic system. The existing research methods of complex aviation equipment
maintenance problems mainly focus on the analysis and processing of the system external
data. The considerations of the influence factors of internal system maintenance process
and the change characteristics of the various factors are less. It is hard to reveal the
essence of the law deeply. So it is difficult to reflect the rate of maintenance activities

syst e complex feedback and delay [4-5]. It cannot deeply consider the correlation
I
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flexibly. It gradually cannot satisfy the requirement of modern military analysis. In
conclusion, it is an urgent need to start from a new angle to make exploration and analysis
of the maintenance system.

System dynamics (SD) method is good at describing and analyzing system of flow
velocity and accumulation [9-10]. It is suitable for the study of logistics interactive
dynamic system. SD method provides a top-down and strategic level description method.
The method is qualitative and quantitative analysis, systems thinking, systems analysis,
synthesis and reasoning [11-14]. It emphasizes the system view, and contact, development
and movement view. It has more superiority than traditional operational research method
in the research of highly nonlinear, high order, multivariable and multiple feedbacks,
complex time-varying large-scale system problems [14-17].

Therefore, in order to get good quantitative description of dynamic, complex and
multiple feedback characters of a complex aviation equipment maintenance system under
limited resource constraints, this paper takes changes of catapult availability system as ae
complex behavior caused by internal feedback in the system. The mutual S
between different components in the system are explored by means of syste@ ics

2. Analysis of Catapult State \é ¢
According to the basic principle of maintenance e@ M i of preventive
ed

maintenance in aviation maintenance activities. e specific equipment,
specific system and specific part of catapult.

The process from catapult degradation t akdown d process from gradually
function and status degradation during the period ¢ tly under the influence of
all kinds of work stress and environmen sto ev@al breakdown in essence.

he equi

Performance degradation means are damaged. If the situation
continues, it will inevitably pro unction re. Figure 1 depicts the catapult
degradation process.
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Figure 1. Catapult Degradation Process
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In the Figure 1, the X-axis is time t and Y-axis is health index H . The domain of
health index is [0,1] . When there is no failure in health, health index is 1. When device
performance degrades, health index is between 0 and 1. Health index is O when the
equipment breakdowns.

System statuses are denoted with a limited set of positive integers: state space
S={L2,...,n}, S, is the system in good condition, S,[l'S, , is the system state of
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degradation, S, is the system state of breakdown. Process of degradation state
{S(t)=1,2,...,n} is uniform discrete time Markov chain. When t =0, the system state is

S, . Without considering the maintenance, equipment performance degradation process is

not reversible. Each state can shift to the right side state. Each state can also transfer to
itself at the same time.

As shown in Figure 1, the process of the catapult performance degradation is divided
into three stages: normal, degrade and breakdown.

1) Normal state.

Normal state refers that the key components of a catapult have its normal work
performance. In Figure 1, at the beginning period time of the catapult, as there is no
breakdown, all of its performance parameters must fluctuate within the acceptable range
of S,. The spare parts are in good condition. As the growth of the working time, its

damage is cumulative. It leads catapult health index H to a downward trend. V

2) Degrade state.

When a catapult comes to breakdown checkpoint P, as a result of the a f work
stress and environmental stress, it makes the health mdex gradually e and the
performance parameters begin to degrade slowly. D His pe@ time, key
components of a catapult can partially complete the n f ctl here is a big
deviation from normal. The deviation reflects the -- 3 per rm degradation. As
the potential breakdown of key components cau the a workmg behavior
will be detected. Until the system comes to fu reakdo n point F, during this time
a catapult condition is characterized by eq perfo?@ degradatlon of abnormal
behavior. The average life is the perio e from_theNcurrent state point N to the
function breakdown point F . The %»task O&P is to detect early potential
breakdown state of key componen een and point F . According to the
current health status of spare part usage s equipment average life is forecast.
It is to avoid breakdown and% pomt to implement the corresponding
maintenance activities before breakdo ,\

3) Breakdown state

Catapult functiop own re t the breakdown of key components cause the
whole part canno m it functlons From the view of catapult health, when
the health mde er than aifl value, the equipment comes into breakdown state.
It belongs within this range, though the healthy index is not 0. The
function br wn of& ult may be caused by a component breakdown, while the
other key componen atapult may still work normally.

When the devi rmance parameters meet the breakdown interval S, catapult has

been unable to
a catapul
Gene

he corresponding functional requirement. The breakdown causes of
e diagnosed. And the maintenance is implemented.
peaking, good economic benefits can be obtained to choose the reasonable

\nce must be typically implemented after a period of time. Preventlve
%enance has two ways of Time based Maintenance (TBM) and CBM. The cycle of
T is determined according to the statistics. The management is easy to operate. But
sometimes it will influence the execution of the tasks. It may cause excessive or
insufficient maintenance. In some occasions, the maintenance of normal catapult will
reduce the equipment reliability and increase breakdown rate. The Best Maintenance
Time is determined according to the actual status. The idea is based on the analysis of
fault mechanism. According to the result of undisassembling test, it is to find a suitable
point to implement the corresponding preventive measures to adjust, repair or
replacement after a catapult comes into degradation state. It can avoid function
breakdown. It makes the maintenance more targeted. It is effective in preventing the
breakdown and making full use of the catapult life. Therefore, in the process of shifting
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from TBM to CBM, it will make maintenance system more targeted with the application
of CBM.

3. Catapult Availability System Description of SD

As the catapult availability system based on CBM is a complex nonlinear system. This
paper studies a number of similar catapult complex maintenance system. General
computer simulation method is hard to describe the complex relationship of related
factors. It must proceed from the overall system to research and analyze this system. The
dynamic changes of system can be researched from interdependence and mutual
restriction relations between the whole and the parts. System dynamics simulation method
can clearly express the relationship between system elements. It can effectively to
simulate and analyze the characteristics of the dynamic behavior in such complex
maintenance system.

V’
3.1. Cause-and-Effect Relation Chart r®?~

Through analyzing the feedback relations of the relevant factorsyirithe/ aviation
equipment maintenance system, in the catapult availabifi stem b@n CBM, the
states can be divided into available condition, degr. ditign ane’ broken-down
condition according to the degrees of degradatic maint aNay has changed
from traditional preventive maintenance (TBM) tntive r??%( nce (CBM) for the
catapult. Breakdown Maintenance (BM) is implemented in.the Broken-down condition.
For the catapult in the degraded condition, 5%1 %

its status and the latter is

er is ft\h
to restore the status. The SD cause-and- art is establish and shown in Figure 2.
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O& Figure 2. Cause and Effect Feedback Chart

+

i 2 is a feedback loop. The mechanism is based on the process of the gap
ally approaching zero. The available catapult, degraded catapult and broken-down
catapult constantly tend to expect purpose under the function of CBM, TBM and BM. In
the initial state, the catapult is in good condition. This is the available catapult in the
feedback loop. With time gone and use of a catapult, it becomes degraded catapult. And
CBM is joined in the feedback loop to preventive maintenance the catapult detected the
potential breakdown timely. Obviously, although there is CBM, the abilities of condition
monitoring and fault diagnosis are limited, it is hard to avoid that the degraded catapult is
not detected. Considering that the situation will cause harm to the catapult. Thus the
traditional TBM is adopted in the feedback loop in order to avoid that the degraded
catapult is not detected. BM is implemented in breakdown condition. Therefore, the
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available catapult will increase with CBM, TBM and BM. Under certain conditions of the
catapult maintenance system, the increase of available catapult will increase catapult
availability.

The assumptions of problem include:

(1) There are 3 states: available catapult, degraded catapult and broken-down catapult.

(2) There are BM, TBM and CBM in the system. TBM is an auxiliary of CBM.

(3) CBM, TBM and BM are completely maintenances.

(4) Detection work does not disturb the operation of equipment.

(5) Sudden accidental breakdown is not considered.

(6) The human resource constraints and maintenance management system constraints
are not considered.

3.2. Relationship Flow Diagram

The structure of the flow diagram can reflect the structure of a system more
than figure than cause and effect feedback chart. The flow diagram of catapult a
system based on CBM is established according to convergence loop of cafise

feedback chart. It can be quantitatively expressed more clearly the rel
I

variables in the system. It is shown in Figure 3.
In order to quantitative relationship between syste es, ained by the
actual process to show dynamic cognitive proc e cat uIt allablllty system

based on CBM. \

The flow diagram of SD in Figure 3 sho e quantit pression of cause and
effect relationship in Figure 2. It not only %early e%es logistics and feedback
control structure, but also defines the L\@[IVG re@ns ip between the variables by
mathematical equations.

Figure 3 fully analyzes each sta le an rlable of the catapult maintenance
process. Flow diagram model o@ catap ntenance is build. The box denotes
accumulated state variables; as avmﬁ%atapult degraded catapult, broken-down
catapult, etc. Double Ilne nnecting t e variables denotes the increase or decrease
behavior of state varia I tis me y inflow rate and outflow rate, such as the
degraded rate, Bl\/k |on rat BM start-up rate, etc. The arc with fine arrow
denotes the quan i tlon between variables.
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Figure 3. Flow Diagram of the Catapult Availability System Considering
CBM
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3.3. Expressions of System Model

Figure 3 can describe the cause and effect relationship and system structure of the
system elements. But it cannot show the quantitative relationship between the system
variables. It cannot fully quantitatively describe the dynamic behavior of the system. So it
is further described by structural equations.

State equation of available catapult | can be obtained from Figure 3.

() =1t —At) +[v,(t—At) +v, (t — At) + v, (t — At) —1, (t — At)]- At (1)
There is a state variable of degraded catapult R between the degraded rate r, and
broken-down rate r,. It denotes the number of catapult at a certain moment detected in

potential broken-down condition between point P and point, rate of the input. Its input
rate is r, and output rate is r,. State equation of degraded catapult R can be obtained.

R(t) =R(t — At) +[r, (t — At) —r,(t — At) —r, (t — At) — r, (t — Al)]- At (),
State equation of broken-down catapult B is V
B(t) = B(t — At) +[1, (t — At — 1, (t — A)] - At ?‘ 3)
State equation of CBM start-up catapult N is 0
Ne (£) = Ne (t — A +[r, (t - At) - tS]-AtQ/ 4)
State equation of TBM start-up catapult N, is

N, () = N, (t— At) +[r, (t t 4\\/ ()

State equation of BM start-up catapult N i

t)]- At (6)
In the initial condition, the catapult
and maintenance requirement. The n

ormaI{BThere is no potential breakdown
fd tapult R(0) =0. The number of
broken-down catapult B(0) =0 mber ofpgqxa le catapult is equal to the number
of initial catapult 1(0)=4. @ er of: %start-up catapult N, (0)=0. The number
of TBM start-up catapult N, (0)=0. ber of BM start-up catapult N;(0)=0. If
there is potential br é&/n, the ded rate r,>0 and CBM and TBM are
implemented whe(ak itions pe(q% If the maintenance condition does not permit or
e

there is no pot reakd cted, the catapult degrades to breakdown due to
continuing it and B emented.
Accordi the a tions of rates variable effecting on state variables, the
&

following equation can e dbtained.

The rate equation@egraded rate r, is

§ r,(t)=1(t)/ AL (7

The rate gquation of broken-down rate r; is

a% I (t) = (1_ |1)R(t)K / (Tl +T2) (8)
T@equaﬁon of CBM start-up rate r, is

QR L) =LROK /T, ©)

e rate equation of CBM execution rate v, is

() =LuN. )/t (10)
The rate equation of TBM start-up rate r, is
n(t) =A-K)R(®) /T, (11)
The rate equation of TBM execution rate v, is
v, () =u,N; (©) /1, (12)
The rate equation of BM start-up rate r, is
r(0) =1,B(t) (13)
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The rate equation of BM execution rate v, is
v, (t) =uNg (1) /', (14)
The expression of available catapult | about rate variable can be obtained from Eq. (7)
and Eq. (1).
I(t) =[AL — At]r, (t — At) +[v; (t — At) + v, (t — At) + v, (t — At)] - At (15)
The expression of degraded catapult R about rate variable can be obtained from Eq.
(8) and Eq. (2).
T, +T,

R(t) = [K(l I)—At]rS(t—At)+[r4(t—At)—rl(t—At)—rz(t—At)]-At (16)
The expression of broken-down catapult B about rate variable can be obtained from
Eg. (13) and Eq. (3).

B(t) = [Ii _ A (= At + 1, (t— AL) - At (17

Eg. (10) and Eq. (4).

N (t) = [——At]vl(t At)+r; (18)

Sul

The expression of TBM start-up catapult N, a variable calf be obtained from
Eq. (12) and Eq. (5). K

N, (t) = [——AtJvszJr r(t —a@t (19)

The expression of BM start-up c{@\N ?%K@! variable can be obtained from

Eg. (14) and Eq. (6). @

At]v;(\@) T (t—At)- At (20)

Finally, the relatlons etween Qstate variables and 8 rate variables can be
obtained.

: \4
The expression of CBM start-up catapult N. about rate variable can be @Wcm

0  AL-At 0

0 4T At [ t-at)]
K(-1)

) v,(t—At)

I——At 0 At v, (t — At)

2 r,(t— At)

0 0 0 r, (t — At)

r,(t—At)

0 0 0 r,(t - At)

O : | n(t- A
O 0 0 =2-At 0 0 At 0 0

L Uy ]
(21)

According to Figure 3, the function of CBM execution rate v,, TBM execution rate v,
and BM execution rate v, is to increase the number of available catapult. The function of
degraded rate r, and broken-down rate r; is to decrease the number of available catapult
I . Similarly, the function of CBM start-up rate r, is to increase the number of CBM
execution catapult N, . The function of TBM start-up rate r, is to increase the number of
TBM execution catapult N; . The function of BM start-up rate r, is to increase the
number of BM execution catapult N, . The degradation of catapult can meet the
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maintenance requirements. The function of CBM execution and BM execution is to
decrease the number of degraded catapult R and broken-down catapult B .

It is shown from the above dynamic process analysis that the number of available
catapult I can increase by CBM, TBM and BM. Then the readiness rate is improved. It is
a positive feedback system with difference. In addition, the ability of condition
monitoring, fault detection and diagnosis lead to the randomness of repair results.
Therefore, the number of available catapult | is not constant. It fluctuates up and down
according to the maintenance situation.

3.4. Analysis of Catapult Availability

The equation of available catapult U is
U(t) =1(t) =(AL—At)r, (t — At) +[v, (t — At) + v, (t — At) + v, (t — At)]- At (22)
The reasons tree structure of the change of the total number of available catagult ise

established by the structural analysis, as shown in Figure 4. ?\
N <</E
[ CBM catapultN. O \V

[ CBM execution timeﬁ& CBM execution

rate v,

BM catapultN

BM execution timet;]

[ CBM repair rateu,

Detection levell,

TBM cataﬁuItN; : .\c@ °
TBM execttion

[ TBM execution timef, | —— Degraded

rate V> Q rater, -
4 Catapult average lifeAL]
TBM repair rateU,}’ Q \'
Figur@ ors Y%wg the Number of Available Catapult

The fac@ affect t@umber of available catapult are CBM execution rate, TBM
execution r M exe ate and degraded rate from Eq. (21) and Figure 4. There is

a feedback loop as in Figure 4. The degraded rate is affected by the number of

available catapult
4. Analygi $namic Simulation

This § takes the catapult maintenance of the aircraft carrier "Nimitz" as the
rese object. The catapult maintenances of the aircraft carrier "Nimitz" are divided into
@ear, once six months, once each quarter, once a month, once a week. The R-27
i ction weekly includes test of the open timer of ejection valve, capacity selection
valve system and the inspection and lubrication of hydraulic brake parts. According to the
operational guidelines 4790/85 of Naval Operations, these checks will need about 3 hours
of work to complete. If the maintenance operations are required during the period of high
intensity exercise, each R-27 check could reduce at least 2 cycles.

Auvailable catapultl ]
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Table 1. Frequency of Catapult Periodic Maintenance

Type of Check Interval of Check Time of Periodic Maintenance
R-7 400-500 ejections -
R-25 10000 ejections -
R-16 100-200 ejections 15min
R-27 1 week 3 hours of work
Overhaul of  C-13 15000 ejections -
catapult

Assumed that there are 4 independent and similar catapults, the time of system
simulation is 1000 unit time and the simulation step size is 1.

Aimed at the results of simulation with CBM coefficient K = 0.1, 0.3, 0.5, 0.3 and 0.9,
the curves of the number of available catapult and catapult availability are shw

Figure 5 and Figure 6. ?\
O

3.98 % \ /

N .
,‘;Y/

N [ | ) | b N

A\ N\
v +.Cn

P o7
S, |
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Figure 6. Catapult Availability
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Figure 5 and Figure 6 show that as the increase of CBM coefficient, the number of
available catapult will increase. So increasing CBM coefficient can increase the number
of available catapult and catapult availability in the steady state. In the steady state, when
CBM coefficient is 10%, the number of available catapult is 3.82 and the catapult
availability is 95.51%. When CBM coefficient is 90%, the number of available catapult is
3.96 increased by 0.14 and the catapult availability is 98.94% increased by 3.43%.

Table 2. Comparison Table of Available Catapult

K=1 K=3 K=5 K=7 K=9
0% 0% 0% 0% 0%
Number of available catapult 3.82 3.91 3.94 3.95 3.96
Increase of available catapult 0 0.09 0.12 0.13 0.14
Catapult availability (%) L0 O B R 98 o %
Increase of catapult availability 0 218 288 3 23
(%)
From Table 2, as the increase of CBM coefficient K C|ty o@ e catapult
increase will decrease. Therefore, considering economj of work, the

better CBM coefficient is 50%. The number of av, atapu and the catapult
availability is 98.39%. Compared with 10% CB fficien\rxvﬁumber of available
catapult is increased by 0.12 and the catapult=availability eased by 2.88%. The
increase is large. Compared with 90% CB cient, ber of available catapult
is decreased by 0.02 and the catapult availability is decreased by 0.55%. The decrease is
small. Therefore, when CBM coeﬁié\is 509 0%, the number of available

catapult and the catapult availabilit lative . But economic and sustainability

of work are better with 50% C icient.
0

5. Conclusions

In this paper, catap ntenan e em model is established by using the principle
of SD. It is bas dynarm%rmuple of catapult feedback control structure. A
0

variety of syst rs ar silered. Through the simulation, the situations of
available ¢ egrad uIt and broken-down catapult are shown. The above
analysis s hat CBM S Breakdown Maintenance into active maintenance based

on state. The number cﬁ ailable catapult is significantly improved by improving CBM
coefficient. The nu@s of degraded catapult and broken-down catapult is effectively
reduced. It can ee the catapult availability and reduce maintenance cost.

As the cata is a complex aviation equipment maintenance system. The above

maintena ode has associated with TBM, CBM and BM. It can achieve the
optimiz process, efficiency of maintenance improvement, equipment availability
impr, t and maintenance cost reduction. It has very important practical significance

vy catapult maintenance.
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