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Abstract

The time-limited dispatch (TLD) of aircraft allowsperators to efficiently meet
certification requirements. In order to displayttiliaese requirements are met it is
necessary to model the aircraft systems to which T4 being applied. Currently
variations of fault tree analysis and Markov anialyse commonly used. However, in
order to apply either of these methods a numbasséimptions are made in order to
assist in the analysis. Monte Carlo simulation (MG$ presented here as an
alternative method of demonstrating the requireellef system reliability. A simple
system is analysed using a time-weighted averageoaph, a reduced fault state
Markov approach and a MCS approach. MCS is seemnffer benefits when
modelling the application of TLD to a simple systémat could also be seen in the
modelling of the application of TLD to real airaraystems.

I ntroduction

Time-limited dispatch (TLD) was first utilised afténe introduction of Full Authority
Digital Electronic Control (FADEC) systems to comaial aircraft about 20 years
ago. These electronic engine control systems asguéngine thrust from the
beginning of fuel metering up to the time of fuauwff. When FADEC systems
were introduced it was to be the first time thabtyaromechanical control (HMC)
system would be unavailable to pilots in the evdran electronic system failure [1].

FADEC systems are designed around a dual chanmetotsystem, and as such
incorporate a degree of redundancy. Each engise&l@ADEC system in which all
critical loops and functions have either dual syst@r redundant elements. Although
it was expected that this would lead to greatertrobisystem integrity, the dispatch
criteria imposed when FADECs were introduced abttdat to an increase in delays
and cancellations of flights [2], [3]. This wasedto the fact that, in the absence of
any dispatch guidelines for FADEC systems, a coasiee approach was taken in
which dispatch was forbidden with faults in morarthone channel of an engine.
However, because of the high reliability of the HFAD systems in comparison to the
HMC systems, an opportunity arose to utilise thdunelancy present to allow
dispatch with faults present in the FADECs. Respliairworthiness standards would
still be met and aircraft operators would benefani the reduction in delays and
cancellations of flights. The new approach, whadlowed dispatch with reduced
levels of redundancy, was called time-limited dishg TLD).

TLD allows the dispatch of aircraft with faults pe:t whilst assuring a level of
system reliability. This level was set accordingtte levels that were required of the
HMC systems that were used prior to the introductbFADECs. A maximum limit
of 10 events per £dlight hours (flt. hrs.) is set for thaverage loss of thrust control
(LOTC) rate of the system [2]. In achieving thisseage a further restriction of an
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upper limit of 100 events per 16t. hrs. is applied for thénstantaneous LOTC rate
of dispatchable system configurations.

When implementing TLD an aircraft may be dispatcbeer differing periods of time
according to the significance of the faults presanthe system [2]. These dispatch
intervals, which give the maximum time allowed thspatch before the faults must
be addressed, fall into four categories, thesegbein

* Do Not Dispatch (DND),

» Short Time Dispatch (STD),

* Long Time Dispatch (LTD),

» Manufacturer/Operator Defined Dispatch (MDD).
The DND category, when applied, means the faulesent in the system prohibit
dispatch of the aircraft and the faults must bereskkd immediately. The STD
category allows operation of the aircraft in theorshterm before corrective
maintenance must be undertaken and the LTD categlays dispatch in the longer
term. The final category, MDD, is reserved forlfathat do not affect the LOTC rate
of the system [2]. The LOTC rate for faults in tiED category must not exceed 75
events per 10flt. hrs. STD category faults have a LOTC ratattlies between 75
and 100 events per 16t. hrs. and for DND category faults the instargaus LOTC
rate exceeds 100 events pef flO hrs.

Maintenance Strategies

Two maintenance strategies exist that may be usedaintain a system on which
TLD is being implemented. There is no restricttonwhich strategy must be used
when maintaining a system. In fact, if desirede o the strategies may be used to
maintain STD category faults while the other isdusemaintain LTD category faults.
The two maintenance approaches are described below.

dispatch interv: dispatch interv:
— i !
| I : | ! !
| i T > [ — i T >
tl tg t |1 tl tf |2 tg t
Figure 1. MEL Maintenance. Figure 2. PIR Maintenance.

MEL Maintenance: Minimum equipment list (MEL) m#&nance [2] is generally
applied to STD faults. When MEL maintenance isduse exact time of occurrence
of the fault must be known, at which time a ‘cowovat’ is started of the appropriate
dispatch interval. When the countdown ends thet fauist be repaired in order to
allow further dispatch of the aircraft. This presas illustrated in Figure 1, where a
fault occurring at time; initiates a dispatch interval endingtat If the fault is not
repaired at or beforg further dispatch of the aircraft is prohibitedizdt time.

PIR Maintenance: The second method of maintenanperiodic inspection/repair
(PIR) maintenance, normally used with LTD categiawits. This involves checking
the system for faults at regular intervals. In ttese the exact time of occurrence of
the fault will not be known. If a fault is discoest at an inspection it is assumed to
have occurred at the midpoint of consecutive inspes [2]. The dispatch interval is
then deemed to have begun at the midpoint of thgeictions and the allowed period
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of dispatch from the inspection where the fault Wesxovered is calculated. A PIR
maintenance scenario is illustrated in Figure 2,which I, and I, represent
consecutive inspections of the system for faultdadlt, which occurred at timg is
discovered at, and, because the exact time of the fault is noimn is assumed to
occur att;, the midpoint of the inspection interval. The cmawn of the dispatch
interval is then assumed to have begun at this &ntkit will end att,. This allows
dispatch of the aircraft for a further timieafterl,. The inspection interval for a fault
category must not exceed twice the dispatch intéovdaults of that category. In that
way the average exposure to faults cannot excesd@ppropriate dispatch interval.
However, note that the maximum possible exposuithetystem to a fault could be
twice the dispatch interval. Contrast this with MEL maintenance approach where
the maximum possible exposure of the system toul fa equal to the dispatch
interval.

PIR could be used to address the maintenance esgeits of more than one category
of faults. In systems where this is the case inspes for faults of a certain category
may uncover faults that fall into another dispatategory. If this occurs the fault may
be dealt with as if discovered at the next inspecfor its own category [2]. For
example, the presence of a STD fault at a LTD icspe would be noted but the
STD fault would be treated as if found at the negpection for STD faults.

The Simultaneous Presence of Multiple Faultsin the System

Despite the high reliability of FADEC system compats there exists the opportunity
for more than one fault to be present in the systémny one time. If this happens
there are a number of different issues that couideaand impact upon the
maintenance of the FADEC system. Examples of saehasios are outlined below
for the MEL maintenance strategy. These examplesgmo means exhaustive, but
merely hint at the complexities involved in modwadiithe TLD process. Indeed, when
one begins to consider PIR maintenance or a cormdmaf MEL and PIR and,
although such situations would be rare, the preseaficmore than two faults, the
maintenance options available become more complex.

. LTD .
! i ! LID__
— B TN ST I BN
A B tt b t A B ta 4 t, t
Figure 3. Multiple Faults (MEL Figure 4. The Combination of Multiple
Maintenance). Faults (MEL Maintenance).

Consider Figure 3, which depicts the occurrendsvoffaults,A andB, repaired using
MEL maintenance. The dispatch intervals for theaelt$ will end att; andt;
respectively. Ag; is reached a number of options are possible. Ig|dault A must
be cleared from the system at this time in ordaltmw further dispatch. In addition
to this either:

* B may be allowed to remain in the system, allowirspatch untik,, or

* B may also be cleared from the system, allowingnuitdid dispatch aftes.
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Figure 4 depicts a similar scenario to that showirigure 3. Fault®\ andB, when
occurring in isolation, cause the initiation of LTibtervals, ending at; and t,
respectively. However, as soon as bétlandB are present within the system, the
allowable period of dispatch is reduced to the Sakegory. This means that, as fault
B occurs the system may then be dispatched onlytime t3, nott, as would be the
case if faultA had not occurred. Upon reachiaghere are three possible maintenance
strategies:
* Both faults,A andB, may be cleared from the system, allowing unlichiéspatch
of the system,
* FaultB alone may be cleared from the system, allowingatish untilt;, at which
point faultA must be addressed, or
* FaultA alone may be cleared from the system, allowingath untilt,, at which
point faultB must be addressed.
Of course, this scenario assumes thatkccurs beforay. If fault B occurred at such a
time thatt; occurred aftet; then faultA would have to be cleared from the system at
t; before the STD maintenance deadline was reached at

When faults combine in the way just described tuce the dispatch interval, the
order of occurrence of the faults may have an efiacwhether the dispatch interval
is reduced or not. For instance, in the examplevaho Figure 4, if faulB follows
fault A a STD interval is initiated. If the ordering ofete faults was unimportant the
same reduction in dispatch interval would be sdefault A followed fault B.
However, if the ordering of these faults was imanttit may be thaf following B
would not lead to the same reduction in dispattérual as whei followed A.

The scenarios described above merely hint at thgplsxities of TLD and the repair
processes involved in the maintenance of a FADESTegy. When analysing the use
of TLD in the maintenance of a FADEC system thditgtnf the model used to deal
with these complexities may be of importance ifurate results are to be obtained.

Modelling TLD

Before applying TLD to a FADEC system it is impartdo be sure that the system
will still meet the levels of safety required of o do this a mathematical model of
the system is constructed and an analysis is peefdrto monitor the effects of TLD
on the system and obtain the average LOTC ratdefsystem. Two methods of
analysis that are widely used are described imfit] [3]. These approaches are based
on Fault Tree Analysis (FTA) and Markov Analysigleare briefly described below.
Also described is a third technique, Monte Cartaudation (MCS), proposed by the
authors as a suitable alternative method of comtyet TLD analysis.

Time-Weighted Average (TWA) Approach

This TLD modelling approach obtains a value for L@TC rate of the system by
adding the following three quantities:
1. The sum of the failure rates of faults in the meotea/ hydromechanical
portion of the FADEC system.
2. The sum of the failure rates of the system due ricevwealed electrical/
electronic faults.
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3. A time-weighted average (TWA) of the failure ratdsthe system from each
of its dispatchable configurations.

This last quantity is obtained by multiplying theadtion of time spent in each
dispatchable system configuration by the failure @ LOTC from that particular
configuration. Consider a FADEC system witldispatchable configurations and let
the first of these (configuration 1) represent thdl-up system state, the
configurations numbered from 2 o represent the configurations allowing STD and
the configurations fronm + 1 ton represent the configurations allowing LTD. L&t
represent the failure rate into tifedispatchable configuration. Defiffg the dispatch
interval for thei™ dispatchable system configuration as follows:

T =

(1)

Top, fi=2...,m,
To, ifi=m+1...n,

where Tsrp is the short time dispatch interval afidp is the long time dispatch
interval. Thus an expression for the TWA LOTC raft¢he system is:

/]TWA :AHMC +/]UR +Zti/]i,u (2)
i=1

where Ayuc represents the sum of failure rates due to mechkriiydromechanical
faults and Ayr represents the sum of failure rates due to untegeealectrical/
electronic faults.t; is the fraction of time spent dispatching from pditchable
configurationi and A;; represents the system failure rate to LOTC from ith
dispatchable configuration. Equation (2) is a gahtarm of the equations given in
[1], [3] and [4]. Becausé represents the fraction of time dispatching froyatem
statei we require that the total of ailof these fractions is unity. Thus we obtain the
following expression foty, the fraction of time spent dispatching from thd-fip
state:

t, =1-Dt,. (3)

i=2

An approximation fort; with i = 2,...n, i.e. the fraction of time spent dispatching
from thefaulty dispatchable configurations, is:

t =AT. (4)

This is equivalent to the approximation given ire tbriginal version of SAE
ARP5107 [3].

The system failure rate to LOTC from tHdispatchable system configuratioh,,
is calculated in [1] by dividing the failure prohktly to LOTC by the average flight
time. This “probability per flight hour” is equatéd the desired failure rate. Thus

s 2

whereQ; . is the failure probability of LOTC from th& dispatchable configuration.
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Thus, by substituting (3), (4) and (5) into (2), etpression for the TWA LOTC rate
of the system may be obtained.

In a revision to the original SAE ARP5107 documamevised method of calculating
the time fractiond;, i = 2,...nis given [4]. This method is claimed to betterdale
the fractions of time spent in each dispatchabstesy configuration because, rather
than assuming the system is in the full-up statealficthe time, it is assumed to be in
the full-up state fot;. The new values fdr are:

t :tl(/]iTi )! (6)

In this case (3) and (6) give a systenmdihear simultaneous equations which can be
solved fort;, i = 1,...n. Then, together with (5) these may be substitiwedive an
expression for the TWA LOTC rate of the system.

Reduced-State Markov Model Approach

The reduced fault state Markov approach is simitara conventional Markov
modelling approach. However, there are two notdlfferences, these being:

1. The number of system states is greatly reduced.

2. An artificial simulated repair transition is addedthe model.
The reduced-state Markov approaches described,ifi3Jland [4] are similar in that
the number of system states is reduced by consglesually only single fault states,
i.e. states where only one fault exists in theesysin addition to the full-up state and
the LOTC state. Dual and higher order fault states/ be added to the model if
considered of particular importance or if the FADEYtem architecture requires it.
A reduced-state Markov model for a general systenshown in Figure 5. This
particular model is similar to that given in SAE RRL07 revision 1 [4]. As a single
mechanical/ hydromechanical fault could cause LOif@n any fault state a
transition is added from the full-up (state 1) aficsingle fault states (states 2).to

state 1 staten+ 1
(Full-up) (LOTC)

Figure 5. A Single Fault State Markov Model.
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the LOTC state. The other addition to the modekrav conventional model, is the
feedback loop, a simulated repair from the LOTQGesta the full-up state. This is
added to the model in order to allow a steady ssaf@tion to be calculated.
Considering the Markov model shown in Figure 5 tiamsition rate matrixA, is
given by:

—(AH +Z/1i) A, A, A
i=2
Va _(Vz AL +/1H) 0 0 AL T Ay
A= : 0 0 P (7)
v, 0 0 —(v, +A, +Ay) A, +A,
| VFB O O _VFB ]

All terms that are off-diagonal and are not elermesftthe first or last columns are

zero. The termiy represents the sum dfiuc andAyr. This leads to a system pfl
differential equations, given by:

Qlt)=Qlt)A, (8)
where
Qt) = [Qt). Q,(t).-... Qb)) 9)

andQ;(t) is the probability of the system being in stagg timet. At steady state the
rate of change of each of these probabilities ie,zberefore equation (8) becomes:

QA =0, (10)

which is a system oih+1 linear simultaneous equations. These equatiors a
dependent and in order to obtain an independertrmysne of the equations is
arbitrarily chosen to be replaced by the constregutation:

n+l

2.Q =t (11)

In order to find the LOTC rate of the system therage failure rate into the LOTC
state,n+1, is used. The definition of the reduced-statekda (RSM) LOTC rate is
hence:

Probability flow into staten+1

Frou = 1- Probabiliy of beingin staten+1" (12)
which is:
j‘H 1 + n A’i L + j‘H i
e l_Qn+1 .
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Equations 2 through to of the set of simultaneous equations obtained alffrom
columns 2 tan of matrixA) yield the following expressions fQ¥:

Q=——"—-Q, i=2...,n, (14)

which may be substituted into (13), along with arrangement of (11), to give:

] P +z[“mj

2\ A

n A !
1+ !

;[Vi + 4 j

where A 1y is the sum off; andAy. This is the general form of the solution for the
reduced-state Markov model as given in [4]. If tbpair intervals are as defined in
equation (1) then the repair intervals are giventhes reciprocals of the dispatch
intervals, i.e.

(15)

A

Vi =—. (16)

Equations (15) and (16) may now be used to obtanlLOTC rate using different
values of STD and LTD intervals.

Monte Carlo Simulation

The first step in performing a Monte Carlo simwat{MCS) is to create a computer
code that will model the behaviour of the systenerotme. The code contains a
structured, logical set of rules that will descrhmawv the system reacts to every event
that may occur during its use [5]. When modellingDT such events could be
component repairs, failures, sequences of failareBLD maintenance deadlines and
the like. The generation of a uniform set of randmmbers is key to the success of
any MCS. In a TLD simulation these random numbers ased to generate
component failure times using the relevant failorerepair distributions for each
component. The simulations are run until such atitmt the system fails or the
maximum lifetime of the system is reached. Aftecteaimulation the relevant
parameters are stored and once these parametarghlie the required tolerance the
series of simulations is ended.

When TLD is modelled using MCS the scheduling cérés that affect the system is
of the utmost importance. Component failure tinresimitially added to the schedule.
The simulation time is advanced to the time of fire event chronologically in the

schedule. As a component fails the status of tséesyis checked and if the system
fails the simulation ends. If the system doesnitdaon the failure of a component
then a list of TLD criteria is checked to see TleD maintenance deadline or periodic
inspection should be added to the schedule beaafugee component failure. The

deadline or inspection could be added becauseabfdiiure alone, or because of that
failure acting in combination with other componéailures. The schedule and the
correct ordering of events is perhaps the most itapo part of the simulation of
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Input system logic,
START — component failure
distributions and TLD data.

Initialise. Add 1
component failures to
schedule. Start simulation.

Is the
system lifetime
exceeded?

Simulation time advanced
to time of 1%/ next event >
in schedule.

Is the
event a maintenance
deadline?

Is the
event a component
failure?

The event is a periodic N
inspection at which a
fault/s is/are discovered.

v
| | M
Add a maintenance Perform necessary repairs,
deadline to the schedule, if add new component failure
not added previously. times to the schedule.
v \Z

Add the maintenance
deadline or periodic
inspection to the schedule.

¥

| \%

Does
the system now
fail?

Has the
overall LOTC rate
converged?

Figure 6. The Algorithm for the Main Module of tMCS Code.

TLD. The structure utilised in the MCS code usetklstores the positions of events
previous to and after each event and these muspd&ted as, for example, the first

event chronologically is removed from the schedwleeadlines are removed from
the schedule after faults are repaired.

One of the major advantages of implementing a MCtRe large degree of flexibility
or complexity that may be involved in the code. Katance, when a maintenance
deadline is reached, the different repair strageg@gmat are possible may be easily
carried out. It would be possible, for exampleckear all faults from the system at
each deadline, to clear all faults falling into geme dispatch category or to simply
address the fault that caused the deadline. Ottegegies are possible and part of the
beauty of MCS lies with the fact that different mtanance strategies could be tested
before being applied to a real system. MCS is alde to model different strategies
better than the usual TWA or Markov-based appraache
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The algorithm for the main module of the MCS codediin this work is shown in
Figure 6. Due to the fact that any maintenance ajjmers (TLD deadlines and
inspections) cannot occur mid-flight the time o€lswperations are adjusted to occur
between flights. This is done by moving the operaforward to the beginning of the
flight in which it would otherwise fall.

The code written and used to model TLD here isilflexin that it can use data from
any fault tree of a system failure mode. In additio the fault tree, the failure
distributions of the components and the TLD digpatateria to be applied to the
system are passed to the code before simulatians.bEhe failure rate of the system
is calculated after every 1000 simulations andstlation is obtained to the required
number of significant figures. This is done by dhieg the value of the failure rate is
unchanged for a number of consecutive calculations.

Example System

The system modelled in this work is a simple owataining only 4 components. The
system architecture is shown in Figure 7. As canseen from the diagram, it
essentially consists of two channels, 1 and 2, eaethich contains a power supply
and a CPU. However, in order to add further redongdo the system, a link between
the two channels is provided that allows, for exemihe channel 1 power supply to
provide power to the channel 2 CPU if its own posgoply fails. The failure rates of

Channel 1

' | Channel 1 E
' Power !

_____________________________

' | Channel 2 E
' Power !

Channel 2

Figure 7. The Simple FADEC System Representation.

the individual components are given in Table 1nglwith the dispatch category that
will be applied if one of them fails. These dispatategories were determined for
each component by considering the instantaneolgdaiate (to LOTC) with that
component failed, using the approximation given dguation (5). The same
approximation was used to estimate the instantan&olure rate (to LOTC) of each
of the dual fault states, i.e. the system configona where two faults are present in
the system. These failure rates suggested thduallfaults would fall into the DND
category and thus need not be included in the SMEATand Markov analyses.
However, these dual faults are included in the ME®ND faults. Higher order fault
states than this needn’t be considered for thigesysince once three components are
failed the system is definitely failed.
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When modelling the system using the TWA and redistate Markov approaches the
failure rate due to mechanical/hydromechanicalt$adlivc, and the failure rate due
to unrevealed faultslygr, were not considered in the SAE analyses.

Component (fai:fja;gl;rger?;eour) Dispatch Category
Power 1 9.0x 10° STD
CPU 1 5.2x 10° LTD
Power 2 8.0x 10° STD
CPU 2 6.5x 10° LTD

Table 1. Component Failure Rates and Dispatch Gag=g

TWA results were obtained for both methods of daltng the time fractions, see
equations (4) and (6), given in the original [3]darevised [4] versions of SAE
ARP5107. As was mentioned previously, the Markosults were obtained for a
single fault state model, since higher order fawltald fall into the DND category
and needn’t be included in the analysis. This $® @he case for the TWA model but
these DND category faults are included in the MG#leh Results were obtained for
the MCS for a number of different maintenance sgigs and approaches. STD and
LTD faults were addressed using all possible coatimns of the MEL and PIR
maintenance approaches. Thus both STD and LTDsfawdte dealt with using MEL
maintenance in one set of simulations, one with M#d the other with PIR in the
next set and finally both would be maintained usii&® maintenance. When PIR
maintenance was used to maintain faults the inspechterval was varied as a
function of the dispatch interval and defined a8, 1.5 and finally 2.0 times the
dispatch interval. At the maintenance deadlines fthdts could be repaired in a
number of different ways in order to allow furtltespatch after the deadline. For this
system the repairs were carried out in three diffeways, each of which represented
carrying out a varying amount of work on the syst&hese were:

1. Repair the last fault of the group of faults thaitiated the maintenance

deadline.

2. Repair all of the group of faults that initiatee timaintenance deadline.

3. Clear all faults present in the system at mainteaaeadlines.
The first of these maintenance approaches repreperttaps the minimum amount of
work that could be carried out at a maintenancelldesin order to allow further
dispatch. An example of applying this approach wdé as follows. If CPUL1 failed a
LTD interval would be initiated. If Powerl was ilfin the subsequent period before
the maintenance deadline a DND maintenance deadtoéd be added to the end of
the current flight. In this maintenance approackérd would be repaired, leaving
the CPU fault present in the system until the LTBimtenance deadline occurs. The
second approach would be a slightly more rigorqum@ach to repairs than the first
because, for instance, in the example given abmséhie DND maintenance deadline
was encountered all faults that caused it, i.e.d?bvand CPU1, would be repaired.
The final maintenance approach listed above is riksty to be the one that will
produce the lowest LOTC rate, since when any maamtee deadline occurs all faults
that are present in the system are repaired anslysdtem is thus returned to a full-up
state. For the MCS the maximum lifetime of the eystwas assumed to be 200000
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flt. hrs. This corresponds to a period of use gfrapimately 37 years for a system
used for 15 hours per day. The length of a fligise@ in the TWA approach and the
MCS)) was set to be 5 hours. This was assumedviorieed example in [1].

Results

Results were obtained for a STD interval lengtlbetfween 50 and 200 flight hours
(flt. hrs.) in 50 flt. hr. steps with the length tfe LTD interval varying between 200
and 2000 flt. hrs. in 200 hour increments. Belo® some of the results obtained for
the 200 flt. hr. STD interval.

Figure 8 shows a comparison of the results fromSA& approaches and MCS with
STD faults addressed using the MEL maintenanceoagprand LTD faults addressed
using the PIR maintenance approach, which appeabg the most commonly-used
maintenance combination in practice. The PIR inspedntervals are set at 1.5 times
the dispatch intervals and at maintenance deadhiiefults are cleared from the
system (the third of the approaches listed earli&g can see from this graph that the
TWA method with the original time fraction coeffécits produces the highest
calculated LOTC rate and that the TWA method witle revised time fraction
coefficients produces a calculated LOTC rate thatonsistently lower than this over
the range of LTD intervals. The single state Markeagain lower but the lowest
calculated LOTC rate comes from the MCS. Assumimaf the MCS models the
system more accurately than the other models, whiehreasonable assumption, this
means that the TWA and single fault state Markotho#s of analysis are suitable
models for this system since the LOTC rate is asterated.

(STD-MEL, LTD-PIR) inspection interval = 1.5x dispatch interval.
STD interval = 200 hrs.

Failure Rate per 10°flt. hrs.

O-O T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

LTD Interval (hrs.)

—o— SAE TWA - Original coefficients = —8— SAE TWA - Balanced Coefficients
—— SAE Single Fault State Markov —>— MCS, clear all faults

Figure 8. A Comparison of the SAE ARP5107 Approadhéth MCS.
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Figure 9 shows a comparison of results for theetliéferent maintenance approaches
described earlier. Again, STD faults are address#oy MEL maintenance and LTD
faults are addressed using PIR maintenance withn@ection interval set at 1.5
times the dispatch interval. This graph shows thete is a significant difference in
the predicted LOTC rate for the three maintenarpaaches. While repairing the
last fault of the group that caused the deadlieeptiedicted LOTC rate is greater than
the LOTC rate when repairing all faults that irttih the deadline or clearing all faults
present in the system at the maintenance deadlifi@s.final two maintenance
approaches give very similar results, the LOTC mabained when all faults are
cleared from the system at maintenance deadlines) Isightly lower. One would
expect that this particular difference could berewveore pronounced if a larger
system were being modelled. With this in mind cdesifigure 10, which shows a
comparison of the MCS results for the best and tnafrthe maintenance approaches
with the results from the TWA method (with balandade coefficients) and the
single fault state Markov method. We can see hHetthe single fault state Markov
approach actually gives a LOTC rate that is lowantthat predicted when the system
is repaired by repairing only the last fault of tgeoup causing a maintenance
deadline. The TWA method still overestimates theTDOrate, even for this
maintenance approach. As we saw earlier, both SAtBods overestimate the LOTC
rate when all faults are cleared from the systemahtenance deadlines. In order to
better quantify these differences consider figuids and 12, which show the
percentage differences of the LOTC rate obtainedguthe TWA and single fault
state Markov methods from the predicted LOTC radenfthe MCS. Figure 11 clearly
shows that when maintenance involves clearingaailt$ from the system the TWA
method (with the original time coefficients) ovemmtes the LOTC rate in

(STD-MEL, LTD-PIR) inspection interval = 1.5x dispatch interval.
STD interval = 200 hrs.
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Figure 9. A Comparison of MCS Results for Differdfaintenance Approaches.
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comparison to the MCS by between 11.7% and 50.4é6 thve LTD interval range of
200 to 2000 flt. hrs. Over the same range the TW&thad with the balanced time
coefficients overestimates the LOTC rate by betwa&f0o and 18.8% and the single
fault state Markov model overestimates the LOT@ kst between 1.75% and 9.68%.
Figure 12 shows that the TWA method with originale coefficients overestimates
the LOTC rate in comparison to the MCS by betwe@87and 27.6% over the LTD
interval range between 200 and 2000 flt. hrs. TWATmethod with balanced time
coefficients overestimates very slightly, the patage overestimate actually falling
from 1.5% to 0.8%. However, the single fault stsli@kov approach underestimates
the LOTC rate in relation to the MCS by 2.3% atatue of 200 flt. hrs for the LTD
interval. This percentage rises to 6.9% at a vaftg000 flt. hrs. for the LTD interval.

The question now is what effect these differing eitwg approaches would have on
the dispatch of the system considered as an examepée Considering again figure 8
it can be seen that, given the upper limit fordkerage LOTC rate of 10 failures per
10 flt. hrs. that, given a STD interval of 200 hihe LTD interval could be set at
about 1050 hrs. if the TWA method (with the oriditimme coefficients) was used to
model the system. Using the same method, but Wwehbalanced coefficients, would
allow the LTD interval to be set at about 1300 ,hasrast improvement. However, the
single fault state Markov model would allow the LTiRerval to be set at about 1450
hrs. and the MCS would allow a dispatch intervallfoD faults of around 1650 hrs if
all faults were to be cleared from the system atséame time. However, from figure 9
we can see that, if the maintenance approach iegalgpairing the last fault of the
group that initiated the deadline, the maximumvedld LTD dispatch interval would
be around 1400 hrs.

(STD-MEL LTD-PIR) inspection interval = 1.5x dispatch interval.
STD interval = 200 hrs.
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Figure 10. A Comparison of Differing MaintenanceMi€S With
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STD-MEL, LTD-MEL, clear all faults in the system at deadlines.
STD interval = 200 hrs.
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Figure 11. Percentage Difference of SAE Approa¢hiesn MCS.

STD-PIR, LTD-PIR, repair last fault of the group that initiated the deadline.
STD interval = 200 hrs.
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Figure 12. Percentage Difference of SAE Approa¢hiesn MCS.
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Only a small sample of the MCS results obtainedgawen because all the results
showed similar trends to those presented abovetendcenarios involved here were
considered to be a good representation of a geappabach to TLD. The shorter the
STD interval, the smaller was the LOTC rate fortigatar LTD interval values, as
would be expected. As would also be expected, asong the length of the inspection
interval when PIR maintenance was used led to arase in the LOTC rate of the
system. This increase in the LOTC rate was mostqmced when PIR was used to
address LTD category faults, regardless of the tmaance approach used for STD
faults. This may be due to the difference in lengjtthe dispatch intervals themselves
and therefore the relative lengths of the inspectidervals. For instance, for the
maximum modelled LTD interval of 2000 hrs. the iesfon interval (and hence
potential exposure time of this failed system statiirther faults) would be 4000 hrs.
Contrast this with the situation for the maximumdalted STD interval of 200 hrs.
where the inspection interval would only be 40Q hrs

Conclusions

A number of conclusions may be drawn from the mioagebf the use of TLD on this
simple system. The first, and perhaps most impgrtemthat MCS allows the
flexibility to model a large number of potential m&nance scenarios and observe the
effect of these on the LOTC rate of the systensHart, a more exact modelling of
the system lifetime is obtained. For this systemdlferent maintenance approaches
were demonstrated to have such an effect on theCLfafe that the single fault state
Markov approach, for one such maintenance appreashseen to underestimate the
LOTC rate of the system in comparison to the MQSshiould be noted that the
maintenance approach in question (repairing thefdéast of the group of faults that
caused the deadline) may not necessarily be astieadipproach and that it may be
possible to modify the single fault state Markopach in order to better model
such a repair strategy. However, this may bringlament of doubt as to whether the
SAE modelling approaches would always guarante®&Q rate of 10 or less failures
per 168 hrs for any system. Of course, the applicatiombb to a more complex,
realistic system may result in more accurate resolt at least a guaranteed
overestimate of the LOTC rate of the system. Téggiires further investigation.

The use of MCS could clearly prove to be a usefol in the modelling of TLD.
Indeed, if one looks from certification viewpoiMCS could allow the demonstration
of compliance of the LOTC rate, whilst being aldaenaximise/optimise the dispatch
intervals in order to establish the most advantagemaintenance strategy. MCS
could also offer most accurate measure for the L@AL€ of the system and be used
to obtain other information about the system, saglthe instantaneous LOTC rates
from various system states.
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