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ABSTRACT T G E:irI]u-lr-g On Condition Condition Based
During the last decade Condition Based MaintenG&M] Mainten. Mng‘A""]me M""['gtBe',\“ﬁnce
became an important area of interest to reducetemgnce Measure [RTFM]

Failures which can

and logistic delays related down times and impreystem Failures which | = & "= oo
effectiveness. Reliable diagnostic and prognosdigabilities Corrective | General Canhcause tery| Safety nor an eco-
that can identify and predict incipient failureg aequired to | Maintenance | concept for gg'rtaf]r asaleY| nomical critical
enable such a maintenance concept. For a succesg  [CM] RTFM economical event. Requires
integration of CBM into a system, the challengednelthe critical event ?O”r"fgimgg:g’tirg:]g
development of suitable algorithms and monitoriogoepts is _ ' Failures which are
also to validate and verify the appropriate desiguirements. Zz':;ztwg'r‘?h safety or eco-

To justify additional investments into such a dasigproach ErEETvE economigal nomical critical

it is also important to understand the benefitshef CBM Maintenance i':?:}u ded | critical. Fixed VF‘{’/eo ﬂirfe%ngﬁlti'ﬁz
solution. Throughout this paper we will define anfiework [PvM] intervals to mo?]itoring to

decide if a PvM

that can be used to support the Validation & Veaifion enable dynamic

. . . is required. )

[V&V] process for a CBM system in a virtual enviroent. 9 intervals for PvM.
The proposed framework can be tailored to any ofsystem E:f'gut;egrﬁ?c‘fh are
de5|gn: It will be:-.ghown tha}t an |mple_mentat|onfallgre nomical critical
prediction capabilities can significantly improveetdesired Predictive | . with monitoring
system performance outcomes and reduce the riskgource Maintenance | ;1 deq Not included and prognostics.
management; on the other hand an enhanced onlij [PdV] i'i?:rt\’l';ss Ct’g’rr‘)?;;'c
momto_nng system without prognostlcs has only_ raitked and perform PdM
potential to ensure the return on investment foebiping and when required.

integrating such technologies. A case study forydrdulic

pump module will be carried out to illustrate tlmcept. Table 1. Maintenance strategies and measures

A definition for the different concepts that wilekused in
1. INTRODUCTION the proposed framework is given in Table 1.

A maintenance strategy cannot change the religliitiures  Standardized methods like Failure Mode Effects and
of a system design but an optimized concept candwep  Criticality Analysis (FMECA) or Common Mode Analgsi
availability and reduce operation and support costare used to allocate probabilities and criticaité®e each
(Reimann, Kacprzynski, Cabral, and Marini, 2009reéke  single failure mode in a system. The results aegl ts decide
maintenance strategies and measures to overconmsties  which failures are acceptable during operation aiich
associated with operating a system with non-indinit ones have to be avoided through the introducticen B¥M or
reliability can be distinguished. in case of a CBM concept, for which componentssit i
expedient to develop capabilities to enable PdMnikdoing
or prediction methods to support the decision wérethPvM
H. Mikat et al. This is an opemecess article distributed under the tern ~ or PdM is required will always be imperfect. Thiglwause
o mesten o oo, anl o  wecdn  S1oneouS eplacements ofhealihy componants (ke
Srovided the original auth’or and sourcé are crdZite ’ Fault Found [NFF]) anq a waste of useful life by warly
replacements of degrading components.
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The general hierarchical structure of how a Service

‘ |, ® 2/® ® 1 Capability Rate [SCR] can be derived from the desigd
Tf@ or support elements of a system is shown in Figur@Hs
s [ g g g E o architecture is used for the definition of the feamork that
@ i, will be described throughout this paper.
® E E E E i:fmu‘ A SCR can vary from a success rate for performing
o= f HE reconnaissance missions in the field of the mijiaviation

over transporting passengers or material for thi¢ ®ector
Figure 1. Enhanced Health Monitoring concept to producing any type of goods in the industrialtse The
. . . baseline parameters are Reliability, Maintainapiland
EspeC|aII_y in the case of PdM, Where_a potentitlifa OF  Testability [RMT], specifying how many and when any
degradation should be announced while the compast#nt ¢y re events are expected, how counter measiumsbe
operates within the specified performance limithe t ro5)iz64 and which fault isolation capabilities arevided.
avoidance of NFFs and simultaneous realization biga  he |ogistic concept [LOG] provides information oow
sensitivity to incipient failures is a challengeorFthe  (ocqurces like personnel, spares and consumables ar
realization of a dynamic scheduling of maintenancesupported' The maintenance strategy [MNT] specifies
intervals, it is necessary to realize online cdodit e scheduled and unscheduled events are managed. T
monitoring to receive and process all informatiordecide concept for Enhanced Health Management [EHM] hasbe

when a PvM or PdM action is required. If the dié®r  wqquced to specify the potential for the reaitma of
components and the system itself are not desigoed g\ through EnHM and prognostics.
provide and process all required information, it ret

possible to realize an optimized CBM concept (Dwms&  These baseline elements are considered as design an
Harrington, 2009). For this reason it is mandateoy support elements of the system. The next levelams
establish all relevant requirements from the beigipof the ~ outcome of the design and support level, is comsiti@s
system design phase. These requirements cannoedted Life Cycle Costs [LCC] related. The Mean WaitingniE
like general design requirements related to Maiataility ~— [MWT] denotes how much time is lost due to waitifoy
or Testability aspects. Whereas a Build-In TesT|Rlan be  missing resources; therefore it is related to piriduring
specified through a fault isolation and NFF rateCBM  Which the system cannot generate profit. The Maimtee
system would also need the specification and watifin of ~ Index [MID] indicates how much maintenance effost i
detecting failures before they occur and predictiogre  required in Maintenance Man Hours [MMH] per
trends with a verifiable accuracy. The differenaween  Operational Hour [OH]. The Inverse Logistics Maimece
BIT and an Enhanced Health Monitoring [EnHM] cortcep Ratio [ILMR] is used to quantify the amount of uheduled
is illustrated in Figure 1. events per OH, hence indicating the required capdor

. . spares to ensure the operational availability ef $fistem.
Especially if the CBM system shall not only supptite  gageq on these parameters and the system specific
optimization of spares and personn_el managemene_dbut operational scenario, various KPIs can be derilragortant
be designed to shift scheduled intervals - whicle arps-ameters are the operational availability of thaterial
important to ensure system safety aspects - inf@WC  oqired to support the system for fulfilling itsrsice aims
condltlo.r?-based intervals, it is of hlgh.fe'levanoeensure [Aowar] and the operational availability of the systeseft
Fraceabll|ty of.how the CBM capabl'lmes needs te b [Aosyd: these two parameters can be used to trace cestom
incorporated  into the system design. Selected KeYequirements and derive the SCR parameter. Thereequ
Performance Indicators [KPIs] can be defined taesent | terial can again be anything that is needed ppat the

customer _requirements or industrial intgrests. A'Eystem specific service task, like payload equigtnfen
understanding of how CBM affects these KPIs is Beed  ircraft missions or industrial goods for productio

justify increased development and procurement qasts a purposes.

more complex system design. _ _ o _ _
The following sections will give an overview of @&rgric

framework, addressing all above mentioned aspegts b
describing the conceptual design and purpose of the
/m o \ framework as well as basic assumptions and defirsti

SCR

Customer
Satisfaction

The framework described on the following pages ban
/V'WT MID 'LM'\ understood as a multifunctional environment, pringcthe
\ capability to validate design and conceptual resjugnts as

EHM

RMT | LOG | MNT well as a tool for an integrated simulation conagptarious

modules composed to a complex system architectre f
Figure 2. Hierarchical structure of the framework verification purposes. The general idea is showfigure 3.

Support  LCC

Design
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Figure 3. V-Model for framework applications

Virtual
Validation |
=

Integrated
Simulation

The modus as "Virtual Validation Environment" eresbthe
derivation and validation of dedicated requiremefats a
system layout and EHM integration.
"Integrated Simulation"
verification of KPIs and EHM requirements throudte t
integration of validated simulation modules forghastics
and prognostics on component or subsystem level.

To demonstrate the concept we will describe thaukition
framework and conduct a case study. The case stilidye

Furthermore th
modus supports model-base

2.1. Maintenance Parameters

According to the online monitoring capabilities bsats of
the primary failures specified by RMT will belong the
OCM or the CBM branch. A further partitioning intbe
different measures depends on the monitoring chpedi
and definition of fixed maintenance intervals fospection
and overhaul. The probability that a failure belorig one
class is defined by the probability allocation paeger:

24
p =

i ZAi

In the case 0Pprenc (Predictive - CBM) the index would
denote all failure modes belonging to the classdietive
Measures", while the indexwould describe the sum of all
dailure modes belonging to the class "CBM Measurkdias
%een assumed that in excess of the primary faiklessified

y CM, PvM or PdM, each system also generates deupf
false alarms (FA). As PvM and PdM would avoid the
occurrence of a failure during service, the "Cdivec
Measures" are the only classes which generate iGuit
secondary faults (SFLT) with the probabilitg-R. For the
overall simulation it should be considered that heac

1)

carried out by showing how a simulation module formaintenance action will also cause a secondarytemaince
monitoring the status of a hydraulic pump could beSMNT) induced failure (defined by the probabil@gyny).

integrated into the simulation environment and supthe
verification of RMT and EHM requirements.

2. DESCRIPTION OF THE SSMULATION CONCEPT

The main aim of the work presented in this papetois
develop a simulation environment that can be usgeitform
trade-off studies for system design and maintenanoeept
aspects emphasizing the capability to include traduation
of a CBM potential. As described in the introduntiave will
distinguish between three different maintenancatesjies

and measures. As the framework has originally bee

developed to support aircraft design decisionsrevheue to
safety and economic reasons - RTFM shall be avoitited

RTFM strategy has been excluded. This assumptiomdvo

also be valid for other complex or cost intensipplEations
like passenger transportation or industrial fdesit The

decision tree which has been defined as basis Her t

framework is shown below.

Reliability, Maintainability and Testability
On-Condition Maintenance
Condition-Based Maintenance

[ reou
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Figure 4. RMT, MNT and EHM Flowchart

These maintenance induced failures can be mishgpalirong
installation or other secondary damages duringhawérand
replacement or repair activities on the system (Byess, and
Fila 2001). As each PvM and PdM should avoid treeigence
of a failure, it has to be performed before th&ufai happens.
That means the introduction of such a measure waaldce
the useful life of the system or component. Thigeas has
been introduced as additional probability for eeaus early
replacements of the respective part. Due to thdnenl
monitoring of the CBM concept, this error will k@nver for the
ﬁvM measures in the CBM branch than for those enQEM
part. Also it can be assumed that the evaluationthef
information for PdM enables a much higher accurang
confidence on estimating the optimum time to repldoe
monitored component than the monitoring withougpistics.
Hence the waste of useful life for PdM can be aered to be
lower than for PvM measures (Spare, 2001).

2.2. Reliability, Maintainability and Testability

The top level failure rate distribution is given the RMT
requirements as composition of all individual prigna
failure modes of the system. The probability fodiidnal
false alarms has been introduced as percentage dksm
rate for the respective class of events. It shbeldoted that
- for maintainability aspects - each failure modses been
treated as individual event requiring a maintenaacton.
The maintainability aspect is described by the M&ane
To Repair for each individual failure mModMTTR.
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Knowing the individual failure rates, a joint valaa system
level can be derived:

> A IMTTR
MTTRsvsle (2
A common approach for complex applications likeafts
is to define a BIT failure isolation rate, spedifigarough the
capability to isolate single point failures to omemultiple
root causes. It is assumed that CBM monitored corepts
will have an ideal fault isolation capability, reming the
number of potential candidates for a single podailufe to
one single source. Considering this assumptiontlaadact
that fault isolation for BIT monitored equipmentshanly to

with (excluding secondary effects, which are added
receive the resulting unscheduled failure rate):

/]us = /]Sys[l.:POCM qu"' PFAO) + PCBM E(Rmc"' PCORRC+ PPREV!)]
Anax=AlCdf(A,) =D, A =pfrid,

andZsysas overall system failure ratgs as resulting failure
rate for all unscheduled eventpdf(l,y) / cdf(l,) as
probability density / cumulative distribution furam of .,
pfr as fill rate factor of spares in the operationzdrerio
with pfr = 1 for NgparefAmay), TLeaa @S the maintenance related
lead time (time between two spares deliveries oamme
waiting time on maintenance specialists) ahdas the
administrative delay time. Each element belongmglass

be performed once and the subsequent troubleslgootither than PdM is treated as unscheduled evente ithis

process for identifying the correct failure souvwoauld only
include multiples of the replacement and checkome tfor
individual components, a formula for the resultiMd TR
considering imperfect fault isolation can be dedivgdi:
fault detection and isolation):

AMTTR= (PCORRO[ fJ+ PPREV() [Pocm * Feam| a- dfdi)

®3)
MTTRes=AMTTRMTTR s

with:

p= P, * [@-3y) DZ( Piai, ~ Praiy YK+ (1- pfdin)

k=2:n

wherepgi indicates the probability to isolate a single poin
nsources as testability requirement and

failure tok = 2, ...
otqi as fraction of the replacement time required tdqom
the fault isolation. The imperfect BIT fault isatat will not
only affect the repair time but also the resultingintenance
effort. Hence, calculation of the increased prolitgbfor
maintenance induced failures in the correctivesclafsthe
OCM branch is implemented accordingdy(= 0):

PSMN{OCMORQ = PSMNT@ (4)

2.3. Logistic Parameters

The main parameter within the scope of a logistincept
for estimation of system availability is the meaiay time

assumed that the capability to predict the occeeesf an
event shifts it from being unscheduled to a sclediul
maintenance. An arbitrary MLDT variation as a fuoetof
the spares fill rate is shown in Figure 5.

T =10% MTBF| |

1000 7 Lead
<-Tpeaq = 25% MTBF
750 — T, oq = 50% MTBF

A Mean Logistic Delay Time [%]

) 20 40 60 80 100
Fill Rate [%]

Figure 5. Mean Logistic Delay Time variation

The resulting MWT is the weighted average for scitedl
and unscheduled events:

Agys—A) [Ty + A, [MLDT
MWT:( Sys us) /]O us (6)

Sys

If PAM enables an accurate prediction of the timéatlure,
it can be assumed that the uncertainties for tldsscare
reduced. This idea should reflect system operatitthout
the need to consider a conservative assumptiont aheu
number of spares needed to maintain the systenaiqesl.

for unscheduled events. This value is composed rof a2-4. Enhanced Health Management Parameters

administrative and a logistic delay [Mean Logistl@slay
Time: MLDT] fraction giving an average parameter foe

The EHM parameter set can be described throughahes
of Pcemy Perepc and Peac. 1t should be noted that the

MWT. The MLDT parameter can be derived from theframework implies that only an EHM monitored fagucan

probability density estimate for the resulting dad rate of
unscheduled events. Using these assumptions anagstof
the MLDT can be derived:

Z pdf(/‘u&) |lAusi - As) [015 |:rLeadl

1=As Amae
Z pdf(/]u5|) D4usi

i=1A

MLDT =

T (5

max

also be predicted. It is also assumed that faberal caused
by other means of monitoring are ignored if the EHM
algorithm for the respective failure mode does cuntfirm
the failure. As EHM requires a deeper knowledgethaf
system it cannot be assumed that this approachswaigo

in the opposite direction, ignoring a false alarfran EHM
monitored component if other monitoring features aot
confirming the failure.
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The accuracy of prediction has been identified s key

design parameter for the development of prognosti
algorithms and concepts (Saxena, Roychoudhury,y@ela

Saha, Saha, and Goebel, 2010). The following assonp

2.5. Derivation of Performance Parameters

The system performance parameters can be derived
according to Eq. (11), (12) (excluding scheduledrbauls):

have been made for the derivation of accuracy and 1

precision; these will result in a probability farot early or

missed replacements and can be used as requireffoents

the development of suitable algorithms:

- The prediction horizon has to ensure failuresdbappear

during the lead time. The lead time can be a tinie o

continuous operation, the time interval between spare
deliveries or until maintenance specialists willsaailable.

- The prediction errore is always a function of the
prediction accuracy and the expected lead tifig..4

_1-6?
T
- The minimum required prediction horizd®, is defined
accordingly:

T,

Lead (7)

&

1
62
Assuming a fixed accuracg, it can be concluded that a

replacement of the degrading componentiggl = 0-tpreq
would avoid the failure with the probability speed by 6.

I:)h = |:rLead (8)

A (11)

“1+ A OQMTTR + MWT)

SCR= Ayyar Dosys 12)

with ; as overall failure rate.

2.6. Uncertainty Representation

As the aim of this work was to develop a framewtitat

has not to rely on pseudo-empirical simulation ltestit

was required to find closed form solutions forsatichastic
processes that are used in the model. Therefore all
distribution parameters like mean and variances Haen
propagated through the model by assuming stochastic
independence for all single failure modes and ahststic
correlation of all failure modes that are interdegent.

Assuming weibull distributed time to failures withnitary
shape parameter and therefore a constant failtegdasign
and manufacturing processes should ensure corfafhme
rates but due to varying conditions and toleraticesesults
are usually distributed), we can derive the expoestor the

Considering the mean and minima/maxima predictiorpropagation of the uncorrelated parameiysfrom clasg

regimes with an accurady the following relations for the
respective waste of useful ligyy ; can be derived:

Conservative Ewuivax = €
. _1-6
Optlmal EWULMean =€ Dﬁ (9)
Opportunistic Ewoiun = & G— (12_—992)[6

Figure 6 depicts these regimes tbr 90% Assuming the
conservative situation that all regimes can occith the
same probability, it can be concluded that the ayemwaste
of useful life is equal t&\wy. = Ewuimean

- The resulting waste of useful life due to pregiet
maintenance is a function of the respective faitate:

AV S (10)

--Conservative

BEE . max
—Optimal

ME U mean
~Qpportunistic

-EWULMin

A
/

“\

Prediction Density Estimate

80 90 110 120

100
RUL [%]

Figure 6. Prediction error regimes

belonging to branch
A

Ry :ﬁ (13)
The equivalent parameter for correlated evdtscan be
derived as:

[IP-2

R =R P (14)
with P; as the probability allocation parameter of event

caused by eveiit

All primary failure rates can be treated as indeleerh
events with a covariance obv(z,z) ~ 0. Only for merging
the resulting primary with the secondary and maiatee
induced failures, the respective covariances hamttaken
into account. The secondary failures will only acdue to a
primary failure belonging to the class “Corrective
Measures”; a maintenance induced failure will oabcur
due to a previous event belonging to any clash®fQCM
or CBM branch. Moreover the relative increase i th
failure rate of primary events will cause the samlative
increase in the rate of secondary events. Thesgioms
motivated to imply a perfect linear correlation fbese two
scenarios to derive the respective covariance:

cov(z,z;) =P, Var(z) (15)
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with P; as probability allocation parameter of evenaused
by event.

Well
variables have been used to propagate all meanaiahce
parameters through the system model (Elandt-Joh&son
Johnson, 1980; Stuart & Ord, 1998; Blumenfeld, 2001

By applying these rules, we obtain the resultirgjribution
functions that will be used to estimate the disttitms for
the parameters MWT, ILMR and MID. As the mainter&anc
effort is independent from logistic delays, they again
treated as independent variables, providing thdsbas
calculate the resulting distributions Af.

The specific distributions for the various parametthat
have been used in the framework are listed in TabMear
real-time capable maximum likelihood estimatorsenbeen
implemented into the simulation to estimate théritistion

parameters by using the propagated expectation an

variance of each stochastic variable as input.

Arbitrary simulations with random number distrilmris
instead of the closed form solution for an OCM &i8iM
concept have been carried out to validate the quinttecan
be seen that the results are sufficient accuratssame the

3. APPLICATION ASVIRTUAL VALIDATION ENVIRONMENT

The validation process is mainly based on a bottipnand

known laws for the calculation with stochastic top-down justification and traceability analysisadf system

design requirements. The idea for supporting tbigept by
utilizing the proposed framework is shown in Fig8teThe
validation is performed by tracing all failure mosleecific
EHM requirements to the top level system requiremen
The parameter CBMR comprises all EHM features.sit i
composed of the diagnostic [HMC] and the prognostic
[FPC] part. Prognostic accuracy [PA], and progmosti
coverage [PC] are used to describe the resulting. FPhe
HMC is defined by the detection rate [DR] and faddarm
rate [FAR]. The traceability to component level idas
requirements for hardware and software developnient
realized according to Eq. (2) by using the respectilure
rates as weighting factors.

The following sections will give an overview of how
ade-off study could look like. A simplified cobenefit
approach will be discussed. More complex applicetito
find the optimum solution involving multiple cosirfctions
will be the scope of future activities. Two arbitra
simulation runs have been conducted to illustratel a

discuss the application as virtual validation eowment.

environment can be used to simulate processes withhe first scenario simulates different design sohs for

stochastic variables in a closed form solution @Ggeare 7).

Failure rates: Two-parametric weibull distribution
with constant failure rate

False alarms: Lognormal distribution

Prediction Error: Lognormal distribution

MWT: Lognormal distribution

MTTR: Lognormal distribution

ILMR: Two-parametric weibull distribution

MID: Lognormal distribution

Ao Two-parametric weibull distribution

Table 2. Parameter distribution type

On Condition Maintenance

--ILMR
-=:MID

On Condition Maintenance

80

80p;

By

Ao [%]

5 -2
Te1 1e2 1e3 1ed ‘?e1 1e2 1e3 1ed

3 Condition Based Maintenance Condition Based Maintenance

A Mean [%]
Ao [%]

Ter 1e2 1e3

Number of Monte-Carlo Runs

104 e 162 1e3

€ 1e4
Number of Monte-Carlo Runs

Figure 7. Monte-Carlo validation

CBM without any PdM, only improving the fault istilan
capabilities and conditional awareness of the sysfEhe
second scenario uses the same system design ¢indasd
evaluates a CBM concept with an integrated PdM
capability, enabling the full potential of CBM.

This comparison should help to understand the impéc
diagnostic and prognostic approaches on the tleleeted
parameters SCR, MID and ILMR and if any saving
potentials can be identified. It has to be notexd the results
will vary if the logistic or maintainability parartexs are
modified; nevertheless the shown cases will provide
sufficient information to discuss the main aspettsthe
following discussion, the variance of each paramess be
understood as a factor describing the individusk fivhile
the expectation value represents the potential uidil
operational objectives.
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Figure 8. EHM validation
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3.1. EHM without Prediction Capabilities

For this study, the parameter "CBM Capability" qtifees
the online monitoring features without predicting/duture
trends. From the results presented in Figure Qritlee seen - - 0
that the implementation of EnHM without simultansou
development of prediction capabilities can maimhprove
the MID, hence reducing the maintenance effort Qéf.
This observation can be explained with the improfaadt
isolation and optimized preventive maintenance wuéhe
online monitoring capabilities of EHM. The reductiof
MMH/OH will also ensure an improvement in the résig
SCR of the system; however since all failure evangsstill
unscheduled, this improvement will not be the sasméor a
fully integrated CBM system with PdM. This effeetrcalso
be seen in the almost unaffected trend of ILMR. Tiieor
improvement in ILMR is due to the reduced numbefatse . .
alarms for a redundant monitoring concept usingsioh of The potential to move unscheduled events into adided

BIT and EHM for status assessments and the opti]‘nizescen"“_”o'd"\”thﬁUt the nee(r:l] to mcorporatg all ummgsl;(
preventive maintenance methods. associated with a system that enters service, esche ris

for all parameters.

Service Capability Density

40 50 60

10 20 30
A Service Capability [%]
Maintenance Index Density

N 50 100 150 200
A Maintenance Index [%]

Inverse Logistics Maintenance Ratio Density

L@ o BN
S S 5 o

CBM Capability [%]
g

L
-90 -80 -70 -60 -50 -40 -30

-20 -10
A Inverse Logistics Maintenance Ratio [%]

Figure 10. Sensitivity study EHM with PdM

As a result it can be concluded that enhanced d&tgs The i d SCR . di inlv rel
without prognostics will mainly reduce the mainteca € Improve expectation trend Is mainly relate

effort expectation and variance. While the reducec}he avqidance of ;econdary_ failures, the red.ucel;te/vaf
expectation value corresponds to less maintenastoétias useful I|f§ for .PdM In comparison to .PVM’ the |mpetmgnt
per OH, indicates the reduced variance a potefftiala for fault isolation of the predlcteo! failures aridatplqnmng
better scheduling of resources and manpower. Terease for a PdM measure before the failure occurs. Tleeliption

in the SCR expectation is a side effect of the ompment of all events belpnging to the _cl_ass PdM has _reaﬂub_e
seen in the Mllg. P MWT to the fraction of the administrative delay &rthat is

not allocated to the provision of spare parts and
consumables. Simultaneously, the number of unsdébedu
events per OH is reduced, providing the potentiakdave

Service Capability Density

S S oo

CBM Capability [%]
PR

-20 -10

[ 10
A Service Capability [%]

Maintenance Index Density

8 -100 E ) 50 100 150
A Maintenance Index [%]

Inverse Logistics Maintenance Ratio Density

costs for producing and storing spare parts betoeg are
needed. The further improvement in the charactesisif

the MID compared to the previous simulation withBatM

can be explained with the reduction of the ovevafiance
in the primary failure events and the avoidanceaaiondary
failures by replacing the monitored item beforeadufe

occurs.

3.3. Discussion of Results

By comparing the results for EHM with and withowtN® it

can be conducted that the enhanced health morgtorin

without prognosis may not compensate the investment

needed for the development, production and operatithe

3.2. EHM with Prediction Capabilities health monitoring s_ys;em. The minor improvementtha
SCR due to the optimized trouble shooting prockssugh

By performing the same simulation as before witBBM  online monitoring without reducing the risk, doest n

system including prediction capabilities for all mitored  provide sufficient potential to reduce operatiooas$ts (e.g.

failure modes (now "CBM Capability" represents theless spares provisioning) without compromising comir

quantity of failures that are monitored and campieglicted), requirements. Also the reduced MID cannot be see@ a

the PdM concept reveals itself with its full potahtThe  savings potential, as the total number of peopkxied per

implementation of prognostics has a significant aetpon  operational site is defined through the numbereafjte per

all three parameters by optimizing the expectat@ne and  maintenance action and the number of specialists pe

reducing the respective variance (see Figure 10). operating system. These people have to be paid,iethey

have less work to do. The reduced variance is amly

indicator that the risk for incorrect planning o&imtenance

L
3 -100 -90 -80 =70 -60 -10

E E 20
A Inverse Logistics Maintenance Ratio [%]

Figure 9. Sensitivity study EHM without PdM
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resources is reduced. The more accurate PvM meaatge
expected to enable further improvement potential.

=4
o

—A Cost Function Vi
-~Contractual Penalties .
--Spares Savings Function ,"

0"
5
S
2
o
~

S gan
STl 0

In contrast to the results for EHM without PdM #&ncbe
seen that the implementation of prognostics camp hel
reduce the overall risk for fulfilling service objéeves.
Simultaneously a reduction of the unscheduled esvent
enables operation with less spares and the patefatisa S i e _cor e N
further simplification in the logistic concept withreduced Spares Fill Rate [%]

risk to compromise customer requirements. Therafaran Figure 11. Cost functions for availability contiact
be concluded that the integration of an EHM sysstould

aim f'o.r. enhanced. health monitoring and predictive4' USt CASE FOR INTEGRATED SIMULATION CONCEPT
capabilities, otherwise the return on investment tloe

integration of EHM cannot be guaranteed. In this section a case-study related to a geneyilraulic
pump module will be presented: the aim is to furthe
understand the concepts so far explained and to
quantitatively show the improvements in the degipase
that can result by utilizing the approach herestiiated.

o
@

o

Normalized Cost Values

o
N

However, also for the EHM without prognosis it @spible
to show the improvement potential and to use tlopgsed
framework to derive requirements for the developiman
EHM functions. All resulting EHM requirements for
diagnosis and prognosis are mainly quantified tghothe  After a brief introduction regarding the pump systand its
failure modes that can be monitored or predictadg phe main sub-components, the interest will be focusedie

accuracy and robustness of the respective algasithm bearings, as sub-component of the pump systemadt f
care has been spent on properly simulate meaningful
3.4. Cost Benefit Analysis bearings' conditions, namely the behaviour of aibgan

. . . . ) presence of a defect and the degradation of thenigea
This section should give an introduction of how @SE  hepaviour following a growth in defect's severi§oth
Benefit-Analysis can Dbe carried out by utilizingeth ,mingl and faulty behaviours have been validatgd b
proposed framework. We will focus on a Performanceineans of experimental tests. The model has beeaftne
Based-Contract [PBC] scenario, where the systemig®0 ;564 1o test new diagnostic and prognostic algasthin
has to pay penalties if the operator cannot olit@rservice ¢t faults can be implemented under differentrafieg
aims (e.g. availability). A full blown Cost-Benefinalysis  ;qngitions rather than waiting for these to ocdugeneric
approach should be to find the global minimum of a,,504ch has been followed to verify and validagerhodel
function that takes the following cost elementsiatcount:  raation and to properly assess effectiveness fiviercy

i) CBM design and procurement costs; of algorithms for diagnosis and prognosis: thisrapph is
i) PBC penalties and rewards; illustrated, as a flow chart, in Figure 12.

iif) Logistic cost elements; ——

iv) Spares and resources management cost elements. e

By utilizing the framework a distribution functidor each
performance indicator can be derived. The parameter
interest for availability contracting would be (.ABy
assuming reasonable cost functions for contragtehlties

and operation and support cost (OSC) savings due to
reduced spares provisioning by varying the fillerat
minimum of the resulting cost function can be found

T
Analysis and
modeling

Conceprtual ¥

Model Conceptual Model
Validation Definition of

algorithms /tools,
\ meth stem
e nosis

o Newalgonitam

1 Model

Programmir o i
= "¢ YVerification

An example plot for this scenario, assuming a @méd
availability of 80% and deriving the delta costsrbgans of
cost indexing, is shown in Figure 11. The allocataf the
minimum resulting costs is determined by all desi
support parameters. The risk to achieve this caktevcan
be quantified through the variance of each singlameter.
By adding more cost functions to estimate the tewyl
operation and support costs, it is possible to fihe
optimum solution for an EHM design concept. The LCC
simulation can either be used to identify an optiBEM
concept or to derive acceptable design cost vdtusatisfy
a business case for a given operational scenario.

b\ Operational

Experimentation: data
Validation :

processing and ke:

Figure 12. Flow chart of the EHM designing phases
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The bearing dynamic model has been thereafter riated

The dynamic model of the first sub-component (tbkker

in a general simulation pump framework that hasnbeebearings) will be briefly presented in the nexitigac

designed on purpose. The framework allows onentoilsite

the behaviour of a generic pump - within its sub-4.2. Dynamic Mode of Roller Bearings

components — together with different
capabilities on the various components: this waeyubke of
the framework as a valuable tool for
verification will be demonstrated, as well as tlapabilities
of the framework itself of assessing variation ystem's
performances when varying monitoring concepts.

4.1. Hydraulic Pump System

The hydraulic pump object of our interest is a able

monitoring

requirements

In a bearings system, the time-variant charadsistre the
result of the orbital motion of the rolling elemgnivhilst the
non-linearity arises from effects due to the Harzforce-
deformation relationship. The model here preserdad
utilized is based on the work carried out by Sawaltd
Randall (2008). The main fundamental componentsa of
rolling bearing are: the inner race, the outer rtfte cage and
the rolling elements. Moreover, important geomatric
parameters are: the number of rolling elemenis the

displacement, axial piston pump. The most importanelement diameteDy, the pitch diameteD, and the contact

groups are the Drive Group, the Displacement Graung
the Control Valve Group. The Drive Group is thedtional
hearth of the system since it contains the axgtbpis in the
cylinder block and the control plate. The basishaf pump
is an assembly of precision machined, high stremstttel
parts for the rotational functional parts, mouniteén alloy

angle a (see Figure 14). The non-linear forces between the
different elements, the time-varying stiffness, thearance
between rolling elements and races have been inepitt
into the model. The bearing has been modeled asea f
Degrees of Freedom (DoF) system: two orthogonal DoF
belong to the inner race/rotor componeqdy;), two DoF

case. The main shaft is supported in rolling elesien are related to the pedestal/outer rageagdy,) and the last

bearings. Pump sealing is achieved using eithein@sRor

one ;) has been added to match the usually high frequenc

a mechanical seal. In Figure 13, a scheme is showpearing response (16 kHz with 5% damping). Mass and

displaying the main actors of the system
investigation: in particular, one can recognize
metrological solutions that will characterize thehanced
monitoring capabilities of the system, namely ateays of
bi-axial
accelerations along the plane on which every rdikaring
lies) and an electric chip detector to evaluate lével of
contaminant in the hydraulic circuit.

There is a large number of items within the purmgt thill
result on a system failure. Some of the pump'sifed are
direct consequence of the part failures (for exansplear of
the shaft); some others are indirect, e.g. dehmisthie
hydraulic circuit. In the final simulation that Wwilbe
performed, the failure of four pump sub-componevitsbe
considered, namely: bearings, sealing, shaft astdms.

Hydraulic pump scheme

ECD
Sensor

N

Bi-axial
Accelerometer ~.

Utilities

Bi-axial —
A

[l Bearings
Sealing
M shait |

M piston group

Figure 13. Hydraulic Pump scheme — The sub-compsnen

that will be the actors of the simulation are highted

accelerometers (to measure two orthogon

undesstiffness of the outer race/pedestal on the otlaedhhave
thebeen adjusted to match a low natural frequenchie@system.

Finally, mass and inertia of rolling elements greored.

a‘f’he non-linear and time-variant model has beenhéurt

detailed regarding its capabilities in reprodudaglth and
faulty behaviours. These refinements are related ajo
random fluctuation of inner and outer race profildsforces
generated as a consequence of the roller elemguaicim
with the resulting profiles roughness; c¢) Elasto-
hydrodynamic lubrication; d) slippage; €) mass Ueiaes
and f) presence of spalling in the outer and imaee-way.

j-th
element

Figure 14. Roller bearing geometry and physics riagle
scheme
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As illustrated in the flow-chart of Figure 12, therification = Several experimental tests have been conducteddar ¢o
and validation approach follows a circular and oordus  validate the system. The iterative analysis of the
path among the conceptual model validation, thesxperimental findings related to both nominal aaditfy
computerized model verification and the operationabehaviors has allowed the continuous and bettechirag of
validation. The conceptual model validation reféssthe the computerized model to reality (model validatioA
problem of determining that concepts, theories anahallenge was the correct simulation of a defedbearing,
assumptions underlying the conceptual model areechr the developing of tools to diagnose a defectiveakigh and
whilst the model verification is defined as assgrthat the the implementation of concepts for Remaining Uséfts
computer programming and implementation of the[RUL] prediction.

conceptual model is correct. On the other hand,
operational validation is defined as determiningttthe
model's output behaviour has sufficient accuracy tiee
model’s intended purpose. In the case under iryegsbin,

th?/arious kinds of defect have been simulated in real
bearings, as — for example - spalls of differemigte and
depth both in the inner and outer race. Commorstiothe

the domain of the model’s intended applicabilitywiide, frequency domain can be used for the validatiorabieur

since both nominal and faulty behaviours have to bgf baseline conditions; this is not generally tfoe faulty

properly simulated. Moreover, the same approachbleas COI’Id.ItIO.nS. As a matter of fact, together with !mme
followed to verify and validate algorithms for draggtics monitoring of the quadratic mean of the acceleratidata

and prognostics. In the end, if suitable diagnostic driven diagnostic approach has been implementedhier

prognostic concepts could be defined and succtsstulp BT, SR SRS 0 TR PR RS
tested, it is possible to integrate the validatedukation

. . . . diagnostic approach has moreover been made motstrob
modules into a general simulation framework in orte 9 bp

assess, evaluate and validate the performancég sfy/stem by the integration of a mathematical tool namedcBpk

resulting from the integration of modules with EHM Kurtqs!s_ (Antoni, 2004): .th's. instrument gives ~ the
capabilities possibility to have an estimation of the band to be

demodulated without the need of historical data.Rigure
15, a comparison is shown between the signals psoug
of the vertical acceleration measured on the paebefta

Real case - Fourier transform magnitude of the squared fitered signal

; .| Spacing faulty bearing and the analogous results gainedibging a
€ | between simulation of its computerized model: the Fourransform
: i | harmonics: || magnitude of the squared filtered signals cleahigves the
382 Hz typical faulty frequencies of the bearing (giver thearing

: characteristics, a theoretical Ball Pass Frequénagr race
i of 382.3 Hz was calculated) as spacing between taos

' both in the real (upper trend) and simulated (lotvend)
results. In the end of the designing phase, aiedriénd
validated dynamic model has been released. It le&h b
therefore widely used to test new diagnostic arogjpostic
algorithms since the required diagnostic featurem c
directly be derived from simulated signal pattern.

frequency [Hz]

Simulated case - Fourier ransform magnitude Nlrhesquaved fiterad signal . HOWEVGI’, the development Of SUItab|e prOgnOStIOT&ﬂbmS

e Spadi needs also to focus on the evaluation and predioctib
R v ds or degradation paths. Hence it i sediyrth
\ | between trends or degradation paths. Hence it is nece odyr er
harmonics: develop degradation models that can be used tolaienu
382 Hz growing faults. The derivation of such models i$ alovays
straightforward, as the process of degradatioriashsstic

and does not always follow known parametric laws
(Bechhoefer, 2008). Several model-based approduines
been adopted so far for failure prognosis (Orcha@f7);
among the various methodologies implemented, thet mo
promising mathematical framework is the one based o
Particle-Filtering. This approach allows handlimmntinear,
non-Gaussian systems; it assumes: a) the definifianset

of fault indicators, for monitoring purposes, b)eth
availability of real-time process measurements enhdhe
existence of empirical knowledge to characterizehbo
nominal and abnormal operating conditions.

Figure 15. Envelope of the two signals used toaiete
frequency-value of encoded impulsive transients
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Data Collection so far discussed will be therefore utilized to ditatively
T 7 1 assess the performances' variations by using tHexes
already discussed in the previous sections. Inrotfeeds,
the primary results of the current simulation wiké the
failure rate distributions of the system; thesd wé fed to
the virtual framework to derive the performanceexes and
0 500 1000 1500 2000 2500 hence values directly related to customer satisfact

Model-Based Development

Normalized RMS

To handle a more realistic and complex scenarie, th
hydraulic system has been further virtually instemted
with an Electric Chip Detector (ECD — see Figurg. Tdis
sensor measures in real time the amount of delmis a
contamination of the hydraulic liquid; this waypeeventive
SOOI SOV, e ‘ ‘ maintenance approach can be implemented for thenpis
° 500 Sg?rating Hours 2000 2500 group and the bearing system in the CBM branch. The
bearing diagnostic algorithm can in fact be alseduss fault
confirmation for preventive actions on the pistgnsup.

Normalized RMS

Figure 16. Model-based development of prognostic

algorithms
Finally, the other components are considered to be

classically monitored by means of an "On Condition
Maintenance" approach, which results in correctarel
preventive maintenance.

Therefore, by means of this approach the curreate st
estimates are in real-time updated and the algorjifedicts
the evolution in time of the fault-indicators, prdwg the
pdf of the RUL. Following the same verification and
validation approach, the prediction algorithm haserb Hence, according to the on-line monitoring captéeijust
designed. In Figure 16, one can see (upper grapd) tintroduced, the simplified simulation scheme inufey 17
process of validating the algorithm by running eliént can be shown: it defines the primary failures tiall
simulations assuming representative degradatiohspan  belong to the OCM branch and the ones that wilbhglto
the lower graph, an example plot for a model-baRedd. ~ the CBM branch.

estimation is displayed. In the following Figure 18, a diagram explaining tthow of

The verified and validated model (regarding botk it the information in the verification procedure jysesented
physical behaviour and the diagnostics and progsost is displayed. At the bottom of the graph lies thelraulic
algorithms) has been therefore integrated intomaukition ~ Pump model with its integrated enhanced monitoring
module, which will mimic the behaviour of a complex concepts related to the bearing system. By assufaihge

system. The model will be presented in the nexi@ec rate distributions for the different components,e th
simulation will randomly generate events; thesel i
4.3. Hydraulic Pump Simulation treated accordingly to the system specificationd sm the

) ) ) probability classes already shown in Figure 17 Vkié
The simulation will regard four sub-components bet nonyated.
hydraulic pump, namely the sealing system (SEAhg t
shaft (SHAF), the roller bearings (BEAR) and thetqn- ., Reliabilty. Maintainabiity and Testabilty SC = SEAL and SHAF
group (PIST). FMECA documents have been lookednup i * condiion-Based Maintenance
order to set realistic ratios between the valueshfe failure

rates. Aim of the current simulation is to show and

RMT*

demonstrate how the developed framework can baillysef ZCL ) CBLW
and effectively utilized in order to verify the fillnents of _wessies_| ressiges
the top-levels requirements. —

. . e Pmmi:‘r‘;venﬁve Correcl:ic:: i PHFMSTFaLe Pmvr:r[:lelntive Predlc:i’:r”m
Bearings models characterized by the enhanced altign el Biieatll ame | Teaowes Measures |
and prognostic capabilities just discussed havenbee " e e Foer P Taer A
integrated into the simulation framework; the systhas Secmld:,
been virtually equipped with accelerometers (sgeirféi 13) =
so that the health-state of the bearings system bman
continuously checked. Then, as soon as a devifthom the THEaTED peaintennce |

baseline state is detected by the diagnostic dlgos,

prognostic tools will process the acquired data and Figure 17. Maintenance approach hydraulic pumpesyst
communicate the central processing and control unit

estimated RULs and confidence levels. This willntiaéfect

the performances of the overall system and the dveonk

11



Figure 18. Verification process of a hydraulic pumpdule

Therefore, the statistical parameters (mean andneg) of
each failure mode can be calculated and, by usiegittual
framework, they can also be easily propagated deroto
the distributions of
maintenance

get

availability,

European Conference of Prognostics and Health Managt Society 2012

Hydraulic pump simulation module

with CBM capabilities

maintenance ratio.

Verification of the EHM design requirements cancheried
out by comparing the results of the validation ghagh the
distributions from the verification phase. The teag error
in the system performance parameters can be usesb&ss

index and

Primaray failure distributions

SIMULATION OUTPUT

the performance

inverse

5. CONCLUSIONS

The proposed framework can support the developmieat
CBM system by validating diagnostic and prognod#sign
requirements w.r.t. selected KPIs or customer requents.
Sensitivity studies revealed that a CBM system khaim
for the integration of predictive capabilities, ahe
improvement potential for an online monitoring yst
without prognostics is limited to a reduced maiatere
effort and minor improvements in availability orhet
performance parameters of the system.

The concept provides a simple but robust approach f
trade-off studies during an early design stage.thear
improvements of the framework will focus on the leation
and integration of a generalized weibull correlatio
coefficient (Yacoub et al., 2005) to replace thsuasption
for linearity between primary and secondary effedtke
next step for maturation will be to validate thencept with
established simulation tools (e.g. Simlox) for sgaand
resource management.

The idea for an integration of cost estimations and
optimizations has been discussed. Follow-up studies
derive cost functions with established LCC estinratiools

indexes{€e.0. PRICE) will be carried out. The integratiod o
logsti

authoritative cost functions to obtain a framewdok a
multidimensional optimization of costs related t¢iNE
design parameters, PBC aspects as well as resoances
logistics management will be the main scope fourit
activities.

The concept for model-based verification of topelev

whether the design goals are met or not. Basedhizn t System requirements has been illustrated. This omgpr
assessment it can be decided whether the EHM cbncephall enable the evaluation and assessment of astigrand

needs to be revised or can be implemented. Thétsdsu

the selected use case are shown in Figure 19.

The shown use case simplifies the system archiedtua
single component. The same approach can be applieel
integration

Density Estimate

3
=3

Density Estimate

Density Estimate

Figure 19. Performance indexes simulation caseystud

would
subsystems with individual failure modes.
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prognostic capabilities before the system entendce The
authors are convinced that the cost-efficient \aiah and
verification of multiple monitoring and predictidanctions
composed to a complex system design can only bezeda
in a virtual environment. The proposed frameworgviates

andgych an environment and will be further maturated t

support the V&V process for the development of aMCB
system.
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NOMENCLATURE

Symbols

€ Prediction Error

0 Prediction Accuracy

A Failure Rate

o Standard Deviation
Abbreviations

Ay Availability

BIT Build-In Test

cdf Cumulative Distribution Function
CBM Condition Based Maintenance
CM Corrective Maintenance

DoF Degrees of Freedom

DR Detection Rate

ECD Electric Chip Detector

EHM Enhanced Health Management
EnHM Enhanced Health Monitoring
FA False Alarm

FAR False Alarm Rate

FPC  Failure Prognosis Capability

FMECA Failure Mode Effects and Criticality Analysis

HMC
ILMR
KPI
LCC
LOG
MMH
MNT
MTTR
MID
MWT
MLDT
NFF
OCM
OH
oscC
PA
PBC
PC
pdf
PdM
pfr
PvM
RTFM
RMT
RUL
SCR
SFLT
SMNT
V&V

Health Monitoring Capability
Inverse Logistics Maintenance Ratio
Key Performance Indicator
Life Cycle Costs

Logistics

Maintenance Man Hours
Maintenance

Mean Time To Repair
Maintenance Index

Mean Waiting Time

Mean Logistics Delay Time
No Fault Found

On Condition Maintenance
Operational Hours

Operation and Support Cost
Prognostic Accuracy
Performance Based Contract
Prognostic Coverage
Probability Density Function
Predictive Maintenance
Spares Fill Rate

Preventive Maintenance

Run To Failure Maintenance
Reliability, Maintainability and Testability
Remaining Useful Life
Service Capability Rate
Secondary Faults

Secondary Maintenance
Validation & Verification
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