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1. Executive Summary

The LOCATE project aims to develop a generic framework for cond#asmd and predictive
maintenance (CBM) of locomotives bogies. To achieve &im the research has followed the
highllevel framework for condition monitoring and diagnostics of machiaegd prognostics from
international standards and literaturd his hasnvolved the selection of use cases and identification

of failure modeseffects,and criticality (WP2)and the identification of parameters to be measured

and relevant measurements ¢aniques (WP3). The remaining work packages aim to establish the
reference behaviour (WP4) for the selected use cases, the thresholds and rules to apply to the
measured and reference behaviour to diagnose a fault and determine the required maintenance
actions (WP5)and finally the integration and testing of the developed CBM scheme (WP6).

To support the development of a decisiamaking framework focondition monitoringdiagnosisand
prognosis for thescheduling of bogie maintenance it is important tadenstand the main operational
constraints in maintenance depots which are relevant to the LOCATE pitijgstvas carried outy
reviewing the FMECA, developed during WP2, and through fudissussions with the usease
owner FGCwith the outputscompied in aseparateRAMS table

The potential for the application of diagnostic and prognostics has been found to be of significant
benefit to railway rolling stock maintenance; however there remains considerable gaps to translate
machine CM&DRstandards to rolling stock. This deliverable has identified strategies that other
industries, have successfully applied machine CM&DP to their asset management processes
effectively. Key standards and frameworks have been found to be very useful in ghisl revith
significant value being afforded in bridging the gap between machine CM&DP to CBM for rolling stock
in the development methods in establigig monitoring thresholds and decision support rules.

Initially the failure rates defined in the FMECA (W&&d/or manufacturing data with recommended
periodicities (if available) should be utilised to provide the most accurate representation of functional
life expectancy for the components (accounting for any variation between components/operation).
An exampd of Weibull probability densities and hazard functions for typical failure patterns was
suggested by D5.2 and adopted Bask5.3. These should be combined with the condition data to
provide an estimate of the remaining useful life (RUL) linked to madmtes and the estimated-P
intervals. These can be combined with the operational constraints, from D5.1, to support the linear
piecewise approximation models (proposedTiask 5.4for tactical planning of maintenancejn
example of the proportional hazanthodel linking conditional data from sensorgas provided in
section 6.3 of this deliverable outlining its limitations and providing other more recent model
suggestions.The PF intervals should be continually reviewed during the demonstrator in
collaboraton with FGC and provide a feedback to the accuracy of the LOCATE system updating
designated calibration parameters.

The information obtained through discussion with FGC and the Advisory Board is included in the
separate RAMS / FMSA table, will providefulmformation for subsequent tasks in WP5 to better
understand the failure modes and development of the diagnostic and prognostic functionalities.
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2. Abbreviations and acronyms

Abbreviation / Acronyms Description

PdM Predictive maintenance

CBM Condition based maintenance

TCMS Train control and monitoring system integrated in the
locomotive

RUL Remaining useful lif¢period of timeafter whichthe risk of
defect become interable)

CM Conditionmonitoring

CM&DP Condition monitoring & Diagnostics and Prognostics

PHM Proportional Hazard Model

MIMOSA Machinery Information Management Open System Alliance

OSA-CBM Open System Architeture for Condition Based Maintenace

ROI Return oninvestment

RoE Return on Experience

FMECA Failure Mode Effect and Criticality Analysis

INNOWAG INNOvative monitoring and predictive maintenance solution
on lightweight WAGon

MSG3 Maintenance Steering Group 3 (Aviation)

RCM Reliability CentredVlaintenance

MTTF Mean Time to Failure

MTBF Mean Time Before Failure

FMEA Failure Mode Effects Analysis

LCC Life Cycle Costs

FTA Failure Tree Analysis

OEM Original Equipment Manufacturer

IAMS Integrated Asset Management System

FMSA Failure ModeSymptoms Analysis

RPN Risk Priority Number

ETTF Estimated Time to Failure

SM Scheduled Maintenance

PM Preventative Maintenance

CM Corrective Maintenance

PIM Proportional Intensity Model

P-F PotentialFailure (P) FunctionaFailure (F)

SMARTE Smart Maintenance and the Rail Traveller Experience

IP Innovation Programme

CC Cross Cutting

ECM Entity in Charge of Maintenance
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3. Background

The present document constitutes the Deliverable D%Monitoring and Thresholds Rules
Specificatiod. The specification of monitoring threshold and rules have been developed in the
FNF YS 62 N] Mofitorihg add|Threskoids Rules Definition 2 fFp & h LISBsbavioké2 y I f

Toestablish an effective CBWhd predictive maintenance progm, a set ofthresholds and rules are
required to provide an indication of when maintenance is required based on the health status of the
system/componentetermined from the neasured (WP3) and reference (WP4) behavidhis might
include thegeneraton of alert limits which indiate that an unexpected event has occurred (e.g.
exceedance in a vibration signal or temperature reading), comparison of measured and reference
behaviour to indicate a change in component performamcedegradation (g3., P-F curve) and
definition of rulesto estimate the time to failure (or remaining useful life, Rtdlixigger aparticular
maintenance activity

To support the definition of initial thresholds and rulesisting standardsand techniques for
condition monitoring and prognostichave been reviewedTechniques, such as failure mode
symptoms analysis, were shown poovide useful information for identifyingthe symptoms which
potentiallylead to a particular failure, the current means of detection and shiads which trigger a
maintenance actionThis technique has been applieddach of the selected use cases to link the main
failure mode identified in WP®ith the proposedmeasuredandreference data
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4. Objective/Aim

The objecive of conditionbased pedictive maintenancg€PM)is to replacetypical ondition based
maintenance CBM) in which repairs araeindertakenbefore the locomotivecan be used again in
operation by predictive maintenance in whicfa) unnecessarinspectionsare awided by replacing
them by continuous monitoring of the assdtaore than 0% of the mechanicahspectionsdo not
give rise to repairaind the corresponding stops of the asgedsd (b) fiture failures arepredicted
before they occur in operation so thatpair work can be scheduled in accordance with operational
requirements and maintenance processing capabilities

Toachievethis the following aimsnustbe delivered ér each possibléailure mode ofa subsystem
or componentto be maintained

9 Information obtained by processing the raw data from the sensors installed on the
locomotive

1 The state of tlese parameters issimulated by means of the LOCATE simulation system
(digital twin) providinga reference corresponding ta good working conditio.

9 The evolution of these parameters (as a function of tion®perating conditionsuntilthe
risk of failure in operatiofbecomes intolerableThe time needed in operatiodepends
on the repairs to be done. This tineto be given by theperator, FGCA function, based
on the maximum time in operatiorof the parameters canthen be defined for each
defect

1 Fleet managers must also have information on the availability of manpower and repair
facilitiesto be able to schedule stops in accartte with the transport plan

This deliverable aims to define a set pesificatiors for the development of initial thresholds and
rules to support future maintenance decisiomgthin the conditionbased maintenance (CBM)
optimisation framework describediD5.3.
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5. Sate-of-the-art and RelevantSandards

The total railway system comprisashostof standards defined by European Union (EU) standards

working groups and committees, some of which are relevant to Condition Based Maintenance (CBM)

andthe LOCATE projeasshown in Figurel.
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Figurel Selectedeuropean Union Railway Standafds CBM

The werarching groupof standards developed to suppoititernationally coordinated efforts in
railway systemscan be seen insuch examples a the European Technical Specification for
Interoperability (TSI), shown on the left of the figufieem the EU Agency for Railwy. These can
coverarange of specificatianfrom Energy Infrastructureand Safetyto the specifics of Telematics
Applications for Freight Services (TAictly applicable to the LOCAd@8iverables

A particularly important standard for railways EN 5012@], shown irred on the right of the figure.
This focuses onthe critical aspects of total railway systems concerning Reliabiligjlafbility
Maintainability and &fety (RAMS)ynd their interaction It has beerdeveloped todefine a systems
approach to lifeyclemanagementof railwaysfrom concept to decommissiamg and deposalEN
50126M A& ljdz2iSR Ay GKS a[20® IFyR tlaa¢ ¢{L
demonstration of safety requirementd=C is not quoted.

The LOCATE project is primarily concerned with improving the maintainability of railway systiems
indirect benefits to RAMShis isillustrated by the orange, green and blue boxes in the figu@CATE
will set out to achievehis by the demonstration of technologie®chniquesand the development of

a framework for CBM using established methods through the evaluation of novel approaches that are

beginning to see adoption in other heavy assetusiries. The Asset Management (AM) series of
standards SO 5500(Q3], shown in orangg@rovide contextfrom a logistics management standpagint
other highly adoptedtandards, such as Buildingsdmation Management (BIM®] and ISO 81346
[5] provide guidance in systems struceimanagementThis aspect of maintainability of the railway
systens will be discussed further in other deliverables vinthWork Package 5 (W8 and briefly
touched upon in later sections for completeness.
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Within the specialisation oPrognosic Health Management (PHM), whieimcompasse€BM, there
are a number okey standards that have gained widespread adoptioindustries such as aviation
[6], automotive[7] and others[8][9]; thesestandardsare illustratedby the blue boxesn the figure
which will be the main focus of this deliveralslediscussed imore detail inthe following sectios.

5.1.Condition Monitory and Diagnostics of Machinery and Systems
(ISO 13374)

An extensively adopted standard in PHMed in the CBN& ConditiorMonitory and Diagastics of
Machinery and Systems, internationally recognised as ISO 133 4ts constituent parts are
illustrated inFigure2.

— _—
Data Acquisition (DA)
o Technology specific
Data Manipulation (DM) 3y
WP3 & processing
WP4
State Detection (SD)
External systems, Technical displays -
data archiving and and information
block configuration I presentation =
<—’l Health Assessment (HA)
] !
\ e Higher level
WPS —< 4—7 Prognostic Assessment (PA) P 3
Analytics
‘—T Advisory Generation (AG)

Figure2 Condition Monitory and Diagnostics of Machinery and Systems (ISO 183[74)

The first threefunctional bbcks argechnologyspecific and can be related to monitoring inputs such
asvibration, temperature or any other physical quantity from a sensory device. These processing
blocksare described as followgLO0]:

Data Acquisition (DA)converts an output from the trasducer to a digital parameter representing a
physical quantity and related information (such as the time, calibration, datdityuand data
collector utili€d, sensor configuration).

Data Manipulation (DM):performs signal analysis, computes meaningfescriptors, and derives
virtual sensor readings from the raw measurements.

State Detection (SD¥acilitates the creationan¥ Ay 4 Sy yOS 2F y 2 Nbakches 6 a4 St A
for abnormalities whenever new dataacquired, and determines in which almaality zone, if any,
the data belong(e.g, alert or alarm).

The next set of functionalblocks combinehigherlevel analytics usindiuman concepts with
monitoring technologies in order to assess the current heattite of the machine, predict future
failures and provide recommended action steps to operations and maintenance personnel:

Health Assessment (HAJliagnose®f any faults and ratem the current health of the equipment or
process, considering all state information.
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Prognostics Assessment (PAletermine future health states and failure modes based on the current

health assessment and projected usage loads on the equipment and/or process, as well as Remaining

Useful Life (RUL).

Advisory Generation (AG)rovides actionable information regardingaintenance or operational
changes required to optimize the life of the process and/or equipment.

A direct mapping of the LOCATE work packages (WP) t&@é&3374rocessing model can be seen
to the left of the figure. WP8Vieasured Behaviougnd WP4Reference Behavioucan be associated
with technologyspecific functional blockswhilst WP5 (Operational Behaviougan be seen to be
represented bythe higher analytical processing blocks.

Thesixlevels of processingumnarised aboveare adopted in LOCATE to enable the incogtimnm
of standardised approachesasset and logistics magement building upon the ISO 13374 functional
specification

5.2.Machinery Information Management Open System Alliance
(MIMOSA

Recent develoments building upon ISO 13374 are efforts from the Machinery Information
Management Open System Alliance (MIMORBA]; combing asset heath and usage, reliabilityl an
maintenance management within an open anticipatory logistics hieratitbgtrated inFigure3.

aton Loglstlcs 41
- _Openy,

Pre-Planned
Work Packages

Work Order
Tracking

MRO Materials

Database
Component
Tracking

Geo-Spatial MRO Labor
Tracking
MRO Tools

Failure H
Histories Regls"y

Figure3 Machinery Information Management Opens System Alliance (MIMQS3A)

MIMOSA provides solutions fenterpriselevel interoperability in assdifecycle management. The
alliance encourages the adoption of the open, suppthieutral digitalisation platforms; specifically of
interest to LOCATE, it has developed the Open System Attcinédor Condition Based Maintenace
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(OSACBM) [12] targeting realtime monitoring applications and Open System Aetiure for
EnterpriseApplicaton Integration (OSAAI)[12] for asynchronous enterpriskevel communications

for decision support technologies, illustrated in the figure belé®01592¢13] and 1ISO18876L4],
presented inFigurel, are used in MIMOSA to develop best practices in open data systems using no
knowledge data transfer/encapsulation and providing extensible data integration methodologies,
respectively.

Thereaktime (or at time of monitoringasset health and usage segméuilt onthe ISO 13374 system
architecture can be seen in the lower segment of the figure detailingstkéevels of processing
discussed in the previous sectionhe enterpriselevel architecture dedicated tothe higherlevel
analyticsand geared towards the central or distributedhatabasedriven information management
activitiesinforming advisory generation and decision support are represented by the fttjabnd
maintenance segmeniseen irthe outergreen circumferencef the figure

5.3.System Behaviour
Duringthe initial developmeniphase of the LOCATE project several work packagen tahe left of
Figure2, were conceivedto define thebehaviour of thesystemto supportpredictive maintenance
from condition monitoring It was envisaged that the system could be assessed for maintainability
using measured, reference and operational behaviour. Each block in the system behaviour is
responsible for the provision of informatiotescribing itsfunction: measured behaviol(WF3) is
concerned with physical quantities received from the fitment ofssesto the selectedcomponens
or subsystemreference behavioufWP4)is derived from analytical models representing the system
through dynamic modellingand simulation and the operational behaiour (WP5)represents the
movementandthe logistics ofissets

e
System Behaviour -

System Behaviour

Decision-Support
Rules

WP3 — Measured Behaviour

WP4 — Reference Behaviour []]

WP5 — Operational Behaviour

\“ "/

Figure4 Behavioural Function Transpose

An approach to combine th&ystem behavioural functionto a group othresholds and a set of logical
rules fa decision makingsrequired for a CBM functional specification for predictive maintenance. To
enable this the three functions for system behavi@ue translated tomonitoring thresholds from
which, decisiorsupport rules, seen to the right of the figy@re derived.

To establish system monitoring thresholds and decision support rules standardised techniques in
machine diagnostics and prognostics are adopted as described in the following sections.

5.4.Technical Specification
In the wider context of theLOCATE project, the methodologies for the selection of bebeadio

functions discussed in the previous section are examined to highliglkt processes forthe
development of monitoring thresholds and decisiesupport rules. The transposedystem
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behaviourd function block developed in the previous section can be sdahe centre ofFigures
below.

hift7Rail IN

Deliverable D5.2 is concerned with the development oég¢imolds for condition monitoring and rules

for maintenance decision3hese two functions of the CBivameworkare defined inSection 4 For

the discussion in this section, it is necessary to examine processes sequentially prior to the syste
behaviour blak and briefly revisit some of the earlier processes for context.

GBM Functional SpecificatioD

X D[][> e Fleet ® Vehicle ® Component

System Definition ® Failure Histories ® O&M Data

h 4

Requirements [":":> e Standards e FMECA
Specification ® Cost

System Behaviour

v

N System

System Reliability < ¢ N Maintainability
= Decision-Support =
‘:’C Rules ‘:'U
e OEM Data ® Reactive
e RCM Date y ® Preventative
® Root Cause Analysis CBM Framework ® Condition Based
e Spare Parts Analysis Asset Health & Usage Management e Predictive

X

Open Anticipatory Logistical
Management

Figure5 CBM Functional Specification

The mainelements for creating a functional specification for C&M describd below. This includes
the definition of relevant information and techniques to develagseable threshold$or condition
monitoring and diagnosticanda set of rules for efficient and timely maintenartteoughthe use of
prognostic techniques

System Definition

The system definition process describes the equipment audit focussed on identification of equipment
and processes to be monitoreflagging all equipmernd codifying items to enable digital records to

be kept for future interrogationsising descriptive tehniques selection and placement of sensors for
condition monitoring and the extraction of features from the sensors to diagnose the health status of
components and provide a prediction on future healithis process includegturn on investment
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(Rolanalysis based on life cycb®stsand a return on experiencdRoE)nalysis via guestionnaire
process toconsider fully allthe causes, effects, and consequences dhilure modes with the
maintenance practitioners at FGthe proces#lentifiesthe functional requirement of a&component
and the point at whichpotential failuresbecome detectableproviding estimates of the intervals
between them and the period from the potential failure to the functional failkr®wn as thenett
P-F interval[15][16].

Requirements Specification

Following the initial Failure Mode Effect and Criticality Analysi€EEN[17] that LOCATEade use

of from the outputs of the INNOWAG®¥oject [18] and its costs benefits analysisonducted
incorporating life cycleoststhat observed the correct standardised approaches governing the use of
equipment and services from railway group standaffi®e requirements spediation process is a
reliability and criticality audit performed for the system considering the functional requirements of
the CBMconcept This is an extensive discussion beyondgbepe of themonitoring threshold and
decision support ruleshat are the focus of this report however,it is highly recommended that
LOCATENd the current usease at FG@ke advantage of the worlindertakenin the S2Rcross
cutting activityproject, SMaRTE, whetke best practices from the aviation industry were investigated
in relation to railwayrolling stock maintenance a particular benefit to developing thenitial
requirements specificatiois perhapsa detailed review of MSG3 provided in deliverable D29]. In

this deliverable it was concluded thamany similarities exist between rolling stock and aircraft
maintenance The detailed review highlightethe aviation maintenance conceptshat could be
beneficial in developingcosteffective maintenance polies for rolling stock using the most
appropriate elements oMSG3 It is notexpected thathe approachcould be gplieddirectly sinceit

was developedor the aviation industry however, the foundation of MSG3 is based on Reliability
Centred Maintenance (RCM) which has been shown to be of use in many other industribawthat
multifacetedcomplex asseteequirementsasis the casdor rolling stockf20].

System Reliability

In the contextof reliabilitymanagementdependability has mangttributes; it is usually described in
terms of reliability, maintainability, and supportability (including maintenangperations, and
support to both)[21]. One &t of principles for maintainability,eliability, and supportability states
that these three elements can be balanced and tradéido achieve availability, which is commonly
associated with recoverability and maintenance on a component.level

An important concept to introduce within dependability is the definition of systematic or residual
weaknesses that then become failures. Systematic weaknesses are normally related to design
deficiencies, component selection, manufacturing processes orlasingirocedures. Residual
weaknesses are uncontrolled random variations of the item or its compo2BisFor the FGC use

case, the latter is of imptance; residual weaknesses in design or from improper use that generate
faults becoming failure modes are the focus for LOCATE.

Within dependabilitymanagementhe foremost concern from a business point of view is the cost of
ownership ofthe asset.The pincipals offered in the application guide BS EN 6638R017 for
dependability management concerning life cycle costirayidesessential contextual background for

the effective implementation of CBMolicies The guidddentifiesthe trade-offs in one alternative
system solution to another where future cost of ownership comprising maintenance, operations,
enhancement, and disposal actions are significant and require a balance between the cost of
acquisition and the residual unrealisédk of ownership. Such a balance is achieved by technical and
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monetary assessments that consider varying outcomes of availability, reliatiéitptainability,and
supportability[23].

Reliability assessment for systemspend on data from market of similar items, field data and test
data from suppliers of components and modules; this type of data is generally used on early
equipment design decision at the systemchitecture level as well as the operational and economic
level concerning cost of warranties and maintenance. Furthermore, the assessment methods can form
the safety assurance of a system the use of techniques such as failure tree analysis FTA. The
international standard on reliability assessment method BS EN 6p30&lescribes in detail the
methods employed by industry to assure reliability. The standard dessrthe application of three

main approaches in reliability assessment: similarity analysis (e-gervice reliability data from
similar equipment), durability analysis (e.g., stresses imposed by operational use, maintenance,
storage shipping etc.) andahdbook of prediction for reliability (e.g., probability that the equipment
reliability targets and goals can be met). The standard provides methods to quote reliability in a
number of ways including accumulated percentage of failures, call rate, prapabitiurvival, failure
intensity, instantaneous failure rate, mean time to failure (MTTF) and mean time before failure
(MTBF). There are numerous reasons for performing a reliability assessment; the standard provides a
comprehensive list, some of whichearisk analysis, safety assessméailure mode effects analysis
(FMEA, life cycle costsLCQ, failure tree analysisHTA and more. General purpose of a reliability
assessment should be the basis of any fundamental change to a maintenance policyuahdhevof
particular use in, for example, adopting CBM from a preventative maintenance programme.

In the context of dependability, systemcan be described as set of interrelated elementthat can
be defined in terms ofthe functional requirementsjts conditions of operation and the defined
boundaries within which it operate3heinitial step of thereliability analysisindertakenfor LOCATE
was an FMECAAfter this steplata fromoriginal equipmenmanufacturers (OEM3hould be included
to form the reliability analysisfor the componentdeemedsignificant formaintenance The table in
AnnexA gives the current state of the discussiomsterms of the failures modes listed alongside the
causes, symptoms, descriptors, daiparametersthat will enable the descriptive diagnosis and
prognosis for decision suppoiTheestimated PF intervals linked to maintenance at Fis@entified
as a keymeasureto link failure modes to the inspection intervaReliabilitycan be assum and
estimatedfrom consideratiorof monitoring thresholds where the manufactungrovidesinformation
aboutthe service lifeof a component This can include information about precursors to failirat
canassist to determine some of th@nditions that indicate the presence of a potential faigjthese
indicatorsshould be considered ithe design of amonitoring system andncorporated intothe
thresholds that the component imeasured against whilst in operatido providing guidancdor
maintenance to ensure safety, operational and economic effectiveness

System Maintainability

A maintenance plan is a structured and documented set of tasks activities, procedures, resources, and
the time scales required to carout the maintenancg25]. Maintainability is the ease and speed with
which an item can be brought back 4o operational state having failed in somay. Maintenance is

the actual delivery of operational support applied to undertake the restoration or preventative
maintenance activity which is characterised by the items design, construction, installation, and
commissioning, together constituting maimability of an item[26].
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Depending at which point the item is at in its lifecycle and what demands ariés danctional
operation,varying degreesf maintainability will be required. In thEGCcase, the locomotives are
nearing the end of their service litherefore it is not the ideal time to carry out a dependability
assessment or review and install a new maintenance programme; however, thisisexean be
beneficialeven at this stagas it will allow some novel techniques in predictive maintenance to be
appliedto existing rolling stockvithout a full a development of the new maintenancencepts and
policy. FGC intend to replace the eigg roling stocktherefore this exercise will allow them to
investigate more proactive and cesffective maintenance strategidsefore the new rolling stock

are brought into operationPerhaps when the new locomotivase brought into operation elements

of the CBM programme deployed in LOCATE will be adapted to suit the new vehicles.

From the moment it is brought into service and to the point a decision is made to dispose¢hef it
utilisation ofanitem is the most enduring part of its life cycle and carcbesidered the centrepiece
of its service lifeDuring this stageffort is focused on the continued availability of an item to provide

a defined service and on the maintenance and support of the systems to assure a service capability.

The type of mainteance tasks necessary to achieve the required availability are ideally identified
before a maintainability programme is defined and implemented. It might be tmaftem or
component within a system is not maintainable and should be assignetbailure actions; some
items maybe unmaintainable after failure for example when the itemesistance to failure is
exceededor if an items repair is not coseffective and replacement is more conducive.
Comparatively, maintenance is the number of tasks takenetiorn an item toa serviceable condition
whereas maintainability is a measure of the ease of completing those tasks and their effectiveness.
Support is the external resourcesquiredto complete the tasks and supportability is the ease of
provision of he resources and their effectivene@s].

The following discussion will expand upon the application Reliability Centred Maintenance (RCM)
within the context of CBM. The IEC 60300 group of dependability standards introduced above will
remain the focusthe RCMapplication guidg27] from this set of documents wibhe used to expand
upon the use oRCMin railway. Basic steps of setting up an RCM programme are to initiate the
planning which could be the steps as described ahoatlowed by a functional failure analysis,
maintenance task selection, implementationdacontinuous improvement of the programme through

a dedicated review cycl@hetasks are based on safety in respect of personnel and the environment,
and on operational and economic concerhswever,it should be noted thathe criteria considered

will depend on the applicatior-orexample,in the case of the FGC usase safety of personnahd

the environmentboth in operation and during maintenance tasks have adriglgnificance compared

to the operational and economanncerns, whereas indefence application, the operational concerns
will have more significance over safegywvironmentaland economic concerns

RCM identifies the optimal maintenance tasks from a preventatind corrective maintenance
approach. Preventative maintenancauisdertaken prior to failure; this can be condititvased, which
can be achieved by monitoring the condition until failurgriminent or by functional checks to detect
failure of hidden functions. Preventative maintenance can also be predetermined basgzmting
hours or distance based consisting of a scheduled programme of refurbishment or replacement.

Corrective maintenance restores the functioreofitem after failure has occurred or the performance
of an item falls below a given threshold. A pregtenined tradeoff between safety and environmental
concerns agomparedto operational and economic criteria is used to decide whetherfailure is
acceptableprovidedthe consequences of failure are tolerable compared to the cost of preventative
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maintenance and the subsequent loss due to failurecorrective maintenance, thisan example of
aplanned runto-failure occurrencelt is also not unusual tpermit an item to remain in service until
a more convenient time when redundancy preserves fumctio

A maintenance programme consists of the initial programme developed in collaboration between the
supplier and the operator and a dynamic part advised by operational experience from service
conditions. An RCM programnie likely tobe implemented beforeservice based on manufactures
recommendations or during a later part in the serviife of a vehicle Maintainability within the
specificationof CBMsystem is creating the flexibility ®ele¢ an appropriate maintenance strategy
within the constraintsof the system specifically, its safety and environmental constraints and its
operational and economic requirements.

Measures of maintainability and assessment of effectiveness of a maintenance programme should be
considered when implementing a CBM pragime. The recommended measures of assessment are
specified in the standards and can include three broad categories of maintainability assessment being
frequency of maintenance actions, duration of maintenance actions and human effort required. The
standad specifies testability in fault coverage, false alarm rates, test length and observahitityA

origem da referéncia nédo foi encontrada.

CBMArchitecturefor Asset Health and Usage Management

Effective controbnd governance of asset health and usage through structured management policies
is essential to realise value through managing risk and opporttmighieve the desired balance of
cost, risk, and performance[3]. The legislative and regulatory requirements for rolling stock
maintenance aranandated for safety and environmentabricerns anccomplemented throughhe
supplier and operator collaboratively ensugoperational and economic concerns are upheld through
effective maintainability and maintenance programmes assuring the assets fulfil the desired lifecycle
requirements thraigh supportability provision7]. The MIMOSA standard discussedittion 5.2
provides a fully harmonised asset management platform able to make use of
off-the-shelf (OTS3ondition monitoring technologyprovidingan open systenarchitecturefor CBM

that can be impleranted with a high level of assurance through tested interfaces. Combined with the
ISO5500 set of standards, it can be a pduleasset management system.

Open Anticipatory Logistical Management

Although out of the scope of the current deliverahiieis worth discussing how CBM can support
non-engineering factors such as logistic concerns, inventory and sapaigmanagement,

maintenance planning and logistics of supportability de@endability The asset management
standards in the IS66000 series otines the methodologies to develop Integrated Asset
Management Systems (IAMS) that allow anticipatory logistical management to be established in an
organisation. The IT infrastructure and investment is considerable, however the benetittdor

driven pocesses iavery attractivepropositionin the longterm.

System Behaviour

Defining the, normal and abnormal, system behaviour from the monitoring techniques underpins the
CBM functional specificatiorParameters are identified from the fault anfhilure characteristics
selected forthe components being monitoredppropriate measurement techniques are assigned to
locations on the components that are designated significant for maintenance and specifically for
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condition monitoring to acquire the gigls for the parameters that are to represent the faults
according to the symptoms and descriptors for the fault. Operating conditions are a factor in defining
the representative system characteristics where reference behaviour will be measured. Sedting th
initial alert and alarm criteria will determine the threshold to which the monitoring system reacts to
provide warning and the context for the recommended maintenance actions. For this deliveheble
system behaviour will be the focus of the discussind covered extensively in the following sections.
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6. Condition Monitomg Diagnostics and Prognostics

The key rolling stock maintenance strategies include:

1 Prescriptive maintenance dynamic condition, agile and responsive, low cost (PdM ROI),
highly dsruptive

1 Preventative maintenancetime or distance based, safety implications, loss of tiloe;cost
reliable, high Maintenance costs, loss of availability

9 Predictive Maintenance (PdM)onditionbased, timely intervention, lower overall cost but
potentially initial higher cost

1 Corrective Maintenancerun to failure, safety implications, loss of time, costly implications,
unreliable

To move to a more predictive maintenance strategy requires the inclusion of diagnostic and prognostic
techniques in adtion to condition monitoring. This requires the definition of a set of monitoring
thresholds and decisions support rules and some techniques for this are provided in the subsequent
sections.

6.1. Diagnostic Techniques

A condition monitoring and dgnostic cya consists of several activities in a study to establish the
monitoring technologies and strategies thedn identify the underlying faultsluring thefailure of
componentsand subsystemdt forms a vital component of asset management providing methods to
evaluate the function and condition of rolling stock based on performance, condition, or inherent
reliability ofoff-the-shelf OTSproducts[28]. Typically, the diagnostics and activitiesre divided into
tasks in a design phasad tasks in the usage phase of an applicatibhe tasks undertaken in the
design phase define the processes in the systems being monifmeddinga breakdownof the
components that Bt thefailure modes with symptomand descriptors for the faults from the sensors
measuring the parameters oselected locationsThe remaining tasks that describe the usage are
generally around processing the measured signals, deriving signature prdidgaosing thdaults,

and developing prognostics faredict the RULof the componens and subsystem#&/ore advanced
considerations regarding decision support for maintenance actamscovered inthe prognostic
techniques discussed in the proceedingtsmn.

In condition monitoringapplicationsapreliminary diagnostics study is normatynductedto establish
the requirements of the applicatiorhis can be generic list of activities described in the condition
monitoring and diagnostic standasdeferring to the four initial tasksin the process described within
an FMECAThese include faniliar processesseen inprevious LOCATE deliverahlssch as an inil
assessment of the system availability, maintainability and criticality with respect tohbke system

a description of the major components in the system and their functionadity analysis othe
component failure modes and their causes anguaericcriticality analysis takinin to account the
significanceof the componentin terms of safety, availabilitynaintenance costs and the overall
occurrenceof the failure of the component

The remaining steps in the process are describe&ection4.3 of ISO1337929] and outline the
process of generating Railue Mode Symptoms Analysis (FMS#ich builds upon the previous
FMECAnakinguse of itsnumericRik Priority Number (RPN)he steps in a FMSAreview areused
to decide which of théailure modescan be diagnosed from the selected parameters, symptoms and
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descriptors assigned to the failure modm analysis under which operating conditions the diffier

faults can be observed and the reference conditiane defingl. The symptomsare expressed to
assesshe condition of the component usefbr diagnosticsthe descriptorsare listedto evaluate the
different symptoms andhe necessary measuremengse identified from which thedescriptors are
derived.

6.1.1. DiagnosticApproaches

Diagnostic approachesn be categorised into dat@diven orknowledgebasedmethods.Datadriven
approachescan be simple treding techniquesor more sophsticated statistical methods using
machine learningr artificial intelligence Converselyknowledgebasedapproachegely on explicit
representation of faults behaviour arsymptoms are identified frorfault models or analytal madels
from first principes.

The chosen approador a particularapplication can depend oseveral factorssome of which are
listed below[29]:

1 Specific gstem being diagnosed

1 Monitoringtechniques

1 CGomplexity of the system being modelled

1 Requirement for the model to be explainablenfike black box models used in machine
learning)

Requirement to retrain thanodel if theinitial conditionschange

1 Availability of existing data witknown faults in normal operation (measured behaviour)

=

The following section discusste key consideratiog adapted from existingcondition monitoring
and diagnostic techniquesvhen proposng a standardised approach fogstablishingmonitoring
thresholds and decision support rulegthin the LOCATE project.

6.1.2. Monitoring Thresholds

The processing blockdefined in ISO 1337dgescribed irSections.1and highlightedn Figure6 below,
illustrate some of theconsiderations fodevelopingthreshold for condition monitoring. These are
shown asblack boxes to the left of the figamand illustratehow the processing blds use inputs and
return outputs The elements used in diagnostics are typically generated from the condition
monitoring dataas part of the acquisitioprocess The measuremesttaken forCMare used in the
diagnosticdor faults identification.

Descripbrs, which areused more often than raw measurementsan offer more selectivity when
diagnosingafault. Measurements and parameters used for diagnosticsratginely characterised by
performance indicators such &éficiency, power consumptiomperating temperature orfor the FGC
usecases ride performance, bogie stability, breaking performance, and engine performtrate
describe the condition of the component being measurdg&ature extraction from adata
manipulationprocess is used to develgescriptorsfrom the symptomsand parametersassigned to
failure modesThe selectivity of the descriptors to the faults is criticatlds enables the confidence
in the diagnosis to be more predictabl
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Figure6 Condition Monitoring Thresholds

Symptomscan be expressed using characteristics such as the time constant of the evolution of
descriptor a magnitude changim a parameteya featureof the descriptor €.g.,third harmonic of the
vibration), the location of the transducer or the circumstare@und theoperating conditions.

Thedevelopment of the baseline profiles for the monitorisgstem is an important consideration in
defining a thresholdfrom a descriptor or parametes. These profiles i@ normally taken when the
equipment is operating under acceptable conditions. All subsequent measursiarertompared to

these baseline values to detect an abnormal condition. The operating state is generally taken under
conditionswhere parameters can be held at a constant to enable the descriptors to be defined by a
reduced number of symptoms or parametetdsing baseline measurementsps, alerts,and alarms

can be used to describe abnormality zones which can pravateing of degradationin a parameter

or symptom. Wheralarms alerts andrips (shutdownsprovide context for the advised maintenance
actionsin the form of decision support ruleiscussed in the next section.

6.2.Prognostic Techniques

Within the scope of the LOCAPEDject, it is desirablethat some prognostic techniques may be
developed that can deliver a set of rulesdopport timely maintenance decisiorBrognosis can be
defined as the time to failure and risk for one or more incipient failure modes and analfytlie
symptoms of faults to predict future conditions and residual life within design paramg@y}.s

The project requirementsspecificationand preequisitesoutlined in the previous sectiofor the

diagnostic techniqueshouldform the basis for the prognostics that can suppibe development of
rules for maintenance decisions. The LOCATE project has chosen tmyempowledgebased
approach usingjirst principlemodelscombinedwith a multipronged datadriven approach that will
initially obtain baseline profiles from a preliminary monitoring campaign calibration and a

longterm semipermanent condition monitoring acquisition systeran the locmmotives building

degradationdatarepositorieswhich could therenaldle more data-driven approaches be usedvhen

historical data archives are compileBubsequentlythis could #low feedback to enhancehe

knowledgebased models from first principlegnabling prognostics models to be built fothe

estimaton of RULto support themanagement of asset health and usage.
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6.2.1. DecisionSupport Rules

Prognosis depends on structured data that is built on an understanding of the physics underlying the
fault modes, pevious duty and cumulative duty parameters, previous maintenance history, inspection

records and operational data. Condition monitoring performance parameters will assist extrapolation
or more sophisticated projection models and forecasts for asset haalthusage

Rules

m<—> Health Assessment (HA)

RUL «— Prognostic Assessment (PA)

m<—> Advisory Generation (AG)

Figure7 DecisiorSupport Rules

Thepergectives of diagnostics angrognostics processeme based on the principle thatiagnostics

is descriptive focusing on existing data and prognostics is concerned Wtare events The
prognostics process mustonsider factors such as existing single or multiple failure modes and
deterioration rates, the initiatiorof future failure modes, the role of existing failure modes in the
initiation of future failure modes, th influencebetweenexisting and future failure modes and their
deterioration rates In addition,it must also considethe sensitivity tothe detection of existing and
future failure modes by the monitoring techniquemployed for condition monitoringndthe effect

of maintenance actions and operating conditidB6].

Prognostics and diagnostics across the failure progression tinvelirettemptto establish the poper
working order of a system using diagnostics and prognostics at the component level thikere
detection of an early incipient fault will trigger an estimation of the remaining useful life of the
component leading to a systempmponent,or subcomponent failure Descriptivediagnostics will
determine the effedlvenessof the wider systenthat without prognosticanay havded to secondary
damageor catastrophic failure.

Component dilure can be considered to hawecurredwhen the paramder or descriptorvalue
reaches or exceedsset of pre-defined pointsor limits, as illustrated in Figure 8he value can be
determined using historical data from failure histories or it can be obtained fi@gnostic and
prognostic techniques.
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The trip point, showrin Figure8, is a value less than the failure point that the machine ig glown

to prevent catastrophic failure resulting in damage to the wider systeften having safety
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knowledge from maintenance practitioners.

Alert andalarm limits are normally set at prescribed values less than the trip value and are dependent
on the maintenance leadimes. However, ina predictive maintenance system, these values are
generally set using confidence levels from the prognesiéing the dignostiomodels(measured and
reference baseline behaviourduture duties of the component, subsystem and syssespare parts
procurement leaeiime, scope of thavork to resolve the faults and trendirgrojectionsto establish

the Estimated Time To Hare (ETTF). Projection requires the estimation of future data followed by
curve fitting whereas trend projection or extrapolation fits to existing data before (time-

zero).

6.3. Predictive Maintenance (PdM)

Preventaive maintenance(PM) periodicities are conventionallgstablished orwell-known survival
models for keyrolling stock componentsManufacturers typically guarantee some performances
thresholdsin terms ofreliability that can berepresentedby the Weibull distibution, that can be
described ashe Probability Density Function (PD&)cording to theequationbelow:

Q0 |T— o N
This distribution is widely useébr scheduledmaintenance(SM) ast can exhibit a variety of shapes
closely related tdailure patternsassociated with mechanical systems, amongst oth€éhe shape
parameterdefined byi , F YR " A& (GKS aOlfS LI &do¥rdwnSasJher 2 NJ (i K
characteristic lifeThe characteristic lifean be used to describe theliability of acomponentup to
when an incipience is detecteahd correspondto the 63° percentileor astandard deviatioraway
from the mean forthe cumulativefailure distribution. In other words, ti is expected that 63% of
Weibull failures occur by tim@ | 8The curvesor variety of shapeare shown irFigured(a)below;
for illustrative purpaesthe scaihgfactor is held at unity
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Probability Densities
Weibull Hazard Functions

Time\Distance Time\Distance
(a) (b)
Figure9 (a) Failure distributiorand (b) Failures Patterns

The hazard Functiors, shown inFigure 9(b), describes the failure patternassociated with each
distribution. These patterns can be agelated or
non-agerelated degradation Typical failure patterns such dkat seen for fatigueare described by
the linear deay associatedwith the left-skewed distribution and linear failure pattern, shown
yellow. Agerelated failure igypicallydescribed by the purple pattermvhere degradation becomes
pronounced towards the end of the compemnt life. Random failuressuch as those associated with
bearingsisgenerallydescribed by the constant failure pattern in redhere a failuraslikely to occur
in a relatively small percentage of the sample distributiofiant mortality, sometimes s when a
component is sent for periodic overhadlie to human erroris described by the blueurve for its
conditional probability for failure.

Integrated Approactio Condition Monitoring, Diagnostics and Prognostes&DP)

The probability of failure discussed abowelicates that in many instances there is little or no
relationship between how long an asset has been in service and its remaining life. However, even
though many failure modes are not agelated, there is usuft some warning that failure is beginning

to develop.Figure 10 illustrates the typical stages of failur&his is known as thd>-F curve and
describeshow a component degrades, usually at an accelerated rate, to Functional Failure (point F) if
the failure is not detected when it begins sbowsigns Potential Failurepoint P).

The PF interval is directly proportional tihe inspection interval. It3 usually sufficient to select a task
frequency equal to half the-P interval. This ensures the failure will be detected befbaecelerates

to functional failure. For instance, if theFPinterval for a failure mode is 2 weeks it is sufficient to
inspect it once a weekbut if the checks are done or a month, then the failuremight be missed
completely.Conversely, ifthe componenis checked daily then it is awveruseof valuable resources.
This is known as the nettiPinterval which is selected t#nsure failuras detected whilst not being
an inefficient use of resources.
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P - Point where we find out

Point where failure It is failing (Potential Failure)
starts to occur / o
A \e P lg »

Interval

F - Point where we find out
It is failed (Functional Failure)

Condition

Time F

FigurelO Potential Failure and Functional Failure Intefitd]][16]

Clearly, condition monitoring can have a useful impact othe inspection intervalsthrough
automaitcallydetecting and describing the failure modé®eing up resources to be directed to more
costeffective and urgent task&igurell compares the sset health and the value of maintenance as

a componentdegrades As can be seehy the greenling, the value proposition of PdM is at its
maximum when an optimum RUL is attained by extending routine inspection through the use of
remote conditionmonitoring technology.

SM — Scheduled Maintenance . )
PM - Preventative Maintenance

PdM - Predictive Maintenance

CM&DP — Condition Monitoring
— Diagnostic & Prognostics

Asset Health Vs
Maintenance value

CM - Corrective Maintenance

Time\Distance

Figurell Asset health and indicative maintenance value comparisoiodified from[31]

Caution on extending RUL

UsingCM&DRP it is possible to extend the RUL safely to ertbateafailure mode is not permitted to
damage the compoent beyond repair whilst stilextracting optimum life from the component
without unnecessary inspection or overhaiihe caution herés how far down the curve can the RUL
be extendedwithout stressing the component beyond the inherent threshdtst which the
componentwasdesigned to withstangtherefore increasing the risk of a catastrophic failure
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Combining Failure Patterns and Condition Monitofiratafor Prognostics

Failure probability distributions and patteryes discussed abovate well known in reliability analysis
usedfor PMofrolling stock However, CBMan provide additionaheasures of conditiofrom sensors
that can be combinedavith the conditional probability of failuréo give a more accurate estimate of
RULA mathematical modebased on both the conditional probabilitf failure and condition data
can be built using ime-dependant proportional hazard mod&@PHM) as described by thiellowing
equation[32]:

N6 QoM O

WhereQ 0 is theWeibullparametric hazard functigro 0 are covariates as a function of time and
w are model coefficients.

The Pl Qwere first proposed by Copd3] and are one of the most extensively used models in
prognosticsAs previously discussed theFRurve can be obtained from operational experigrgiven

that this issubjective it is better if the PF curve were estimated using & FMSA(Appendix A)
combined with a set of regression parameters from condition monitoring data which would then
provide a r@asonable degree of certainiy the estimatedP-F intervafor a particular conponentfrom

the failure modedisted in the FMSAt should be noted that PHM depesdn the assumption that
afterrepair O2YLR Yy Syl Aa NBGdzNY S Ry périect fepaikol RaBeména Y S 6 Q
This assumption can introduce significantagrin RUL estimation@4]. Proportional hazard models
were very effective and took account of the complexities associated with practical reliability analysis;
howe\er, this body of work has le& superseded by more advanced prognostics modelsttia irto
account an imperfect repair knowas Proportional Intensity Model (PINB5].

It should be noted that in all PM regimes failure data is typically unavailable as the functional failure
is avoided at altosts It is conceivable that a qualitative study to estimate thE tervakhroughthe
development of a questionnaire to ta&n the expert domain knaledge of the FGC engineers will
provide these estimates for the failure modes presentethimtable inAnnex Afurthermore, the P

F interval can be adjusted and updated from conditional data when a CBM is incoldeeting
historical data.

6.4.Discussion

The aim of thigdeliverable igo define a set of specifications for the development of initial thresholds
and decision supportules To providecontextto the LOCATE projec wider discussiohas been
provided on dependability, reliabilitymaintainability,and supportability However, the focushas
remaired on the definition ofthresholds and ruleto enable the intrinsic reliability of rolling stock to
be maintained The relevant European standardmd literature on condition monitoringand
diagnosticshave beenreviewed to develop methods for threshold selection and the relevant
standardsand literaturefor prognosticshave beerreviewed to assist irdevelopingdecision support
rules The 1ISA 7359 for condition monitoring and diagnostimemachines and IS03373 describing

the 6 levels of processingre instrumental in the development of the framework for monitoring
threshold and decision support rules in this deliverable. The tried anddestandardised approach
for machine condition monitoring is very desirabded promises enormous potential if used
effectively. However, its application in rolling stock condition monitoring and predictive maintenance
is challenginglue to the complex naifre of rolling stock systesand their operating conditionalso
closely related tdhe environmental and economic constraints the assets must be managed within
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Clearly the potential forthe applicationof diagnostic and prognostics émnormous, howeverthere
remain significangapsto translatemachine CM.DPstandard to rolling stock.This deliverable has
identified strategies that industries such as oil & gas, automgpaind others have successfully applied
machine CM&DP to their asset managemenbgasses effectively. The MIMOSA standard and
associatedOpen System Architecture f@BM frameworks have been found to be very useful in this
regard with significant valueeing afforded irbridging the gap between machine CM&DP to CBM for
rolling stock.

Reliability Centred Maintenance, especially its application in the aviation inguktrtown as MSG3,
was investigated ira S2R crosscutting innovation programige) projects called SMARTEwhich
showed that considerablebenefits and transferrable technique and methodsfor rolling stock
maintenancecould be derived from further alignmerib MSG3and its foundation inRCM This
deliverablehas also offered a wider discussion on reliabilapd maintainabilitystudies around
conditional probabilities of faike and hazard functions from failure patterns discussed.Bito
understand how thresholds in terms of alerts and alarms are established famufacturers
recommendatiorbased on the principles of the most reliable @ndustrywide adopted standards

The next deliverable in this seri@5.3 will makesignificantefforts toemploy the failure rates defined

in the FMECA produced during3.2 adaptedfrom the INNOWAG projecflhe tactical optimisation
models in D5.3vill alsobegn to addressthe challenges of managing the RUL of a component with
condition datausing failure distribution modellingfrom manufacturing dataand a generalised
piecewise linear approximation moddor optimisation of the tactical maintenance, whidb
ultimately designed to assighe higherlevel decision suppoifor asset management.

Figurel2belowis an examplef the items whichmight be expected frornthe failure modes for rolling
stock componergs The standard approach applied to rolling stock can be seen to have clear
advantagesData taggings employed foridentification, which together with the othemprocesses
shown in the boxescould be an example of how critical information for condition monitoring,
diagnostics and prognostics might be applied in a rolling stock depotdhceivabldhat the boxes
shown in ths example might be presented to a maintenarmuctitionerin a depot, providing them
with the necessary information to make effectigecisiondo extend RUL of a component such as the
wheelset thisincludes information about conddn of the componentprovidinga health index, a
diagnosis andecommendedactions based onseveralpossible outcomes from several prediction
scenariogor RUL. This approach would not stop at providing recommendationsigthe wheelset
but rather thesystem would have a view of all component health conditions and prandstimate

of the capacity of the locomotive to complete inission profile within the fleet dbcomotives.
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Identification Loco: 01 Location: Lat\Lon
System: Wheelset Schedule: Depot C 09:00
Component: Axlebox ETA: 6 Hrs

e Current Records
e Historical Records

Recommended Depo: C Personnel: 3 ® Operating cost

Action Parts: Lubrication Expertise Level: Junior L3 e Maintenance cost
Job Plan: 3 Operational Plan: speed -30% o
® Spares Availability
Prognosis P1: 5 % min ramping — Increase Damage 0.05 % e Load cycle
P2: 15 % min ramping — Increase Damage 2 % e Vehicle Speed
P3: 25 % min ramping — Increase Damage 5 % e RUL
Health Health Index : 3 [Best = 10] ® Root Cause Analysis
Assessment Diagnosis : Severe Bearing Spalling 80% Positive

Sensor Inaccuracy : 5 %

State Detection

F 3

Alarm

® Real-time asset status

Peak Vibration (RMS)

\ 4

QOperating Time (days)

Figure12 Diagnostics and Prognostics Infaation for Decision Support

P-F Curveand Component Survival Data

The discussion on PdM in Sect@i highlighted the relationship with the estimated time to failure
(ETTF), the maintenance interval and thE Burvehat are centralto RCM MSG3and CM&DPIt is
important to distinguish betwen reliability data provided by the manufacturer and the experience of
operational conditionsvhich reflect the maintenance requirements more accurately than supplier
recommendations. It is however accurate to say that the reliability data can providessmrative
estimate of schedule for maintenance to assure dependability but at a higher cost for maintenance.
The purpose of a CBM programme is to assure dependability through condition monitoring,
diagnostics,and degrees prognosticsqlthough not alwaysclearly stated prognostics has two
elements, the ETTF (also knoas the RUL) and importantly the associated confidence limits for the
prognosis. The more refined the degradation models arute advanced the prognostic models the
better the confidence inhe projectons for RUL An example of Weibull probability densities and
hazard functions for typical failure patterns was suggested by D5.2 and adoptddhdby 5.3
Addionally, an example of the proportional hazard model linking conditional data from rsenwss
provided in section 6.3 of this deliverable outlining its limitations and providing other more recent
model suggestions.
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Manufacturers recommendatiafor maintenance intervalare based on survival data. This is the
standard approacin establishimg the periodicities for SM and PM. However, the return on investment
for CBM is in increasing the confidenok an entity in charge of maintenanceQ¥) to exterd
maintenance intervals withoumpacting safety, environmental, operational and economic camee
for the organisation. Reliability methods provide a gaggproach forestimating the point before a
potential failure is detected on the-P curve. Beyond this poiritis CM&DP that provides confidence
to the organisation that the wider safegndbusiness concerns are considered and maintained.

P - Point where we find out
It is failing (Potential Failure)

Point where failure P-Rinterval Point where failure
Starts of occur R Starts of occur
. P .
Return of the train

to service

w
Entrance to the workshop for
repair and maintenance

F - Point where we find out
It is failed (Functional Failure)

Condition

Time F
Figurel3FGC Maintenance Interval using-fterval

The current PM programme at FG@easnonstratedby Figurel3 above. The point of potential failure
(P)isidentified through,what is known in RCM and MSG3, ag-conditions tasks, such as whére
operating crew on a locomotive detect a fault througlntan senses or when routirseheduledpr
preventative inspection reveal a potential failure. At the earliest convenience without impacting the
concerns discussed above, the vehicle is sent to the workshop and put back into service after the
repairs are mee. It is clear to see from the illustration that the componespiresented in the figure

with proper condition monitoringcould potentially be in a degraded but operable staCondition

data in this instance could allow the decision to keep the asseiperation based on empirical
information of the asset and therefore allowing traceability and accountability in the decision were
safe yet economic.

As demonstratd by the RF curve presented in Figule, for eachfailure modethat canpotentially

be detected by the LOCATE system, the average time needed to organise the corresponding repair is
required {dentified as theP-R intervalin Figure 13 This informatiorcantypicallybe obtained from

the maintainerfollowing inspection othe component conditionOnce thisinterval is identified a
threshold (Pkan be defined whichorrespondto the conditionof the component at the time when

an alert is required to thdleet management to provide sufficient time to organise the required
maintenance(W). In addition, a second threshold must established corresponding to the time after
which the risk of dailurein serviceis intolerable (F), considering tlogerational and safety risk.

Diagnostics and Prognostics

The relationship between dgnostics and prognostics has been evaludtadthis deliverableand
prognosticss highly reliant on diagnostics; however, there is little consensughathe demarcation
between the fielddies. It is sufficient to say that diagnostics is descripéimd so retrospective relying
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on historical data to identify the damagisolate and quantify it empirically. Whereas prognostics is
concerned with predicting the damage yet to occur and providing consequential information on the
effects of actions that shdd or should not be taken to preserve the function of the systBaspite

the ambiguities irthe literature regarding how the two fields are interrelateid terms of the D5.2
diagnostics is firmly in the realm of assistemgd better understanding hownonitoring thresholds
should be setand prognostics has mosaluein helping organisation to set the rules for making
effective decisions.

Role of prognostics and the selection of appropriate models

Asdiscussed irsection6.2, that the prognostics techniques used in LOCATE project draployed
knowledgebased approaches using first principh@delsin the reference behaviouwvork package
(WP4) through théuildingof digitals twins Thisiscombined with a multpronged datadriven
approach that initially obtaisbaseline profiles from a preliminary monitoring campaign for
calibrationof the model parametersA second longer measuremerampaign is plannetb obtain
condition monitoring datdrom the dataacquisitionsystemon the locomotives which will build
better understanding of théinear piecewisa@egradation models built in D5t8 support the tactical
planning of maintenance ifiask 5.5.
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7. Conclusion

Currently FGC adopts an econdition based maintenance regime, where inspections are undertaken
and specified intervals with defined thresholds. If one of these limits is reached an intervention to
correct the problem should be made as soon as possitile. LOCAT[Eoject proposes to replace this
GAGK | LINBRAOUADGS YIFAY(dSYylyOS aeéadSswystenmMl (KS
continuously monitor the bogie and the performaneéll be compared to reference data obtained

from a digital twin. Failures witle anticipated and the time beforhe failure affects the locomotive
operatiors shall be estimatedbased on the defined thresholds and rul@heschedulingof this
operation(D5.3)must be dondo limit the impact on the availability of the fleet

To cefine the threshold and rules, it isifially proposed that the failure ratedefined in theFMECA
(WP2) and/or manufacturing data (if available) are utilised to provide the most accurate
representation of the failure rates of the components (accountiog &ny variation between
components/operation)These should be combined with the condition data to provide an estimate of
RUL These can be combined with the operational constraints, from D5.1, to support the condition
maintenance framework (D5.3). The failure rates should be reviewed during the demonstrator in
collaboration with FGC and provide feedbacithe accuracy of theQCATE systefto be covered in
deliverable D6.2 OCATE Predictive Maintenance Frameyork

7.1.Development of Thresholds and Rules
Definition of thresholds and rulesuch as the #F curve identified in Section @epend on the
system/componenbeing assessedailure modes and type afatamonitored. In the LOCATE system
the measuredandreference behaviour provide an indication of the health status (or performance) of
the system/componentThresholds/rulesre requiredo provide an indicatiomf when mainenance
is required with sufficient time for maintenance to be scheduldg., PR interval in Figure }®ased
on the health status of the system/componenAs identified in Section 6 this requires an
understanding of theelationship between performancand degradatiorno support the prediction of
the estimatedtime-to-failure (or RULaNd definition of the A+ curve.

The type of thresholds used iggkendent on the typeand formatof measured/reference behaviour
data. For example, data could includehyscal measurements othe actual conditionof a
component/system (e.g., wear measurement of a wheel profile) and sensor data (e.g., vibration
measurements) which requisome form opostprocessingo inferthe component/system condition

or functional perbrmance If the physical condition of the component/system is monitored, then
changesin the measuredlatacan be tracketb detectpotential failurewhich can be linked tmdustry
(safety) and company (performance) limita the latter case, features Bystem performanceg.g,

peak frequenciegvhich change with degradation (e.g., symptoms) need to be identified and there are
challenges in terms of identifying thigpe and severity of dault and recommendng the most
appropriate maintenanceaction.

To support the definition of initial thresholds and ruleshe LOCATE proje@xisting standards and
techniques for condition monitoring and prognostics have been reviewed. Techniques, such as failure
mode symptomsanalysis, were shown to provide useful information for identifying the symptoms
which potentially lead to a particular failure, the current means of detection and thresholds which
trigger a maintenance actiomn discussion with FGIhd the LOCATE Advisd@gard this technique

has been applied to each of the selected use cases to link the main failuresiced¢fied inthe
FMECA developed durigP2(D2.3)with the symptom(s) anghroposed measuredr reference data.
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The expanded FMECA can be foundringx A. This includes details of tharrentdetection method
and existing(or typical)thresholds and ruleshat are applied to each of the use casds.LOCATE,
these will be replaced with information (either physical measurements or data features)tfiem
measured orreferencedata developed duringVP3 and WP4to be covered in deliverable D6.2
LOCATE Predictive Maintenance Frameyvork

An estimate of the FF interva) in time a distance for all the identified failure modes would have
been a valuableaddition to the FMSA tablepresentedin Annex A. However, in the current
preventativemaintenanceregimeadopted byFGCthe failure modes are not permitteth remain in

the system past the potential failure point (P). This concept is not natural in the current regime
therefore no records of extending RUL or scheduled maintenance intervals exignvisagedhat
oncethe CBM system is in place and the maimdace transitiosto a PdM regimefailures modes will

be tracked more closely and better understanding of the limits and threshold support the
confirmationof the initial>-F intervaldefined in D5.3.

Thesummarnytable presentedin Annex Bepreseris the RAMS table using the FMECA proceaich
the failure modesand causalfactors arelinked to symptoms. The tabla Annex A represents more
closely @ FMSA analysis that extracts descriptdrem the symptomsfor each failure mode.
Deliverable D3 can make use of theformation included irAnnex Aand Bto better understand
how the failure modes are interlinked within the component, e.qg. fifilure modefor a particular
componentis linked ina series or ha an independengrowth curve due tahe complexity of the
number of elements in the component. The symptoms and descripttafned in Annex Bian also
lead to better degradations models aadist of covariates fouse inthe regression modelahich are
linked to the reliability data foa componentand will also provide D5.®vith useful information for
the linear piecewise approximatiowds condition data (covariatespn example of Weibull probability
densities and hazard functions for typical failure patterns was suggested by D5a@@utéd byTask
5.3. Addionally, an example of the proportional hazard model was provided in section 6.3 of this
deliverable outlining its limitations and providing other more recent model suggestions.

GA 881805 Page32| 42


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

hift7Rail IN

*

AL Horizon 2020
*, *: European Union Funding
* for Research & Innovation

8. References

[1] EU Technical Specification for Interoperability:
https://www.era.europa.eu/activities/technicaspecificationsnteroperability _en

[2] BS EN 50126:2017 Railway Applications. The Specification and Demonstration of
Reliability, Availability, Maintainability and Safety (RAMS). Generic RAMS Process

[3] BS ISO 55000:2014; Asset management. Overview, principles and terminology.

[4] BS EN I1ST®6501:2018 Organization and digitization of information about buildings and
civil engineering works, including building information modelling (BIM). Information
management using building information modelling. Concepts and principles

[5] BS EN 813486:2009 Industrial systems, installations and equipment and industrial product.
Structuring principles and reference designations. Basic.rules

[6] Lohr, A., & Buderath, M. (2014). Evolving the Data Management Backbone: BinaBB®ISA
and Code Generation for O\ PHM Society European Conference, 2(1).
https://doi.org/10.36001/phme.2014.v2i1.1487

[7] Holland, S., Felke, T., Hernandez, L.,-Bakdsh, R., & Wuensch, M. (2018¢alth Ready
ComponentsUnlocking the Potential of IVHM. SAE International Journal of Médeand
Manufacturing, 9(2), 21-223.

[8] Constructionhttps://www.constructionrinstitute.org/blog/2020/july2020/citandmimosa
moveinteroperability-forward-for-c accessed 02/06/2021

[9] Mining; https://gmggroup.org/interoperability/mimosahe-opertrindustriatinteroperability
ecosysterroiie/ accessed 026/2021

[10] BS ISO 1337#:2003 Condition monitoring and diagnostics of machines. Data processing,
communication and presentation. General guidelines

[11] MIMOSA, getting started guide; July 2020. Version 1.0.

[12] Open Systems Architecture for Conditibased Mainénance (OS&ABM); Primer, August
2006. Penn State University / Applied Research Laboratory, The Boeing Company, and
Machinery Information Management Open Standards Alliance (MIMOSA).

[13] BS ISO 159280:2019 Industrial automation systems and integration. ¢msgion of life
cycle data for process plants including oil and gas production facilities. Conformance testing

[14] 1SO/TS 188%8:2003 Industrial automation systems and Integration of industrial Data for
exchange, access and sharing. Integration and mappéigadology

[15] Moubray, J., (1997), Reliability Cantered Maintenance. Oxford: Buttervathemann.

[16] MIL-STD2173, (1986), Reliability Centered Maintenance. Washington D.C.: Department of
Defense.

[17] BS EN IEC 60812:2018 Failure modes and effects analysis §RMEMECA).

[18] INNOWAS-WP4D-UNF001-01-D4.1Costdriven,andreliability drivenanalysisof wagon
conditiondata

[19] SMaRTE Deliverable D2.1: Implementation of 3tsother sectors

[20] Nowlan F.S. and Heap, H.F., (1978), Reliability Centered Maintenance, Springfield: National
Technical Information Service (NTIS), USA.

[21] BS EN 603060:2014 Dependability management. Guidance for management and
application

[22]BS EN 61014:2003 Programmes for religtgrowth

[23]BS EN 60368-3:2017 Dependability management. ParB3Application guidg Life cycle
costing

[24]BS EN 62308:2006 Equipment reliability. Reliability assessment methods

GA 881805 Page33| 42


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
https://www.era.europa.eu/activities/technical-specifications-interoperability_en
https://www.construction-institute.org/blog/2020/july-2020/cii-and-mimosa-move-interoperability-forward-for-c
https://www.construction-institute.org/blog/2020/july-2020/cii-and-mimosa-move-interoperability-forward-for-c
https://gmggroup.org/interoperability/mimosa-the-open-industrial-interoperability-ecosystem-oiie/
https://gmggroup.org/interoperability/mimosa-the-open-industrial-interoperability-ecosystem-oiie/

hift7Rail IN

*

AL Horizon 2020
*, *: European Union Funding
* for Research & Innovation

[25]BS EN 13306:2017; Maintenance terminology.

[26]BS EN IEC 6036dL0 Dependabilitynanagement. Part-30: Application guide
Maintainability and maintenance.

[27]BS EN 603068-11:2009 Dependability management. Application guide. Reliability centred
maintenane

[28]BS I1SO 17359:2018pndition monitomg and diagnostics of machine&eneralguidelines

[29]BS I1SO 133722012 Condition monitoring and diagnostics of machines. Data interpretation
and diagnostics technigue&eneral Guidelines

[30]BS I1SO 13381:2015 Condition monitoring and diagnostics of machigdarognostics

[31]Haddadet al., (2012). A Options Approach for Decision Support of Systems with Prognostic
Capabilities, IEE TransactionsReliability Vol 61, no. 4, December 2012.

[32])Jardineet al., 2006. A review on machinery diagnostics and prognostics implementing
condition based maintenancéechSyst Signal Process; 20:183.0.

[33]D. Cox,Regressiomodelsandlife-tables,Journalof the RoyalStatisticalSociety34 (2)
(1972)187¢ 220.

[34]D.Kumar,B.Klefsja, (1994) Proportionalhazardamodel: a review, ReliabilityEngineering
and SystemSafety44 (2) (1994)177¢188.

[35]D.Lugtigheid, A. K. S. Jardine, X. Jiang., (2007). Optimizing the performance of a repair able
system under a maintenance and repair contract, Quality and Reliability Engineering
International 23 (8) (2007) 94960.

GA 881805 Page34| 42


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

hift7Rail IN

o~ European Union Funding
for Research & Innovation

Horizon 2020
S *
* 5

Annex Ac Failure Mode Symptoms Analysis

A detailed list of the failure modex the bogie is given in annéx

locate

System Component | Failure Cause(s) Symptom( | Descriptor | Parameter(s) Failure Failure
(s) mode(s) S) (s) Prognosis Diagnosis
Bogie Deformation | Impact damage and | Offset Features: | BogieAxlebox | Condition VT\MT\UT
frame fatigue wheel loads| strain based
(bogie crack moving PDF
twist) detection \ evolution of
Twist High levels | using Acceleration parameters | Operator
of vibration | SHM IMU\ strain
harmonic | gauge
Cracking High levels | component Parameter
of bogie analysis change
strain/stressg
Suspensior| Primary Coil springi Wear, fatigue, impact | Abnormal | Features: | BogidAxlebox VT
deformed/disl | damage vibrations | change in
odged, vertical
cracked, stiffness
broken from
Secondary | Dampers Poor ride | baselind Accelerationl Operator
fluid leak performanc | SD MU\
e / bogie correlation | displacement
stability between
Insufficent Insufficient | bounce, Parametex
height vehicle roll, pitch change\
height
Historical data
Axlebox Casing covers with Wear and tear, grease| Abnormal BogieAxlebox
crashes, quality vibrations.
breaks, (contamination), Increases in
fissures or leakage of grease, bearing
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overheating fatigue, corrosion temperature
and noise

leak of grease Acceleration.
Temperature
gradient above
ambient/threshg
Id

excess of
grease

control
devices not
fastened

control
devices
damaged

overheated, CarbodyBogie
damaged, Axlebox
missing or
unfastened
elements

water inside Acceleration

grease in bad
condition
colour,
quantity,
density

sealing joints
weak,
deteriorated

condition and Features: VT
torque of enveloped
attachments acceleratio
holding n,
coupled temperatur
devices e

Union state of the
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locate

Elements plates and
their holders
fixing torque Pressure Torque
of the holding measuremeht
screws to low
Bearings insufficient Parameter
closing
strength
level of wear Changé
state of the
lubricant
grease
condition and Historical data
torque of
attachments
holding the
bearings
Wheelset | Axle visible In-service wear, Bogie Features: VT
impacts manufacturing/mainter| stability RMS,
ance error, wheel slidg (equivalent | mean,
wheelrail forces conicity peak,
related) frequency
fatigue cracks | Impact damage, Abnormal | peak, Profile
corrosion, pitting vibrations | kurtosis, measurement
fatigue cracks Increased | crest Ultrasonic
stresses in | factor, inspection
axle skew etc.
Wheels cracks and Increased Operator
notches on the vibration
wheel tread
flats Parameter
change
build up od
material in
case of CBB
wheel out of
round
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locate

wear of the
profile over
threshold
equivalent
conicity
exceeds
wheel
diameter <
minimum
internal Historical data
distance
between
wheels too
important
Braking Cylinder & | System fluid | Wear and tear Loss/variati| Features: VT
Rigging leaks onin pressure
braking exceedance
force from
wear System malfunction Noise baseline TCMS
(block/pad)
Traction Motors and | Cracked High temperatures Pollution Features: VT
engine Collector collector (environmental) motor
brushes current
wear to gears | Wear and tear Noise profile
High against
engine motor
temperature speed

Figureld Failure Mode Symptoms Analysis
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AnnexB ¢ RAMS Tabl&ummary

cate

Current
Failure detection
System mode(s) Cause(s) Symptom(s) | method LOCATE
Bogie frame | Deformation, | Impact Offset wheel | Visual (1) FGC have never had any problems with bogie frames and likelih
twist, cracking| damage and | loads (bogie | inspection of occurrencesre low. Therefore, potentially not important to detect
fatigue twist) bogie frame faults and not likely to see any benefits from such
High levels of measurements during the project.
vibration (2) Failure modesifficult to infer from measured data, strain gauges
High levels of could provide useful information but influenced by gauge locations ¢
bogie (3) Digital twin may provide some informatiemeasured data used to
strain/stress support validation
es (4) Monitoring of bogie stability / vibran might indicate problems in
other components/systems.
Suspension | Coil spring Wear, fatigue,| Abnormal Operator / (1) Use of accelerometers mounted on axlebox and bogie frame to
deformed, impact vibrations drivers reports| detect changes in suspension performance.
cracked, damage Poor ride Visual (2) Displacement sensor to indicate abnormal variations in suspensi
broken performance | inspection heights.
Dampers / bogie (4) Development of a moddbased parameter estimator to support
fluid leak, stability identification of faults and inputs to the digital twin.
deformation Insufficient (3) Digital twirwill also provide some useful information, in relation tg
vehicle reference behavioumn normal anddegraded condition.
height
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locate

Axlebox Bearing Wear and Abnormal Visual Note- axle box is replaced as complete urdtlfer than repaired), less
failure tear, grease | vibrations inspection need to identify specific failure masle
quality Increases in | Torque (1) Monitoring of axlebox (bearing) vibration and temperature
(contaminatio | bearing measurement | (2) Identify changes in vibration / temperature
n), leakage of | temperature (3) Link axlebox vibration signatures to bearing condition (\WP4)
grease, and noise (4) Predict remainingisefullife (RUL)
fatigue,
corrosion
Wheelset Wheel tread | In-service Bogie Visual Note- Better control of vibration induced byheel defects might help tg
damage (flats,| wear, stability inspection reducedegradationon other components (e, guspension, bogie frame
cracking, manufacturin | (equivalent | Profile etc.).
OOR) g/maintenanc | conicity measurement | (1) Assessment of amplitude and frequency content of axlebox
Wheel wear | e error, wheel | related) accelerations.
(diameter slide, wheel | Abnormal (2) Link axlebox acceleration to wheel condition (WP4).
differences, | rail forces vibrations Note- Althoughconsequencesf axle failure are large, it is not clear hg
profile shape) many failures FGC have reported and what the benefits from detecti
this failure mode are. Not sure the measured data or digital twin woy
Impact Ultrasonic replace NDT or extend periodicity due to the safety gafins.
Axle fatigue | damage, inspection (3) Digital twin may provide information on strain range / fatigue cycl
corrosion, Increased of axle
pitting stresses in
axle
Increased
vibration
Braking System fluid | Wear and tear| Loss/variatio | Visual (1) Noisemeasurements
leaks, wear | System n in braking | inspection
(block/pad) malfunction | force
Noise
Traction Cracked High Pollution Visual (1) Comparison of measured current from enginpsak value and
engine collector temperatures | Noise inspection variations between engines.
(environment
GA 881805 Page4l| 42


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

b - AN Horizon 2020
l t a’ *** *: European Union Funding
* for Research & Innovation
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