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ABSTRACT prognostic software packages for design and implementation
of PHM solutions. Assessment arelaluation of such
software can be a lengthy and painstaking project on real
machines due to the large number of uncontrollable
parameters that affect the acquired data. An alternative
approach, adopted here, is to develop a demonstrator
platform in whichknown faults can be introduced, accurately
and repeatable, and their consequences monitored. In this
work, a demonstrator platform capable of producing high
quality data representing normal and abnormal scenarios has
been built. The data can be incorpodateto a consistent
framework for evaluatingdiagnostics and prognostics
algorithms

The process of generatitggh quality data for the test and
evaluation of diagnostiand prognosti@algorithms isstill of
high importancdo the Prognostics and Health Management
(PHM) research communityTo support these efforta
testbechas been designed, manufactuaed commissioned.
It has specifically been designed in order to replisatesral
component degradation faults with high accuracy laigt
repeatability. This paper documents the desigguirements
and the data integrity elemergéthis benchmarkydraulic
systemThis documentonsolidats the process of designing
diagnosticdestbeds astgresent there is a lack of literature
on how diagnosticgestbeds should be built and is intended
to serve as a starting point and quick reference guide fdrhe designedtestbed represents a fuel system and its
enginees and researchers intending to design and developassociated electrical power supply, control system and
testbed to test anehlidatePHM applicatiors. The first part  sensing capabilitiesThis testbed should be capable of
of this paper highlightdesign requirementsr all the design  simulating awide range of fault typégrofileson components
aspects for such testbeds with great consideration for industand instrumentationto produce benchmark datasets to
standards andbest practices covering the achievement ofevaluate and assess diagnostiti prognostidools. Single
electromagnetic compatibiliteMC) and noise mitigation, and multiplefault scenarioshouldbe introduced together
as wel |l as operatorsd def ewitly incipiantd andcapruptypesnaf fatilts. par eatheinjettédo n .
second part of the paper mreat emphasis on data integrity fault scenario, its degradation rate and resolutst also
elementf the datayenerated by this testbédescribing the  befully configurable.
system under healthy and faulty conditiorsfore it is . : . .
a}étually used for systgm charactgrization o;hgy diagnosticér hefollowmg_sectmnprowdes a b“?f bac|_<ground on PH.M
and prognostics algorithms. Qata generation approac.hes by discussing examples in the

literature where ruto-failure, seeded faults and fault
emulation were used to support development of diagnostic
and prognostic algorithménvestigating, understanding and
Optimized and reliable PHM solutions contribute toquantifyingcomponent degradation and failure isistegral
increased availability and reduced maintenance costs fgvart of component design and manufacturibignpn et al.,
high-tech highvalue systems. As a result, the software2017 Childs, 2019 Commercially available products and
market provides a significant number of diagnostic andomponents are designed, manufactured amathined

against design standards for safety over their expected
loannis Bardakit al. This is an opeaccess article distributed under lifespan (Childs, 2019). The design itselfis typically
terms of the Creative CommoAsribution 3.0 United States License, wh validated through acéd component testing, teensure
permits unrestricted use, distribution, and reproduction in any me  compliance with the safety standards and legal liabilities, as
provided the original author and source are credited. . .

well as to enabléhe manufacturer to confidently provide an

1. INTRODUCTION
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expected lifespan for his products andcolrse warranty benchmarking PHM applications for both military and
periods and recommended service inter{@imnder & Wang, civilian aerospace and ground transportation vehitlesg
2000). & Hardman, 2002; Orsagh et al., 20@atson et al., 2007;

From this scope, the most recognized and accepted metho@%emer atal,, 2007). The seeded faults approach is also an

over the past decadestime manufacturing industry are the pensive process, as it requires machinioly real

. : ; componentsand from the \ailable literature it is obvious
various accelerated testing (AT) methods. Tagious AT taat this kind of research is typically backed up from joint

methods de\{eloped, aim to shorten product design an dustryacademic research funding schemes, or conducted
devebpment lifecycle as well as to validate component.

reliability. The main reason thadéo thedevelopment of the in_conjunction with state fundedesearch facilities and

; X : : .. institutions Hess et al., 200Hess & Hadman 2002;Hess
various AT methods is the fact that for modern high quality

] et al.,2003.

and reliable components or systems, any observable
degradation is vergifficult or evenimpossible to appear in The third method for investigatimpmponentlegradation is
a very short time period when the component or the systethe emulation of faults. Thigchniqueenables the emulation
is subject to its nominal operating conditions. The mainof the degradation effects of some componemtd their
feature of the various AT methods developed is the inductiommpact at the systenevel, in this particular aplation, an
of component degradation and failureg subjecting the example of thigechniques the utilization of alirectacting
component under test to increased duty cycles andontrol valve to emulate treegradatiorof a filter in a fluid
accelerated ARun to Fail ursystemlsycgradually closng theh\aluet (to adgplicatehtlee s a n
time creating any new or unaccounted failure modes. Thelogging phenomenonyhis method has found application to
most common AT methods and their features are collectegrocessoriented systems, like fluid systenisigulita et al.
and presented in@mpact and convenient way in the study2014; Skaf et al., 201%;in et al., 2017). For the emulated
of Limon et al., (2017). The conclusion is that AT testing is daults the main limitation is the utilization of an actuator that
typical procedurearried out byOEMs (Original Equipment is capable to emulate the effects of the desired component
Manufacturers)and although it provides very reliable and under est. While this is feasible for the case of filters and
accurate results and insights regagccomponent failure and  leakages in a fluid system, this methodaseasilyapplicable
degradation modes, is a very expensive procedure and high or lowspeed rotating machinetylowever, die to the
requires the design and development of specialty machinegpmpatibility of this method with the degradation effects and
and testing facilities that will enable the efficient conductionfault scenaios investigated in this physicaéstbed this
of these tests. Furthermore, the fact that A& gocedure approach was selected for thisrk. Moreover, this method,
funded and supported by OEM=kes it even more difficult from the scope of aiagnosticstestbed is realizable at an
to find experimental datasets and detailed informatioracceptable cost, dse testbed can be built from commercial
available in the puldidomain. Thus, from the PHMsearch off-the-self equipmet) thus,making it an attractive choice to
perspective, apart from investigating degradation and failures wider audience.
of high or bw-speed rotating machinery, especially bearing
and gears, this method is not the common one f
investigating component degradatiand their effects at the
system leve(Wang et al., 2018).

Osl'he paper is organed as follows: Section 2 presents a
fiterature review ondiagnostics angrognosticstestbeds,
while Section 3introduces the testbed amapands orthe
process of requirementapture for thactualtestbed and its

Another method widely used for component degradatiofPHM capability. Section 4 discussdébe data integrity
investigaion in PHM studies and research is the seeded faulelementsstandards and techniques emplogfe@dughout the
approach. This approach requires the failure madgeter construction of the riggco guarantee the integrity of the
investigaion to beknown beforehand and based upon thisgenerated datasetSection Sgathers theontributions to the
knowledge to machine the components under test in suchtapic and theoncluding remarks of this paper

way to represent a certain levaldegradation. This level of
degradation can be gradually increased by applying th2. DIAGNOSTICS & PROGNOSTICS TESTBEDST A
relevant machining on the component under test. This LITERATURE REVIEW
approach provides accurate information only at discret
degradation levelsin order to map the full degradation
sped¢rum, the component under test must be subjected

various machining steps to accurately capture the degradati

phenomenon (Niculita et al., 2014). This approach has found or_mation available in the pub_lic do_main for some of the
wide application to both high and lespeed rotating previously developed testbeds is reviewed below and these

machinery, power drives ancbwer trains, as well as to experimental testbeds are benchmarked against a set of

component structural integrity investigation. The majority ofcrltena.t Lhte LBtedntpn OI tth's Ilteratutrﬁ rlfli?l\aw olljei i
the investigated highuality research available in the public presented testbeds 1S not to compare the appiications

domain incorporates the seedadlt approach for and solutions developed or asses their quality and

?/arious testbeds have previously been developed for
enchmarkingliagnostics an€®HM applications and for the
vestigation of the degradation of equipment. The
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performance, but rather to investigate the extent and the det@ihta acquisition and analysis is one of the fundamental and
of the information provided on the actual design andmost crucial aspects of any proper PHM application, as their
development of the testbedhemselves. Table 1 contains aresults, and therefore any decision magkirelies on the
condensed and comprehensive comparison between theocessing of the acquired datzhé&ng & Zhang, 2015;
reviewed testbeds with the aforementioned intention in mindviadhikermi, 2017DNV GL, 2018). For a PHMpplication,
data integrity reflects on the raw sensor data itself, in terms
V6t accuracy, timestamping and timeliness, accessibility,

naturally, to the presentation of the PHM methodologies ang C?Sia:i?éﬁ;:mg;elt enﬁzﬁtanrc;v(\:log;?;(t (}r<6v;?|n Z&lec.:’tszg#l).
on the results demonstrating the effectiveness of thg P 9 owquatty 9 y y

methodologyand not on the specific design considerations o alculations and results downstream, resulting in poor results
the testbeds development themselves Yind poor dQC|S|o+mak|ng in terms (_)f mal_ntgnqnce a(_:tlons
(Madhikermi, 2017)Achieving data integrity is intertwined
The aticulation of clear guidelines on requirements and datavith identifying, understanding and dealing with sources of
integrity considerations for bespokeliagnostics and data uncertainty, while at the same time ensuring the
prognosticdestbedss not covered in the literature andst repeatability and the reproducibility of the test results.
this particulargapthat this paper is trying taddressThe Identifying and dealing with uncertainties iSumdamental
adequacy of insightsand elaboration on the following concept ofmeasurement theory and measuremggstesns
important topics and criteria relatede®perimentatestbeds  (Bentley, 2005). In the majority of the reviewed literature,
designareaddressed in this benchmarking exercise and thegata integrity imssume@nd specific measuresd strategies
are condensed in Table hdrked with 3. to deal with sources of uncertainty that affect data integrity
are not mentioned.

The review of the various testbeds captured in Table 1 sho
that the primary focus was given from thesearchers,

Due to the spaceonstraints only the benchmarking and The major source of uncertaintgffecting data integrity
comparison criterigaptured in Column§, 7, 8 and 10will highlighted by the PHM literature ggnal noiseApart from
be coveredbelow. A more detaild discussion on the this observation no other information or insights are
benchmarking exercise covering the existent PHM testbedwovided regarding the sources of nolder is anymitigation
available in the literature was discussedBaydakis (2019). strategy employed to deal with sources of noise and
We argue that PHM testbedhould be designed like any interferencait the system design leu®t following standards
other industrial system oapplication and the following and recommended practiceRIP9. An exception to this
paragraphswill discuss theimportance of standards and statemenis the NASA ADAPT testbed (Poll et al., 2007;
technical documentatiorwhen designing experimental Feiyi & Jinsong, 208). A very comprehensivpackage of
apparatus capable of supporting PHM design andocumentation, drawings and schematics is provided by the
developmenstudies NASA Ames Research Centre, where the application of
The design of systems and products against the availab tandards is |nd|rect_ly referenced, as it is capt_ure_d in its
standards applying to various regions in the world, with %_c_om_panymg dr_awmgs. quthermore, the_ varionse

' itigation strategies thatontributeto the achievement of

main principal focus_ on safety arwlsecondaryfpcus o data integrity are indirectly referenced in accompanying
performance and efficiency is a regulatory requirement. Thﬁocumentation and drawings for the ADAPT
different applicable standards depend on the nature and type ’

of system or productGhilds 2019). The importance and 3. PHM TESTBED REQUIREMENTS & SPECIFICATIONS
benefitsof design against standards, apart from regulatory "
compliance, are many (Sands & Slaugenhaupt, 2017), witkey aspects that govern system design are itsinEagents

the most notable being: and specifications. The introduction and proposal of tailored
requirements that govern the design of diagnostics testbeds

A Standards ensure safety and minimize legal liability. was a fundamental part of this exerciSéhe essential

A Standards already embed best design practices. requirements for the design and implementation of

A Standards ensure system modularity, sustainability andiagnosticstestbed are condensed in Tab® along with

maintainability. brief information on how these requirements waatically

A Standards provide design traceability. achieved in the case of the fuel system testbed.

Along with the individual requirements captured in Table 2
under specific categories, we argue that a méghe
relationships between these requirements should be also
produced.

Apart from sometestbeds used fobenchmarkng PHM
solutions targetingmilitary applications where there is a
reference to requirementsr the final system only, but not
for the testbed desig(Brotherton et al., 200®elaney et al.,
2009, the use of standards for the desjgocessof such
testbeds and for achieving datéegrity is not mentioned in
the reviewed literature.
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The main reason is that there is a high degree of direct adsimplified P&ID (Process & Instrumentation Drawing
indirect interaction and dependecies between théhedevelopeduel system testbed is shown in Fig@ravith
requirements themselves. The map associated to the PHIge testbed consisting of the following components:
mechanical, electrical, software and application requirements

considered throughout the design process of this particuld& A main supply tank.

testbed is pictured in Figufle For ease of understandingandA An ext ernal gear pump.

to provide the relevant perspective, the fidawn of the A  Aduction motor driving the pump.

PHM Requirement Nol (PHMR1) into other relevantA \ariable speed driveVSD) controlling the rotational
requirements is highlighted in red in Figure 1. speed of the motor, and thus the rotational speed of the pump.
A s ol effivalvedSHY)h ut

“osf\C“ealMa"age A Five (5) direct propaogsedi onal
for fault emulation purposes
A A system control panel
A Two (2) absolute pressure tr
A Three (3) gauge pressure tra
S _ \ _",', A Two (2) turbine wheel fl owme
T "?§\\"\(u‘ A A print mark cont mateetpurpaser
oy W rotational speed)
'.‘:.: A A PVC plastic tubing.
= }‘.‘“-.5,‘".' @ A A finger valve (to isolate t
- """ﬂ"’» -
= VANA y . : .
3, A NaTZ= The fuel system consists of a main fuel line/path and two

leakage linegaths (marked in red in Figuré @ collect the
injected leakages'he varous DPVs throughout the system
are used tareatethe varioudaulty scenarios considered for
this testbedthe contol action of the DPVs representitige
degradation of the respective actoaimponers The DPV1
is used to emulate the clogging of thetmrcfilter (DPV1
initially fully opened for healthy condition)The DPV2 is

Figurel. Mapping therelationshipdetween theliagnostics

used to emulate a leakage right at the discharge side of the
external gear pum{®PV2 being initially fully closed for the
healthy scenario) The DPV3 is used to emulate the

degralation of the bypass shubff valve SHV
éstuck/degraded valve), as a blockage downstream of the

and pognosticdestbedequirements

In order to communicate the rationale and the thought proce ®mp.The DPV4 is used to emulate the degradation/clogging
for the introduction of the requirements and their translationys o t el nozzle. as a blockage further downstream of the
and application in the actuduel system testbed, the ,mp The DPV5 is used to emulate a pipakage further
highlighted relationships of PHMR1 in Figute will be — y4ynstream from the pumphus, with respect to Figure 2, a
described in more detaffrior to delving into this analysis, it omplete list of the faults that can be accommodated by the
is convenient to briefly introduce first the topology of the pyn testbed are listed in Table 3 with their respective fault
designed fuel system testbiedrigure 2 as well as some of ;446 and description. The actual capacity of fault injactio

its essential functions. scenarios is reconfigurable and expandable.

With reference to Figure 1 and Table 2, PHMR1 is an
essential PHM requirements,
provide the ability to investigate a sufficient number of
di fferent fault scenari oso. I
capability of the testhk its technological capacity in terms

I TFAULT 1: 1 " FAULT 3: 1
| DEGRADED/ ! | DEGRADED/ !
| BLOCKED ! | BLOCKED !

@ ISUCTIUN FILTER! @ @ I BYPASS VALVE I

1 — 1
Main ! e L e e
Tank T Ll I A Lalin)

[ DPV1 H SHV | DPVI

as

x| PUMP

F3
£
S
I

z g I pump y 4 } Ty
HEE | eince P,Vf‘,i!J | DOWNSTREAM EQ of equipment, hardware and software must be fully exploited.
i @ i FLU;EIE‘QEE ! The fulfilment of PHMR1 requires the testbed to be
H e instrumented by a sufficient number of sensors able to
~ B4 1 measure adequate parameters that enable chazatteriof
| DESRADED! | the components degradation and support the relevant PHM
Q @ BRI analysis and the investigation of the effects of the various
' I__ Dpvi__) fault scenarios at the system level; hence, the link between

Figure2. A simplified P&ID of the fuel system testbed = PHMR1 and PHMR2.
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