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ABSTRACT 

ElecWUR-H\dUaXlic SeUYR-AcWXaWRUV (EHSA) aUe cXUUeQWl\ Whe 
PRVW XVed acWXaWiRQ WechQRlRg\ fRU SUiPaU\ flighW cRQWURl 
V\VWePV Rf ciYil aQd PiliWaU\ aiUcUafWV. AlWhRXgh VRPe 
alWeUQaWiYeV haYe ePeUged iQ Whe laVW decade, VXch aV elecWUR-
PechaQical RU elecWUR-h\dURVWaWic VRlXWiRQV, elecWUR-
h\dUaXlic V\VWePV aUe VWill cRQVideUed Whe PRVW effecWiYe 
WechQRlRg\ iQ flighW-cUiWical aSSlicaWiRQ Rf QeZ cRPPeUcial 
aiUcUafWV. MRUeRYeU, Whe YaVW PajRUiW\ Rf aiUcUafW cXUUeQWl\ iQ 
VeUYice aUe eTXiSSed ZiWh WhiV WechQRlRg\. CRQVideUiQg Whe 
QXPbeU Rf acWXaWRUV W\Sicall\ ePSlR\ed iQ a SUiPaU\ flighW 
cRQWURl V\VWeP aQd Whe e[SecWed VeUYice life Rf a cRPPeUcial 
aiUcUafW, Whe deYelRSPeQW Rf aQ effecWiYe PHM V\VWeP cRXld 
SURYide VigQificaQW beQefiWV WR fleeW RSeUaWRUV aQd aiUcUafW 
PaiQWeQaQce. ThiV SaSeU SUeVeQWV Whe UeVXlWV Rf a feaVibiliW\ 
VWXd\ Rf VXch a V\VWeP fRU elecWUR-h\dUaXlic acWXaWRUV XVed iQ 
fl\-b\-ZiUe SUiPaU\ flighW cRQWURl V\VWePV, cRQVideUiQg Whe 
acWXaWRU Rf a Zide bRd\ cRPPeUcial aiUcUafW aV XVe caVe. AiP 
Rf Whe UeVeaUch iV Whe iPSlePeQWaWiRQ Rf a PHM V\VWeP 
ZiWhRXW Whe addiWiRQ Rf dedicaWed VeQVRUV, VRlXWiRQ Zhich 
ZRXld allRZ fRU Whe aSSlicaWiRQ Rf Whe SURSRVed SURgQRVWic 
VRlXWiRQ RQ bRWh QeZ aQd e[iVWiQg SlaWfRUPV. ThiV SaSeU 
deVcUibeV Whe PeWhRdRlRg\ aQd Whe UeVXlWV Rf Whe feaVibiliW\ 
VWXd\ WhURXgh ViPXlaWiRQ aQd e[SeUiPeQWal acWiYiWieV, Zhich 
VhRZV hRZ Whe QRYel PHM WechQRlRgieV SURSRVed fRU a PHM 
V\VWeP fRU Whe EHSAV Rf SUiPaU\ flighW cRQWURl acWXaWRUV caQ 

allRZ Whe PigUaWiRQ fURP VchedXled WR cRQdiWiRQ-baVed 
PaiQWeQaQce. 

1. INTROD8CTION 

FlighW cRQWURl V\VWePV aQd WheiU aVVRciaWed flighW cRQWURl 
VeUYR-acWXaWRUV aUe RQe Rf Whe VafeW\ cUiWical aiUcUafW V\VWePV 
aQd UeSUeVeQW RQe Rf Whe PRVW VigQificaQW caXVe Rf RSeUaWiRQ 
diVUXSWiRQ iQ bRWh ciYil aQd PiliWaU\ aiUcUafWV. The 
deYelRSPeQW Rf aQ effecWiYe PURgQRVWicV aQd HealWh 
MaQagePeQW fUaPeZRUk fRU SUiPaU\ flighW cRQWURl acWXaWRUV, 
SRVVibl\ deSlR\able ZiWhiQ aQ IQWegUaWed Vehicle HealWh 
MRQiWRUiQg (IVHM) V\VWeP cRXld lead WR a VigQificaQW 
WechQRlRgical adYaQcePeQW SURYidiQg VeYeUal beQefiWV bRWh aW 
Whe aiUcUafW aQd aW Whe fleeW leYel. SXcceVVfXl deYelRSPeQW Rf 
WhiV WechQRlRg\ ZRXld allRZ WR VeQVibl\ iPSURYe Whe aiUcUafW 
RSeUaWiRQal UeliabiliW\ aQd diVSaWch abiliW\ b\ aYRidiQg XQ-
SUedicWed Yehicle RQ-gURXQd iPPRbili]aWiRQ, aQd heQce 
UedXciQg, RU SRVVibl\ UePRYiQg, Whe addiWiRQal cRVWV 
aVVRciaWed ZiWh WakeRff dela\V RU caQcellaWiRQV, Ue-URXWiQg RU 
iQ-flighW WXUQ back. MRUeRYeU, iW ZRXld allRZ a UedXcWiRQ Rf 
Whe diUecW PaiQWeQaQce cRVWV b\ iPSURYiQg Whe PaQagePeQW 
Rf VSaUe SaUWV, PaiQWeQaQce lRgiVWicV aQd ViPSlif\iQg Whe 
WURXbleVhRRWiQg RSeUaWiRQV. The iPSacW Rf Whe cRVWV 
aVVRciaWed ZiWh XQQeceVVaU\ RU XQSUedicWed PaiQWeQaQce aQd 
ZiWh Whe effecWV Rf flighW diVUXSWiRQ iV difficXlW WR SUeciVel\ 
eYalXaWe aQd iV heaYil\ deSeQdeQW RQ Whe aiUcUafW W\Se, iWV 
XVage, Whe PaiQWeQaQce SRlicieV Rf Whe aiUliQeU aQd Whe 
cRQWiQgeQW ViWXaWiRQ UelaWed ZiWh Whe failXUe RccXUUeQce.  
AccRUdiQg WR IATA SURjecWiRQV, Whe e[SecWed glRbal VSeQdiQg 
iQ 2020 fRU PaiQWeQaQce, UeSaiU aQd RYeUhaXl iV US$ 65 
billiRQ(IQWeUQaWiRQal AiU TUaQVSRUW AVVRciaWiRQ (IATA), 

 
SilYaiQ AXWiQ eW al. ThiV iV aQ RSeQ-acceVV aUWicle diVWUibXWed XQdeU Whe 
WeUPV Rf Whe CUeaWiYe CRPPRQV AWWUibXWiRQ 3.0 UQiWed SWaWeV LiceQVe, 
Zhich SeUPiWV XQUeVWUicWed XVe, diVWUibXWiRQ, aQd UeSURdXcWiRQ iQ aQ\ 
PediXP, SURYided Whe RUigiQal aXWhRU aQd VRXUce aUe cUediWed. 
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2011), Zhile a UeceQW VWXd\ RQ iQWegUaWed diVUXSWiRQ 
PaQagePeQW aQd flighW SlaQQiQg  VhRZV WhaW VXiWable 
SlaQQiQg caQ PiWigaWe Whe effecWV Rf flighW diVUXSWiRQV aQd lead 
WR abRXW 6% cRVW VaYiQg fRU Whe aiUliQe (MaUla, LaYaQ\a & 
VaabeQ, BR & BaUQhaUW, 2012). AlWhRXgh Whe VSeQdiQg fRU 
flighW cRQWURl acWXaWRUV iV e[SecWed WR be jXVW a fUacWiRQ Rf Whe 
WRWal, Whe cRQWUibXWiRQ gaiQed fURP Whe iQWURdXcWiRQ Rf aQ 
effecWiYe healWh PRQiWRUiQg V\VWeP fRU aiUcUafW flighW cRQWURl 
acWXaWRUV Zill VWill SURYide VigQificaQW cRVW VaYiQgV. The 
deYelRSPeQW Rf PHM fUaPeZRUkV fRU SUiPaU\ flighW cRQWURl 
V\VWePV iV VWill a UaWheU XQe[SlRUed VXbjecW, deVSiWe 
UeSUeVeQWiQg RQe Rf Whe cUiWical aiUcUafW V\VWePV.  ThiV caQ be 
PaiQl\ aWWUibXWed WR lRZ aYailabiliW\ Rf UeleYaQW daWa, PajRU 
difficXlWieV iQ PRdeliQg aQd WeVWiQg aQd geQeUall\ a lack Rf 
VRXQd XQdeUVWaQdiQg Rf Whe failXUe PechaQiVPV affecWiQg Whe 
PRVW cRPPRQ aUchiWecWXUeV ePSlR\iQg ElecWUR-H\dUaXlic 
SeUYR AcWXaWRUV. MRVW Rf Whe aYailable liWeUaWXUe UeYRlYeV 
aURXQd ElecWUR-MechaQical AcWXaWRUV, Zhich aSSlicaWiRQ WR 
SUiPaU\ flighW cRQWURlV iV hRZeYeU liPiWed RQl\ WR UQPaQQed 
AeUial VehicleV (UAVV) b\ VRPe XQUeVRlYed WechQRlRgical 
baUUieUV, iQclXdiQg Whe VeQViWiYiW\ WR ceUWaiQ ViQgle SRiQW Rf 
failXUeV WhaW caQ lead WR PechaQical jaPV. FRU WheVe UeaVRQV, 
ElecWUR-H\dUaXlic SeUYR AcWXaWRUV aUe VWill Whe PRVW XVed 
VRlXWiRQ fRU SUiPaU\ flighW cRQWURl V\VWePV Rf QeZ 
cRPPeUcial aiUcUafW, Zhile UeSUeVeQWiQg Whe YaVW PajRUiW\ Rf 
Whe acWXaWiRQ V\VWePV Rf Whe YehicleV alUead\ iQ VeUYice aQd 
e[SecWed WR keeS RSeUaWiQg iQ Whe Qe[W \eaUV. AV VXch, Whe 
defiQiWiRQ Rf aQ effecWiYe PURgQRVWicV aQd HealWh 
MaQagePeQW V\VWeP fRU EHSAV ZRXld be aQ aWWUacWiYe gRal 
WR iPSURYe fleeW PaQagePeQW fRU bRWh QeZ aQd legac\ 
aiUcUafWV. LiWeUaWXUe RQ SURgQRVWicV fRU EHSA iV VR faU 
e[WUePel\ liPiWed, aQd PRVWl\ fRcXVed RQ a feZ ViQgle faXlWV 
VceQaUiRV; iQ (B\iQgWRQ eW al., 2004), aXWhRUV SUeVeQWed RQe Rf 
Whe feZ UeVeaUch SaSeUV fRcXVed RQ Whe h\dUaXlic acWXaWRUV fRU 
aYiaWiRQ. The aXWhRUV e[aPiQe Whe SRVVibiliW\ Rf deYelRSiQg a 
PHM V\VWeP fRU Whe F/A-18 VWabili]eU ElecWUR-H\dUaXlic 
SeUYR-ValYeV (EHSVV). The daWa-dUiYeQ aSSURach deYelRSed 
XVeV QeXUal QeWZRUk eUURU-WUackiQg WechQiTXeV, alRQg ZiWh 
fX]]\ lRgic claVVifieUV, KalPaQ filWeU VWaWe SUedicWRUV, aQd 
feaWXUe fXViRQ VWUaWegieV. IQ (GXR & SXi, 2019) aXWhRUV 
SURSRVed a QeZ UeVaPSliQg VchePe baVed RQ HelliQgeU¶V 
diVWaQce aQd YeUified WheiU UeVXlWV RQ acceleUaWed faWigXe WeVWV 
RQ a feZ VWUXcWXUal cRPSRQeQWV Rf Whe acWXaWRU, Zhile a faXlW 
diagQRViV VchePe fRU elecWUR-h\dURVWaWic acWXaWiRQ V\VWeP iV 
bUiefl\ deVcUibed iQ (CheQ eW al., 2019). The Sh\Vical aQd 
RSeUaWiRQal cRPSle[iWieV W\Sicall\ eQcRXQWeUed iQ cUiWical 
EHSA V\VWePV QeceVViWaWe QeZ aQd iQQRYaWiYe WechQRlRgieV 
ZhRVe XQdeUSiQQiQgV Wake adYaQWage Rf Sh\VicV Rf failXUe 
PechaQiVPV, fiUVW SUiQciSle PRdelV, QRYel CRQdiWiRQ 
IQdicaWRU (CI) e[WUacWiRQ aQd VelecWiRQ WechQiTXeV, UigRURXV 
diagQRVWic aQd SURgQRVWic algRUiWhPV accRPSaQied b\ 
aSSURSUiaWe SeUfRUPaQce PeWUicV, VXch aV RelaWiYe AccXUac\ 
aQd PURgQRVWic HRUi]RQ, aQd e[WeQViYe Veeded faXlW WeVWiQg 
SURcedXUeV. Each Rf WheVe WaVkV cRPe ZiWh a VeW Rf iVVXeV 
Zhich aUe QRW eaVil\ UeVRlYed a SUiRUi aQd PighW hiQdeU Whe 
deYelRSPeQW Rf Whe PHM V\VWeP. The feaVibiliW\ VWXd\ 

deVcUibed iQ WhiV SaSeU iV aiPed aW eYalXaWiQg hRZ aQ 
iQQRYaWiYe faXlW diagQRViV aQd failXUe SURgQRViV fUaPeZRUk 
fRU EHSAV caQ VXcceVVfXll\ be deYelRSed b\ iQWegUaWiQg 
PaWhePaWicall\ UigRURXV aQd YalidaWed VigQal SURceVViQg, 
feaWXUe e[WUacWiRQ, diagQRVWic aQd SURgQRVWic algRUiWhPV ZiWh 
QRYel XQceUWaiQW\ UeSUeVeQWaWiRQ aQd PaQagePeQW WRRlV iQ a 
SlaWfRUP WhaW iV cRPSXWaWiRQall\ efficieQW aQd Uead\ WR be 
WUaQViWiRQed RQ-bRaUd aQ aiUcUafW. The feaVibiliW\ VWXd\ ZaV 
SeUfRUPed WakiQg aV a XVe caVe Whe EHSA Rf a flighW cRQWURl 
acWXaWRU Rf a cRPPeUcial aiUcUafW iQ UeYeQXe VeUYice ZhRVe 
chaUacWeUiVWicV aQd SeUfRUPaQce aUe Zell kQRZQ aQd 
dRcXPeQWed. SWaUWiQg fURP SUeYiRXVl\ SXbliVhed ZRUk fURP 
VaPe aXWhRUV RQ h\dUaXlic cRPSRQeQWV RQ a YaUieW\ Rf 
aeURVSace aSSlicaWiRQV (AXWiQ eW al., 2018; Dalla VedRYa eW 
al., 2010; NeVci eW al., 2020), aQ e[WeQViYe failXUe PRdeV 
ideQWificaWiRQ aQd aQal\ViV WaVk ZaV caUUied RXW WR fRcXV RQ 
cUiWical/VeYeUe, fUeTXeQW aQd WeVWable failXUe PRdeV, VXch aV 
dePagQeWi]aWiRQ Rf Whe VeUYR-YalYe WRUTXe PRWRU, backlaVh Rf 
Whe VeUYR-YalYe iQWeUQal feedback VSUiQg, ZeaU Rf Whe iQWeUQal 
VealV Rf Whe h\dUaXlic acWXaWRU. A high-fideliW\ PaWhePaWical 
PRdel ZaV deYelRSed Zhich acceSWV Whe iQjecWiRQ aQd 
SURgUeVViRQ Rf faXlWV deVcUibed b\ a Sh\VicV-baVed PRdel Rf 
Whe faXlW deYelRSPeQW aV a fXQcWiRQ Rf XVage, WiPe, 
RSeUaWiRQal aQd eQYiURQPeQWal cRQdiWiRQV.  DaWa UeleYaQW WR 
PRUe WhaQ WhUee hXQdUed flighWV Rf WeQ aiUcUafWV ZeUe 
geQeUaWed ZiWh Whe EHSA iQ healWh\ aQd SURgUeVViYel\ faXlW\ 
cRQdiWiRQV, ZiWh Whe aiP Rf defiQiQg a QRYel VeW Rf feaWXUeV 
ZiWhRXW addiQg dedicaWed VeQVRUV. FlighWV alRQg diffeUeQW 
URXWeV ZiWh diffeUeQW aQd YaU\iQg eQYiURQPeQWal aQd 
RSeUaWiRQal cRQdiWiRQV ZeUe cRQVideUed, aQd Whe faXlWV 
UeVXlWiQg aV PRVW cUiWical fURP a FMECA aQal\ViV ZeUe 
addUeVVed, VXSSRUWed b\ Veeded faXlW daWa SURYided b\ a 
dedicaWed WeVW-beQch. The SaSeU iV RUgaQi]ed aV fRllRZV. AW 
fiUVW, Whe PeWhRdRlRg\ ePSlR\ed WR SeUfRUP Whe feaVibiliW\ 
aQal\ViV iV deWailed aQd jXVWified. HeQce, Whe caVe VWXd\ iV 
SUeVeQWed iQ deWail, accRPSaQied b\ a failXUe aQal\ViV 
iQYeVWigaWiQg Whe PRVW VigQificaQW degUadaWiRQ PRdeV. TheQ, 
Whe healWh PRQiWRUiQg VWUaWeg\ aQd fUaPeZRUk aUe iQWURdXced. 
ReVXlWV Rf feaWXUe VelecWiRQ acWiYiWieV aUe WheQ SUeVeQWed, 
SURYidiQg cRQclXViRQV dUaZQ fURP ViPXlaWiRQ acWiYiWieV aQd 
e[SeUiPeQWal effRUW. FiQall\, each fXQcWiRQ Rf Whe PHM 
algRUiWhP iV WheQ defiQed aQd WheiU SeUfRUPaQce aVVeVVed. 

2. APPROACH TO THE DESIGN OF A NO9EL PHM S<STEM 

The WhePe Rf deVigQiQg a QRYel PHM V\VWeP aQd Whe VWXd\ 
iWV feaVibiliW\ haYe beeQ Wackled XViQg Whe aSSURach deVcUibed 
iQ FigXUe 1 (AXWiQ eW al., 2018). The fiUVW VWeS iV Whe defiQiWiRQ 
Rf Whe XVe caVe, Zhich iV aQ iQ-VeUYice ElecWUR-H\dUaXlic 
SeUYR AcWXaWRU fRU SUiPaU\ flighW cRQWURl V\VWePV. HeQce, aQ 
iQ-deSWh failXUe aQal\ViV RYeU Whe chRVeQ caVe VWXd\ iV 
SeUfRUPed aQd XVed WR VelecW Whe PRVW SURPiQeQW failXUe 
PRdeV WR be iQVeUWed aV iQSXW WR Whe defiQiWiRQ Rf a high-
fideliW\ PRdel Rf Whe EHSA XQdeU aQal\ViV, cRPSleWed ZiWh 
faXlW eYRlXWiRQ PRdelV. Real RSeUaWiRQal daWa Pade aYailable 
b\ Whe iQdXVWUial SaUWQeUV aUe WheQ XVed WR UecUeaWe a VhRUWeQed 
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SaWWeUQ Rf lRadV aQd cRPPaQdV UeSUeVeQWaWiYe Rf Whe Ueal-
field RSeUaWiRQal VceQaUiR. TheVe UealiVWic cRQdiWiRQV aUe WheQ 
fed WR Whe high-fideliW\ PRdel Rf Whe EHSA WR SeUfRUP flighW 
ViPXlaWiRQV iQ healWh\ aQd faXlW\ cRQdiWiRQV. The flighW daWa 
RbWaiQed fURP WheVe ViPXlaWiRQV aUe Whe baViV RQ Zhich Whe 
PHM V\VWeP iV deYelRSed aQd eYalXaWed, ViQce Whe\ aUe XVed 
WR bXild a laUge daWa-baVe Rf VigQalV ZiWh Whe aiP Rf VelecWiQg 
Whe SURSeU VeW Rf feaWXUeV UeSUeVeQWaWiYe Rf Whe healWh VWaWXV Rf 
Whe deYice. The PHM V\VWeP deYelRSPeQW fRllRZV Whe 
gXideliQeV VXggeVWed iQ (VachWVeYaQRV eW al., 2007) XViQg aV 
iQSXWV Whe UeVXlWV Rf Whe XVe caVe defiQiWiRQ SURceVV, Whe failXUe 
aQal\ViV aQd Whe ViPXlaWed flighW daWa. LabRUaWRU\ WeVWV aUe 
WheQ SeUfRUPed b\ iQWURdXciQg RU ViPXlaWiQg Whe effecWV Rf a 
VelecWed QXPbeU Rf degUadaWiRQV Rf diffeUeQW VeYeUiW\ RQ a Ueal 
acWXaWRU, aQd Whe UeVXlWV XVed WR YalidaWe Whe XVefXlQeVV Rf Whe 
feaWXUeV defiQed WhURXgh ViPXlaWed daWa.  The PHM V\VWeP iV 
WheQ deVigQed VWeS-b\-VWeS. AW fiUVW Whe SRVW-SURceVViQg 
WechQiTXeV XVed fRU Whe feaWXUe e[WUacWiRQ aUe defiQed, heQce 
Whe faXlW diagQRViV PeWhRdRlRg\ aQd fiQall\ Whe failXUe 
SURgQRViV algRUiWhP. HeQce iWV SeUfRUPaQceV aUe aVVeVVed 
accRUdiQg WR aSSURSUiaWe PeWUicV.  

 

FigXUe 1: ReVeaUch flRZ blRck diagUaP 

3. THE ACT8ATION S<STEM 

The acWXaWiRQ V\VWeP XQdeU aQal\ViV iV a Ueal SUiPaU\ flighW-
cRQWURl aUchiWecWXUe ePSlR\ed RQ a claVV Rf cXUUeQWl\ iQ-
VeUYice aiUcUafWV. DeSicWed iQ FigXUe 2, Whe aeURd\QaPic 
VXUface iV cRQWURlled b\ Whe cRPbiQed effecW Rf WZR ElecWUR-
H\dUaXlic SeUYR AcWXaWRUV, gRYeUQed b\ Whe FlighW CRQWURl 
CRPSXWeUV accRUdiQg WR Whe acWiYe-VWaQd-b\ cRQfigXUaWiRQ. 
AccRUdiQg WR WhiV aUchiWecWXUe, RQl\ RQe Rf Whe WZR acWXaWRUV 
iV XVed WR acWiYel\ cRQWURl Whe SRViWiRQ Rf Whe Wab, Zhile Whe 
VecRQd acWXaWRU iV SXW iQ b\-SaVV PRde aQd SURYideV a 
daPSiQg effecW RQ Whe d\QaPicV Rf Whe flighW cRQWURl, Zhile aW 
Whe VaPe WiPe eQVXUiQg Whe aSSURSUiaWe leYel Rf VafeW\ WhURXgh 
Whe UedXQdaQc\ Rf Whe acWXaWiRQ V\VWePV. AW Whe begiQQiQg Rf 
each flighW, RQe acWXaWRU iV SXW iQ acWiYe PRde, Zhile Whe RWheU 
RQe iV keSW iQ b\-SaVV, aQd iV acWiYaWed RQl\ iQ caVe Rf 
ePeUgeQc\. The URleV Rf Whe WZR h\dUaXlic deYiceV aUe 
SeUiRdicall\ e[chaQged. Each ElecWUR-H\dUaXlic SeUYR 
acWXaWRU fRllRZV Whe VchePaWicV SURYided iQ FigXUe 3 (AXWiQ 
eW al., 2018). The h\dUaXlic ciUcXiW iV Pade Rf aQ elecWUR-
h\dUaXlic VeUYRYalYe, a PRde YalYe RSeUaWed b\ a WZR-
SRViWiRQ VRleQRid YalYe, aQ accXPXlaWRU aQd Whe h\dUaXlic 

c\liQdeU. The VeUYR-YalYe iV Rf Whe jeW SiSe W\Se aQd iW iV Pade 
XS Rf WZR VWageV ZiWh Whe fiUVW VWage UeceiYiQg Whe cXUUeQW 
cRPPaQd aV Whe iQSXW aQd XViQg Whe WRUTXe PRWRU iQ RUdeU WR 
PRYe Whe jeW SURjecWRU WhXV cUeaWiQg a SUeVVXUe diffeUeQWial 
beWZeeQ Whe WZR VideV Rf Whe VecRQd VWage VSRRl, Zhich 
cRQWURlV Whe flRZ WR Whe h\dUaXlic acWXaWRU. The cRQWURl lRgic 
XVeV a liQeaU SRViWiRQ WUaQVdXceU (LVDT) aV Whe feedback 
VeQVRU WR clRVe Whe SRViWiRQ cRQWURl lRRS. The EHSA iV dXal 
elecWUical iQWeUfaciQg ZiWh WZR iQdeSeQdeQW elecWUical laQeV.  
WheQ iQ Whe acWiYe PRde, Whe VRleQRid YalYe iV eQeUgi]ed aQd 
a SUeVVXUe SilRW VigQal fRU Whe PRde YalYe iV geQeUaWed. The 
VSRRl Rf Whe PRde YalYe heQce PRYeV aQd cRQQecWV Whe VeUYR-
YalYe cRQWURl SRUWV WR Whe acWXaWRU SRUWV, WheUeb\ allRZiQg Whe 
acWXaWRU WR PRYe iQ UeVSRQVe WR Whe elecWUical VigQalV UeceiYed 
b\ Whe VeUYR-YalYe. TR achieYe Whe VWaQd-b\ cRQdiWiRQV, Whe 
VRleQRid YalYe iV iQVWead de-eQeUgi]ed. The h\dUaXlic liQeV 
cRQQecWed WR Whe VeUYR-YalYe cRQWURl SRUWV aUe heQce blRcked 
aQd Whe h\dUaXlic flXid SaVViQg fURP RQe chaPbeU WR Whe RWheU 
iV fRUced WhURXgh a daPSiQg RUifice, SURYidiQg a UeViVWaQW 
fRUce RQ Whe acWXaWiRQ V\VWeP SURSRUWiRQal WR Whe acWXaWRU 
YelRciW\. ThiV fXQcWiRQ aYRidV Whe iQVXUgeQce Rf SRVVible aeUR 
elaVWic iQVWabiliW\ (flXWWeU) iQ caVe Rf failXUe Rf bRWh EHSAV 
cRQQecWed WR Whe VaPe flighW cRQWURl VXUface. IQ addiWiRQ WR 
Whe liQeaU SRViWiRQ WUaQVdXceU RQ Whe acWXaWRU, each ElecWUR-
H\dUaXlic SeUYR AcWXaWRU iV eTXiSSed ZiWh a QXPbeU Rf RWheU 
VeQVRUV, QaPel\: LVDTV PeaVXUiQg Whe liQeaU SRViWiRQ Rf Whe 
VeUYR-YalYe VSRRl, a diffeUeQWial SUeVVXUe VeQVRU PRXQWed 
acURVV Whe acWXaWRUV¶ chaPbeUV aQd aQRWheU LVDT PeaVXUiQg 
Whe SRViWiRQ Rf Whe PRde YalYe VSRRl. The VigQalV SURYided b\ 
WheVe VeQVRUV aUe XVed iQ cRPbiQaWiRQ ZiWh Whe cRQWURl VigQalV 
WR SeUfRUP Whe cRQWiQXRXV PRQiWRUiQg fXQcWiRQV fRU deWecWiRQ 
Rf SRWeQWiall\ flighW cUiWical failXUeV (C-BIT) aQd WR SeUfRUP 
SUe-flighW checkV (P-BIT) WR eQVXUe WhaW QR failXUe e[iVWV 
befRUe flighW iQ Whe e[iVWeQW flighW cRQWURl acWXaWRUV. The 
VigQalV geQeUaWed b\ Whe ZhRle aUUa\ Rf VeQVRUV, WRgeWheU ZiWh 
Whe VeUYR-YalYe aQd VRleQRid YalYe cXUUeQWV aUe cRQVideUed aV 
aYailable WR be e[SlRiWed b\ a PHM V\VWeP aQd aUe Whe 
fRXQdaWiRQal baViV RQ Zhich WhiV SUeliPiQaU\ VWXd\ iV bXilW.  

 

FigXUe 2. AcWiYe-VWaQd-b\ aUchiWecWXUe 
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FigXUe 3. EHSA UefeUeQce aUchiWecWXUe 

4. FAIL8RE ANAL<SIS 

The fiUVW VWeS Rf Whe SURSRVed feaVibiliW\ VWXd\ iV Whe aQal\ViV 
Rf Whe failXUe PRdeV SRVVibl\ affecWiQg Whe acWXaWiRQ V\VWeP. 
ThiV RSeUaWiRQ iV cUiWical WR aQ\ SUeliPiQaU\ VWXd\ Rf PHM 
fUaPeZRUk aQd iV XVed WR aVVeVV Zhich failXUe PRdeV Qeed WR 
be cRQVideUed b\ Whe HealWh MRQiWRUiQg V\VWeP, Zhich PXVW 
be SUiRUiWi]ed iQ Whe VWXd\ aQd WR aQWiciSaWe Whe iQWeUacWiRQ 
beWZeeQ WZR RU PRUe failXUe PRdeV. The WRRl XVed WR SeUfRUP 
WhiV aQal\ViV iV Whe FailXUe MRdeV aQd EffecWV CUiWicaliW\ 
AQal\ViV (FMECA) iQ Zhich all SRVVible failXUeV, WheiU 
cUiWicaliW\ aQd SURbabiliW\ Rf RccXUUeQce aUe cRQVideUed aQd 
cRPSaUed accRUdiQgl\ (VachWVeYaQRV eW al., 2007). Each Rf 
Whe iQYeVWigaWed failXUe PRdeV deVcUibed iQ WhiV VecWiRQ haV 
beeQ SUiRUiWi]ed accRUdiQg WR Whe UeVXlWV Rf Whe FMECA 
SUeVeQWed iQ (AXWiQ eW al., 2018). 

4.1. SHUYRYDOYH 

The VeUYRYalYe Rf Whe acWXaWiRQ V\VWeP XQdeU aQal\ViV 
belRQgV WR Whe jeW-SiSe W\Se aQd iWV VchePaWicV iV UeSRUWed iQ 
FigXUe 4. IQ Whe fiUVW VWage Whe WRUTXe PRWRU iPSRVeV aQ 
elecWUR-PagQeWic WRUTXe RYeU Whe jeW-SiSe b\ ciUcXlaWiQg aQ 
elecWUic cXUUeQW Rf cRQWURlled iQWeQViW\ ZiWhiQ iWV ZiQdiQgV. 
The aSSlied WRUTXe WeQdV WR URWaWe Whe jeW-SiSe, cRQQecWed WR 
Whe VXSSl\ SUeVVXUe, aURXQd iWV hiQge SRiQW, caXViQg Whe 
gURZWh Rf a SUeVVXUe diffeUeQWial beWZeeQ Whe WZR chaQQelV Rf 
Whe h\dUaXlic aPSlifieU. ThiV SUeVVXUe diffeUeQWial caXVeV Whe 
VhifW Rf Whe VSRRl iQ RQe diUecWiRQ, heQce cRQQecWiQg Whe WZR 
acWXaWRU SRUWV A aQd B ZiWh Whe VXSSl\ SRUW P RU Whe WaQk T. 
The feedback VSUiQg aSSlieV WheQ aQ eTXilibUaWiQg fRUce RQ Whe 
jeW-SiSe, bUiQgiQg iW back WR Whe QeXWUal SRViWiRQ aQd heQce 
allRZiQg Whe VWaWic eTXilibUiXP Rf Whe VSRRl iQ a SRViWiRQ 
diffeUeQW fURP Whe QeXWUal RQe. BRWh Whe fiUVW aQd Whe VecRQd 
VWage Rf Whe VeUYRYalYe caQ be affecWed b\ a Zide aUUa\ Rf 
degUadaWiRQ PRdeV. The PRVW cUiWical aQd PRVW delicaWe 
cRPSRQeQW Rf Whe VeUYRYalYe iV SURbabl\ Whe feedback VSUiQg 
aQd aQ\ iVVXe SRVVibl\ affecWiQg WhiV SaUW UaQVlaWeV iQWR 

XQcRQWURlled RVcillaWiRQV Rf Whe VSRRl aQd heQce iQVWabiliW\ Rf 
Whe SRViWiRQ cRQWURl lRRS Rf Whe acWXaWRU. TZR PajRU failXUe 
PRdeV haYe beeQ UecRgQi]ed fRU Whe VSUiQg, Zhich aUe Whe 
iQceSWiRQ aQd gURZWh Rf a cUack aQd Whe ZeaU aW iWV eQdV dXe 
WR Whe UelaWiYe PRWiRQ aW iWV iQWeUfaceV ZiWh bRWh Whe jeW-SiSe 
aQd Whe VSRRl. AQRWheU cUiWical cRPSRQeQW iV Whe jeW-SiSe, 
Zhich VPall diaPeWeU aQd delicaWe PechaQical VWUXcWXUe 
PakeV iW VXbjecW WR PechaQical VWUaiQV aQd Ril cRQWaPiQaWiRQ. 
The WZR failXUe PRdeV VelecWed fRU Whe aQal\ViV aUe Whe 
diVWRUWiRQ Rf iWV VWUXcWXUe dXe WR PechaQical acWiRQV aQd Whe 
SaUWial RcclXViRQ Rf iWV chaQQel dXe WR cRQWaPiQaWed flXid. The 
fiQal failXUe PRde cRQVideUed fRU Whe VeUYRYalYe iV Whe 
degUadaWiRQ Rf Whe WRUTXe PRWRU SeUfRUPaQceV dXe WR Whe 
ageiQg Rf iWV SeUPaQeQW PagQeWV. 

 

FigXUe 4. SchePaWicV Rf a jeW-SiSe SeUYRYalYe. (1) FiUVW 
VWage. (2) TRUTXe PRWRU. (3) JeW-SiSe. (4) SecRQd VWage. (5) 

Feedback VSUiQg. (6) SSRRl. 

4.2. H\GUDXOLF AFWXDWRU 

The VchePaWicV Rf Whe h\dUaXlic acWXaWRU iQ Whe acWiYe 
cRQfigXUaWiRQ aQd iQ b\-SaVV PRde aUe UeSRUWed iQ FigXUe 5-
(a) aQd FigXUe 5-(b). The iQWeUQal VealV aUe UeVSRQVible fRU Whe 
h\dUaXlic VeSaUaWiRQ beWZeeQ Whe WZR chaPbeUV Rf Whe 
acWXaWRUV. WeaU Rf WhiV cRPSRQeQW iV RQe Rf Whe PRVW cRPPRQ 
degUadaWiRQ PRdeV eQcRXQWeUed RQ iQ-VeUYice acWXaWRUV, aQd 
iV UeVSRQVible fRU VigQificaQW SeUfRUPaQce lRVVeV. AQRWheU 
Zell dRcXPeQWed failXUe PRde iV Whe ZeaU iQ Whe VSheUical 
jRiQWV Rf Whe URd-eQdV dXe WR Whe UelaWiYe URWaWiRQ beWZeeQ Whe 
acWXaWRU¶V URd aQd Whe VXSSRUWV Rf Whe aeURd\QaPic VXUface. 
Bad lXbUicaWiRQ cRQdiWiRQV aQd SURlRQged XVage aUe Whe PaiQ 
UeVSRQVible fRU WhiV failXUe PRde, Zhich geQeUall\ lead WR Whe 
lRVV Rf SRViWiRQiQg accXUac\ aQd SRVVibl\ flXWWeUiQg Rf Whe 
aeURd\QaPic VXUface, albeiW Rf VPall aPSliWXde. The RWheU 
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WZR failXUe PRdeV cRQVideUed iQ WhiV SaSeU aUe Whe lRVV Rf 
VeQViWiYiW\ iQ Whe LVDT WUaQVdXceU, SRVVibl\ dXe WR VhRUW 
ciUcXiWV iQ iWV ZiQdiQgV, aQd Whe RcclXViRQ Rf Whe b\-SaVV 
RUifice dXe WR cRQWaPiQaQWV VXch aV VealV debUiV. VaUiaWiRQV 
Rf Whe LVDT VeQViWiYiW\ caQ be e[WUePel\ daQgeURXV dXe WR 
Whe UeleYaQce Rf WhiV SaUWicXlaU VeQVRU ZiWhiQ Whe SRViWiRQ 
cRQWURl lRRS, Zhile Whe SaUWial RcclXViRQ Rf Whe b\-SaVV 
chaQQel caQ lead WR VigQificaQW chaQgeV iQ Whe daPSiQg 
SURSeUWieV Rf Whe acWXaWiRQ V\VWeP aQd WR VeQVible decUeaVeV 
Rf Whe Pa[iPXP achieYable VSeed. 

5. HEALTH MONITORING STRATEG< 

FlighW CRQWURl acWXaWRUV, aQd eVSeciall\ WhRVe XVed iQ SUiPaU\ 
flighW cRQWURlV, UeSUeVeQW aQ iQWeUeVWiQg challeQge fRU HealWh 
MRQiWRUiQg V\VWePV; WheVe deYiceV aUe claVVified aV VafeW\ 
cUiWical, behaYe fRllRZiQg cRPPaQd SaWWeUQV difficXlW WR 
SUedicW a SUiRUi aQd WheiU acWXaWiRQ WiPe iV liPiWed WhURXgh 
PRVW Rf Whe PiVViRQ. TheVe fXQcWiRQal chaUacWeUiVWicV geQeUaWe 
a feZ iVVXeV WhaW PXVW be cRQVideUed ZheQ deVigQiQg a QeZ 
SURgQRVWicV V\VWeP. The fiUVW aQd PRVW SURPiQeQW RQe iV Whe 
XQceUWaiQW\ aVVRciaWed ZiWh Whe feaWXUeV cRPSXWed fURP 
VigQalV cRPiQg fURP iQ-flighW PeaVXUeV. The RSeUaWiRQal 
cRQdiWiRQV Rf Whe acWXaWRUV caQ be Zidel\ YaU\iQg, Zhile Whe 
aeURd\QaPic lRad SaWWeUQ iV RfWeQ XQSUedicWable dXe WR gXVWV 
aQd WXUbXleQce. The SilRWV cRPPaQdV aUe PRUeRYeU alPRVW 
iPSRVVible WR fRUecaVW, ViQce Whe\ aUe heaYil\ iQflXeQced b\ 
Whe SilRW e[SeUieQce aQd caSabiliW\, cRQWiQgeQW flighW 
ViWXaWiRQV aQd chRVeQ URXWe. The XQceUWaiQW\ aVVRciaWed ZiWh 
WheVe XQkQRZQ behaYiRUV iV fXUWheU aPSlified b\ Whe 
difficXlWieV iQ RbWaiQiQg lRcali]ed PeaVXUeV Rf iPSRUWaQW 
Sh\Vical TXaQWiWieV. The QXPbeU Rf VeQVRUV aYailable RQ aQ iQ-
VeUYice acWXaWRU iV UelaWiYel\ lRZ, aQd VeYeUal PeaVXUeV Zhich 
ZRXld be iQVWUXPeQWal WR Whe PHM algRUiWhPV aUe XVXall\ 
lackiQg (i.e. aeURd\QaPic lRad, flRZ UaWeV eWc.). A SRVVible 
VRlXWiRQ WR WheVe iVVXeV iV Whe XVe Rf dedicaWed SUe RU SRVW 
flighW checkV baVed RQ VhRUW, UeSeaWable VeTXeQceV Rf 
cRPPaQdV VWXdied WR eQhaQce Whe effecWV Rf a VelecWed 
QXPbeU Rf faXlWV RYeU Whe aYailable VigQalV (Dalla VedRYa eW 
al., 2010; De MaUWiQ eW al., 2017). ThiV aSSURach haV Whe 
VigQificaQW adYaQWage Rf e[WUacWiQg Whe feaWXUeV iQ a VePi-

cRQWURlled eQYiURQPeQW, (Qegligible e[WeUQal lRad, SUe-
defiQed cRPPaQdV). AW Whe VaPe WiPe, a VigQificaQW dUaZback 
iV UeSUeVeQWed b\ Whe WiPe VcaUciW\ Rf Whe RbWaiQable daWa, 
ViQce RQl\ RQe acTXiViWiRQ SeU PiVViRQ iV SRVVible. ThiV PakeV 
iW difficXlW WR SeUfRUP aQ efficieQW failXUe SURgQRViV aQd dReV 
QRW allRZ WR addUeVV degUadaWiRQV Zhich laVW leVV WhaQ Whe 
dXUaWiRQ Rf a ViQgle PiVViRQ. AV VXch, daWa cRllecWed WhURXgh 
RQ-gURXQd checkV aUe VXiWable WR helS Whe faXlW claVVificaWiRQ 
URXWiQeV bXW QRW WR fRU lRQg-WeUP SURgQRViV. We RSWed WR XVe 
a HealWh MRQiWRUiQg VWUaWeg\ baVed RQ bRWh daWa cRllecWiRQ 
PeWhRdV WR e[SlRiW Whe beQefiWV Rf each SRVVible RSWiRQ. FaXlW 
deWecWiRQ aQd SURgQRViV aUe heQce Wackled WhURXgh iQ-flighW 
daWa, Zhile faXlW claVVificaWiRQ iV SXUVXed WhURXgh Whe leVV-
QRiV\ VigQalV RbWaiQed dXUiQg SUe-flighW checkV. The 
cRPPaQd VeTXeQce XVed fRU Whe RQ-gURXQd acTXiViWiRQ iV 
UeSRUWed iQ FigXUe 6 (AXWiQ eW al., 2018). IW iV Pade Rf a 
ViQXVRid, a VWeS aQd a UaPS Zhich RYeUall laVWV leVV WhaQ 2.5 
V. The gURXQd WeVWV aUe SeUfRUPed ZiWh RQe acWXaWRU acWiYe 
aQd Whe RWheU iQ VWaQd-b\ PRde. MRYePeQWV aUe WheQ UeSeaWed 
UeYeUViQg Whe RSeUaWiQg cRQdiWiRQV fRU Whe WZR acWXaWRUV.  
SiQce WZR elecWUical laQeV cRQWURl Whe VeUYR-YalYe aQd Whe 
VRleQRid YalYe, each gURXQd WeVW iV SeUfRUPed WZice, each 
WiPe ZiWh RQe Rf Whe WZR elecWUical laQeV acWiYe E[SeUiPeQWal 
daWaVeW. 

 
FigXUe 6: CRPPaQd VeTXeQce fRU RQ-gURXQd WeVWV 

FigXUe 5. The h\dUaXlic acWXaWRU. (a) AcWiYe (b) SWaQd-b\. (1) SealV. (2) LVDT. (3) B\-SaVV RUifice. (4) RRd eQd 
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6. PHM S<STEM ARCHITECT8RE 

The VWUXcWXUe Rf Whe SURSRVed PURgQRVWicV aQd HealWh 
MaQagePeQW V\VWeP iV deSicWed iQ FigXUe 7 (AXWiQ eW al., 
2018) aQd caQ be URXghl\ diYided iQ WhUee PajRU VXb-
fXQcWiRQV; feaWXUe e[WUacWiRQ, faXlW diagQRViV aQd SURgQRViV. 
DXUiQg Whe feaWXUe e[WUacWiRQ VWeS Whe V\VWeP Zill be able WR 
filWeU Whe VigQalV aQd e[WUacW PeaQiQgfXl healWh cRQdiWiRQ 
iQde[eV b\ cRPbiQiQg Whe PeaVXUeV cRPiQg fURP Whe 
acWXaWRUV VeQVRUV. FeaWXUeV aUe heQce VeQW WR Whe faXlW 
diagQRViV PRdXle (RU UeaVRQeU), Zhich cRllecWV daWa aQd 
SeUfRUPV Whe aQRPal\ deWecWiRQ aQd faXlW claVVificaWiRQ. 
FiQall\, Whe RXWSXW aUe VeQW WR Whe SURgQRVWic URXWiQeV aQd XVed 
WR eVWiPaWe Whe RePaiQiQg UVefXl Life Rf Whe deYice. The 
PHM fUaPeZRUk heUeb\ SUeVeQWed iV WhRXgh aV ZRUkiQg iQ 
SaUallel ZiWh Whe PRQiWRUiQg SURcedXUeV cXUUeQWl\ ePSlR\ed 
RQ VeUYR-acWXaWRUV, Zhich SXUSRVe iV WR deWeUPiQe if a failXUe 
iV SUeVeQW RU QRW ZiWhiQ Whe acWXaWiRQ V\VWeP. TheVe 
SURcedXUeV SURYide WhUee diffeUeQW fXQcWiRQV, ³C-BIT´, ³P-
BIT´ aQd ³I-BIT´. ³C-BIT´ URXWiQeV aUe cRQWiQXRXVl\ 
SeUfRUPed dXUiQg flighW WR deWecW Whe RccXUUeQce Rf failXUeV 
Zhich haYe Whe SRWeQWial WR be VafeW\ cUiWical fRU Whe eQWiUe 
aiUcUafW. ³P-BIT´ aUe VSecific checkV SeUfRUPed dXUiQg Whe 
SUe-flighW RSeUaWiRQV WR deWecW dRUPaQW failXUeV Zhich PighW 
affecW Whe cRPSRQeQWV XVed WR SXW iQ Vafe PRde Whe acWXaWRU 
ZheWheU a failXUe RccXUV. FiQall\, Whe ³I-BIT´ aUe XVed WR 
check Whe cRQdiWiRQV Rf a feZ VelecWed cRPSRQeQWV. 
IQdeSeQdeQWl\ fURP Whe W\Se Rf SURcedXUe, WUadiWiRQal HealWh 
MRQiWRUiQg iV QRW XVed WR RbVeUYe a degUadaWiRQ Rf Whe healWh 
VWaWXV Rf Whe acWXaWRU¶V cRPSRQeQWV, bXW RQl\ WR eQVXUe WhaW 
Whe VafeW\ UeTXiUePeQWV aUe PeW befRUe aQd dXUiQg PiVViRQV. 
MRUeRYeU, iW iV QRW XVed WR iVRlaWe aQd ideQWif\ faXlWV RU 
failXUeV. OQ Whe RWheU haQd, Whe PHM V\VWeP iV QRW XVed fRU 
VafeW\ UeaVRQV, bXW RQl\ fRU PaiQWeQaQce aQd VWUaWegic 
SXUSRVeV. DeVSiWe Whe adYaQcePeQWV iQ Whe fieldV, SURgQRVWicV 
algRUiWhPV aUe VWill faU fURP beiQg a PaWXUe WechQRlRg\ aQd 
aUe VR faU QRW VXiWable WR VXcceVVfXll\ SaVV Whe UigRURXV 
ceUWificaWiRQ SURcedXUeV UeTXiUed fRU VafeW\-cUiWical VRfWZaUe.  

 

FigXUe 7: AUchiWecWXUe Rf Whe HealWh MRQiWRUiQg V\VWeP   

 

The SXUSRVe Rf Whe PHM V\VWeP diVcXVVed iQ WhiV SaSeU iV 
iQVWead WR deWecW aQ RQ-gRiQg  degUadaWiRQ iQ Whe acWXaWRU 
cRPSRQeQWV, iVRlaWe aQd ideQWif\ Whe QaWXUe aQd Whe RUigiQ Rf 
Whe faXlW aQd fiQall\ SURYide a fRUecaVW Rf Whe faXlW eYRlXWiRQ 
ZiWh Whe aiP Rf iQcUeaViQg Whe aiUcUafW aYailabiliW\ aQd SURYide 
addiWiRQal iQfRUPaWiRQ WR Whe SlaWfRUP hRldeUV.  The 
SURgQRVWic fUaPeZRUk WakeV adYaQWage Rf QRQliQeaU SURceVV 
(faXlW / degUadaWiRQ) PRdel, RQe fRU each e[aPiQed failXUe 
PRdeV, a Ba\eViaQ eVWiPaWiRQ PeWhRd XViQg SaUWicle filWeUiQg 
aQd Ueal-WiPe PeaVXUePeQWV (OUchaUd & VachWVeYaQRV, 
2009). PURgQRViV WhURXgh SaUWicle filWeUiQg iV achieYed b\ 
SeUfRUPiQg WZR VeTXeQWial VWeSV, SUedicWiRQ aQd filWeUiQg. 
PUedicWiRQ XVeV bRWh Whe kQRZledge Rf Whe SUeYiRXV VWaWe 
eVWiPaWe aQd Whe SURceVV PRdel WR geQeUaWe Whe a SUiRUi 
eVWiPaWe Rf Whe VWaWe SURbabiliW\ deQViW\ fXQcWiRQV (SdfV) fRU 
Whe Qe[W WiPe iQVWaQW, 

𝑝ሺ𝑥଴:௧|ݕଵ:௧ିଵሻ

ൌ න𝑝ሺ𝑥௧|ݕ௧ିଵሻ𝑝ሺ𝑥଴:௧ିଵ|ݕଵ:௧ିଵሻ 𝑑𝑥଴:௧ିଵ (1) 

ThiV e[SUeVViRQ XVXall\ dReV QRW haYe aQ aQal\Wical VRlXWiRQ, 
UeTXiUiQg SeTXeQWial MRQWe CaUlR  algRUiWhPV WR be VRlYed iQ 
Ueal-WiPe ZiWh efficieQW VaPSliQg VWUaWegieV (RRePeU eW al., 
2011). PaUWicle filWeUiQg aSSUR[iPaWeV Whe VWaWe Sdf XViQg 
VaPSleV RU ³SaUWicleV´ haYiQg aVVRciaWed diVcUeWe SURbabiliW\ 
PaVVeV (RfWeQ called ³ZeighWV´) aV,  

𝑝ሺ𝑥௧|ݕଵ:௧ሻ ൎ 𝑤෥௧൫𝑥଴:௧௜ ൯ߜ൫𝑥଴:௧ െ 𝑥଴:௧௜ ൯𝑑𝑥଴:௧ିଵ (2) 

ZheUe 𝑥଴:௧௜  iV Whe VWaWe WUajecWRU\ aQd \1:t aUe Whe PeaVXUePeQWV 
XS WR WiPe W. The ViPSleVW iPSlePeQWaWiRQ Rf WhiV algRUiWhP, 
Whe SeTXeQWial IPSRUWaQce Re-VaPSliQg (SIR) SaUWicle filWeU 
(AUXlaPSalaP eW al., 2007), XSdaWeV Whe ZeighWV XViQg Whe 
likelihRRd Rf \t aV:  

𝑤௧ ൌ 𝑤௧ିଵ𝑝ሺݕ௧|𝑥௧ሻ (3) 

AlWhRXgh WhiV WUadiWiRQal SaUWicle filWeUiQg WechQiTXe haV 
liPiWaWiRQV, iQ SaUWicXlaU ZiWh UegaUdV WR Whe deVcUiSWiRQ Rf Whe 
diVWUibXWiRQV WailV, aQd PRUe adYaQced UeVaPSliQg VchePeV 
haYe beeQ SURSRVed (AcXxa & OUchaUd, 2017), WhiV WechQiTXe 
ZaV VWill deePed Yalid fRU a SXUel\ SUeliPiQaU\ aQal\ViV, 
Zhich PaiQ SXUSRVe iV WR aVVeVV Whe feaVibiliW\ Rf a PHM 
V\VWeP fRU ElecWUR-H\dUaXlic SeUYR AcWXaWRUV aQd SURYide a 
fiUVW beQchPaUk WR be SURgUeVViYel\ iPSURYed iQ fXUWheU 
VWageV Rf Whe UeVeaUch SURgUaPPe. LRQg-WeUP SUedicWiRQ Rf 
Whe faXlW eYRlXWiRQ caQ be RbWaiQed b\ iWeUaWiQg Whe 
³SUedicWiRQ´ VWage, aQd aUe XVed WR eVWiPaWe Whe SURbabiliW\ Rf 
failXUe iQ a V\VWeP giYeQ a ha]aUd ]RQe WhaW iV defiQed Yia a 
SURbabiliW\ deQViW\ fXQcWiRQ ZiWh lRZeU aQd XSSeU bRXQdV fRU 
Whe dRPaiQ Rf Whe UaQdRP YaUiable, deQRWed aV Hlb aQd Hup, 
UeVSecWiYel\ (AcXxa & OUchaUd, 2018). AV VhRZQ iQ FigXUe 8 
(De MaUWiQ, Jaca]iR, eW al., 2018), WhiV aSSURach PakeV XVe Rf 
degUadaWiRQ PRdelV WhaW aUe WXQed RU WheiU SaUaPeWeUV 
adjXVWed WR cRPSXWe Whe cXUUeQW a SUiRUi VWaWe Rf Whe V\VWeP, 
𝑝ሺ𝑥௧|ݕଵ:௧ିଵሻ,  aQd WR SeUfRUP Whe iWeUaWiYe calcXlaWiRQ WhaW 
leadV WR Whe lRQg WeUP SUedicWiRQ 𝑝ሺ𝑥௧ା௞|ݕଵ:௧ሻ. AXWR-WXQed 
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PRdelV aUe UeTXiUed WR deVcUibe aQd fRllRZ chaQgeV iQ Whe 
degUadaWiRQ SURceVV aQd WR deVcUibe Whe SURceVV aQd 
PeaVXUePeQW QRiVe.  

 

FigXUe 8 - The SURgQRVWic fUaPeZRUk 

7. THE HIGH-FIDELIT< MODEL 

The fRllRZed aSSURach iV baVed RQ Whe defiQiWiRQ Rf aQ 
iQWegUaWed fUaPeZRUk fRU faXlW diagQRViV aQd failXUe 
SURgQRViV Uel\iQg RQ V\VWePV eQgiQeeUiQg SUiQciSleV aQd 
WakiQg adYaQWage Rf Sh\VicV-baVed failXUe PRdeliQg, VWaWe-Rf-
Whe aUW aQal\WicV aYailable daWa fURP Veeded faXlW WeVWV. OQe Rf 
Whe PRVW cRPSlicaWed aQd WiPe-cRQVXPiQg aVSecWV Rf Whe 
deVigQ Rf a PHM V\VWeP lieV iQ Whe e[SeUiPeQWal RbVeUYaWiRQ 
Rf Whe faXlW eYRlXWiRQ SaWWeUQ WhURXgh e[WeQded VWUeVV-WeVW 
caPSaigQV. TheVe WeVWV aUe XVXall\ e[WUePel\ leQgWh\ aQd 
cRVWl\, aQd aUe XVXall\ QRW able WR cRPSleWel\ UeSUeVeQW all Whe 
facWRUV cRQWUibXWiQg WR Whe XQceUWaiQW\ RYeU Whe behaYiRU Rf 
Whe aYailable VigQalV dXUiQg Ueal-flighW cRQdiWiRQV. TR VRlYe 
WhiV iVVXe aQd eQVXUe Whe RSWiPXP VelecWiRQ aQd e[WUacWiRQ Rf 
feaWXUeV aVVRciaWed ZiWh Whe V\VWeP healWh VWaWXV VWaUWiQg fURP 
chaUacWeUiVWicV VigQaWXUeV Rf Whe aYailable VigQalV, Ze RSWed WR 
defiQe a high-fideliW\ PRdel, RU YiUWXal WeVW-beQch, Rf Whe Ueal 
deYice XQdeU aQal\ViV. The PRdel iV WheQ YalidaWed fRU 
QRPiQal healWh cRQdiWiRQV aQd cRPSaUed ZiWh Whe UeVXlWV Rf 
e[SeUiPeQWal daWa deUiYed fURP WeVWV SeUfRUPed XQdeU 
cRQWURlled degUadaWiRQ cRQdiWiRQV. The d\QaPic PRdel Rf Whe 
EHSA, SUeVeQWed iQ PRUe deWail iQ (De MaUWiQ, DellacaVa, eW 
al., 2018), fRllRZV a Sh\VicV-baVed aSSURach iQ Zhich VeWV Rf 
diffeUeQWial eTXaWiRQV deVcUibiQg Whe cRUUelaWiRQV beWZeeQ Whe 
VWaWe YaUiableV Rf Whe V\VWeP aUe XVed. The VeUYRYalYe PRdel 
iV baVed RQ Whe ZRUk Rf UUaWa (UUaWa, 2007b, 2007a; UUaWa & 
SX]Xki, 2011), aQd (Jelali & KURll, 2003), cRQVideUiQg Whe 
SUeVeQce Rf leakageV ZiWhiQ Whe YalYe flRZiQg fURP Whe high-
SUeVVXUe eQYiURQPeQWV WR Whe WaQk aQd cRQVideU Whe YaUiaWiRQV 
Rf Whe lRcal h\dUaXlic UeViVWaQceV iQ fXQcWiRQ Rf Whe flXid 
Re\QRld¶V QXPbeU. SiQce Whe Re\QRld¶V QXPbeU iV deSeQdeQW 
alVR RQ Whe flXid YiVcRViW\, Whe iQflXeQce Rf WePSeUaWXUe 
YaUiaWiRQV RYeU Whe YalYe behaYiRU iV iQWURdXced WhURXgh a 
SXQcWXal deVcUiSWiRQ Rf Whe Sh\Vical SURSeUWieV Rf Whe 
ePSlR\ed Ril. The h\dUaXlic acWXaWRU iV deVcUibed aV a WhUee-
degUee Rf fUeedRP V\VWeP aQd fRllRZV Whe eTXaWiRQV SURYided 
iQ (AXWiQ eW al., 2018). The effecW Rf cRXlRPb fUicWiRQ RQ Whe 
c\liQdeU d\QaPic iV PRdelled accRUdiQg WR (MaUWiQi, 2018), 

ZheUe iW iV SUeVeQWed aV a fXQcWiRQ Rf Whe d\QaPic cRQdiWiRQ 
Rf Whe URd, Rf Whe geRPeWUical aQd Sh\Vical daWa Rf Whe Veal aQd 
Rf Whe SUeVVXUeV iQ Whe acWXaWRU. The aeURd\QaPic VXUface 
iWVelf iV PRdelled aV aQ elaVWic elePeQW, WakiQg iQWR accRXQW 
Whe VWiffQeVV Rf Whe aiUfUaPe VWUXcWXUe aQd Rf Whe VSheUical 
jRiQWV Zhich cRQQecWV iW WR Whe WZR acWXaWRUV. The 
aeURd\QaPic fRUce iV cRPSXWed accRUdiQg WR Whe DU\deQ 
TXUbXleQce PRdel aV a fXQcWiRQ Rf Whe flighW cRQdiWiRQV aQd 
Whe ZiQd VSeed, aQd iQclXdeV Whe SRVVible SUeVeQce Rf VXddeQ 
gXVWV. The ZhRle PeaVXUePeQW aQd cRQWURl chaiQ iV 
UeSUeVeQWed aV Zell. Each PeaVXUe iV heQce RbWaiQed WhURXgh 
Whe Sh\VicV-baVed RU fXQcWiRQal PRdel Rf each VeQVRU, Whe 
A/D aQd D/A cRQYeUWeUV, Whe PicURSURceVVRUV clRViQg Whe 
SRViWiRQ cRQWURl lRRSV aQd Whe cRQWURl laZV WhePVelYeV. 

7.1. DHJUDGHG FRQGLWLRQV 

The d\QaPic PRdel Rf Whe V\VWeP allRZV Whe iQjecWiRQ Rf a 
VelecWed QXPbeU Rf faXlWV, Zhich caQ be iQVeUWed aV 
degUadaWiRQV Rf fi[ed VeYeUiW\ (i.e. a cUack Rf a ceUWaiQ leQgWh) 
RU aV failXUe PRde Zhich caQ SURgUeVViYel\ eYRlYe accRUdiQg 
WR Whe ViPXlaWed cRQdiWiRQV (i.e. a cUack SURgUeVViQg XS WR iWV 
cUiWical Vi]e). The fiUVW cRPSRQeQW iQWeUeVWed b\ faXlW iQjecWiRQ 
iV Whe feedback VSUiQg Rf Whe VeUYR YalYe. AV SeU SecWiRQ 4.1, 
WZR failXUe PRdeV aUe addUeVVed: Whe gURZWh Rf a cUack ZiWhiQ 
Whe VSUiQg, leadiQg WR iWV UXSWXUe, aQd Whe geQeUaWiRQ Rf aQ 
iQcUeaViQg backlaVh dXe WR Whe UelaWiYe PRWiRQ beWZeeQ Whe 
VSUiQg eQdV aQd Whe cRQQecWed cRPSRQeQWV (jeW-SiSe aQd 
VSRRl). The PaiQ effecW Rf Whe SUeVeQce Rf a cUack iQ Whe 
feedback elePeQW iV Whe decUeaVe Rf Whe VSUiQg VWiffQeVV dXe 
WR Whe UedXcWiRQ Rf Whe aUea Rf Whe UeViVWaQW cURVV-VecWiRQ. IQ 
fiUVW aSSUR[iPaWiRQ Whe decUeaVe caQ be cRQVideUed 
SURSRUWiRQal WR Whe WhiUd SRZeU Rf Whe cUack Vi]e. DefecW 
SURSagaWiRQ iV PRdelled accRUdiQg WR Whe PaUiV¶ LaZ fRU PRde 
I RSeQiQg Rf Whe cUack (AQdeUVRQ, 2019; PaUiV & EUdRgaQ, 
1963; PXgQR eW al., 2006), ZheUe Whe YaUiaWiRQV Rf Whe VWUeVV 
iQWeQViW\ facWRU aUe cRPSXWed VWaUWiQg fURP Whe fRUce acWiQg 
RQ Whe feedback VSUiQg dXe WR iWV PRWiRQ aW Whe cRQVideUed Ril 
WePSeUaWXUe. The RccXUUeQce Rf backlaVh ZiWhiQ Whe 
cRQQecWiRQV Rf Whe feedback VSUiQg iV ViPSl\ PRdelled aV a 
dead-baQd RYeU Whe feedback VSUiQg SRViWiRQ. IWV eYRlXWiRQ iQ 
WiPe fRllRZV Whe AUchaUd¶V PRdel Rf ZeaU (AUchaUd, 1953). 
The dePagQeWi]aWiRQ Rf Whe WRUTXe PRWRU caQ haYe PXlWiSle 
caXVeV, bXW iW iV PaiQl\ dUiYeQ b\ WheUPal flXcWXaWiRQV 
(MRRVaYi eW al., 2014). WiWhiQ Whe PRdel, iW iV UeSUeVeQWed aV 
a lRVV Rf PagQeWic SURSeUWieV Rf Whe PaWeUialV, Zhile iWV 
eYRlXWiRQ iV aW fiUVW deVcUibed WhURXgh a PRdified YeUViRQ Rf 
Whe AUUheQiXV¶ LaZ. AlWhRXgh faiUl\ ViPSliVWic, WhiV aSSURach 
haV beeQ Zidel\ XVed iQ Whe SaVW WR deVcUibe iQ fiUVW 
aSSUR[iPaWiRQ WheUPall\-dUiYeQ degUadaWiRQV (De MaUWiQ eW 
al., 2017). The laVW cRPSRQeQW cRQVideUed iQ Whe aQal\ViV Rf 
Whe VeUYR YalYe iV Whe jeW-SiSe, ZheUe WZR PajRU faXlW PRdeV 
haYe beeQ iVRlaWed: Whe diVWRUWiRQ Rf Whe jeW-SiSe VWUXcWXUe aQd 
Whe RcclXViRQ Rf iWV RUifice. DiVWRUWiRQ Rf Whe jeW-SiSe chaQQel 
caQ be dXe WR Whe VeYeUe YibUaWiRQal eQYiURQPeQW, aggUaYaWed 
b\ Whe VXddeQ RccXUUeQce Rf gXVWV. SiQce a SUeciVe eYalXaWiRQ 
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Rf Whe VWUXcWXUal behaYiRU Rf Whe ZiQg aQd iWV YibUaWiRQal 
behaYiRU ZaV QRW ZiWhiQ Whe VcRSe Rf Whe UeVeaUch 
SURgUaPPe, iWV eYRlXWiRQ iQ WiPe haV beeQ PRdelled aV a 
fXQcWiRQ Rf Whe gXVW lRad. IQ Whe ViPXlaWiRQ eQYiURQPeQW, Whe 
diVWRUWiRQ iV UeSUeVeQWed b\ aQ eYeU-iQcUeaViQg Rff-VeW RYeU 
Whe SRViWiRQ Rf Whe jeW-SiSe chaQQel. The RcclXViRQ Rf Whe 
RUifice iV PRdelled aV a fXQcWiRQ Rf Whe flRZ-UaWe SaVViQg 
WhURXgh, Whe cRQWaPiQaWiRQ leYel Rf Whe Ril aQd Whe SaVVage 
aUea. WiWhiQ Whe ViPXlaWiRQ, iW iV UeSUeVeQWed aV a SURgUeVViYe 
decUeaVe Rf Whe RUifice cURVV-VecWiRQal aUea, heQce caXViQg a 
UedXcWiRQ Rf Whe h\dUaXlic aPSlifieU gaiQ. The faXlWV affecWiQg 
Whe h\dUaXlic acWXaWRU aQd VelecWed fRU WhiV UeVeaUch SURgUaP 
aUe Whe RccXUUeQce Rf iQWeUQal leakageV dXe WR VealV ZeaU, Whe 
backlaVh iQcUeaVe iQ Whe URd-eQd aQd Whe lRVV Rf VeQViWiYiW\ iQ 
Whe LVDT. The effecW Rf ZeaU Rf SiVWRQ VealV iV PRdelled aV 
Whe RSeQiQg Rf aQ eTXiYaleQW chaQQel cRQQecWiQg Whe 
acWXaWRU¶V chaPbeUV. The flRZ iV a Pi[ Rf laPiQaU aQd 
WXUbXleQW flRZ, aV VXggeVWed iQ (Jelali & KURll, 2003). WeaU 
SURgUeVViRQ iQ WiPe iV deVcUibed aV a fXQcWiRQ Rf Whe UelaWiYe 
VSeed beWZeeQ Whe URd aQd Whe c\liQdeU, Whe Ril SUeVVXUe iQVide 
each chaPbeU aQd Whe V\VWeP geRPeWU\, aV UeSRUWed b\ 
(BeUWRliQR eW al., 2018). IQcUeaVe Rf Whe backlaVh iQ Whe 
acWXaWRU URd-eQd iV dXe WR ZeaU aVVRciaWed ZiWh Whe UelaWiYe 
PRWiRQ beWZeeQ Whe cRPSRQeQWV Rf Whe VSheUical jRiQWV 
cRQQecWiQg Whe acWXaWRU URd ZiWh Whe aeURd\QaPic VXUface aQd 
iWV kiQePaWicV. IQ WhiV caVe, aQ elaVWR-backlaVh PRdelled 
accRUdiQg WR (GilaUdi & ShaUf, 2002) iV XVed WR deVcUibe Whe 
effecWV Rf iWV RccXUUeQce, Zhile iWV SURgUeVViRQ iV agaiQ 
PRdelled fRllRZiQg Whe AUchaUd¶V LaZ. LRVV Rf VeQViWiYiW\ iQ 
Whe LVDT iV PRdelled iQ a ViPilaU Za\ WR Whe RccXUUeQce Rf 
WXUQ-WR-WXUQ VhRUWV ZiWhiQ elecWUic PRWRUV  (BalabaQ eW al., 
2009; BURZQ eW al., 2009). The laVW failXUe PRde aQal\]ed, Whe 
RcclXViRQ Rf Whe b\-SaVV chaQQel, iV PRdelled aV Whe 
SURgUeVViYe decUeaVe Rf Whe flRZ SaVVage aUea, aQd iWV 
eYRlXWiRQ iQ WiPe iV deVcUibed fRllRZiQg Whe VaPe laZV 
adRSWed fRU Whe jeW-SiSe clRggiQg. 

7.2. SLPXODWLRQV 

The PaWhePaWical PRdelV ZeUe iPSlePeQWed iQWR 
MaWlab\SiPXliQk cRde WR ViPXlaWe Whe V\VWeP behaYiRU XQdeU 
highl\ YaU\iQg RSeUaWiRQal cRQdiWiRQV. SiPXlaWiRQV haYe WZR 
PaiQ SXUSRVeV; Whe fiUVW iV WR chaUacWeUi]e Whe behaYiRU Rf Whe 
iQYeVWigaWed ElecWUR-H\dUaXlic SeUYR AcWXaWRU fRU healWh\ 
aQd SURgUeVViYel\ PRUe aQd PRUe faXlW\ cRQdiWiRQV, heQce 
allRZiQg WR defiQe a VeW Rf feaWXUeV fRU Whe VWXdied faXlW 
PRdeV. HeQce, ViPXlaWiRQ UeVXlWV ZeUe XVed WR WeVW Whe 
SeUfRUPaQceV Rf Whe PHM URXWiQeV aQd RbWaiQ a fiUVW 
aSSUR[iPaWiRQ Rf WheiU e[SecWable UeVXlWV. Each Rf WheVe 
fXQcWiRQV iV aVVRciaWed WR a diffeUeQW daWabaVe, RQe UefeUUed aV 
Whe ³WUaiQiQg´ aQd Whe RWheU aV Whe ³WeVW´ daWabaVe. IQ bXildiQg 
bRWh WheVe daWaVeWV, a feZ UXleV haYe beeQ eVWabliVhed. DaWaVeW 
PXVW be UeSUeVeQWaWiYe Rf Whe diVWXUbaQceV acWiQg RQ Whe 
EHSA¶V PeaVXUePeQW V\VWeP aQd PXVW accXUaWel\ aQd 
UealiVWicall\ deVcUibe Whe ZhRle eQYelRSe Rf RSeUaWiRQal 
cRQdiWiRQV Zhich Whe V\VWeP Pa\ face dXUiQg iWV Ueal ZRUkiQg 

life. MRUeRYeU, if RQe Rf Whe VelecWed faXlWV iV iQjecWed ZiWhiQ 
Whe PRdel, Whe degUadaWiRQ PXVW be deVcUibed aV a fXQcWiRQ Rf 
Whe RSeUaWiRQal SaUaPeWeUV SUeVeQW ZiWhiQ Whe ViPXlaWiRQ aQd 
dR QRW fRllRZ a fi[ed degUadaWiRQ SaWh. IQ WhiV Za\, 
SURgQRVWic algRUiWhP ZeUe WeVWed agaiQVW degUadaWiRQ SaWWeUQV 
Zhich VhaSe ZaV XQkQRZQ a SUiRUi, ViPXlaWiQg Whe Ueal 
cRQdiWiRQV iQ Zhich Whe\ cRXld SRWeQWiall\ RSeUaWe. TR 
VWUeaPliQe Whe geQeUaWiRQ Rf daWa, aQ RSeUaWiRQal VceQaUiR ZaV 
deYelRSed WR ViPXlaWe Whe EHSA behaYiRU dXUiQg iQ-flighW 
aQd RQ-gURXQd ViWXaWiRQV, ZheUe Whe eQYiURQPeQWal 
cRQdiWiRQV ZeUe YaUiable ZiWhiQ fieldV cRPSaWible ZiWh Ueal-
life YalXeV. ThiV RSeUaWiRQal VceQaUiR ZaV bXilW VWaUWiQg fURP 
daWa VXch aV cRPPaQdV, lRadV, aiUcUafW alWiWXde aQd aWWiWXde 
cRllecWed dXUiQg VeYeUal flighW aQd V\QWheWi]ed iQ a VeTXeQce 
Rf VigQalV UeSUeVeQWiQg Whe SRViWiRQ cRPPaQdV SURYided WR 
Whe acWXaWRU, Whe lRad acWiQg RQ iW aQd Whe eQYiURQPeQWal 
cRQdiWiRQV. IQ SaUWicXlaU, Whe VeTXeQce Rf cRPPaQdV 𝑥௥௘௙  
ZaV deVcUibed aV Whe VXP Rf WhUee WeUPV, 

𝑥௥௘௙ሺ𝑡ሻ
ൌ 𝑥௙௟௜௚௛௧,௖ሺ𝑡ሻ ൅ 𝑥௙௟௜௚௛௧,௩ሺ𝑡ሻ ൅ 𝑥௙௟௜௚௛௧,௚ሺ𝑡ሻ 

(4) 

WheUe 𝑥௙௟௜௚ ,௖ሺ𝑡ሻiV a baVic VeTXeQce Rf SRViWiRQ cRPPaQdV 
giYeQ dXUiQg a SURWRW\Sical flighW, 𝑥௙௟௜௚௛ ,௩ሺ𝑡ሻ iV a cRPSRQeQW 
YaUiable fRU each flighW aQd fXQcWiRQ Rf Whe URXWe, Zhile 
𝑥௙௟௜௚௛ ,௚ሺ𝑡ሻ UeSUeVeQWV Whe cRPPaQdV SURYided b\ Whe FlighW 
CRQWURl CRPSXWeUV iQ UeVSRQVe WR diVWXUbaQceV WR Whe aiUcUafW 
aWWiWXde dXe WR XQfRUeVeeQ aeURd\QaPic lRadV VXch aV gXVWV RU 
heaY\ WXUbXleQce. GXVWV caQ RccXU UaQdRPl\ dXUiQg flighW, 
Zhile WXUbXleQce iV deVcUibed WhURXgh Whe DU\deQ PRdel 
ePSlR\ed iQ Whe d\QaPic ViPXlaWiRQ Rf Whe cRQWURl VXUface. 
MRUeRYeU, Whe RSeUaWiRQal VceQaUiR iQclXdeV PRdelV Rf Whe iQ-
flighW YaUiaWiRQ Rf Whe h\dUaXlic flXid WePSeUaWXUe, VXSSl\ aQd 
UeWXUQ SUeVVXUeV Rf Whe EHSA ciUcXiW, YibUaWiRQ leYel aQd 
elecWUical QRiVe RQ Whe VeQVRUV RXWSXWV. All Whe Sh\Vical 
chaUacWeUiVWicV Rf Whe V\VWeP SURSeUWieV (i.e. YiVcRViW\ YV. 
WePSeUaWXUe aQd aiU TXaQWiW\) haYe beeQ deVcUibed WhURXgh 
Zell-kQRZQ PRdelV aYailable iQ liWeUaWXUe ZiWh Whe addiWiRQ 
Rf QRUPal QRiVe WR iQclXde Whe XQceUWaiQW\ Rf Whe PRdelV 
WhePVelYeV ZiWhiQ Whe ViPXlaWiRQ UeVXlWV. TheVe VaPe 
diVWXUbaQceV aUe iQWURdXced eYeQ dXUiQg RSeUaWiRQV SXUVXed 
RQ-gURXQd, VXch aV SUe RU SRVW-flighW checkV aQd PaQeXYeUV. 
The defiQed RSeUaWiRQal VceQaUiR ZaV XVed WR SeUfRUP flighW 
ViPXlaWiRQV UeSUeVeQWaWiYe Rf WeQ diffeUeQW aiUcUafWV ZiWh Whe 
VaPe ElecWUR-H\dUaXlic SeUYR AcWXaWRU W\Se ZRUkiQg XQdeU 
healWh\ cRQdiWiRQV. The geRPeWUical aQd PechaQical 
SaUaPeWeUV deVcUibiQg each deYice ZeUe UaQdRPl\ dUaZQ 
fURP a SRRl Rf QRUPal WRleUaQce baQdV aURXQd Whe e[SecWed 
QRPiQal YalXeV WR ViPXlaWe Whe VPall diffeUeQceV beWZeeQ 
QRPiQall\ eTXal cRPSRQeQWV dXe WR Whe SURdXcWiRQ aQd 
aVVePbl\ SURceVV. IQ WRWal, PRUe WhaQ 100 flighWV ZeUe 
ViPXlaWed fRU each aiUcUafW XQdeU YaUiable eQYiURQPeQWal 
cRQdiWiRQV, cRXQWiQg PRUe WhaQ 5000 flighW hRXUV. ThiV 
daWabaVe ZaV WheQ cRQVideUed aV a cRPSUeheQViYe 
UeSUeVeQWaWiRQ Rf Whe EHSAV behaYiRU XQdeU healWh\ 
cRQdiWiRQ. TheQ, each faXlW W\Se ZaV iQWURdXced ZiWhiQ Whe 
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PRdel, aQd fRU each faXlW W\Se Whe flighW ViPXlaWiRQV ZeUe 
SeUfRUPed XS XQWil UeachiQg Whe failXUe cRQdiWiRQV. ThiV led 
WR a daWabaVe Rf VeTXeQceV Rf flighW Rf YaUiable dXUaWiRQ, 
XQkQRZQ a SUiRUi. IW PXVW be XQdeUliQed agaiQ WhaW Whe faXlW 
eYRlXWiRQ fURP VPall defecW WR caWaVWURShic failXUe Rf Whe 
V\VWeP ZaV QRW dicWaWed a SUiRUi, bXW ZaV Whe UeVXlW Rf Whe 
aSSlicaWiRQ Rf Zell-kQRZQ degUadaWiRQ PRdel WR Whe YaUiableV 
cRPSXWed WhURXgh each ViPXlaWiRQ c\cle. IQ e[aPSle, Whe lRVV 
Rf Whe feedback VSUiQg iQ Whe VeUYRYalYe dXe WR cUack 
SURSagaWiRQ ZaV PRdelled cRPSXWiQg aW each WiPe VWeS Whe 
e[SecWed VWUeVVeV acWiQg aW Whe WiS Rf Whe iQWURdXced defecW, 
deSeQdeQW RQ Whe SUeVVXUe cRQdiWiRQV aQd Whe SURYided 
cRPPaQd, Whe leQgWh Rf Whe cUack aQd iWV effecW RQ Whe VSUiQg 
SeUfRUPaQceV. IW iV cleaU WhaW VRPe degUee Rf aSSUR[iPaWiRQ 
ZaV Qeeded, ViQce WheVe SURblePV haYe beeQ deVcUibed 
WhURXgh lXPSed PRdelV, alWhRXgh e[WUePel\ deWailed. OQl\ 
RQe degUadaWiRQ aW a WiPe ZaV iQWURdXced ZiWhiQ Whe V\VWeP, 
dXe WR Whe SUeliPiQaU\ QaWXUe Rf WhiV VWXd\ aQd dXe WR Whe YeU\ 
lRZ SURbabiliW\ Rf PXlWiSle-faXlWV ViWXaWiRQV. ThiV VaPe 
PeWhRdRlRg\ cRXld be hRZeYeU aSSlied WR caVeV Rf PXlWiSle 
RU cRQcXUUeQW degUadaWiRQV. 

8. E;PERIMENTAL ACTI9ITIES 

The e[SeUiPeQWal acWiYiWieV haYe beeQ SeUfRUPed aV a 
PXlWiSle-VWage SURceVV; aW fiUVW, Ze SXUVXed Whe YalidaWiRQ Rf 
Whe ViPXlaWiRQ eQYiURQPeQW ZRUkiQg XQdeU healWh\ 
cRQdiWiRQV, WhaW iV ZiWh QR iQWURdXced degUadaWiRQV, b\ WeVWiQg 
Whe behaYiRU Rf a Ueal acWXaWRU fRU a VelecWed aUUa\ Rf 
PRYePeQW aQd lRad cRQdiWiRQV. HeQce, WheVe RSeUaWiRQV aUe 
UeSeaWed iQWURdXciQg RQ a ceUWaiQ QXPbeU Rf degUadaWiRQV RQ 
a feZ aYailable acWXaWRUV, VelecWed fURP WhRVe SUeVeQWed iQ 
SecWiRQ 4 accRUdiQg WR SUacWical feaVibiliW\. IQ WhiV VecWiRQ Ze 
SUeVeQW Whe ePSlR\ed VeW-XS, iWV PRVW iPSRUWaQW 
chaUacWeUiVWicV aQd iWV aSSlicaWiRQ WR Whe PRdel YalidaWiRQ fRU 
healWh\ cRQdiWiRQV. HeQce Ze SUeVeQW Whe PRdificaWiRQV 
iQVeUWed iQ Whe WeVW beQch WR Sh\Vicall\ RU YiUWXall\ iQjecW a 
VelecWed QXPbeU Rf faXlWV ZiWhiQ Whe acWXaWRU. FiQall\, a 
diVcXVViRQ Rf Whe UeVXlWV aQd liPiWaWiRQV Rf Whe SUeVeQWed 
e[SeUiPeQWal SURceVV iV SUeVeQWed.  

8.1. SHW-XS IRU KHDOWK\ FRQGLWLRQV 

The VeW-XS XVed fRU PRdel YalidaWiRQ iV Whe PRdified 
SURdXcWiRQ WeVW-beQch deSicWed iQ FigXUe 9. The acWXaWRU 
XQdeU aQal\ViV caQ be cRQWURlled iQ SRViWiRQ Zhile acWiQg RYeU 
aQ eTXiYaleQW WUaQVlaWiQg PaVV, ViPXlaWiQg Whe iQeUWia Rf Whe 
aeURd\QaPic VXUface. OQ Whe RWheU eQd Rf Whe eTXiYaleQW 
iQeUWia, a lRad h\dUaXlic acWXaWRU caQ be XVed WR iPSRVe a 
UeViVWaQW RU a dUiYiQg acWiRQ RYeU Whe WeVWed deYice. The 
acTXiViWiRQ aQd cRQWURl PRdXle iV iQ chaUge Rf SURceVViQg Whe 
VigQalV cRPiQg fURP Whe aYailable VeQVRUV, VWRUe WheP iQ aQ 
e[WeUQal PePRU\ aQd defiQe Whe SURfile Rf SRViWiRQ  

 

FigXUe 9. The e[SeUiPeQWal VeW-XS. 

cRPPaQd fed WR Whe acWXaWRU. The WeVW beQch PaQageV a 
QXPbeU Rf VigQalV, Zhich caQ be URXghl\ diYided iQWR WhUee 
PajRU caWegRUieV. The fiUVW iV Pade Rf WhRVe VigQalV QRUPall\ 
SUeVeQW ZiWhiQ Whe ElecWURQic CRQWURl UQiW Rf Whe Whe ElecUR- 
H\dUaXlic SeUYR AcWXaWRU XQdeU aQal\ViV. AQ LVDT iQWegUal 
ZiWh Whe acWXaWRU URd iV XVed WR PeaVXUe iWV SRViWiRQ aQd iQfeU 
iWV VSeed, SUeVVXUe VeQVRUV aUe SUeVeQW iQ bRWh acWXaWRU¶V 
chaPbeUV aQd aQRWheU LVDT PeaVXUe Whe SRViWiRQ Rf Whe 
VeUYRYalYe VSRRl. IQ WhiV caWegRU\ Ze caQ alVR cRQVideU all Whe 
VigQalV Rf Whe SRViWiRQ cRQWURl lRRS (VeW, feedback aQd eUURU), 
aV Zell aV Whe iQWeQViW\ Rf Whe cXUUeQWV iQjecWed iQ Whe fiUVW 
VWage Rf Whe VeUYRYalYe. SigQalV SUeVeQW RQ Whe WeVW-beQch aQd 
SRVVibl\ aYailable iQ Whe Ueal aSSlicaWiRQ ZiWhiQ RWheU aiUcUafW 
V\VWePV belRQg WR Whe VecRQd caWegRU\; heUe Ze fiQd Whe 
PeaVXUeV Rf Whe VXSSl\ aQd UeWXUQ chaQQelV¶ SUeVVXUeV, Whe 
WePSeUaWXUe Rf Whe Ril aQd Rf Whe WeVW eQYiURQPeQW. The WhiUd 
aQd fiQal caWegRU\ addUeVVeV Whe addiWiRQal ³PRQiWRUiQg´ 
VeQVRUV, ePSlR\ed dXUiQg Whe WeVWV fRU degUaded cRQdiWiRQV WR 
PRQiWRU Whe Vi]e Rf Whe iQjecWed defecW. The WeVW beQch iV 
cRYeUed b\ a VafeW\ glaVV dXUiQg Whe WeVWV, Zhile cRld aiU 
SXPSed b\ Whe cRQdiWiRQiQg V\VWeP Rf Whe WeVW faciliW\ caQ be 
XVed WR aYRid RYeUheaWiQg dXe WR SURlRQged XVage.  

 

FigXUe 10: CRPSaUiVRQ beWZeeQ e[SeUiPeQWal aQd ViPXlaWed 
acWXaWRU 
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The VeW-XS fiQall\ allRZV WR iPSRVe YaUiaWiRQV RYeU Whe VXSSl\ 
SUeVVXUe VeQW WR Whe acWXaWRU b\ PaQXall\ acWiQg RQ Whe 
SUeVVXUe UedXceU YalYe iQWeUSRVed beWZeeQ Whe WeVW bed aQd 
Whe UePRWe h\dUaXlic SRZeU geQeUaWRU. The V\VWeP ZaV aW fiUVW 
WeVWed ZiWh QR addiWiRQal PRdificaWiRQV ZiWh aQ aUUa\ Rf 
ViQXVRidal, VWeS aQd UaPS cRPPaQdV PiPickiQg Whe RQ-
gURXQd dedicaWed VeTXeQce defiQed iQ SecWiRQ 5, Zhile Whe 
lRad acWXaWRU ZaV SXW WR WaQk SUeVVXUe. TeVWV ZeUe UeSeaWed 
XQdeU diffeUeQW VXSSl\ SUeVVXUe VeWWiQg Zhile PRQiWRUiQg Whe 
Ril WePSeUaWXUe. B\ SURSeUl\ WXQiQg Whe PRdel SaUaPeWeUV, iW 
iV SRVVible WR achieYe aQ aSSUeciable cRQYeUgeQce beWZeeQ 
ViPXlaWiRQ UeVXlWV aQd e[SeUiPeQWal daWa, aV VhRZQ iQ FigXUe 
10 . 

8.2. PK\VLFDOO\ LQMHFWHG GHJUDGDWLRQV 

The PRVW UigRURXV aSSURach WR YalidaWe Whe PRdel XQdeU 
degUaded cRQdiWiRQV iV WR Sh\Vicall\ iQjecW degUadaWiRQV Rf 
kQRZQ VeYeUiW\ RU WR iQWURdXce PRdificaWiRQV WR Whe WeVW beQch 
able WR UeSURdXce Whe effecWV Rf Whe SUeVeQce Rf RQe RU PRUe 
faXlWV. DXe WR WechQRlRgical difficXlWieV iW ZaV QRW feaVible WR 
Sh\Vicall\ iQjecW all Whe faXlW PRde deVcUibed iQ SecWiRQ 4 RQ 
Whe WeVW beQch. OQe Rf Whe PRVW cUiWical aVSecWV Rf Sh\Vicall\ 
iQWURdXciQg a degUadaWiRQ ZiWhiQ aQ e[iVWeQW V\VWeP iV WR 
eQVXUe WhaW QR addiWiRQal daWa diVSeUViRQ iV iQWURdXced 
becaXVe Rf Whe PRXQWiQg RU diVPRXQWiQg RSeUaWiRQV aQd WhaW 
PechaQical ]eUR Rf Whe VeUYR-acWXaWRU UePaiQV Whe VaPe afWeU 
Whe PRdificaWiRQV. ThiV iV e[WUePel\ difficXlW WR gXaUaQWee 
ZheQ dealiQg ZiWh cRPSRQeQWV VXch aV Whe VeUYR-YalYe, 
Zhich aUe diUecWl\ UeVSRQVible fRU Whe V\VWeP behaYiRU. DXe 
WR WheVe UeaVRQV aQd Whe WechQRlRgical iVVXeV WhaW aUiVe ZheQ 
WU\iQg WR acceVV WheiU iQQeU SaUWV, QR Sh\Vical degUadaWiRQ 
ZheUe iQWURdXced RQ Whe VeUYRYalYe. We fRcXVed RXU 
aWWeQWiRQ RQ WZR failXUe PRdeV affecWiQg Whe h\dUaXlic 
acWXaWRU: Whe ZeaU Rf Whe SiVWRQ VealV aQd Whe RcclXViRQ Rf Whe 
b\-SaVV RUifice. TZR RWheU failXUe PRdeV Rf Whe VeUYRYalYe, 
Whe degUadaWiRQ Rf Whe PagQeWic SeUfRUPaQce Rf Whe WRUTXe 
PRWRU aQd Whe RcclXViRQ Rf Whe fiUVW VWage filWeU ZeUe addUeVVed 
bXW did QRW SURYide XVefXl UeVXlWV. The PaiQ effecW Rf ZeaU 
ZiWhiQ Whe VealV VeSaUaWiQg Whe chaPbeUV Rf Whe h\dUaXlic 
acWXaWRU iV Whe geQeUaWiRQ Rf aQ iQWeUQal. TR UeSlicaWe WhiV 
SheQRPeQRQ, Whe WeVW beQch ZaV PRdified b\ iQVeUWiQg aQ 
e[WeUQal b\-SaVV beWZeeQ Whe acWXaWRU¶V SRUWV. A PaQXall\-
YaUiable UeVWUicWRU ZaV iQWeUSRVed aQd a flRZ-PeWeU XVed WR 
PeaVXUe Whe flRZ-UaWe b\-SaVViQg Whe acWXaWRU, aV VhRZQ iQ 
FigXUe 11. TheQ PXlWiSle WeVWV ZeUe UXQ Zhile SURgUeVViYel\ 
RSeQiQg Whe PaQXall\ RSeUaWed YalYe WR iQcUeaVe Whe aPRXQW 
Rf leakiQg flRZUaWe. TeVWV haYe beeQ UeSeaWed YaU\iQg Whe 
VXSSl\ SUeVVXUe beWZeeQ Whe 85% aQd 100% Rf iWV QRPiQal 
YalXe, Zhile Ril WePSeUaWXUe ZaV PRQiWRUed bXW QRW 
cRQWURlled. The VaPe cRPPaQd VigQalV XVed fRU QRPiQal 
cRQdiWiRQV ZeUe iPSRVed fRU Whe degUaded cRQdiWiRQV. The 
VecRQd failXUe PRde cRQVideUed fRU Sh\Vicall\ iQdXced WeVWV 
iV Whe RcclXViRQ Rf Whe b\-SaVV RUifice Zhich UeciUcXlaWeV Whe 
flXid beWZeeQ Whe WZR acWXaWRU¶V chaPbeUV Zhile RSeUaWiQg iQ 
VWaQd-b\ PRde.  

 

  FigXUe 11: MRdified VeW-XS fRU iQWeUQal leakage WeVWV 

SiQce WhiV SRUWiRQ Rf Whe h\dUaXlic ciUcXiW iV acWiYe RQl\ ZheQ 
Whe acWXaWRU RSeUaWeV SaVViYel\, Whe WeVWV ZeUe SeUfRUPed b\ 
fRUciQg Whe V\VWeP iQ b\-SaVV PRde b\ deacWiYaWiQg Whe 
VRleQRid YalYe. The lRad acWXaWRU iV WheQ acWiYaWed aQd XVed 
WR geQeUaWe a YaU\iQg fRUce acWiQg RQ Whe WeVWed acWXaWRU, 
Zhich heQce begiQV WR RSeUaWe aV a daPSeU. The behaYiRU Rf 
Whe acWXaWRU XQdeU WheVe cRQdiWiRQV iV gRYeUQed b\ Whe b\-SaVV 
RUifice, Zhich Vi]e deWeUPiQe Whe acWXaWRU VSeed iQ UeVSRQVe 
WR Whe SUeVVXUe diffeUeQWial geQeUaWed b\ Whe RYeU iPSRVed 
e[WeUQal fRUce. We XVed aQ aUUa\ Rf calibUaWed RUificeV Rf 
decUeaViQg diaPeWeUV WR ViPXlaWe Whe SUeVeQce Rf a gURZiQg 
RcclXViRQ ZiWhiQ WhiV VPall SaVVage. FRU each RUifice Vi]e, 
VeYeUal WeVWV ZeUe SeUfRUPed YaU\iQg Whe lRadiQg cRQdiWiRQV; 
afWeU each VeTXeQce, Whe acWXaWRU ZaV diVPRXQWed, aQd Whe 
RUifice UeSlaced ZiWh a VPalleU RQe. AfWeU each UeSlacePeQW 
RSeUaWiRQ, aQ e[WeQViYe UecalibUaWiRQ SURcedXUe ZaV caUUied 
RXW WR eQVXUe WhaW QR YaUiaWiRQV iQ Whe PechaQical ]eUR Rf Whe 
acWXaWRU ZeUe iQWURdXced aQd WR gXaUaQWee WhaW QR e[WeUQal 
leakageV UePaiQ. The dePagQeWi]aWiRQ Rf Whe VeUYRYalYe ZaV 
ViPXlaWed RQ Whe WeVW-beQch b\ UaSidl\ cRPPXWiQg a big 
elecWUR-YalYe iQ Whe QeaU SUR[iPiW\ Rf Whe VeUYRYalYe cRilV. 
The idea iQ WhiV caVe ZaV WR diVWXUb Whe PagQeWic field Rf Whe 
WRUTXe PRWRU ZiWh Whe elecWUic field SURdXced b\ Whe UaSidl\ 
YaU\iQg cXUUeQWV ZiWhiQ Whe elecWUR-YalYe ZiQdiQgV. 
UQfRUWXQaWel\, WhiV e[SeUiPeQW did QRW SURYide VigQificaQW 
UeVXlWV, SURbabl\ dXe WR Whe TXaliW\ Rf Whe VeUYRYalYe 
VhieldiQg. The laVW WeVWed failXUe PRde, Whe RcclXViRQ Rf Whe 
fiUVW VWage filWeU ZiWhiQ Whe VeUYRYalYe, ZaV iQjecWed b\ 
ZUaSSiQg Whe c\liQdUical filWeU ZiWh SRl\PeUic PaWeUial, 
cRYeUiQg Whe 100%, 66% aQd 33% Rf Whe cRPSRQeQW dXUiQg 
each Rf Whe WhUee WeVWV c\cleV. UQfRUWXQaWel\, QR aSSUeciable 
YaUiaWiRQV Rf Whe VeUYRYalYe behaYiRU caQ be QRWiced, XQleVV 
fRU Whe cRPSleWel\ cRYeUed caVe. ThiV iV SURbabl\ dXe WR Whe 
YalXe Rf Whe SUeVVXUe dURS acURVV Whe filWeU, Zhich iV RQl\ a 
VPall fUacWiRQ Rf Whe SUeVVXUe dURS caXVed b\ Whe QaUURZ WXUQV 
aQd UeVWUicWiRQV Rf Whe ciUcXiW iQ Whe fiUVW VWage Rf Whe 
VeUYRYalYe, heQce UeVXlWiQg alPRVW QRQ-iQflXeQW RQ Whe YalYe 
behaYiRU XQWil failXUe cRQdiWiRQV aUe Ueached.  
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8.3. SRIWZDUH-LQMHFWHG GHJUDGDWLRQV 

The WeVW-beQch allRZed Whe iQjecWiRQ Rf WZR defecW b\ 
ViPXlaWiRQ, ZheUeb\ ViPXlaWiRQ iW iV iQWeQded WhaW Whe faXlWV 
caQ be iQWURdXced acWiQg RQ Whe VRfWZaUe PaQagiQg Whe 
PeaVXUeV acTXiViWiRQ aQd Whe acWXaWRU cRQWURl. TZR faXlW 
PRdeV haYe beeQ ViPXlaWed WhiV Za\, Whe geQeUaWiRQ Rf QXll-
biaV ZiWhiQ Whe VeUYR YalYe cRilV aQd Whe YaUiaWiRQ Rf Whe 
LVDT VeQViWiYiW\ dXe WR VhRUWV iQ Whe ZiQdiQgV. NXll-biaV iV 
PRUe Rf a V\PSWRP Rf aQ aV\PPeWU\ cRQdiWiRQ ZiWhiQ Whe 
VeUYRYalYe (i.e., dXe WR jeW-SiSe diVWRUWiRQ) PRUe WhaQ a failXUe 
PRde iQ iWVelf; hRZeYeU, ViQce iW ZaV e[WUePel\ difficXlW WR 
acceVV Whe iQQeU SaUWV Rf Whe ePSlR\ed VeUYRYalYe, Whe 
deciViRQ Rf ViPXlaWiQg WhiV VSecific behaYiRU ZaV Whe RQl\ 
SRVVibiliW\ WR UeSlicaWe RQ Whe WeVW-beQch a Zell-kQRZQ aQd 
fUeTXeQWl\ RccXUUiQg iVVXe. TR iQWURdXce QXll-biaV, a VigQal 
ZaV RYeU iPSRVed WR Whe cXUUeQW cRPPaQd SURYided WR Whe 
VeUYRYalYe, heQce caXViQg a YaUiaWiRQ Rf Whe QeXWUal SRViWiRQ 
Rf Whe VeUYRYalYe VSRRl cRPSaWible ZiWh WhaW UeTXiUed WR caXVe 
Whe VaPe aPRXQW Rf QXll-biaV cXUUeQW. The VaPe WeVWV 
SeUfRUPed fRU Whe leakage faXlW PRde ZeUe SeUfRUPed aQd 
VigQalV ZeUe acTXiUed WR be fXUWheU aQal\]ed. VaUiaWiRQ Rf Whe 
LVDT VeQViWiYiW\ ZaV iQWURdXced b\ PaQXall\ chaQgiQg Whe 
YalXe Rf Whe gaiQV iQ Whe PeaVXUePeQW acTXiViWiRQ chaiQ. The 
gaiQ ZaV SURgUeVViYel\ decUeaVed XS WR Whe 85% Rf iWV 
QRPiQal YalXe, Zhich iV XVXall\ deePed aV a failXUe cRQdiWiRQ 
fRU aeURQaXWic aSSlicaWiRQV. 

8.4. DLVFXVVLRQ RQ WKH H[SHULPHQWDO DFWLYLWLHV 

The UeVXlWV Rf Whe e[SeUiPeQWal acWiYiWieV ZeUe XVed WR beWWeU 
WXQe Whe high-fideliW\ PRdel aQd eYalXaWe Whe V\VWeP 
SeUfRUPaQce iQ UeVSRQVe WR diffeUeQW degUadaWiRQ cRQdiWiRQV. 
MRUe iPSRUWaQWl\, e[SeUiPeQWal acWiYiWieV SURYided a daWa-
baVe Rf e[SecWed behaYiRUV Rf Whe V\VWeP, ZeUe SaUWicXlaU 
cRPbiQaWiRQV Rf VigQalV ZRXld e[hibiW cleaU cRUUelaWiRQ ZiWh 
Whe VeYeUiW\ Rf Whe iQjecWed faXlW, aQd WheVe RbVeUYaWiRQV 
cRQVWiWXWed a YalXable cRPSaUiVRQ WeUP WR eYalXaWe Whe UeVXlWV 
cRPiQg fURP Whe ViPXlaWiRQV. AW Whe VaPe WiPe, Whe 
e[SeUiPeQWal acWiYiWieV alVR cRPe ZiWh VRPe aSSUR[iPaWiRQ 
Zhich SUeYeQWV WheP WR cRPSleWel\ YalidaWe Whe ViPXlaWiRQV 
UeVXlWV; fRU RQce, iW ZaV QRW SRVVible WR UeSlicaWe Whe YaUiaWiRQV 
Rf Whe e[WeUQal WePSeUaWXUe W\Sical Rf iQ-flighW cRQdiWiRQV, 
ViQce iW ZaV QRW SRVVible WR Ueach -54�C ZiWh Whe aYailable VeW-
XS, QRU iW ZaV SRVVible WR UeSUeVeQW Whe ZhRle UaQge Rf VWaWic 
aQd d\QaPic lRadV affecWiQg Whe acWXaWRU dXUiQg Ueal XVage. 
AW Whe VaPe WiPe, iW ZaV QRW SRVVible WR UecUeaWe RQ Whe WeVW 
beQch eYeU\ faXlW W\Se iQYeVWigaWed dXUiQg ViPXlaWiRQ, aQd 
VRPe ZeUe QRW Sh\Vicall\ iQWURdXced bXW RQl\ RbWaiQed b\ 
acWiQg RQ Whe acTXiViWiRQ aQd cRQWURl VRfWZaUe. HRZeYeU, 
deVSiWe iWV liPiWV, Whe SeUfRUPed e[SeUiPeQWal acWiYiW\ VWill 
geQeUaWed PeaQiQgfXl daWa aQd dURYe Whe feaWXUeV VelecWiRQ 
SURceVV, SURYidiQg PRUe cRQfideQce WR Whe UeVXlWV Rf Whe 
feaVibiliW\ VWXd\ RbjecW Rf WhiV SaSeU. 

9. FEAT8RE SELECTION 

FRU each VelecWed faXlW caVe, a feaWXUe ZaV e[WUacWed VWaUWiQg 
fURP Whe ViPXlaWed daWa cRPiQg fURP Whe high-fideliW\ PRdel 
aQd, ZeUe SRVVible, cRQfiUPed WhURXgh Whe e[SeUiPeQWal 
UeVXlWV. IQ each caVe, Whe VWXd\ VWaUWed b\ lRRkiQg aW Whe UeVXlWV 
Rf Whe SUe-flighW ViPXlaWiRQV aQd Whe RbVeUYaWiRQ Rf Whe 
Sh\Vical cRQVeTXeQceV Rf Whe faXlW iQjecWiRQ. HeQce, a feZ 
feaWXUe caQdidaWeV ZeUe SURSRVed aQd WeVWed agaiQVW iQ-flighW 
ViPXlaWiRQV. FiQall\, ZheQ a feZ feaWXUe caQdidaWeV ZeUe 
Pade aYailable fRU each cRQVideUed faXlW PRde, Whe fiQal 
feaWXUeV ZeUe VelecWed accRUdiQg WR cRUUelaWiRQ aQd VigQal-WR-
QRiVe UaWiRV, VWXdied WhURXgh TZR SaPSleV Z-WeVWV ZheQ 
dealiQg ZiWh diffeUeQW faXlWV (VachWVeYaQRV eW al., 2007). IQ 
SaUWicXlaU, Whe chRVeQ feaWXUeV ZeUe Whe RQeV UeVSecWiQg Whe 
fRllRZiQg cUiWeUia: Pa[iPXP cRUUelaWiRQ ZiWh Whe VeYeUiW\ Rf 
Whe aVVRciaWed faXlW aQd PiQiPXP cRUUelaWiRQ ZiWh eYeU\ 
RWheU degUadaWiRQ, higheVW VigQal-WR-QRiVe UaWiR fRU Whe 
aVVRciaWed faXlW aQd lRZeVW agaiQVW RWheU faXlWV. ReVXlWV aUe 
UeSRUWed iQ Table 1, ZheUe iQdicaWiRQV ZeUe SURYided ZheWheU 
ViPXlaWiRQ UeVXlWV ZeUe e[SeUiPeQWall\ cRQfiUPed. A SaUWial 
cRQfiUPaWiRQ PeaQV WhaW UeVXlWV ZeUe RbWaiQed fURP 
ViPXlaWiQg Whe faXlW RQ Whe WeVW beQch RU fURP VRXUceV 
diffeUeQW WhaQ Whe VeW-XS deVcUibed iQ SecWiRQ 8. IQ WhiV VecWiRQ 
Ze Zill aQal\]e each faXlW PRde, SURYidiQg e[aPSleV cRPiQg 
fURP bRWh Whe ViPXlaWed aQd Whe e[SeUiPeQWal UeVXlWV. All Whe 
e[SeUiPeQWal VigQalV aQd ViPXlaWiRQ UeVXlWV aUe SUeVeQWed iQ 
QRQ-diPeQViRQal fRUP aV Whe UaWiR Rf WheiU Pa[iPXP YalXe 
fRU QRPiQal healWh cRQdiWiRQV. 

 Table 1: FeaWXUeV aQd aVVRciaWed faXlWV 

CRPSRQHQW FDXOW W\SH FHDWXUHV 
GHILQLWLRQ 

E[SHULPHQWDO 
FRQILUPDWLRQ 

SeUYRYalYe 

CUacked 
feedback 
VSUiQg/ 

𝑓ሺ𝑥௦௩, 𝑖௦௩ሻ 

NR 

BacklaVh aW 
Whe feedback 

VSUiQg 
aWWachPeQWV 

PaUWial 

TRUTXe 
PRWRU 

degUadaWiRQ/ 
jeW-SiSe 

RcclXViRQ 

NR 

JeW SiSe 
diVWRUWiRQ 𝑓ሺ𝑖଴, 𝑖௠௔௫ሻ PaUWial 

AcWXaWRU 

SealV ZeaU 𝑓ሺ𝑥௦௩, Δ𝑝௔ሻ YeV 
OcclXViRQ Rf 
Whe b\-SaVV 
UeVWUicWRU 

𝑓൫Δ𝑃௦௕௬, 𝑥௔ሶ , 𝑥ሶ௧௛൯ YeV 

RRd-eQd 
ZeaU 𝑓൫𝑥௔, 𝑥௦௕௬൯ PaUWial 

MeaVXUePeQW 
V\VWeP 

LVDT lRVV 
Rf VeQViWiYiW\ 𝑓ሺ𝑉஺, 𝑉஻, 𝑉ூሻ PaUWial 
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9.1. FDXOWV LQ WKH VHUYRYDOYH 

FaXlWV ZiWhiQ Whe VeUYRYalYe aUe Whe PRVW difficXlW WR 
VXcceVVfXll\ diVaPbigXaWe WhURXgh feaWXUe VelecWiRQ ViQce 
PRVW Rf WheP SURYide ViPilaU effecWV RQ Whe V\VWeP 
SeUfRUPaQceV. We caQ URXghl\ diYide Whe VelecWed faXlW 
PRdeV iQ WhUee PajRU caWegRUieV. FaXlWV Zhich PaiQl\ caXVe 
Whe iQcUeaVe Rf Whe PechaQical gaiQ Rf Whe VeUYRYalYe (Whe 
UaWiR beWZeeQ Whe VSRRl diVSlacePeQW xୱ୴  aQd Whe VXSSlied 
cXUUeQW iୱ୴) belRQgV WR Whe fiUVW. FaXlWV like Whe SUeVeQce Rf a 
cUack iQ Whe feedback VSUiQg RU aQ iQcUeaViQg backlaVh 
beWZeeQ Whe VSUiQg aQd iWV aWWachPeQWV aUe iQ facW likel\ WR 
caXVe aQ iQcUeaVe iQ Whe aPSliWXde Rf Whe VSRRl RVcillaWiRQ 
giYeQ a ceUWaiQ YalXe Rf cXUUeQWV, aV deSicWed iQ  FigXUe 12. 
UQfRUWXQaWel\, WheVe faXlWV SURYide alVR ViPilaU effecWV RQ 
RWheU iQde[eV, PakiQg WheiU diVaPbigXaWiRQ difficXlW. The 
RWheU faXlW PRdeV SURYidiQg ViPilaU effecWV RQ WheiU PRVW 
cRUUelaWed feaWXUe caQdidaWeV aUe WhRVe caXViQg Whe decUeaVe 
Rf Whe PechaQical gaiQ Rf Whe VeUYRYalYe. IQ WhiV VecRQd 
caWegRU\ Ze Pa\ liVW Whe degUadaWiRQ Rf Whe SeUPaQeQW 
PagQeWV Rf Whe WRUTXe PRWRU aQd Whe RcclXViRQ Rf Whe jeW-SiSe. 
LXckil\ WhRXgh, WheVe WZR failXUe PRdeV SURYide diffeUeQW 
RXWcRPeV RQ Whe behaYiRU Rf aQRWheU iQde[, Whe SUeVVXUe gaiQ 
Rf Whe acWXaWRU, allRZiQg fRU a UelaWiYel\ eaV\ claVVificaWiRQ 
XQdeU Whe h\SRWheViV Rf RQe-faXlW VceQaUiRV. The fiQal 
caWegRU\ iQclXdeV faXlWV caXViQg Whe geQeUaWiRQ Rf aQ 
aV\PPeWUic behaYiRU Rf Whe VeUYRYalYe aQd heQce QXll-biaV, 
VXch aV Whe jeW-SiSe diVWRUWiRQ. ThiV SaUWicXlaU faXlW, aV 
deSicWed iQ FigXUe  13, caXVeV Whe geQeUaWiRQ Rf aQ Rff-VeW iQ 
Whe cXUUeQW VigQal ( i଴ ), Zhich caQ be eaVil\ eVWiPaWed b\ 
VWXd\iQg Whe cXUUeQWV behaYiRU iQ VWill-acWXaWRU cRQdiWiRQV. 

 
  FigXUe 12: EffecW Rf Whe SURgUeVViRQ Rf a cUack iQ Whe 

VeUYRYalYe feedback VSUiQg 

9.2. FDXOWV LQ WKH DFWXDWRU DQG LQ WKH PHDVXUHPHQW 
V\VWHP 

The UePaiQiQg faXlWV caQ be VWXdied WhURXgh a diffeUeQW VeW Rf 
VigQalV, Zhich helS iQ Whe defiQiWiRQ Rf PRUe XQiTXe healWh 
iQde[eV. The SUiPaU\ RXWcRPe Rf Whe ZeaU iQ Whe SiVWRQ VealV 
iV Whe geQeUaWiRQ Rf leakage. AV deSicWed iQ FigXUe 14 (a), aQd 
(b), WheVe leakageV affecW Whe SUeVVXUe  

 
FigXUe  13: EffecW Rf iQcUeaViQg deflecWiRQ Rf Whe jeW-SiSe 

gaiQ Rf Whe VeUYRV\VWeP, defiQed aV Whe UaWiR beWZeeQ Whe 
SUeVVXUe dURS acURVV Whe acWXaWRU chaPbeUV Δ𝑝௔ aQd Whe VSRRl 
diVSlacePeQW iQ Whe VeUYRYalYe  𝑥௦௩ . B\ WakiQg Whe iQYeUVe Rf 
WhiV SaUaPeWeU, a SRViWiYel\ cRUUelaWed feaWXUe caQ be 
RbVeUYed. SiPilaUl\, Whe SURgUeVViYe RcclXViRQ Rf Whe b\-SaVV 
chaQQel iQ Whe VWaQd-b\ acWXaWRU caQ be RbVeUYed aV aQ 
iQcUeaVe Rf Whe SUeVVXUe dURS acURVV Whe VWaQd-b\ acWXaWRU 
chaPbeUV Δ𝑃௦௕௬ giYeQ a ceUWaiQ VSeed Rf Whe acWiYe acWXaWRU 
𝑥𝑎ሶ , ZheUe Whe VSeed VigQal caQ be RbWaiQed b\ QXPeUicall\ 
diffeUeQWiaWiQg iQ WiPe Whe SRViWiRQ VigQal SURYided b\ Whe 
LVDT. ThiV feaWXUe caQ be cRPSXWed RQl\ ZheQ Whe acWXaWRU 
iV PRYiQg aW a VSeed RYeUcRPiQg a ceUWaiQ WhUeVhRld, aV Whe 
behaYiRU iQ RWheU cRQdiWiRQV iV highl\ QRQ-liQeaU aQd 
aVVRciaWed ZiWh lRZ YalXeV Rf VigQal-WR-QRiVe UaWiR. AV VhRZQ 
iQ FigXUe 15 (a) aQd (b), WhiV iV YeUified WhURXgh bRWh 
ViPXlaWiRQ aQd e[SeUiPeQWal acWiYiWieV. FiQall\, Whe lRVV Rf 
VeQViWiYiW\ iQ Whe LVDT caQ be WUacked b\ cRQVideUiQg Whe 
UaWiR beWZeeQ Whe YRlWageV 𝑉஺ aQd 𝑉஻ Rf iWV WZR ZiQdiQgV ZiWh 
UeVSecW WR Whe VXSSl\ YRlWage 𝑉ூ .TheRUeWicall\ WhiV YalXe 
VhRXld UePaiQ cRQVWaQW XQdeU healWh\ cRQdiWiRQV aQd iWV 
YaUiaWiRQ iV diUecWl\ cRUUelaWed WR Whe iQVXUgeQce Rf iVVXeV iQ 
Whe VeQVRU. 

 
FigXUe 14: IQWeUQal leakageV iQ Whe acWXaWRU. (a) EffecW RQ 

SUeVVXUe dURS. (b) E[SeUiPeQWal feaWXUeV (iQ Ued) YV. 
ViPXlaWed feaWXUeV 

10. PHM RO8TINES: RES8LTS AND DISC8SSION 

The PHM fUaPeZRUk SURSRVed iQ SecWiRQ 6 ZaV heQce 
aSSlied WR Whe daWabaVe Rf daWa cRPiQg fURP Whe ViPXlaWed 
flighWV WR aVVeVV a fiUVW aSSUR[iPaWiRQ Rf Whe UeVXlWV SRWeQWiall\ 
RbWaiQable if VXch a V\VWeP ZeUe aSSlied WR a Ueal caVe 
VceQaUiR.  
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FigXUe 15: OcclXViRQ Rf Whe b\-SaVV chaQQel. (a) EffecW RQ 
SUeVVXUe dURS aQd acWXaWRU SRViWiRQ. (b) E[SeUiPeQWal 

feaWXUeV (Ued) agaiQVW ViPXlaWed YalXeV 

Each VWeS Rf Whe FaXlW DeWecWiRQ aQd IdeQWificaWiRQ (FDI) 
SURceVV aQd Rf Whe SURgQRVWic aQal\ViV ZaV VWXdied aQd 
eYalXaWed WhURXgh PeWUicV WUadiWiRQall\ ePSlR\ed iQ 
SUeliPiQaU\ PHM VWXdieV (Sa[eQa eW al., 2008). 

10.1. FDXOW GHWHFWLRQ 

The faXlW deWecWiRQ URXWiQe deVcUibed iQ SecWiRQ 6 ZaV aSSlied 
WR VeYeUal flighW ViPXlaWiRQ VeTXeQceV, ZheUe each VeTXeQce 
ZaV affecWed b\ RQl\ RQe faXlW W\Se. AQ e[aPSle Rf Whe RXWSXW 
Rf WhiV aQal\ViV iV UeSRUWed iQ FigXUe 16, ZheUe Whe feaWXUeV 
diVWUibXWiRQV fRU healWh\ (iQ ZhiWe), cXUUeQW (iQ \ellRZ) aQd aW 
faXlW declaUaWiRQ (iQ Ued) cRQdiWiRQV aUe deSicWed fRU each faXlW 

W\Se. The V\VWeP alVR SURYideV iQ RXWSXW Whe e[SecWed 
cRQfideQce aVVRciaWed ZiWh Whe faXlW declaUaWiRQ aQd Whe 
eYeQWXal SUeVeQce Rf a faXlW alaUP. The faXlW deWecWiRQ URXWiQe 
ZaV able WR VXcceVVfXll\ deWecW Whe eaUl\ iQVXUgeQce Rf Whe 
VelecWed degUadaWiRQV iQ all Whe SUeVeQWed WeVW caVeV; Whe 
degUee Rf VXcceVV deSeQdV RQ Whe faXlW W\Se aQd RQ Whe 
behaYiRU Rf Whe aVVRciaWed feaWXUeV. E[ceSW fRU Whe jeW-SiSe 
RcclXViRQ, Zhich iV deWecWed RQ aYeUage aW 42% Rf iWV cUiWical 
VeYeUiW\, Whe RWheU faXlWV aUe all deWecWed Zell belRZ Whe 30% 
Rf WheiU cUiWical e[WeQViRQ, cRUUeVSRQdiQg WR failXUe 
cRQdiWiRQV. 

10.2. FDXOW FODVVLILFDWLRQ 

The faXlW claVVificaWiRQ ZaV SeUfRUPed WhURXgh a liQeaU 
SXSSRUW VecWRU MachiQe aQd iW ZaV WUaiQed aQd WeVWed RQ WZR 
diffeUeQW daWabaVeV. TZR diffeUeQW aSSURacheV ZeUe SURSRVed 
aQd cRPSaUed. The fiUVW iV WR WUaiQ aQd aSSl\ Whe algRUiWhP RQ 
daWa cRPiQg fURP ViPXlaWed dedicaWed SUe-flighW checkV 
SeUfRUPed RQ gURXQd. The VecRQd iV WR WUaiQ aQd aSSl\ Whe 
algRUiWhP RQ daWa RbWaiQed WhURXgh iQ-flighW ViWXaWiRQV. 
ReVXlWV aUe VXPPaUi]ed iQ Table 2 aQd Table 3. ReVXlWV aUe 
SURSRVed fRU WZR diffeUeQW healWh cRQdiWiRQV; Whe ³lRZ 
degUadaWiRQ´ RQeV aUe aVVRciaWed ZiWh claVVificaWiRQV 
SeUfRUPed aW Whe fiUVW aYailable SRVVibiliW\ afWeU a faXlW iV 
deWecWed, Zhile Whe ³Pild degUadaWiRQ´ iV aVVRciaWed ZiWh 
claVVificaWiRQV SeUfRUPed ZheQ Whe UXQQiQg diVWUibXWiRQ Rf Whe 
feaWXUe aVVRciaWed ZiWh Whe deWecWed faXlW iV cRPSleWel\ 
diYided fURP Whe healWh\ baVeliQe (WhaW iV, ZheQ Whe 
cRQfideQce aVVRciaWed ZiWh Whe faXlW declaUaWiRQ becRPeV 
100%). ReVXlWV aVVRciaWed ZiWh iQ-flighW cRQdiWiRQV aUe 
SURYided fRU Whe ³lRZ degUadaWiRQ´ cRQdiWiRQ RQl\. 
MRUeRYeU, Ze diYided UeVXlWV beWZeeQ cRUUecW ideQWificaWiRQV 
Rf Whe ViQgle faXlW PRde, SeUceQWage Rf cRUUecW iVRlaWiRQV Rf 
Whe faXlW ZiWhiQ each VXb-cRPSRQeQW aQd SeUceQWage Rf 
cRUUecW iVRlaWiRQV fRU each cRPSRQeQW.  

FigXUe 16: E[aPSle Rf Whe faXlW deWecWiRQ URXWiQe RXWSXW 
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Table 2: ClaVVificaWiRQ TUXe PRViWiYe UaWe ± SUeflighW checkV 

CRPSRQeQW ElePeQW FaXlW 
W\Se 

LRZ 
degUadaWiRQ 

Mild 
degUadaWiRQ 

SeUYRYaOYe 

f/b 
VSULQg 

BacNOaVh 86% 
83% 

93% 

98% 
96% 

94% 

CUacN 60% 69% 

MeW SLSe 

DLVWRUWLR
Q 86% 

84% 

93% 

95% 
CRQWaPL

QaWLRQ 81% 96% 

WRUTXe 
PRWRU 

dePagQ
eWL]aWLR
Q 

          
55% 78% 

AcWXaWRU 
LVDT ZLQdLQgV VhRUW           85%                        

98% 

AcWXaWRU 

SLVWRQ 
VeaOV ZeaU 88% 

              
92% 

100
% 

              
98% 

b\SaVV 
RULfLce 

cRQWaPL
QaWLRQ 88% 96% 

RRd-eQd WeaU 100
% 

100
% 

 

The fiUVW ke\ cRQVideUaWiRQ RQ WheVe UeVXlWV iV WhaW Whe 
claVVificaWiRQ SURceVV ZRUkV beWWeU iQ Whe VePi-cRQWURlled RQ-
gURXQd cRQdiWiRQV UaWheU WhaQ dXUiQg Whe heaYil\ diVWXUbed iQ-
flighW RSeUaWiRQV. DelYiQg iQWR Whe UeVXlWV aVVRciaWed ZiWh Whe 
dedicaWed SUe-flighW checkV, iW iV RbVeUYable WhaW PRVW Rf Whe 
PiVV-claVVificaWiRQ RccXUV beWZeeQ faXlWV affecWiQg Whe VaPe 
VXb-cRPSRQeQW RU Whe VaPe cRPSRQeQW, aQd WhaW Whe 
claVVificaWiRQ RXWcRPe iV PRUe aQd PRUe accXUaWe aV Whe 
degUadaWiRQ SURgUeVV. TR beWWeU e[SlaiQ Whe UeVXlWV UeSRUWed iQ 
Table 2 aQd Table 3, Ze Pa\ UefeU WR Whe caVe Rf a cUack iQ 
Whe feedback VSUiQg. Of Whe WeVW daWa VeW, RQl\ Whe 60% Rf caVeV 
iV cRUUecWl\ claVVified.  

Table 3: ClaVVificaWiRQ TUXe PRViWiYe UaWe ± iQ-flighW 

PRQiWRUiQg  

CRPSRQeQW ElePeQW FaXlW 
W\Se 

LRZ 
degUadaWiRQ 

Mild 
degUadaWiRQ 

SeUYRYaOYe 

f/b 
VSULQg 

bacNOaVh 62% 
62% 

56% 

96% 
94% 

94% 

cUacN 50% 67% 

MeW SLSe 

DLVWRUWLR
Q 77% 

65% 

92% 

94% 
cRQWaPL

QaWLRQ 59% 95% 

WRUTXe 
PRWRU 

dePagQ
eWL]aWLR
Q 

         50%        77% 

AcWXaWRU 
LVDT ZLQdLQgV VhRUW           85%          98% 

AcWXaWRU 

SLVWRQ 
VeaOV ZeaU 81% 

             
86% 

100
% 

            98% 
b\SaVV 
RULfLce 

cRQWaPL
QaWLRQ 79% 96% 

RRd-eQd 
WeaU 

100
% 

100
% 

HRZeYeU, PRVW Rf Whe PiVclaVVificaWiRQ aUe aWWUibXWed WR Whe 
³backlaVh´ faXlW PRde; heQce, Whe 83% Rf faXlWV affecWiQg Whe 
feedback VSUiQg aUe aQ\Za\ aWWUibXWed WR WhiV cRPSRQeQW, 
Zhile Whe UePaiQiQg aUe aVVRciaWed WR RWheU VXb-cRPSRQeQWV. 
TheQ, Whe 93% Rf Whe faXlWV affecWiQg Whe VeUYRYalYe aUe 
UecRgQi]ed aV SURgUeVViYe degUadaWiRQV acWiQg RQ WhaW 
cRPSRQeQW, Zhile Whe UePaiQiQg 7% iV aWWUibXWed WR RWheU 
cRPSRQeQWV. Of SaUWicXlaU iQWeUeVW iV WR QRWice WhaW Whe V\VWeP 
caQ VXcceVVfXll\ ideQWif\ Whe faXlWed cRPSRQeQW RU VXb-
cRPSRQeQW PRUe WhaQ 90% Rf Whe WiPeV fRU each e[aPiQed 
Pild-leYel faXlW PRdeV aSaUW fURP Whe degUadaWiRQ Rf Whe 
WRUTXe PRWRU. 

10.3. FDLOXUH SURJQRVLV 

FailXUe SURgQRViV ZaV eYalXaWed b\ aSSl\iQg a SIR SaUWicle 
filWeU RQ Whe iQ-flighW ViPXlaWed daWa fRU each degUadaWiRQ 
VceQaUiR, ZheUe a diffeUeQW VeW Rf QRQ-liQeaU degUadaWiRQ 
PRdel deVcUibiQg Whe feaWXUe-faXlW Vi]e UelaWiRQ aQd QRQ-
liQeaU, WiPe-deSeQdeQW faXlW eYRlXWiRQ PRdel ZeUe SURYided 
WR Whe algRUiWhP deSeQdiQg RQ Whe degUadaWiRQ W\Se ideQWified 
b\ Whe claVVificaWiRQ algRUiWhP. ThUeVhRldV fRU failXUe 
declaUaWiRQV ZeUe RbWaiQed WhURXgh ViPXlaWiRQ aQd aUe 
SURbabiliW\ diVWUibXWiRQV UeSUeVeQWaWiYe Rf Whe SRVVible Vi]e Rf 
Whe defecW ZheQ failXUe RccXUV (i.e. SRVVible cUiWical leQgWhV Rf 
a deYelRSiQg cUack) aQd Rf Whe YalXe Rf Whe aVVRciaWed 
feaWXUeV. ReVXlWV ZeUe WheQ aQal\]ed WhURXgh PeWUicV 
WUadiWiRQall\ ePSlR\ed iQ Whe SUeliPiQaU\ aQal\ViV Rf PHM 
V\VWePV like Whe PeaQ UelaWiYe accXUac\ (RA), CXPXlaWiYe 
RelaWiYe AccXUac\ (CRA) aQd Whe defiQiWiRQ Rf a SURgQRVWic 
hRUi]RQ (PH) aVVRciaWed ZiWh a ceUWaiQ UelaWiYe accXUac\ 
WhUeVhRld (Sa[eQa eW al., 2008). AlWhRXgh PRUe UigRURXV 
PeWUicV caQ be fRXQd iQ liWeUaWXUe, PaiQl\ aVVeVViQg Whe 
caSabiliW\ Rf Whe SURgQRVWic URXWiQe Rf eVWiPaWiQg Whe 
SURbabiliW\ diVWUibXWiRQ Rf Whe Ueal RePaiQiQg UVefXl Life Rf 
Whe cRPSRQeQW (AcXxa & OUchaUd, 2017), Whe SUeVeQWed VWXd\ 
iV fRcXVed RQ a fiUVW aVVeVVPeQW Rf Whe feaVibiliW\ aQd Whe 
beQefiW Rf a SURgQRVWic V\VWeP fRU WhiV SaUWicXlaU aSSlicaWiRQ 
aQd QRW RQ Whe UeVeaUch fRU a QeZ, PRUe accXUaWe WechQiTXe 
fRU SURgQRViV, Zhich iV WR be SXUVXed iQ RWheU VWageV Rf Whe 
deYelRSPeQW SURceVV. AQ e[aPSle Rf Whe RXWSXW Rf Whe 
SaUWicle-filWeU baVed URXWiQe caQ be fRXQd iQ FigXUe 17, 
UefeUUiQg WR Whe RcclXViRQ Rf Whe b\-SaVV chaQQel ZiWhiQ Whe 
acWXaWRU iQ VWaQd-b\ PRde. The hiVWRgUaPV UeSUeVeQW Whe 
eVWiPaWed diVWUibXWiRQV fRU Whe faXlW Vi]e (hiddeQ VWaWe) aQd Whe 
feaWXUe dXUiQg Whe SaUWicle filWeU iQiWiali]aWiRQ, aW faXlW 
deWecWiRQ aQd aW Whe WiPe Rf SUedicWiRQ, Zhile SaVW eVWiPaWeV 
Rf bRWh Whe faXlW Vi]e aQd Whe cRPSXWed feaWXUeV aUe 
UeSUeVeQWed aV a fXQcWiRQ Rf WiPe alRQg WheiU lRQg-WeUP 
fRUecaVW. ReVXlWV fRU Whe aQal\]ed faXlW cRQdiWiRQV aQd a 
UelaWiYe accXUac\ PaUgiQ Rf � 20% aUe UeSRUWed iQ Table 4. 
ReVXlWV aUe aYeUaged RYeU each cRQVideUed degUadaWiRQ 
SaWWeUQ. MRVW Rf Whe ViPXlaWed degUadaWiRQ PRdeV SURYideV 
UeaVRQabl\ acceSWable UeVXlWV dXUiQg SURgQRViV, allRZiQg WR 
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RbWaiQ faiUl\ accXUaWe eVWiPaWeV Rf Whe UePaiQiQg XVefXl life 
Zhich aUe iQ-liQe ZiWh Whe e[SecWaWiRQV, giYeQ Whe SUeliPiQaU\ 
QaWXUe Rf WhiV VWXd\. The e[ceSWiRQ beiQg Whe RcclXViRQ 
(cRQWaPiQaWiRQ) Rf Whe jeW-SiSe, Zhich feaWXUeV iV heaYil\ 
diVWXUbed iQ-flighW, PakiQg iW QRW VXiWable fRU lRQg-UaQge 
aiUcUafWV. IW PXVW be XQdeUliQed WhaW WheVe UeVXlWV aUe RbWaiQed 
aVVXPiQg WhaW Whe RccXUUiQg faXlWV aUe cRUUecWl\ claVVified b\ 
Whe faXlW diagQRViV URXWiQe. If VXch eYeQW ZRXld RccXU, Whe 
SURgQRVWic algRUiWhP ZRXld lRad Whe ZURQg VeW Rf SURceVV aQd 
VWaWe PRdelV, heQce SURYidiQg laUgel\ iQaccXUaWe UeVXlWV. 
HRZeYeU, aV diVcXVVed iQ VecWiRQ 10.2, Whe diagQRVWic 
SeUfRUPaQceV aUe e[SecWed WR iPSURYe aV Whe degUadaWiRQ 
SURgUeVVeV, aQd Whe feaWXUe diVWUibXWiRQ fXUWheU VeSaUaWeV fURP 
Whe claVVificaWiRQ bRXQdaUieV. 

10.4. DLVFXVVLRQ DQG SUHOLPLQDU\ GHVLJQ DVVHVVPHQW 

ReVXlWV Rf Whe SUeliPiQaU\ eYalXaWiRQ Rf Whe SeUfRUPaQceV Rf 
a PHM V\VWeP WR Whe elecWUR-h\dUaXlic VeUYR acWXaWRU haYe 
SURYided SRViWiYe UeVXlWV cRQceUQiQg Whe feaVibiliW\ Rf Whe 
ZRUk aQd iWV PeUiWV; VRPe cUiWical SRiQWV hRZeYeU ePeUged. 
The fiUVW iV Whe difficXlW\ iQ e[WUacWiQg feaWXUeV iQVeQViWiYe WR 
Whe SUeVeQce Rf faXlWV diffeUeQW fURP Whe RQe Whe\ aUe 
aVVRciaWed WR. ThiV iV iQ SaUW dXe WR Whe high-leYel Rf deWail 
XWili]ed iQ Whe deVcUiSWiRQ Rf Whe failXUe PRdeV ZiWhiQ Whe 
VeUYR YalYe, bXW iW iV fRU Whe PRVW iPSXWable WR Whe lack Rf 
VRPe lRcali]ed PeaVXUeV ZiWhiQ Whe EHSA cRPSRQeQWV, 
eVSeciall\ iQ Whe fiUVW VWage Rf Whe VeUYRYalYe. The PiVViQg 
iQfRUPaWiRQ aUe hRZeYeU e[WUePel\ difficXlW WR RbWaiQ iQ Whe 
cXUUeQW laQdVcaSe aQd aUe VXUel\ QRW aYailable iQ legac\ 
eTXiSPeQW. DeVSiWe WhiV lack Rf XQiTXeQeVV, Whe VelecWed 
feaWXUeV ZeUe VWill VXiWable WR bXild a claVVificaWiRQ WRRl, Zhich 
SURYided UeaVRQabl\ SRViWiYe UeVXlWV, eVSeciall\ ZheQ XVed RQ 
daWa cRPiQg fURP VePi-cRQWURlled RSeUaWiQg cRQdiWiRQV VXch 
aV Whe dedicaWed SUe-flighW checkV. FiQall\, UeVXlWV Rf Whe 
SURgQRVWic URXWiQe ZeUe eQcRXUagiQg, bXW fXUWheU ZRUk iV dXe 
befRUe SRUWiQg Whe SURSRVed PHM WechQiTXe WR a Ueal caVe 
VceQaUiR.  

 

FigXUe 17: E[aPSle Rf Whe RXWSXW Rf Whe SURgQRVWic 
algRUiWhP 

 

Table 4: ReVXlWV Rf Whe SURgQRVWicV algRUiWhP  

CRPSRQeQ
W ElePeQW FaXlW W\Se RA CRA PH 

SeUYR 
YaOYe 

feedbacN 
VSULQg 

bacNOaVh 74
% 76% 80 h 

cUacN 88
% 89% 36 h 

MeW SLSe 
dLVWRUWLRQ 83

% 86% 29 h 

cRQWaPLQa
WLRQ 

64
% 72% 2 h 

WRUTXe 
PRWRU 

dePagQeWL
]aWLRQ 

83
% 88% 42 h 

AcWXaWRU 
LVDT WLQdLQg VhRUW 80

% 82% 30 h 

AcWXaWRU 

SLVWRQ 
VeaOV ZeaU 88

% 88% 44 h 

b\SaVV 
RULfLce 

cRQWaPLQa
WLRQ 

68
% 73% 15 h 

RRd-eQd WeaU 89
% 91% 100

+ h 
 
UQdeU WheVe cRQVideUaWiRQV, Whe RSWiPal VWUaWeg\ WR achieYe 
aQ effecWiYe faXlW diagQRViV aQd failXUe SURgQRViV RQ elecWUR-
h\dUaXlic VeUYR acWXaWRUV fRU flighW cRQWURl V\VWeP VhRXld be 
baVed aURXQd a cRPbiQaWiRQ Rf faXlW deWecWiRQ aQd SURgQRViV 
baVed RQ iQ-flighW daWa, Zhile faXlW claVVificaWiRQ VhRXld Pake 
XVe Rf VigQalV cRPiQg fURP dedicaWed PRYePeQW Rf Whe 
acWXaWRUV dXUiQg RQ-gURXQd RSeUaWiRQV.  

11. CONCL8SIONS 

The feaVibiliW\ VWXd\ SUeVeQWed iQ WhiV SaSeU iV fRcXVed RQ 
dePRQVWUaWiQg Whe SRVVibiliW\ Rf cUeaWiQg aQ effecWiYe PHM 
V\VWeP fRU EHSAV XVed iQ SUiPaU\ flighW cRQWURl V\VWePV, 
cRQVideUiQg Whe UeVXlWV cRPiQg fURP bRWh WheRUeWical aQd 
e[SeUiPeQWal acWiYiWieV. SWaUWiQg fURP SUeYiRXVl\ SXbliVhed 
ZRUk aQd e[SaQdiQg Whe WheRUeWical aQal\ViV WR cRQVideU RWheU 
PajRU failXUe PRdeV, a UigRURXV aQd fXll\ cRPSUeheQViYe 
aSSURach ZaV XQdeUWakeQ fRU deVcUibiQg Whe faXlWV aQd WheiU 
SURgUeVViRQ baVed RQ Sh\VicV PRdelV, ideQWif\iQg Whe PRVW 
VigQificaQW feaWXUeV, ViPXlaWiQg aiUcUafW flighWV iQ a UealiVWic 
eQYiURQPeQW, cRllecWiQg daWa, SURceVViQg WheP, aQd 
deYelRSiQg daWa-dUiYeQ faXlW deWecWRUV caSable Rf deWecWiQg 
Whe RccXUUeQce Rf faXlWV iQ WheiU iQciSieQW VWageV fRU a VafeW\ 
cUiWical aiUcUafW acWXaWiRQ V\VWeP. A VeW Rf QRYel feaWXUeV ZaV 
deUiYed fURP Whe ViPXlaWed daWa VeW ZiWhRXW Whe Qeed Rf 
addiWiRQal VeQVRUV. FXUWheUPRUe, a QeZ dedicaWed 
e[SeUiPeQWal VeWXS ZaV SUeSaUed aQd XVed WR e[WUacW 
PeaQiQgfXl daWa WR VWUeQgWheQ Whe ViPXlaWiRQ UeVXlWV. ReVXlWV 
Rf WhiV acWiYiW\ ZeUe SRViWiYe, alWhRXgh Whe\ highlighWed a feZ 
chaUacWeUiVWicV Rf Whe cXUUeQWl\ RSeUaWiQg EHSAV WhaW liPiW Whe 
effecWiYeQeVV Rf cXUUeQW healWh PRQiWRUiQg WechQiTXeV. HeQce, 
Whe VWXd\ ZaV fXUWheU adYaQced WhURXgh Whe defiQiWiRQ aQd 
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eYalXaWiRQ Rf a faXlW claVVificaWiRQ URXWiQe baVed XSRQ liQeaU 
SVMV. TR cRPSleWe Whe VWXd\, a SaUWicle filWeUiQg algRUiWhP 
ZaV ePSlR\ed WR eVWiPaWe Whe SURbabiliW\ diVWUibXWiRQ Rf Whe 
UePaiQiQg XVefXl life Rf Whe EHSA. OYeUall, Whe UeVeaUch 
SURgUaPPe SURYided SURPiViQg UeVXlWV highlighWiQg Whe 
PeUiWV aVVRciaWed ZiWh Whe deVigQ Rf a PHM V\VWeP fRU 
EHSAV; addiWiRQal ZRUk iV hRZeYeU Qeeded WR diVcXVV iWV 
SUacWical iPSlePeQWaWiRQ aQd UelaWed iVVXeV.  FiQall\, Whe 
feaVibiliW\ VWXd\ iV fRcXVed RQ a VSecific aSSlicaWiRQ, Whe 
SUeVeQWed PHM aUchiWecWXUe aQd Whe ePSlR\ed PeWhRdRlRg\ 
caQ be aSSlied WR RWheU aeURQaXWic V\VWePV aQd aSSlicaWiRQ 
dRPaiQV. 
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BiRgUaShieV 

S\OYDLQ AXWLQ S\lYaiQ AXWiQ iV a S\VWePV PeUfRUPaQce 
EQgiQeeU aW UTAS AcWXaWiRQ S\VWePV iQ FUaQce; S\lYaiQ haV 
a MaVWeU¶V DegUee iQ ElecWUical EQgiQeeUiQg aQd SigQal 
PURceVViQg fURP Whe ³IQVWiWXW NaWiRQal deV ScieQceV 
ASSliTXpeV´ FUeQch EQgiQeeUiQg SchRRl iQ L\RQ. He VWaUWed 
hiV caUeeU iQ QaYigaWiRQ V\VWePV iQ 2008. SiQce 2012, S\lYaiQ 
haV beeQ ZRUkiQg iQ AiUcUafW PUiPaU\ FlighW CRQWURlV dRPaiQ 
aW UTAS. He SaUWiciSaWed acWiYel\ WR Whe deYelRSPeQW Rf 
SUiPaU\ flighW cRQWURl acWXaWiRQ V\VWePV fRU MRUe ElecWUical 
AiUcUafW iQYRlYiQg VWaWe Rf Whe aUW "Fl\ B\ WiUe" aQd EHA 
WechQRlRgieV He deYelRSed adYaQced V\VWePV PRQiWRUiQg aQd 
led Whe deYelRSPeQW Rf flighW cRQWURlV YiUWXal WeVW beQch WR 
VXSSRUW aiUcUafW ceUWificaWiRQ. S\lYaiQ iV cXUUeQWl\ leadiQg Whe 
deYelRSPeQW Rf PHM TechQRlRg\ fRU PUiPaU\ FlighW CRQWURl 
AcWXaWRUV fRU UTC AeURVSace S\VWePV.    

AQGUHD DH MDUWLQ iV aVViVWaQW SURfeVVRU aW PRliWecQicR di 
TRUiQR, IWal\. He gUadXaWed fURP Whe VaPe XQiYeUViW\ iQ 2013 
aQd haV ViQce beeQ PePbeU Rf Whe MechaWURQicV aQd 
SeUYRV\VWePV UeVeaUch gURXS, ZheUe he SXUVXed a PhD iQ 
MechaQical EQgiQeeUiQg. HiV PaiQ UeVeaUch iQWeUeVWV aUe iQ 
Whe aUea Rf PURgQRVWicV aQd HealWh MaQagePeQW fRU iQdXVWUial 
aQd aeURVSace aSSlicaWiRQV, ZiWh a PajRU fRcXV RQ Whe 
deYelRSPeQW Rf QeZ PHM VchePeV fRU flighW cRQWURl V\VWePV. 

GLRYDQQL JDFD]LR haV beeQ fXll SURfeVVRU Rf ASSlied 
MechaQicV aQd lecWXUeU Rf cRQWURl V\VWePV aW DeSaUWPeQW Rf 
MechaQical aQd AeURVSace EQgiQeeUiQg, PRliWecQicR di 
TRUiQR, TXUiQ, IWal\, XQWil 2015, QRZ UeWiUed. He iV lecWXUiQg 
cRXUVeV RQ fl\-b\-ZiUe flighW cRQWURl V\VWePV aQd PHM iQ Whe 
DRcWRUal SchRRl Rf PRliWecQicR di TRUiQR aQd cRQVXlWiQg fRU 
UTAS. HiV PaiQ UeVeaUch acWiYiWieV aUe iQ Whe aUeaV Rf flighW 
cRQWURl V\VWePV fRU aeURVSace aSSlicaWiRQV aQd Rf SURgQRVWicV 
aQd healWh PaQagePeQW. He haV beeQ ReVeaUch LeadeU fRU 
VeYeUal EXURSeaQ aQd QaWiRQal UeVeaUch SURgUaPV, 
CRRUdiQaWRU Rf UeVeaUch aQd cRQVXlWiQg acWiYiWieV fRU VeYeUal 
eQgiQeeUiQg iQdXVWUieV. He iV PePbeU Rf Whe SAE A-6 
cRPPiWWee RQ AeURVSace AcWXaWiRQ CRQWURl aQd FlXid PRZeU 
S\VWePV, aQd fellRZ Rf Whe PURgQRVWicV aQd HealWh 
MaQagePeQW SRcieW\. 
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JpU{PH SRFKHOHDX cXUUeQWl\ VeUYeV aV Head Rf S\VWePV 
GURXS aW UTAS AcWXaWiRQ S\VWePV iQ FUaQce; he iV alVR 
iQYRlYed iQ TechQRlRg\ PURgUaPV E[ecXWiRQ. PUiRU WR WheVe 
URleV, JpU{Pe led Whe PeUfRUPaQce DeSaUWPeQW aW GRRdUich 
SaiQW-OXeQ l¶AXP{Qe, FUaQce. JpU{Pe haV beeQ ZRUkiQg fRU 
PRUe WhaQ 20 \eaUV iQ AiUcUafW PUiPaU\ FlighW CRQWURlV 
dRPaiQ; he deYelRSed VeYeUal SUiPaU\ flighW cRQWURl acWXaWiRQ 
V\VWePV fRU QeZ aiUcUafW iQYRlYiQg VWaWe Rf Whe aUW "Fl\ B\ 
WiUe" WechQRlRg\. BeWZeeQ 2001 aQd 2006, he led Whe 
iQWURdXcWiRQ aQd Whe ceUWificaWiRQ Rf fiUVW EHAV RQ 
cRPPeUcial aiUcUafW (A380). TheQ, he SaUWiciSaWed WR Whe 
deYelRSPeQW Rf VeYeUal iQQRYaWiYe SUiPaU\ flighW cRQWURl 
acWXaWRU SURWRW\SeV iQ Whe field Rf ReVeaUch aQd TechQRlRg\ 
SURjecWV, WheVe iQclXde h\bUid ElecWUicall\ AVViVWed H\dUaXlic 
AcWXaWRU (EAHA) aQd ElecWURMechaQical AcWXaWRU (EMA). 
JpU{Pe UeceiYed a MaVWeU¶V DegUee iQ AeURQaXWicV aW Whe 
FUeQch EQgiQeeUiQg SchRRl ³EcRle NaWiRQale SXSpUieXUe de 
MpcaQiTXe eW d¶ApURWechQiTXe´ aW PRiWieUV. 

GHRUJH 9DFKWVHYDQRV iV a PURfeVVRU EPeUiWXV Rf ElecWUical 
aQd CRPSXWeU EQgiQeeUiQg aW Whe GeRUgia IQVWiWXWe Rf 
TechQRlRg\.  He ZaV aZaUded a B.E.E. degUee fURP Whe CiW\ 
CRllege Rf NeZ YRUk iQ 1962, a M.E.E. degUee fURP NeZ 
YRUk UQiYeUViW\ iQ 1963 aQd Whe Ph.D. degUee iQ ElecWUical 
EQgiQeeUiQg fURP Whe CiW\ UQiYeUViW\ Rf NeZ YRUk iQ 1970.  
He diUecWV Whe IQWelligeQW CRQWURl S\VWePV labRUaWRU\ aW 
GeRUgia Tech ZheUe facXlW\ aQd VWXdeQWV aUe cRQdXcWiQg 
UeVeaUch iQ iQWelligeQW cRQWURl, QeXURWechQRlRg\ aQd 
caUdiRWechQRlRg\, faXlW diagQRViV aQd SURgQRViV Rf laUgeVcale 
d\QaPical V\VWePV aQd cRQWURl WechQRlRgieV fRU UQPaQQed 
AeUial VehicleV. HiV ZRUk iV fXQded b\ gRYeUQPeQW ageQcieV 
aQd iQdXVWU\.  He haV SXbliVhed RYeU 300 WechQical SaSeUV aQd 
iV a VeQiRU PePbeU Rf IEEE.  DU. VachWVeYaQRV ZaV aZaUded 
Whe IEEE CRQWURl S\VWePV Maga]iQe OXWVWaQdiQg PaSeU 
AZaUd fRU Whe \eaUV 2002-2003 (ZiWh L. WillV aQd B. Heck).  
He ZaV alVR aZaUded Whe 20022003 GeRUgia Tech SchRRl Rf 
ElecWUical aQd CRPSXWeU EQgiQeeUiQg DiVWiQgXiVhed 
PURfeVVRU AZaUd aQd Whe 20032004 GeRUgia IQVWiWXWe Rf 
TechQRlRg\ OXWVWaQdiQg IQWeUdiVciSliQaU\ AcWiYiWieV AZaUd. 


