METHOD AND SYSTEM FOR PASSIVELY DETECTING AND LOCATING WIRE HARNESS
DEFECTS This invention was made with government support under Contract No. N00421-05- D-0116
awarded by the Department of Defense. The US government may have certain rights in this invention.
BACKGR.OUND The systems and techniques described herein relate generally to wiring system

monitoring and diggnesticaxMaressnagifioally sthey relate to partintdischarge mokitoring for detecting
faults, such as chafing, in wiring harnesses. A wiring h is a group of wires that are bundled
together in order to simplify their han&ﬁﬁ%%ﬁé%%qﬁgf%\%ﬁ@ﬁah bundling wires together into a group
makes the process of handling them collectively easier, it also makes inspection and repair of

individual wireSHdthirerHen oA ts oY B dBFCMD i SEREBn U EE 41SE 1 RirklE e tilindles together,

the wires in a hamessasgiauibjeetdoryhking:and chafing dunngvibaiemenothsr pRysical loading,
which can lead to degradatign in the wire, and ultimately a loss of performance. The problem is
especially sign??ﬁ:taﬂf%ﬁ‘ iﬁh%}fﬁpé’ﬁ%tﬁoghvironments, such as helicopters. Monitoring the wires within a
bundled harness is desirable to detect faults as they develop, and before they become severe enough
that the signal %@ﬂ@%ﬁ%\@by a wire is lost entirely. Various techniques have been used, including
visual inspection, impedance testing, and reflectometry. However, each of these has limitations. For
instance, in may cirgemstadcesshsigehsadewithtd awaircraltiangerral thie wirthg isisTavailable for

visual inspecti%xy@(ggggtagjgr&ﬁ@gglycgismyi@&@t@cggﬁn@g@e%gg@@p@dgmﬁm%g@quires
connecting and disconnecting wires_in order to attach them to the testing system. Reflectometry, which
involves sendifyd B8 BRI IR Sh & theéh SHitfing e FeXkEEH S waves of its reflection as it
returns, is an effective technique, but is generally less able to detect developing problems while their
magnitude is stk birefcets ERafng’ arrfraingad st etrarien astéetdd By slibh techniques.

their handling and routing. Although bundling wires together into a group makes the
piocess of handling them collectively easier, it also makes inspection and repair of
individual wires within the bundle more difficult. In addition, because the wires are
bundies together, the wires in a hamess are subject to rubbing and chafing during
vibration or other physical loading, which can lead to degradation in the wire, and
ultimately a loss of performance. The problem is especially significant in high-

vibration enviroraments, such as heiicopters.

Monitoring the wires within 2 bundled hamess s desirable to detect faults as they
develop, and before they become severe enough that the signal being carried by a wire
is lost entirely., Various technigues have been used, including visual inspection,
impedance testing, and reflectometry. However, each of these has hmitations. For
instance, in many circumstances, such as within an aircraft, much of the wiring is not
available for visual inspection without significantly dismantling the hamesses.
Impedance testing reguires connecting and disconnecting wires in order to attach
them to the testing system. Reflectometry, which involves sending a pulse down 2
wire and then studying the peaks and waves of its refiection as it returns, is an
effective technique, but is generally less able to detect developing problems while
their magnitude is still small. In effect, chafing and fraying is not effectively detected

by such technigues.



Because of these and other limitations of existing monitoring technologies, there is a continuing need
for improved systems for detecting and localizing wiring defects, such as chafing. SUMMARY
According to a first aspect, there is provided a method for passively monitoring a wire for defects, the
method comprising: attaching a first sensor to a wire at a first location; attaching a second sensor to
the wire at a second location; capturing a first segment of data from the first sensor, a second segment

of data fronghe ReCaNESENSRN o BiMe SRBPNRERARMsRihdeteairldnal laast eng of the first
sensor and the second sensor; calculating a set of sri%?al features assqociated with the pulse from the

first segmeRPBHAERE HESdEpATREYRTEAY BFRAL0A TP FrEi R a AT IGYIR g A M SRS module
comprising g,ennée fifing model, a noise model, an FFT model and a statistical model, each of which
is used to generate at least one of the signal features; determining a defect decision that indicates
whether or aﬁ the detected pulse represents a defect in the monitored wire using the signal features
associated Wi B se; and storing the defect decision associated with the pulse and the time
stamp in a storage database. According to a second aspect, there is provided a passive wire defect
detection systemdingnprisiingt aspait, thgensoreyvetdmnatestbhd daomssivel jorbenttoniacditg different
ocations alppgiiheenaih ol e wiis»BdRleAeaiRlien AP GR SNIONIRAC, BRg ke signals from each
of the pair of Sensors and to record apsegr%'ent 0 a from eac% sensor in response to détecting a
pulse in theasigriahfrescomnel stthersenborsira adiagrostitscengine canfigugsd ficsteegiventtd segments of
data from the gapachisiian dvie.anddeoupadeal dcaiondeatin g phigingighe pulse
correspondsato a defect in the wire,’'whereln the tliagnostics engine comprises: an analysis module
configured tinoakteataperchse rgfidignal demtied Snthel easblysisan teufest saprsimmgl tigdeicendoise model,
an FFT mode| and a statistics model o] [ I e.get ignal
features; ansg%s%récﬁglgﬁar%g u es%%% iggl%%c} t%\%%lr%grgt%a gggﬁ%gcﬁﬁ ﬁ?%(?%&gggg%iﬁﬁggt(@gﬁhird aspect,
there is provigeeeat pessive Wicesdafedtsdeteetionfsjsemédheptisiagiapuirshgemsens!séch attached
10 awire 10 o RN SRR AL e oGNS ARNG NeiGRIML e H1RE3 daiacqHipIion device
configured {0 Teceive signalsfrom each of the pair of sensors and to record a segment of data from
each sensostirtiséspomsédh cetectirghichussesin tloessignatkefrs hvash orsf théhsenigorb ferigirggnostics
engine configntagiiaieceiiedle seamentyol daadien DRI AR deresandig outputa
defect decision mé?ca%ng whether the pulse corresponds to a defect in the wire, the diagnostics engine
comprising:represvalysisinfodute tishishnig wedfigueaitg shicsignel daturserstosigied feidlufes associated

;Vrigpee?;hn%%g%-S%95“5%83%§ft9@a%fé@?q%%559§§ i%@kf%%@gﬁ&%ﬂg‘oﬁﬁﬁ@m el sealp, & Weibul

requency, a noise amplitude, a pluralit component frequencies, and a time of a
peak for eactswegmeaiatabhskata received; and a decision module configured to generate a defect

decision.
According to a second aspect, there i1s provided a passive wire defect detection system

comprising: a pair of sensors, each attached to a wire to be monitored at different
locations along the length of the wire; a data acquisition device configured to receive
signals from each of the pair of sensors and to record a segment of data from each
sensor in response to detecting a pulse in the signal from one of the sensors; a
diagnostics engine configured to receive the segments of data from the data
acquisition device and to output a defect decision indicating whether the pulse
corresponds to a defect in the wire, wherein the diagnostics engime comprises: an
analysis module configured to calculate a set of signal features, the analysis module
comprising model, a noise model, an FFT model and a statistics model, each of which
generates at least a part of the set of signal features; and a decision module configured

to generate a defect decision.



Herein disclosed is a method for passively monitoring a wire for defects. The method includes
attaching a first sensor to a wire at a first location and attaching a second sensor to the wire at a
second location. When a pulse is detected in at least one of the sensors, a segment of data is
captured from each sensor, such that a first segment of data is captured from the first sensor, and a
second segment of data is captured from the second sensor. A time stamp corresponding to the pulse

and the capiuessintadsalsedcapitedhAsR! plosidnal feauses assosiated withibe puleens calculated
from the first segment of data, the second segment of data and the time s_tam%. Aﬁ\q efect decision is
il

determined TEPTHIREABPHAShESP o thid ALRMORM 1BLis & FEpto SN RO HRTE FriSnitored wire

using the sigpalifgatiasassqsiaac itk hepusked heydiiach dReivoashastated wikiibe pulse and
the time stamp is stored In a storage database. Also disclosed is a passive \ﬁire %?fect detection
[

system thatiBRRINEER FafoPSEHsBAY 8IS ASRRSIHE T o, SR SPhiRG AYEESBrgiHE. Each of

the pair of S@ASAIrsis @ diio Rt bemanitered, saehl seosoiataddiffeseniniacatian along the
length of the wire. The data acquisijtion device is confiééfjred to receive signals from each of the pair of
sensors andAgPEELTY SEEGMEAPBENSS AOMSEER s s&F%ﬁoﬁgeﬁ?%ad gl@tirr%ea fise in the

signal from gogiefiihe getRerandhe diRghasticacenginedsicaniigitad:ig eheiler thieespgiwents of data
from the data acquisition device and to output a defect decision indicating whether th%gulse

correspondS¥BERIBEL I At ERIPE S ESE RIEPRSIFOP $0E SRRWIRG £orAE Shd other
features, aspeatsc and adwapiages-ef theqaresrnd wvehtienotil betomebestessyoresstaati when the
following detailed description is read with ) .. .

cach of the segments of data, the set of signal featurcs comprising a Weibull scale, a

Weibull shape, a noise frequency, a noise amplitude, a plurality of component

frequencies, and a time of a peak for each segment of data received; and a decision

module configured to generate a defect decision.

Herein disclosed is a method for passively monitoring a wire for defects. The method
includes attaching a first sensor to a wire at a first location and attaching a second
sensor to the wire at a second location. When a pulse is detected in at least one of the
sensors, a segment of data is captured from each sensor, such that a first segment of
data is captured from the first sensor, and a second segment of data is captured from
the second sensor. A time stamp corresponding to the pulse and the captured data is
also captured. A set of signal features associated with the pulse is calculated from the
first segment of data, the second segment of data and the time stamp. A defect
decision is determined that indicates whether or not the detected pulse represents a
defect in the monitored wire using the signal features associated with the pulse. The
defect decision associated with the pulse and the time stamp is stored in a storage

database.

Also disclosed is a passive wire defect detection system that includes a pair of
sensors, a data acquisition device, and a diagnostics engine. Each of the pair of
sensors is attached to a wire to be monitored, each sensor at a different location along
the length of the wire. The data acquisition device is configured to receive signals
from each of the pair of sensors and to record a segment of data from each sensor in
response to detecting a pulse in the signal from one of the sensors. The diagnostics
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reference to the accompanying drawings in which like characters represent like parts throughout the
drawings, wherein: FIG. | shows an exemplary wire and sensor, such as embodiment of an aircraft
wiring system, in partial cross-secti be used in one FIG. 2 illustrates embodiments of sensors in use
with bundles of wires; FIG. 3 schematically illustrates one embodiment of an exemplary system for
monitoring wires for defects;

engine is configured to receive the segments of data from the data acquisition device

and to output a defect decision indicating whether the pulse corresponds to a defect in

the wire.
BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the present invention will

become better understood when the following detailed description is read with

2b



FIG. 4 illustrates one embodiment of data flow through the diagnostics engine; FIG. 5 illustrates one
embodiment of data flow through the analysis model; and FIG . 6 illustrates one embodiment of the
operation of the decision model. DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS As
discussed above, there is currently no system available that can detect and locate wire chafing without

disconnectingréfenites ar-passingahighveliagesignal throughthemegbamethqdsand systems
described her iIn greogéﬁguérfcgig%ssigglg{nmonitoring wires within a harness and detecting evolving
faults, such as c%agfkllng, in‘indvidual wires. Because the system monitors the wires passively, the
active pulsing of individual wires can be avoided, This means that monitoring can be performed on a
continuous basis: andWithiolft iRtERRATg With tHE SHRLoHSr e Sbte s ik theSRires are
connected to. dmiaddition pflhae techfigues: cancalsm bertiseste-locadize the position of a fault along the
length of a wire, allowing for more targeted repair and maintenance. Figure 1 illustrates a single

exemplary wirgiil heiwise: 100-hasgaaenductivecaresd Jonanddssuriaunded by a layer of insulation
120. The entire wire is wrapped in a sheath 130. The wire conductive core 110 carried electrical

signals, and thednsylation, 120,and38eatd 130 BRSEELRS wire from machanical damage, and prevent

it from coming into direct contact with other electrically conductive materials, such as other wires, that
would interfer&itiiHe Bper&tishietthe wire Individual wires 100 may be grouped into bundles of
wires for easier handling. This will be discussed in greater detail below. As shown in Figure 1, wire 100
can have a sefnéortiBosattachisct b idifordsitorfeptitecigntle daandiias tiough the wire. In one
embodiment, the sensor, also referred to as a current probe, is a lightweight, flexible sensor that can
monitor the curténs witkinthewisa kindhestnshristimags ofadlexblesidstsate, upon which are
disposed one or more conductive leads 170. The surface of the probe 150 is covered with a cap 175,

to prevent thedeads flom-soiactingRdiaseM ©onguative suHagess:Whenparapped around the wire
100, the leads 170 of the sensor 150 form a toroidal coil that surrounds the wire 100. Once attached to

the wire, this %E@Y@Q@%@%@&%ﬁﬁﬁ%@@?ﬁé&%ﬂﬁ%ﬁ?ﬂrem flowing in the conductive

core 110 of the wire. In essence, the leads 170 and the core 110 from a current transformer that
induces current V\éithin thdeaeads In response.to dischargegmq wire defects. This induced current in

the sensor can be Mesaured by & BUdan FasistSr iR sﬁow%%at%aaéﬁ dreﬁe‘“‘rﬁ'ﬁ%f"é1 t51¥e leads 170.
wire chafing without disconnecting the wires or passing a high voltage signal threugh
them. The methods and systems described herein are useful for passively monitoring
wires within a harness and detecting evolving faults, such as chafing, in individual
wires. Because the system monitors the wires passively, the active pulsing of
individual wires can be avoided. This means that monitoring can be performed on 2
contimuous basis, and without interfering with the operation of the systems that the
wires are connected to. In addition, the technigues can also be used to localize the
position of a fanlt aiong the length of a wire, allowing for more targeted repair and

maintenanes,

Figure 1 illustrates a single exemplary wire. The wire 100 has a conductive core 110,
and is surrounded by a layer of insulation 120. The entire wire is wrapped in a sheath
130. The wire conductive core 110 camied electrical signals, and the msulation 120
and sheath 130 protect the wire from mechanical damage, and prevent it from coming
into direct contact with other electrically conductive materials, such as other wires,
that would interfere with the operation of the wire. Individual wires 100 may be
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In addition to the system as illustrated in Figure 1 for a single wire 100 using a single sensor 150, it is
also possible to use such a current probe to monitor an entire bundle of wires at once, as shown in
Figure 2. Generally, when multiple wires 100 are bundled together for easier handling, they are
arranged so that each wire 100 within the bundle 200 runs roughly parallel to one another. Because
the wires withirrapsihglie bumiiite e ogentrathpirobitedlivetwEen thB sadieinsationszitds common to
provide a collggtive gopnnector 210 at each end of the bundle of wires to make it easier to connect and
disconnect the wires from the rest of the system. When monitoring bundles 200 of wires 100, it is

possible to u(?g a,separate sen ori.}g%%rgurég each Wirre 1"%'(5@%4%[?@ bundlg This.t%rovides for

N : s SHoW 1n rigpre AN 11ave 4 Sensor d 1o 1z, for momoring .
individualized information about the curren owing Within eachWire 6f the bundie: Fowever, it is also

possible that Bisiiglalss@pistyv Soceah the Wiappead: arobpditratotisidesof ancentireshimdle of wires, as
shown in Figuke,2.MAhile-suchs am alreagementiallows.faha singleprahe.150 Lo wapitor multiple wires

100, it does not allo 68r g}'rggtl disting ishing between signals of separate wires 100 within the

bundle 200. Ih 33’51%& to A’éiﬁﬁ%ﬂ?é’ﬁ)pﬁ%&s‘,ﬁ gg)ﬁ (5%‘%%3%(9“@%% (ﬁ%dfﬁﬂ‘fiﬁﬁsé’dc%‘i‘fhectors 210 at the

end of wires, wheatherdundied lerdiot? ol nstarise, & $ensabmbilbe @wbetldéd intepconnector 210 for

each wire 100 ferpinating zﬁ%ﬁ@@&g@&&%&ﬁ%tﬁ%&?@c@%@&n@uﬁﬂ%‘&?ﬁ@e’%@r for the entire bundle 200 of
210.

wires 100 may be embedded into connector 210. In yet another arrangement, an inline embedded

sensor 250 cap be created b viding a pair of cannectors back to pack, with the sensors for each
wire embedde ‘ﬁﬁtﬁﬁ%‘?@p&%‘ﬁ%ﬁ‘ ‘é"%ﬁ@éé{“&r&a@*&i&gé %ﬁlﬁ%‘g’soéng%ré% EQIL?%(ieag to join two
bundles of wikes drésprevieis monitsritg-oftwe eirekedvithihetiverbudlesaniddiiondd details and

variations congeRing-Sensersegande farndind) S.Ralanthiumhers.230.8 10 eatited "MONITORING
SYSTEM AND METHOD FOIﬁééN}IR NG gYST MS", iszued 16 August 2005, incoa?f%rated herein in its
rren

entirety by refSféncd! THE Eart&nt 5 the/ Witk' 160 4R VAN ToF £ VATSH) SRPEREsHs ™ instance,
deterioration ofdthesinsutati ontiia Ghslirmiu ndingtireccoréistk@ ganilead tapalkialidistharges of current

that are reflegied Ry chprents induced n e sensarda0thersfose, e wap;argungd,sensor 150 allows

for the passive monitoring of the current in the wire without requiring any physical contact with the
center condultBFHARE R, ‘A BariEdiEtharge ("PD") refers to an abrupt change in current in the
wire 100 that can be generated during the breakdown of insulation or when current arcs between the
wire and anot}@eqdé@j%mﬁﬁystan as iliustrated in Figure 1 for a single wire 100 using a single

sensor 150, it is also possible to use such a current probe to morﬁt{}r an enfire bundle
of wires at once, as shown in Figure 2. Generally, when multiple wires 100 are
bundied together for easier handling, they are arranged so that each wire 100 within
the bundle 200 runs roughly paratlel to one another. Because the wires within a single
bundle are generally routed between the same locations, it 1s common to provide &
collective connector 210 at each end of the bundle of wires to make it easier to

connect and disconnect the wires from the rest of the svsterm,

‘When monitoring bundies 200 of wires 100, it is possible to use a separate sensor 150
around each wire within the bundle. This provides for individualized information
about the current flowing within each wire of the bundle. However, it is alsc possible
that a single sensor 150 can be wrapped around the outside of an entire bundle of

wires, as shown in Figure 2. While such an arrangement allows for a single probe 150



The systems described below operate by examining the information from a pair of sensors at different
locations along the length of a monitored wire or wire bundle. For instance, the system may analyze
the data associated with two sensors disposed along the length of the same wire. If bundles of wires
are monitored collectively (i.e., one sensor is used for the entire bundle), then the pair of sensors are
desirably bothomeniteringitigsams collertivaafingivdual wirgs, Eﬁ%@%&%ﬁ%@&%&@ﬁomtor and receive

data from many more Sthanagmv?,hse%grgi tEIO\Qée\éer, %Sor e analysis described herein, the data is always
examined on the a5|568f1rpa|rs of sensors di ff) S Upoh the same wire or the same bundle of wires.

An exemplary system for performing monitoring is shown in Figure 3. The monitoring system 300 has
a number of S8RSBHCM A o BlE TRRNGmRSRISTa SE YT aTPRe fHeddnivaht RytpRewir@40shich they monitor.
In the Figure, tseiehdsehsots, incitide aweriesoohindividuatfiexblessensons,10-disprsed upon each wire
100 within a Qund| ) location. An.pnline .sensor 250 disposed along the |ength of the wire
bundle 200 tr?gga r%grﬁ%l%?g?%%@v%?geegc}ﬁ |\I/ri%£g%e|r§nﬂns%n &'t g&fﬁ%? X 'sfl)’%f“g?afﬁig Hdir of sensors. As
noted above, B¥ErisEFGfieeRsomtypSynidlmd dernbéige el nelividaihpddrdppedostesiomay be disposed
along the lengthy of a single wire, as well as sensors being disposed along different wires or wire
bundles that are in use. However, the data that is analyzed will always be handled on the basis of

palrs of sensqrs.an ImamEIiEALbUINg Rl RSN mPadynent flustigied iy Fiure 3, the

data associated with both sensor locations for each wire 100 in the bundle 286 16rm a suitable pair for
analysis. Each 8888 edkabesansaitrithesdpdemie titthosioritarePoorasdnisee generally, with
the signal or sigihialstihabay e taieietbycthe. Monioiednvike strsaddition, eaghepmseris associated with

a location alopg fhe length of the wire or bundle, as. measured from some reference point. The output
of the sensors{;‘%sl sent to ae?jféﬁ] rﬁ:‘gé% g‘é)tna%grcﬂ&%fg%%ﬁnw evice ,&%’) gg%)??sdr‘r%l Sidfifg. The DAQ 310
notes the sigif&igicotthgariafens captrsesornae mpritorithe sighals Rateaciumonitored wire at

each locationgyerdimestesDAGNaRsopariosm:an Anglogiediginl sopversiaraf the data. This

signal data is e dia tics engine 320 for processing and analysis. The engine 320 analyzes
the data for egg s’égr?gér%%gfpfé’se{%‘é?ﬁ%égege‘%‘ﬁaf% %%%ﬂf&*ﬁmﬁﬁ% ETRSRESed wiring. The

diagnostic engine uses diagnostic algorithms and decision models in order to determine whether or not
the received THEEAES e présette BPondbrifiofevariety of reasons, for instance,

deterioration of the insulation 120 surrounding the core 110 can lead to partial
discharges of cwrrent that are reflecied by cumrents induced in the sensor 150.
therefore, the wrap-around sensor 150 aliows for the passive monitoring of the current
in the wirs without reguiring any physical contact with the center conductor in the
wire. A partial discharge (“PD"} refers to an abrupt change in current in the wire 100
that can be generated during the breskdown of insulation or when current arcs

between the wire and another component.

The systems described below operate by examimng the information from a pair of
sensors at different locations along the length of a monitored wire or wire bundle. For
instance, the systern may anaiyze the data associated with two sensors disposed along
the length of the same wire. I bundies of wires are monitored collectively {i.e., one
sensor 18 used for the entire bundle), then the pair of sensors are desirably both

monitoring the same collection of individual wires.



defects in the monitored wires 100. Such defects, when identified, and their associated data, may be
stored in a database 330 or other storage system and used by a reporting system 340 to provide
information to a user, such as a pilot or maintenance personnel. The DAQ 310 is configured to monitor
the data coming in for each sensor, and to respond to certain conditions by saving a woup of data and
forwarding it gadoihediagrosiiesengiterd20.when thertriggesingceengitons«arenses. For instance, the
trigger conditions may.be.chosen so that whenever, a particular rate of change.is phserved in a signal,
that the signayli)?sW g\é?re’cfi%r(ﬂ%? Ca Stﬁ%%ﬁioeeﬂﬂg?ﬁenly &g%ﬁésgé%é n X’éu_rrlgi}fil%te %%tkg])gs absolute voltage
level being alsoveioriisersy dispazdiipeniesons, Tiraoiiio e suehltsgdaithg conditions, the DAQ
can also be configured to sample the incoming signals at a particular frequency. The combination of
operating anditriggempgrgongdittonSdompthidAR isceferred to below as thed®AQ parameters”. In
general, the RAQRAANSIGAALN0EAE crusRIneRAR LRl AN (RIAIata when a pulse

is detected in the monitored wire, Such pulses may be caused by, for example, a spark being created
by the wire, pRftigEatHaRfe BVen T BfbHoRE B thE ik FiRHe SR 1SROFHEEe 4 signal from one
of its sensorsstaat prestithe:iggatngeanditionsishedd Afxwilaaptdrera wimibe bafdequential data

readings for t%g sensor, as well S fl% igggegggreﬁggnésors Wit Wh'?QetTe%t ensoris raﬂyred. In general,

this will be thé other sens%ar%a%hat are configured to moﬁﬁl}tsoefltﬁéj%game wire or bundle of wires at other
locations. Thégededffdnticnairdara forthessefssiupioduietng ahbege fmgsignatsaiivell as the
segments of datafgkany sensors associated with sensors paired with the triggering signal, are
forwarded along with an appropriate time stamp to the diagnostics engine for analysis. Figure 4

illustrates the handlingiy.he Hiagrostics.epdine. 320! aral:elseameningl dalmder sensors when a

triggering event has occurred. Thesignal data 400 for each sensor in the pair, as well as a time stamp
410 correspoftingfy thie dirRestsr tascpstlredisiinalshals 2052 SEf e ATS10 to the
diagnostics eagingedZidp dtfeitiania:the eapietidata; iheidiagnosiies angind820:4lso retrieves the
DAQ parameters 420 that characterize,the operating rules of the DAQ and the di ce 430 between
the locations gf%%%%r%i&s%wh?ﬁéc d\I{I\? gggh éagtgélS |soéjgﬁr§_1§s 3?%5@?2%%. g%ﬁ’ggfé%}meters 420 and
the distance 430detl@erthésbasareofayhalgimerintheDAn Badferaardetbivito the diagnostics

engine 320 asARRERRGIAIRQ5 AN RedNage available to.the.enging:320 yiaBidonkuptable or other
storage that may be associated with the engine 320. Exemplary DAQ parameters may include the

trigger level (T%r g)%ésmple, 100 millivolts) used for the DAQ, and the sampling frequency at which the

DAQ is recording data from each sensor. .
Each sensor is associated with a specific wire 100 or bundle 200, and more generaily,

with the signal or signals that are carried by the monitored wire. In addition, each
sensor is associated with a location along the length of the wire or bundle, as

measured from some reference point.

The output of the sensors is sent to a high-speed data acquisition device (DAQ) 310
for recording. The DAQ 310 notes the signals coming in from each sensor, and
monitors the signals for each monitored wire at each location over time. The DAQ
may also perform an analog to digital conversion of the data. This signal data s sent
to the diagnostics engine 320 for processing and analysis. The engine 320 analyzes
the data for each sensor and location to detect and localize faults within the monitored
wiring. The diagnostic engine uses diagnostic algorithms and decision models in order

to determine whether or not the received data indicates the presence of one or more



The diagnostics engine 320 includes two modules that are used to evaluate the incoming data: art
analysis module 450 that is used to determine a set of signal features 460 associated with-the
incoming signal data 400; and a decision module that uses the signal features 460 and other
infolination, such as the DAQ parameters and distance between the sensors, to make a decision as to

the nature angjocation,of any lefect assonjatecuth ihe sensgr signal date. This defect decision 480
can include whether or notn% e S|gna\ivc]ietec ed represents a defect in the moni oreszmng, the location
of such a defesspeatnd datnansube WPfa o Affdered Hseouikaedowitl shucgewidiviedfigare 5 illustrates the

various models employed-bysthe ahalisisMadkls:45Q te-aenskale.thsesiachaignat features 460.

These models include a curve fitting model 500, a noise model 510, a fast-Fourier transform (FFT)
model 520, dhd 8 Statistical model 530. Each of these models comprises a set of executable code that
is used to analyze the incoming data, e.g. the signal data 400, and execution of the model in the
diagnostic engihd 320 fotiucasd el op MerE ST hifetatyfartestinder 460nigt e @dR/sis module 450
determines fesdhe signakbachamagebanghits: auipiipsigrals, sl ibevaissigssed i greater detail below.
The curve fitt{'julfl msc%ldcgle%OO is3g§e“qh1é% erform, eWI?JbC%'A c?ﬂ%%%?eon E}Ihelgglgglr}ggglgesi%eal data. This
analysis gener A palrgg%eméximum ikefiigod estimates of scale and shape pdrameters that can be
used to charagssez ecadiviensutiatidwilshorsn for this SThesl dam o e shapckamdstale parameters

are those pargmelessthaiwhenLaedwith Equatien 4. belaws PEodpes A-madelibatfits the signal data
received. Such technjques ar knowp in t%? art ?S ?b ay of proximagin a probability distribution
function that Eﬁrggrﬂ%@ s tf% FHER P SIORECY SV (T IR IO P T Fhé SBSfE Sarameter is "a” in
Equation 1, whitehthié Shagddijparanvetbrirg:tbing hissdinatysid<llOAdetetminetth eopapameters for data for

each of the pair of, SIAN@ls i5-pRHR e genesafing.&3haRs.and Scalg PAamelelfoseach signal in the
pair. Each of these four parameters iS output as part of the features 460 of the analyzed signal data
400. operating and triggering conditions for the DAQ is referred to below as the “DAQ

parameters”. In general, the DAQ parameters are chosen to cause the DAQ fo capture
and forward data when a puise 1s detected in the monitored wire. Such pulses may be
caused by, for example, a spark being created by the wire, partial discharge event, or

by noise on the wire,

When the DAQ detects a signal from one of its sensors that meet the triggering
conditions, the DAQ will capture a number of sequential data readings for that sensor,
as well as for any other sensors with which that sensor is paired. In general, thus will
be the other sensors that are configured to monitor the same wire or bundie of wires at
other locations, These segments of data for the sensor producing the triggering signal,
as well as the segments of data for any sensors associated with sensors paired with the
iriggering signal, are forwarded along with en appropriste iime stamp to the

diagnostics engine for analysis.

Figure 4 illustrates the handling by the diagnostics engine 320 of a pair of segments of
data for sensors when a triggering event has occwrred. The signal data 4006 for each
sensor in the pair, as well as a time stamp 410 corresponding to the fime for the
capmrefi signal data 400 is sent from the DAQ 310 to the diagnostics engine 32¢. In
addition to the captured date, the diagnostics engine 320 also retrieves the DAQ

”



The noise model 510 is used to generate data that.can be used by the decision module 470 to
differentiate between data signals representing faults in the wire and simply noise in the signal. An
amplitude spectrum estimate is calculated for the signal data 400, and then the DC amplitude of the
signal is subtracted from the signal data The main frequency and its amplitude are then calculated for
the non-DC sigpglas. s snewin et dechnigues.auchas.1sing dhe amplilde spectrum of the
autocorrelation function can?be used to Improve the frequency estimate of the signal data. The main
frequency andStEssmibftligeiare sUtRIPHS Testives 250 Uhereddiialy boasmaareahta 490, The FFT

model 520 is pegd ja-periornma discreta kaudentrassiasmpnsthsosignal sata,4d0dendetermine the
component fr ncies of the, signal. The Fourier transf may be. calculated using the signal data
and the samp%‘%‘ f?lé%]lf?]erﬁérf ?%r(l’g %}f% e B%S%%Srg?ﬁlé’teé‘?%q% pgg‘:?&’ TEeSaRg" fqugbrﬁ (o] % Fast-Fourier
Transfolin algovihsic &stis knpwmiitd thie aftoTieitbl methgighificattacompbaessofiesgdencies are output
as features ofthe ignaind Bestatisticalmnedel ﬁ%@r&%@rgﬁﬁypiﬁ&ﬁ@t{%@Qélgé%“féﬁ}és(f&at extract
common descriptive statistics aﬁ?_souat%d with the data signal 400. Such parameters are known in the
art and can inQIEBhE TRHTOHT VIER '8 thie &g hratn SR RN ot SRS SRy 1, the mean,
harmonic medniQéeometdicydearfieoctoheamsaquare value of the signal, the crest factor, the absolute
deviation, the standard deviation, the skew, the kurtosis, the regression r-square value, and the time

of the maximumevaluaefithesigrabRasheidhese aaloulatad:resultsis qutpuliasspart of the signal
features 460. Through trge_ application of f?Chc;?J me abovedngo;jde%s ta the sign dat_aL4OO, time stamp
410 and DAQI%%}% fiéar%' Oa,nt Sls&lgnﬁ% {eatires sl afs pr8 iced. The %lgﬁ I#&%tures, as
described abdeygset &) setcokppdrarteter sntatca Hartil e d@dr ribkatherisign alodith diestt the need for

reproducing the.ehfirgbhafihg.Sionad. &B%é!&ﬂéﬂﬁ@é%@?s%ﬁ%%ﬂe@Aﬁ%%ﬂa%%ﬁiSion module 470
as described below, and may also be stored directly.in the storage database 330. In addition to the

models appliet KBEY R & BIRIIE R oGURERAY SIS B AHICH AR BEFOIT SHIISFEESIN of the signal, for
example by usifganciscrett wasitie transfaigadaistorethie sifpoalicatanitgslf tan stohagge along with the

signal features, Qe i, Aalysis Al 50,1 caloulaled e Sang eatye, 40g, he features are

passed to the decision module 470 for determination of the final defect decision 480. As shown in

Figure 6, the RBCPIECEIgh dsWétErniiited Gumythe’siinatreittnes #eeritkd AD Barameters 420,
and the knowaedigtance 430 between the pair of sensors 150 that generated the signal data 400. The
elements that make up the defect decision 480 are: a flag indicating whether the signal represents a

discharge (indigating -ardletes! indhawhe)RsdeRisengn e linasand.alacationiofthe detected
discharge evegrt]atneai"g% %%fggstﬁ"gltggn%iigfgaatluir%sngéﬁqeltg:raggigl% eg ;%gh? eisaeéurve fitting model
500, a noise model 510, a fast-Fourter transform (FFT) model 520, and a statistical
model 530. Each of these models comprises a set of executable code that is used to
analyze the incoming data, e.g. the signal data 400, and execution of the model in the
diagnostic engine 320 produces one or more of the signal features 460 that the
analysis module 450 deternunes for the signal. Each model, and its output signals,

will be discussed in greater detail below.

The curve fitting model 500 is vsed to perform Weibull analysis on the incoming
signal data. This analysis generates 2 pair of maximum likelihood estimates of scaie
and shape parameters that can be used 1o characterize & Weibull distribution for.the
signal data 400. The shape and scale parameters are those pararneters that, when used

with Equation 1, below, produce a model that fits the signal dats received. Such

8.



Figure 6 illustrates schematically the process perfoiiled upon the data passed to the decision module
470. As shown in step 600, the noise frequency determined by the noise model 510 is compared to the
four most significant component frequencies determined by the FFT model 520. If the noise frequency
is not within 10/0 of one of the top four most significant component frequencies (step 605), then the

signal is flagagghagr0isersional (slep: G1Qwand cifput e defectiacision488.(sigp 615). If the
noise frequency is within 1% of one of the four most significant component frequencies (step 605), then

a deteiminatiol et khEREPIEsHy a8 4T %5E falified as a possible discharge for the signals from
both sensors is made. This is based upon two vaiues, the Weibull shape parameter ("b" in equation 1),
and the ratio of #h@xidisé gmplitude to the Weibsliscale parameter (Noise amplitude Over Weibull
Scale, or NOWS). If the Weibull shape is between a pair of predetermined limits or bounds (LI and L2),

and the NOW is batween, a separate palr of predefermigedihounds (13, and4.4),hen the signal from

t]

that sensor is considered to represent a discharge. The bounds are determined experimentally during

the setup of tABE§tdfn SCTBEEBE PHEBIETHIE 435S rePberoTelrEcparisalsféT the data
associated wighreaehdsenaodiig s1ep620d thaneisenamptiuderta deibull-seate Fatiods calculated for
both sensors’ signals. If the Weibull shape is between LI and L2 for both signals, and the NOWS is
between L3 atr%g fgo%rp 6o Gg’éﬁa@“{’%‘fggsé’ﬁ%)‘ﬁtlﬁ\?{e“n%‘fﬁ%“ gf’gtlr%a{}l_ ‘?sf %r“oa\l/rf%%%egl ﬁ}g@éin%s%aered to represent
a discharge e#¥ht. And a location for the discharge is calculated (step 630) as described below. If both
signals do not have values within the predetermined bounds, then the signal is characterized as noise
(step 610). InBiepd30nthd &stimated togationdd-detbaminekt forte dischargeevehti¢epresented by
the signal datg.40Q. JJhis.esimation.s hased.on the ime.of %gﬁh}féknoi*r}@%v&?%}%@slﬁ%% At each of the

sensors 150 and the known distance betweén them. By assuming that the disturbance in the signal
produced by tisgischsie ey eht prpiiiaercsrytatidiait vereiynd Bothaigetiotistalong the
monitored wirgouniildtigigtepiedmpieachsenseena: distanerbomiha:fishsersar imthe direction of the

seconq sensor ggnﬁggg g%lma%t gs 'Iélqlegglgg%lx% %lsaend Jﬁcﬁ?att'égafter tttﬁls dls_tsgcg is shown in Equation 2,
where: d is the distance & ay from Sensor 1 toward sensor 2 th

_ ' [ e defect1s 18 fieda;slfsis the distance
between the sewsorsnviie the propeljation valiciey along the wirelitids thedime offtibesignal maximum
at sensor 1; apdd@&iheding-eithesignabin@xigi iR athsensRbsoy estimate of the signal

data. The main frequency and its amplitude are output as features 460 of the analyzed
signal data 400.

The FFT model 520 is used fo perform & discreie Fourier transform on the signal data
400 to determine the componert frequencies of the signal. The Fourier transform may
be calculated using the signal data and the sampling frequency (one of the DAQ
parameters 420} and feeding them to a Fast-Fourier Transform algorithm, as 1s known
in the art. The ten most significant component frequencies are output as features of

the signal.

The statistical model 530 is a8 group of stafistical routines that extract common
descriptive statistics associated with the data signal 400.  Such parameters are known
in the art and can include the minimum vatue of the signal, the maxiﬁlum value of the
signal, the mean, harmonic mean, geometric mean, root mesn square value of the

signal, the crest factor, the absoluie deviation, the standard deviation, the skew, the



d - - t;) 2 Equation 2 If the calculated value of d is En-eater than or equal to zero (step 635), the signal
is flagged as a discharge event in the defect decision 480, and the location of the event is added to the
defect decision (step 640). If the calculated value ofd is less than 0, then the signal is flagged as noise
(step 610). As discussed above, the bounds Li, L2, 1.3 and L4 are determined through an

experimental preeess Gf rupriRGthessyste 3001 anaenvirormenhivhete. tharresence of defects can
be confirmed indepe d%n#y Duriqgﬁhe ex ?_rimental runs, thz?;gnal features §%e captured for all
events. The bdHt ing GARICETS S Rff?\/\rg“a{%ﬁ Wi BAASE Are ¥R A1t to provide the
appropriate balance between false positives and false negatives.

Through the application of each of the above models to the signal data 400, time

stamp 410 and DACQ parameters 420, the signal features 460 are produced. The signal
features, as described above, are a set of parameters that collectively describe the
signal ﬁfit}mut the need for reproducing the enfirety of the signal. The signal features
may will be used in the decision module 470 as described below, and may also be
stored directly in the storage database 330. In addition to the modeis applied above,
the analysis module may also optionally perform compression of the signal, for
example by using a discrete cosine transform, to store the signal data itself for storage

along with the signal features.

Once the analysis module 450 has calculated {he signal feature 460, the features are
passed to the decision module 470 for determination of the final defect decision 480.
As shown in Figure 6, the defect decision is determined using the signal features 460,
the DAQ parameters 420, and the known distance 430 between the pair of sensors 150
that generated the signal data 400. The clements that make up the defect decision 480
are: a flag indicating whether the signal represents a discharge (indicating a defect in
the wire) or noise on the line; and a location of the detected discharge event and

defect, if the signal 1s not deternuned to be noise.

Figure 6 illustrates schematically the process performed upon the data passed to the
decision module 470. As shown in step 600, the noise frequency determined by the
noise model 510 is compared to the four most significant component frequencies
deterrmined by the FFT moedel 320, If the noise frequency is not within 1% of one of
the top foér most significant compenent frequencies (step 6035), then the signal is

flagged as a noise signai (step 610), and output the defect decision 480 (step 615},

If the noise frequency 13 within 1% of one of the four most significant component
frequencies (step 605}, then & determination as to whether the signal can be gualified
as & possible discharge for the signals fom both sensors is made. This is based upon

. two values, the Weibull shape parameter (*b” in eguation 1}, and the rafio of the noise

10



The various models discussed above may be calculated using a variety of techniques as are Icnown in
the an. in one embodiment, the models may be run using programmed routines on a general purpose

computer. The routines may be programmed directly, or may make use of analysis packages, such as
Matlab. In other embodiments, the appropriate analytic routines may be performed in firmware, or

purpose builthanehaares movaning embogimepts: toimegelsiaayke-runignihasdware located on the
device whose witing i ing.monitgred, .or. on a separate diagnostic device which is capable of
o 2 DROSIO ey D el BRE o 0 LAr R

receiving the 'dat ay, t agnostics engine hbe implemented in a
mixture of hafbivané ahid wdftinare 85Siss apropriatsnoaiarisnsiapplicationsd kveddifion, it will be

appreciated thaf the eammunicationof the dals-betweanibe DAL anddihediaghostics engine 320,

as well as within the diagnostics engine's modules 450, 470, can be carried out in a variety of ways.
For example, "38P4 o8I d B R RSt FERBY RE DA $80 EntF e A sBR WireTe 88§85 e diagnostics
engine 320. Hekdidtinestidsengime320:¢eepdrthén fsemd itsresultsic! systoragewatabase 330 that is
physically connected to the diagnostics engine's hardware. Reporting (discussed below) could be done

wirelessly to dispiaysinenied: sematabdiopthecingarsties engisad20dselfinRefering back to

Figures 3 and 4, the defect decjsion 480, along with sqciated signal features, 460, or a copy of
the signal datség%%’ itgz?f%;ézﬁgggeﬁss%ﬁ? Soqﬁae gt%ergag\é aglagtgfg%re §§ ! glnﬁg’safbdrggéﬁ @?asoiﬁse provides a
location from behickrirforandtibh Eznboghretziaie b abkiterthointin tiesel tés forthisroaslimine the status of

the monitored. \yiing.One \ay:ehusingthe storedhdatads thiouah.a e Pading sustem: 340 that can
provide summary reports of which wires ar xperi%sr%gi g the most discharge events, and are

therefore expBHeheiny R HISELKEHAT Sheriodar [SUth TepBfiiy 1ralbe o diifRg scheduled
maintenance time preiéndorsee ihioks poetionssofith eswhringtateshostdnaieed @feplacement. In addition
to using the reporting system to provide descriptive reports during scheduled maintenance, the
reprrting syslaamt@@éa@lﬁ& eﬁiﬁﬁ%&-mﬁ@@iﬂger&m&h &@@M@ﬁﬁ?@%ﬁéﬁ@@ﬂ@@ﬁ@dhe database in
real-time in order to detect patterns that indicate t resence efects_or wear that may require
urgent attenti% .%yﬁ(%’tg%f%g&t%gk of thé onégtﬁ%nnlsségr%c reaautcf\le‘?fu%:;f/Yi o géfgé’?é ?5?1%%9%%acr¥moqnitored
wire, the repatiting systeinr i tvasaseth foradditcgastnfistasachetmepil dkstor Ficehamios to areas that
require urgenfgitentign.Fospesimantaliesting.efdbe %%@m&&@%é%ﬁﬂ% gescrbed herein have

borne out that such passive manitoring s,yste%?s ce‘lga e used to monitcﬂ' defects in wires carrying
i

signals at var§THIVBIRSGELY TRl JBREGES HeRsLs TIB ST AHEFRdit gt darelitst 2bo Hz, 28 volt
direct currentz&eitdireeticurnentremdht Goit slinect cuhedt=8uchoEdpalsiitiesyeespanially for use with

low voltage systems, a8 madednene elleciye by e RRssiueRare.ofihg, fﬁ&?\iﬂ&%&!@g- Using the

systems and techniques described, wires can be monitored without the need for periodic

disconnecting" BHEF Witk dift HEMEST S EeMPRIGH JONAYE 188G SigHaEHBURTHSE Wites to be tested.
Both of thesetaetivtiasecanieadio additionas we arghthtoin stiatigrwiththathersyiresiiespecially when

the wires the@%%l%%%@r&g%gh%%gﬁh at sensor 1; and b 1s the time of the signal maximum at

sensor 2.

L=v(t,~1,)
2

d= Equation 2

1f the calculated value of ¢ is greater than or equal tc zero (step 633), the signal is
fagged as a discharge event in the defect decision 480, and the location of the event 1s
added to the defect decision {step 640}, If the caleulated value of d 1s less than 0, then
the signal is flagged as noise (step 610}
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In addition to making use of passive monitoring, the systems and techniques described are suitable for
on-board use in real-time, unlike monitoring systems that require disconnection of wires, or the
application of external loads to wiring harnesses. By using such lightweight, relatively inexpensive
sensors, the entire monitoring system can be carried on board a vehicle or other system that requires
monitoring, witha@is:significartly herbpiadaisingithe urpdse Ofathedeehidledinbasdition to being able to

operate In real{ime, hellg Aays,aanneled alows (ihe.eRIRling avsIRKLIa e able to detect and

locate faults b ore other sarety systents, s ch as arc fault circuit breakers, can react. By detecting
such emergirfy JgETT e BPRIRINITE HBE thRsiry; OVETAR EHUISPREMEITY B4 HhcHE%8rved, and the
reliability andrgacingssQhiha sysien ean bedopiaved vinesiagchales assmathas 511
micrometers roduceghsigggl Is th%t werevg&t%%ed and.c{at%%lorlze as defgftg b(}é&he system. The

various embdSdifefits BT hiBItorRg teehngues dRechibed above thus provide A way to provide

real-time detestidrisobegaereing faults in wires and wire harnesses. These techniques and systems
also allow for on-board detection systems suitable for use in mobile platforms, such as helicopters or
aircraft. The various models discussed above may be calculated using a variety of techniques

as are known in the art. In one embodiment, the models may be run using
programmed rouiines on a general purpose computer. The routines may be
programmed directly, or may make use of analysis packages, such as Matlab. In other
embodiments, the appropriate analytic routines may be performed in firmware, or
purpose built hardware. In varying embodirnents, the models may be run on hardware
located on the device whose wiring is being monitored, or on a separate diagnostic
device which is capable of receiving the data from the DAQ 310. In this way, the
diagnostics engine 320 can be implemented in a mixture of hardware and software as

is appropriate to various applications.

In addition, 1t will be appreciated that the communication of the data between the
DAQ 310 and the diagnestics engine 320, as well as within the diagnostics engine’s
modules 450, 470, can be carried out in a variety of ways. For example, data could be
captured by the DAQ 310 and then sent wirelessly to the diagnostics engine 320. The
diagnostics engine 320 éouid then send its results to a storage database 330 that is
physically connected to the diagnostics engine’s hardware. Reporting (discussed
below) could be done wirelessly to displays located remotely from the diagnostics

engine 320 itselfl

Referring back to Figures 3 and 4, the defect decision 480, along with an associated
signal features 460, or a copy of the signal data 400 itself, can be sent to a storage
database 330. The storage database provides a location from which mformation can
be retrieved at a later point in time to further examine the status of the monitored
wiring. Ome way of using the stored data is through a reporting system 340 that can

provide summary reports of which wires are experiencing the most discharge events,

12



Of course, it is to be understood that not necessarily all such objects or advantages described above
may be achieved in accordance with any particular embodiment. Thus, for example, those skilled in
the art will recognize that the systems and techniques described herein may be embodied or carried
out in a manner that achieves or optimizes one advantage or group of advantages as taught herein
without necesséarity dcinévingrotiencigebtsrorsadiaintages asmagbd tapglibonsydgested herein.

Furthermore, g sidlled agusanwillieqognize Meinterchangeabilityof varioys {eayies from different

embodiments. For example, the real-time reporting described with respect to one embodiment can be
adapted for U8BSWRAFESIEPiEM P defect data for later use during scheduled maintenance. Similarly,

the various features described, as well as other known equivalents for each feature, can be mixed and
matched by dneaddiordirtarysidl frethisaiinto tohstriet additionEbsysiemsprts tdehnriques in

accordance with principieskibis gisclpsure. Hlibouah thesystemsihgisindaye Laenp disclosed in the

context of certain preferred embodiments and examples, it will be understood by those skilled in the art

that the inverftf6i ShdRILTARSHRY thE S SEERESIR drecioBe deritso dinislit P8'5tHe iternative
embodimentsrandiorugessafthe’ dyltems and techmigueas:heregamnckotivio iy inedifications and

equivalents thgfeof, Fhus. Lis nigRded fat the sgene e nven‘ion,disclpsad shguld no be limited

by the particular disclosed embodiments déscribed above, but should be determined only by a fair
reading of th aSBRITAS ?ﬁ‘é?ffbﬂﬁiwi,‘e @36 [fy gert personnel such as pilots or mechanics to aress

that requirs urgent attention.

Experimental testing of the systems and techniques described herein have borne out
that such passive monitoring systems can be used to monitor defects in wires carrying
signals at varying voltages. Tested voltages included 115 volt alternating current at
400 Hez, 28 volt direct current, 5 volt direct current, and 1 volt direct current. Such
capabilities, especially for use with low voliage systems, are made more effective by
the passive nature of the monitoring. Using the systems and techniquss described,
wires can be monitored without the need for periodic disconnecting and without the
need to send high voltage testing signals down the wires to be tested. Both of these
activities can lead to additional wear of the meulation within the wires, especially

when the wires themselves are Hghtweight,

In addition to making use of passive monitoring, the systems and techniques
described are suitabie for on-board use in real-time, uniike monitoring systems that
require disconnection of wires, or the application of external loads to wiring
harnesses. By using such lightweight, relatively inexpensive sensors, the entire
monitoring system can be carried on board a velicle or other system that requires

monitoring, without significantly compromising the purpose of the vehicle,

In addition to being able to operate in real-time, being always connected allows for
the monitoring system to be able to detect and locate faults before other safety

systems, such as arc fault circuit breakers, can react. By detecting such emerging
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1. A method for passively monitoring a wire for defects, the method comprising: attaching a first sensor
to a wire at a first location; attaching a second sensor to the wire at a second location; capturing a first
segment of data from the first sensor, a second segment of data from the second sensor, and a time
stamp when a pulse is detected in at least one of the first sensor and the second sensor; calculating a
set of signal fiséteirenadedtiard withibee penseliromitmeiy dtfs egmenpsietats, hé Second segment of

data and the time;giamia LsingaRanalysis;meduieicarmpasing RseHEye-fiting meddel: a noise model, an
FFT model and a statistical model, each of which is used to generate at Jeast gne of the signal

features: detefiifg A et HEEE SR AR diATe L RHETHEY o7 1580 Hra st 4Rt dliise represents a

defect in the timosyitered wire using the signal features associated with the pulse; and storing the defect
decision associated with the pulse and the time stamp in a storage database. 2. A method as in claim

1 further compyising Rstimstingalocatiomalang thedengthdeidnaqvine assagiatediwith the defect.
way to provide real-time detection of emerging faults in wires and wire hamesses.
These techniques and systems also atiow for on-board detection systems suitable for

use in mobile platforms, such as helicopters or atrcraft.

Of course, it is to be understood that not necessarily all such objects or advantages
described above may be achieved in accordance with any particular embodiment.
Thus, for example, those skilied in the art will recognize that the systems and
techniques described herein may be embodied or carried out in a manner that achieves
or optimizes one advaniage or group of advantages as taught herein without
necessarily achieving other objects or advantages as may be taught or suggested

herein,

Furthermore, the skilled artisan will recognize the interchangeability of various
features from different embodiments. For example, the real-time reporting described
with respect to one embodiment can be adapted for use with the storage of defect data
- for later use during scheduied maintenance. Similarly, the various features described,
as well as other known equivalents for each feature, can be mixed and matched by one
of ordinary skill in this art to construct additional systems and techniques in

accordance with principles of this disclosure. -

Although the systems herein have been disclosed. in the context of certain preferred
embodiments and examples, it will be undersiood by those skilled in the art that the
invention exiends beyond the specifically disclosed embodiments to other altemnative -
embodiments and/or uses of the sysiemns and technigues herein and obvious

- modifications and eguivalents thereof Thus, it is intended that the scope of the

invention disclosed should not be Hmited by the particular disciosed embodiments

i4



3. A method as in claim 1 wherein the capturing step is performed using a data acquisition device
configured to receive signals from the first sensor and the second sensor. 4. A method as in claim 1
further comprising generating a report of the defect decisions in the storage database and presenting
the report to a user. 5. A method as in claim 1 further comprising presenting an alert to an operator in
real-time whetesctigfe abslecisionhindicatesthaladefecbis assoctatad witththapuis@a6. A method as in
claim 1 wherejn the curve fitting model is used to calculate a Weibull scale and a Weibull shape for
each of the flrst segment of data and the second segment of data, the noise model is used to calculate
a noise frequency and a noise amplitude for each of the first segment of data and the second segment
of data, the FFT model is used to calculate a plurality of component frequencies found in each of the
first segment of data and the second segment of data, and the statistical model is used to calculate a
time of peak signal for each of the first segment of data and the second segment of data. 7. A method
as in claim 6 wherein the determining step comprises comparing the noise frequency to the most
significant component frequencies of each segment of data, calculating the ratio of the noise
amplitude to the Weibull scale of each segment of data, comparing the ratio to a first set of
predetermined bounds, comparing the Weibull shape to a second set of predetermined bounds, and
calculating a location associated with the detected pulse.
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8. A method as in claim 1 wherein the first sensor and the second sensor are each wrapped around
the wire. 9. A method as in claim 1 wherein the first sensor and the second sensor are each wrapped
around a bundle of wires, the bundle including the wire to be monitored. 10. A method as in claim 1
wherein each of the first sensor and the second sensor comprises a flexible substrate and a
conductiVieABd8:disposed upon the substrate, such that current is induced in the conductive lead by
fluctuations in the current in the wire when the sensor is wrapped around the wire. 11. A passive wire
defect detection system comprising: a pair of sensors, each attached to a wire to be monitored at

differentict Aok A6 REFTHE R BIAR Wird A R atl§URSESH SRREE™nfigured to receive signals

from eaahaohihenpait ahsensarsiand tairedotdt@segment of data from each sensor in response to

detecting &cpines 1l 0RO one 1 SerRaleA Q@%ﬂ%@t%&{‘@ SeBfigiedd figeeive the

segments o0 data from the data acquisition device and to output a defect decision indicating whether
the pulsErsiorraspiondswnd wereettiAftdaviFenvib i heamgnBstis SBNGIHER OHipTideRIse 1s

detected in at least one of the first sensor and the second sensor;

calculating a set of signal features associated with the pulse from the first segment of data, the second
segment of data and the time stamp, using an analysis module comprising a curve fitting model, a
noise model, an FFT model and a statistical model, each of which is used to generate at least one of
the signal features;

determining a defect decision that indicates whether or not the detected pulse represents a defect in the
monitored wire using the signal features associated with the pulse; and

storing the defect decision associated with the pulse and the time stamp in a storage database.

2. A method as in claim 1 further comprising estimating a location along the length of the wire

associated with the defect.

3. A method as in claim 1 wherein the capturing step is performed using a data acquisition device

configured to receive signals from the first sensor and the second sensor.

4. A method as in claim 1 further comprising generating a report of the defect decisions in the storage

database and presenting the report to a user.

5. A method as in claim 1 forther comprising presenting an alert to an operator in real-time when a

defect decision indicates that a defect is associated with the pulse.

6. A method as in claim 1 wherein the curve fitting model is used to calculate a Weibull scale and a
Weibull shape for each of the first segment of data and the second segment of data, the noise model is
used to calculate a noise frequency and a noise amplitude for each of the first segment of data and the
second segment of data, the FFT model is used to calculate a plurality of component frequencies
found in each of the first segment of data and the second segment of data, and the statistical model is
used to calcuiate a time of peak signal for each of the first segment of data and the second segment of

data.

7. A method as in claim 6 wherein the determining step comprises comparing the noise frequency to

the most significant component frequencies of each segment of data, calculating the ratio of the noise
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an analysis module configured to calculate a set of signal features, the analysis module comprising
model, a noise model, an FFT model and a statistics model, each of which generates at least a part of
the set of signal features; and a decision module configured to generate a defect decision. 12. A
system as in claim 11 wherein each of the sensors comprise a flexible substrate and a conductive lead
disposeghyppiorithe shbstelsBushithef carhesrinindataldtn teepuintutiiyealeadoby findtsetiohs in the

current B%ﬁ%‘?eﬂﬁﬁel@"ﬂ%ﬁ@?o%%%ﬂﬂféﬁwml MO R AR B oA SYSIRmaRANLElaS, Jidurther
|

comprismﬁqg stora%? database convy#ured to store the defect decision. 14. A system as in claim 11
further CBIRBHENG LG Yietarttirlinds & 58nerate a report of defect decisions generated by

the diagnostics engine. 15. A system as in claim 14 wherein the reporting system is further

configured, to generale amaler iR ase aben e raiea S Asiarminsd.R:1oe diagnasics.graine.

wire,

9. A method as in claim 1 wherein the first sensor and the second sensor are each wrapped around a

bundle of wires, the bundle including the wire to be monitored.

10. A method as in claim 1 wherein each of the first sensor and the second sensor comprises a flexible
substrate and a conductive lead disposed wpon the substrate, such that cumrent is induced in the

conductive lead by fluctuations in the current in the wire when the sensor is wrapped around the wire.

11. A passive wire defect detection system comprising:
a pair of sensors, each attached to a wire to be monitored at different locations along the length of the
wire;
a data acquisition device configured to receive signals from each of the pair of sensors and to record a
segment of data from each sensor in response to detecting a pulse in the signal from one of the
SENsors;
a diagnostics engine configured to receive the segments of data from the data acquisition device and
to output a defect decision indicating whether the puise corresponds to a defect in the wire, wherein
the diagnostics engine comprises:
an analysis module configured to calculate a set of signal features, the analysis module
comprising model, a noise model, an FFT model and a statistics model, each of which
generates at least a part of the set of signal features; and

a decision module configured to generate a defect decision.

12. A system as in claim 11 wherein each of the sensors comprise a flexible substratc and a
conductive lead disposed upon the substrate such that current is induced in the conductive lead by

fluctuations in the current in the wire when the sensor is wrapped around the wire.

13. A system as in claim 11 further comprising a storage database configured to store the defect

decision.

14. A system as in claim 11 further comprising a reporting system configured to generate a report of

defect decisions generated by the diagnostics engine.
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16. A passive wire defect detection system comprising: a pair of sensors, each attached to a wire to be
monitored at different locations along the length of the wire; a data acquisition device configured to
receive signals from each of the pair of sensors and to record a segment of data from each sensor in
response to detecting a pulse in the signal from one of the sensors; a diagnostics engine configured to
receive the segments of data from the data acquisition device and to output a defect decision

indicating whether, PS5, GaraRponds: t%p%ﬂﬁge%%i&ﬁhg Hig e AiaRRQstics SRgNELoMPrising: an

analysis module which is configured to calculate a the set of signal features associated with each of
the segrhiifibraadeie siterengA Ly s HiASEEERI SRSy a Weibull scale, a Weibull shape, a noise

frequency, a noise amplitude, a plurality of component frequencies, and a time of a peak for each

segment é)_fAdg%gser%c‘gi}/ee éf&?‘ae eg%%iig,%f&@?o gsggé}_figurgd to generate a defect dc_ecision. 17. A
system as in‘claim 16 wherein the decision module IS confé%%red to compare the noise frequency to

the most Bigificerioto AipbAHDAGILANERY bF BxEHYsg M sHioridrsient alone thic!sasid of ife noise
amplitudge the Weibull scale of each segment of data, compare the ratio to a first set of

predetermined bounds, co.mpare%the eibull shape to.a seco}pdf%et of.lpr?determingg bounds, and
r%a‘ uisition device confi to e ewes& na}s from each of the pair of sensors and o record &
calculat® S1BERH0H Bsociated With the detected pllse.
segment of data from each sensor in response to detecting a pulse in the signal from one of the

SEnSOrs;
a diagnostics engine configured to receive the segments of data from the data acquisition device and
to output a defect decision indicating whether the pulse corresponds to a defect in the wire, the
diagnostics engine comprising:
an analysis module which is configured to calculate a the set of signal features associated with
each of the segments of data, the set of signal features comprising a Weibull scale, a Weibull
shape, a noise frequency, a noise amplitude, a plurality of component frequencies, and a time
of a peak for each segment of data received; and a decision module configured to generate a

defect decision.

17. A system as in claim 16 wherein the decision module is configured to compare the noise
frequency to the most significant component frequencies of each segment of data, calculate the ratio
of the noise amplitude to the Weibull scale of each segment of data, compare the ratio to a first set of
predetermined bounds, compare the Weibull shape to a second set of predetermined bounds, and

calculate a location associated with the detected pulse.
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