AUTOVATED ENG NE DATA DI AGNOSTI C ANALYSIS FI ELD OF THE | NVENTI ON [ 00011 The
present invention relates to gas turbine engines and, nore particularly, to
i nproved net hods and apparatus for anal yzi ng engi ne operational data and
potential faults represented therein. BACKGROUND OF THE | NVENTI ON [ 00021 Gas
turbi ne engines routinely undergo an acceptance test procedure before being
delivered to a custoner. This applies to newly manufactured gas turbine
engi nes, as well as repaired or overhaul ed gas turbine engines. Typically
the new, repaired, or overhaul ed gas turbine engine nust pass the

acceptance test procedure before delivery. Generally, the acceptance test
procedure includes a performance calibration that generates data and an
acceptance test data certificate that is a quality record used to ensure
conpliance w th customaUTOMATED ERGINBBATA DDOGNOSTICANYESY JISIr bi ne
production, repair, or overhaul environnent, rapid diagnostic analysis of
engi ne performance anonalies or faults, should they occur, my be required
to meet stringent delivery schedules. In nany cases an experienced engi neer

may not be readily available to %%%ﬁ§6F%FEI§@EN§Kﬁ?Ot cause and provide

gui dance on corrective action. According test cell technicians may be
cal | ed upon i nst ef01]][ 00Uhérebens inventibi retaes brgas fuehire, engihdslard, goreer al 1y wel |
qualified, may no ; t] { d m f aul t
a0l ati on’ and r opliriinpy 8 miria BXRELLE o PLP G S gk B Rl
Accor di ngly, suchdateand petehtial fapltsregresentesthereiy.  perf or m such fault isol ation
and repair efforts in a manner that is inefficient and/or 2 otherw se |ess
than optimal, or nmay choose to wait for the availability of engineering
personnel, which can result in time delays and/or other costs of tine

and/or noney. BACKGROUND OF THE INVENTION

[0002] Gas turbine engines routinely undergo an acceptance test procedure
before being delivered to a customer. This applies to newly manufactured gas
turbine engines, as well as repaired or overhauled gas turbine engines.

Typically the new, repaired, or overhauled gas turbine engine must pass the
acceptance test procedure before delivery. Generally, the acceptance test
procedure includes a performance calibration that generates data and an
acceptance test data certificate that is a quality record used to ensure compliance

with customer specifications.

[0003] In a gas turbine production, repair, or overhaul environment, rapid
diagnostic analysis of engine performance anomalies or faults, should they occur,
may be required to meet stringent delivery schedules. In many cases an
experienced engineer may not be readily available to assess the fault root cause
and provide guidance on corrective action. Accordingly, test cell technicians may

be called upon instead.

[0004]  Test cell technicians, while generally well qualified, may not possess
the expertise or experience to perform fault isolation and repair efforts in an
efficient and optimal manner. Accordingly, such test cell technicians may

perform such fault isolation and repair efforts in a manner that is inefficient and/or



[ 0005] Accordingly, there is a need for an apparatus or nethod for enabling
such cell technicians, and/or others inplenenting an acceptance testing
procedure, to better perform such acceptance testing procedures, and/or to
di agnose conpl ex or ambi guous testing problens, inprove fault isolation
and/or repair processes, and/or to reduce cycle time and/or test cell
occupancy tine. The present invention addresses at |east this need.
Furthernore, other desirable features and characteristics of the present
invention will becone apparent fromthe subsequent detailed description of
the invention and the appended clains, taken in conjunction with the
acconpanyi ng drawi ngs and this background™of the invention. SUWARY OF THE
| NVENTI ON [ 0006] The present invention provides a nethod for diagnosing
potential faultsothaivise tesettlan aptimplesrabay chavke td atam fdr die agailabilifyiofie engi ne. 1 n one

enbodi nent, and by. f .ex e onl h 0 ' he steps of
generating a di aeg%(])n\s,é?rlyng%ﬁrgﬁnglpﬁhl?h o?antr%félt ﬁolpt)lere gﬁ %%%g?/&&rﬁ% Eiéogﬁgftﬁ:%errpari ng the
di agnosti c patterandopoheya plurality of historical patterns, to thereby

identify one or nore likely potential faults reflected in the operational

data. The di agnosjgogs)pat AQbRingQMMRErk F%Seed¥olkdnUppatdnis%r Abth&FR} @hslingEach scal ar
represents an arithnmetic relationship between values of the operational

data and val ues pPHFEktednisipos, andi athers unplamenting ) Acerptance (EaigIPTaceildfe.  epr esent s
the average engi ng HedriporfdMRE®. acdep@ite fdstilgPrdcedires Ratl/bEio @iagSose toniplerd t 0 one or

nmore specific faults. .[0007]. The Inventio . sp .proyj des.a program product
for di agnosi ng pof’reambl'%f’““? 14 Rredlems PEEQV@gauﬁr‘fo@B‘g‘ran}%rﬁ%"p&ng“ﬁ or a turbine
engi ne. I n one enhmgitrmereduce eyetd tidne aby/omesy cetifoc@pairp time. OTHe\presént mvgitiog r am

product - conpr i ses, & RLOGHAM v At 2ruhGIRKL SherlieAdAPLE. 5L gA! bearing media
beari ng the program fhe programis confl’gure 0 generate a diagnostic

pattern for the operatiignadf titkaraent mvention wjbreeomet dpparetit figm dstsilsequeattt ern with a
plurality of histgrligabesB@ibfbfte infetidd 1ok BRYpdelRALials, Q08 in
conjunction with the accompanying drawings and this background of the

invention.

SUMMARY OF THE INVENTION

[0006]  The present invention provides a method for diagnosing potential
faults reflected in operational data for a turbine engine. In one embodiment, and
by way of example only, the method comprises the steps of generating a
diagnostic pattern for the operational data and comparing the diagnostic pattern
with a plurality of historical patterns, to thereby identify one or more likely
potential faults reflected in the operational data. The diagnostic pattern comprises
a plurality of scalars. Each scalar represents an arithmetic relationship between
values of the operational data and values predicted by a baseline thermodynamic
model that represents the average engine performance. Each historical pattern is

linked to one or more specific faults.

[0007] The invention also provides a program product for diagnosing potential

faults reflected in operational data for a turbine engine. In one embodiment, and



or nore likely potential faults reflected in the operational data. The

di agnostic pattern conprises a plurality of scalars. Each scal ar represents
an arithnetic relationship between values of the operational data and

val ues predicted by a baseline thernodynam c nodel. Each historical pattern
is linked to one or nore specific faults. 100081 I n another enbodinent, and
by way of exanple only, the program product conprises a program and a
conput er -readabl e signal bearing nmedia bearing the program The programis
configured to generate a matrix of operating paranmeter perturbations to
simulate a plurality of engine faults, rup the matrix through the baseline
t hernrodynam ¢ nodel, to thereby generate a historical pattern for each
fault, generate a diagnostic pattern for the operational data, conpare the
di agnosti c patt er hy wey ¢f esampllandy, the progfamiprasiug comprisesperegtammand 2 o t her eby
identify multiple a t on the
conpari son of th(‘-:}(L cﬁﬁgegyneggétgle?&%g?’%ﬁn H'JeEh? Qﬂﬁ FrE)%rgr‘Fl ?{l/eﬂé‘%b gstOI’l cal
patterns, assign pembered tojgeneratapdiggnastic Dat@@(,fﬁ tbﬁOpplh@oqaut@m Milcel@ipqﬂ? kel y

pot ent i al faults R ABEndRfic JaRER With B ﬂf’ah%yo@ﬂlstt)péil paftEHID & thet 4y 15@35@’%99 the
di agnostic pattern and the plurality historical patterns, éach

probabi | ity val ue°FBese bikedypqtengal daylss E?ﬂ%ﬂ!ﬂdllfi' ﬂlyonerﬁapnaﬂ%a Shgdisgnostics a

particular fault a@moﬁsﬁ@ @%lﬁrali@%fschl&%tEééﬁfsdaﬁﬂl%plfe%tsfah'ﬁﬁtﬁhﬂéncd' agnosi s of
t he rrultlplellke%{%l potential fault based | east in part on the
(§)

assi gned pr obabi | FafioRshippeaveenryglues ofithe aeratiqnal dﬁ*éta’f‘de‘faf’}‘e%b‘ﬁ‘}j?tf%@sa a plurality
of scalars. Each ssalindfthefrRqlyR5:20In6ded EaciRibtbrivaBfattém is@inRdd 10 Bisetr roket ween

val ues of the operatl 0 hsdata and val ues predicted by the baseline

t her nodynani ¢ nod&°* ‘Eg“é‘ historical pattern is linked to one or nore
specific faults, and represents a deviation fromthe baseline thernodynam c
model resulting fiG9A8]t helnfapether embaglinhent, pikddlyywap of exampla onlf.dhd frogiens a di f f er ent
historical patt ehﬁducflconﬁ’pﬁkéﬁ g%§%ﬁ}:C%J%&E-Jah'ﬁol%mﬁﬁﬁg[n%%] FIG T is a

fl omchart depictihg an exe
bearing the program T e program is configured to generate a matrix of operating

parameter perturbations to simulate a plurality of engine faults, run the matrix
through the baseline thermodynamic model, to thereby generate a historical
pattern for each fault, generate a diagnostic pattern for the operational data,
compare the diagnostic pattern with a plurality of historical pattems, to thereby
identify multiple likely potential faults based at least in part on the comparison of
the diagnostic pattern with the plurality of historical patterns, assign probability
values to each of the identified likely potential faults based at least in part on the
comparison between the diagnostic pattern and the plurality of historical patterns,
each probability value representing a probability that the engine has a particular
fault, and generate user instructions for further diagnosis of the multiple likely
potential faults, based at least in part on the assigned probability values. The
diagnostic pattern comprises a plurality of scalars. Each scalar represents an
arithmetic relationship between values of the operational data and values predicted
by the baseline thermodynamic model. Each historical pattern is linked to one or
more specific faults, and represents a deviation from the baseline thermodynamic
model resulting from the fault. Each likely potential fault has a different historical

pattern.



di agnostic process for diagnosing potential faults reflected in operational
data for a turbine engine undergoing testing; 100101 FIG 2 is a functional
bl ock di agram depi cting an exenplary enbodi nrent of an aut omated engi ne

di agnostic programthat can be used to inplenent the diagnostic process of
FIG 1; [0011J FIG 3 is a functional block diagram depicting an exenpl ary
enbodi nent of a conputer systemthat can be used in inplenenting the

aut omat ed engi ne operating programof FIG 2, and in inplenenting the

di agnostic process of FIG 1, [0012] FIG 4 is a flowhart depicting an
exenpl ary enbodi nrent of a second diagnos&ic process for diagnosing
potential faults reflected in operational data for a turbine engine

under goi ng testing; 100131 FIGs. 5A-5C are flowcharts depicting an exenpl ary
enbodi mrent of a fault classification process for classifying various

potential faults that an engj E{) i FIG 1, may be
experienci ng, which can be %ﬁﬁj]i)ﬁ?aﬁ I?)Z\%élhnﬁ{ﬁgﬁf\&é}[gﬂt‘iagnosti c process of
FIG 1 and the second dié:)eg%no_sti c process of FIG 2; [00141 FIG 6 is a
fl owchart depi cti980%n nipib & flgwebath depictiegan es¢mplary gmpagimant of@ assi fi cati on

process for corrpuaisgagstfegmcésg?d;lQQ@QBgs&enhwuu@feﬂmiin@perﬁu&mdﬁ@fo} he engine
of FIG 1, does not have any particular faults, that can be used in tandem

with the fault clH¥eineiepsing WHerpoipEie¥iasof FI Gs. 5A-5C and in inpl enenting the
di agnostic process of FIG 1 and the second di agnostic process of FIG 2; 5
100151 FI Gs. 7A-7pornje fHIGVXiba finstiodd plock dingtara depictiegnl exenipleybodi ment of a

fault severity cl asslfleald o0 BEOGESR BlonSRL SHLALINO LA S8YeT I Ly of
various faults that nay be present tn arr enging, such as tne engine of FIG

1, that can be usisglament theahappontinpiobess ofFiG.dul t cl assificati on process of
FI Gs. 5A-5C and in inplenenting the diagnostic process of FIG 1 and the

second di agnost i Cropi19CeI3G 0¥ is khiffetioRal block diagram depicting an exemplary
embodiment of a computer system that can be used in implementing the
automated engine operating program of FIG. 2, and in implementing the

diagnostic process of FIG. 1,

[0012]  FIG. 4 is a flowchart depicting an exemplary embodiment of a second
diagnostic process for diagnosing potential faults reflected in operational data for

a turbine engine undergoing testing;

[0013] FIGs. 5A-5C are flowcharts depicting an exemplary embodiment of a
fault classification process for classifying various potential faults that an engine,
such as the engine of FIG. 1, may be experiencing, which can be used in

implementing the diagnostic process of FIG. 1 and the second diagnostic process

of FIG. 2;

[0014)  FIG. 6 is a flowchart depicting an exemplary embodiment of a no fault
classification process for computing confidence values that an engine, such as the
engine of FIG. 1, does not have any particular faults, that can be used in tandem
with the fault classification process of FIGs. 5A-5C and in implementing the

diagnostic process of FIG. 1 and the second diagnostic process of FIG. 2;



100161 FIG 8 depicts a main screen that can be displayed by a user
interface, for exanple in the diagnostic process of FIG 1; 100171 FIG 9
depicts an exenplary enbodi nrent of a perfornmance margins w ndow that can be
di spl ayed by a user interface, for exanple in the diagnostic process of
FIG 1; 100181 FIG 10 depicts an exenplary enbodi mrent of a di agnostic page
that can be displayed by a user interface, for exanple in the diagnostic
process of FIG 1; 100191 FIG 11 depicts an exenplary enbodi nent of a
graphical display of |library diagnostic scalar fault patterns that can be
di spl ayed by a user interface, for exanple in the diagnostic process of
FIG 1; and 100201 FIG 12 depicts an exenplary enbodi nent of a mai ntenance
wi ndow that can be displayed by a user interface, for exanple in the

di agnosti c procesfond] HiIGs. 7A-70Bare B)Eil'ohh:tslﬂaax&ﬁgmﬂe}ﬁbmy eﬁEodlmElREFﬁERRED

EMBODI MENT [00211 fore pro scrl bon, it isto
be appreciated Bffsi ﬁmygléissfg‘r% %’ng%é%} caﬁ "Fafm qY afloué o use in
conjunction wt h that ipyrtieipeesdnain ahylpgmeoa‘ucltajrﬂmengnmfg’ll@el thatrcan be usert dbi ne engi nes
in general. Thus, i ence of
expl anati on, dep| C@%Wﬂgﬁ%gglggfsgffgﬁ%ﬂém eggl)ﬁ(gﬁﬂ%err%& gtr:nsaa?ld %%?lgﬂ%gﬁ ection with
a turbine engine, thediagidstic fyeceesnb FKE il andetbie seednd diagnosticepmodsss of il @nent ed i n
connection with various other devices, systens, and/or environnents. [0022]
FIG | depicts anqurrpllaaysaam&dimrea{thacai&gﬁ@ﬁpéd%ypru@@aﬁafawo for

di agnosi ng potent i al .t%ﬁr eflected in gl;&e ational data 106 for a turbine
engi ne 102 undergff’l’ﬁ’(fmtpg3 g glaenRsic s eEHG If FI G 1, the diagnostic process
100 begins with step 104, in which the operational data 106 is generated.
The turbine engi (081702 Fiay9 depictsrad exegpiancenbedimertgf dparfaoemcd markias been

recently manufact W'fn%gw that can be displayed by a user interface, for example in the diagnostic
process of FIG. 1;

[0018] FIG. 10 depicts an exemplary embodiment of a diagnostic page that
can be displayed by a user interface, for example in the diagnostic process of FIG.
1;

[0019] FIG. 11 depicts an exemplary embodiment of a graphical display of
library diagnostic scalar fault patterns that can be displayed by a user interface, for

example in the diagnostic process of FIG. 1; and

[(0020] FIG. 12 depicts an exemplary embodiment of a maintenance window
that can be displayed by a user interface, for example in the diagnostic process of
FIG. 1.



repaired, or overhauled, or for any one of a nunber of other reasons. The
operational data 106 preferably includes neasurenents of nultiple paraneters
and/ or variables reflecting engi ne operational conditions, and/or various

ot her paranmeters and/or variables pertaining to the engine 102 and/or the
operation thereof. By way of exanple only, the operational data 106 may

i nclude val ues for neasured gas generator rotational speed, neasured gas
tenperature, neasured engine output torque, neasured output shaft
rotational speed, neasured rotor speed, neasured conpressor discharge
pressure, neasured conpressor discharge enperature, neasured inlet
tenperature, neasured inlet pressure, neasured exhaust pressure, and/or
vari ous other variables and/or paraneters. 100231 Meanwhile, in step 108, a
basel i ne nodel 110 ( proE™BRD PESCREPIEON OB A HREFERRED EMBADIMINT ) i S gener at ed
fromhistorical data 112. The baseline nodel 110 preferably reflects
expected or ideal r at faults or
wear. The histori éﬁPﬂdat%&%ﬁBpre?%?g%?é%al? %CS{} '?’g&‘%\ﬂgtbg%t'“%\%rage

measur ed val ues ofhavhweeﬂ@ed/qnhodmeetssmﬁmmdt@asearn@mﬂ@wnmtbﬁer ably 7

simlar to those %ﬁ@éu@ﬁ%?t’:gﬂuﬂb&egmeoﬁ%%ing@ﬁg1ne§|ﬁ1tg%nél'g6Thl.l—s‘0Mﬁ¥|fgﬁ’ the

hi storical data erably represents average neasured val ues of such
vari abl es and/ or tqsafea%fr@troémw@ﬁ, fqrwenvsrﬁ@wa@ﬁeesﬂatefwrad%ﬁ*@ean%%ﬁme of
engines, for exanp®id nmge[haﬁa% cdnh&8én With a\fr@rmnekxfg%eulswn&ea p%cnatédar type of
engi ne. The histori cafg data 112 and the, baseline nodel 8 t hus be
used as basel i ne HeLHEtH&E ImplGoeRted iy C@PPe‘Etb’“(‘f"cthﬁ%ﬂoéS Ot??ﬁée‘tiifévrsﬁt‘?%n of the

engi ne 102 engi ne hpdrkevidopnéed, as represented in the operational data 106
t hereof. 100241 Next, in step 113, engi ne conponent scalars 114 are
generated for the gi 1 nal data
106 and the basel r?Zﬂm)gﬁF’ P%fﬁ% gxe%n%?ah' ?‘H’ga%gﬁ%fg&nén%&c%% S%}(ﬁ represents
a mat hemat i cal r efadiagnesing potermeltfvw!terf:ﬂvci«tduespemftlomahéata)b)érfatmrurhab data 106 and
val ues predicted Bide6 Qrﬁi%n%brihgﬁsti Abeptorch th F102, o lpfitAbprbeckRRpeSeNt S Lhe

aver age engl ne per OI’ mance
begins with step 104, in whic the operational data 106 is generated. The turbine

engine 102 may be undergoing testing because it has been recently manufactured,
repaired, or overhauled, or for any one of a number of other reasons. The
operational data 106 preferably includes measurements of multiple parameters
and/or variables reflecting engine operational conditions, and/or various other
parameters and/or variables pertaining to the engine 102 and/or the operation
thereof. By way of example only, the operational data 106 may include values for
measured gas generator rotational speed, measured gas temperature, measured
engine output torque, measured output shaft rotational speed, measured rotor
speed, measured compressor discharge pressure, measured compressor discharge
temperature, measured inlet temperature, measured inlet pressure, measured

exhaust pressure, and/or various other variables and/or parameters.

{0023] Meanwhile, in step 108, a baseline model 110 (preferably a baseline
thermodynamic model) is generated from historical data 112. The baseline model
110 preferably reflects expected or ideal operating conditions for an engine
without any faults or wear. The historical data 112 preferably reflects typical or

average measured values of various variables and/or parameters, preferably



conponent scal ars 114 adjust conponent efficiency, conponent flow capacity,
and conponent pressure rise to match the operational data. Each conponent is
scaled in such a way as to capture the true physics of the engi ne operation
due to the deviation of any hardware. The net hodol ogy used to scale the
conmponents allows for the creation of unique signatures. Step 113
preferably includes normalization of the operational data 106 to facilitate
conparison with the baseline nodel 110 and generation of the engine
conponent scal ars 114; however, this may vary in different enbodi nents.

O her diagnostic scalars may al so be usegd. 100251 The engi ne conponent
scalars 114 used in the diagnostic process 100, and the diagnostic scalars
used in the various processes described herein, can greatly inprove the
accuracy of thesesipilatethsesepraaded iheéhe dpagiond tate 1660 Gloseves,akk Higtoricalonnect i on

therew th, for exgplg because, diagnostl ceaoal alifs soNLA BaRerbifent
i nformati on on conmponént 1 nteraction amd physics based on how t he scal ars
are derived. Prepmuadiryovet the operagpmef adypgpombertof sugitleafer exdmplaind/lasge ot her

di agnosti ¢ scal ahg g RndRL NG dMaHSHIE oA fioRAPEE 118l nand scali ng

each conponent in that nodel “unti ‘ ated paraneter matches
t he measured par absseline mogel 11wl thysdf bsed exbasehiboaiéamres, With Whiclhieycoinpase based

model  mai ntai ns Cﬁl@fobémiohxfﬂgfdgﬁﬁozengitagﬁé%ge_d%qep%%&mgri ng this

scal ing process, and prefera condu tiple'iterations using a
Newt on- Raphson meepfafionabdaze] 96 thargof.i ze t he di agnostic component scalars to
mat ch data. [00261 The Newt on- Raphson nethod is a known nethod that can be
used to solve pajooR4l didxt er @eptlildenginfiinpeieat stalare NG afegehdimedoyaan c

dels. As din .t . t. ' th - h t hod b
e vet 5 e, B lFe RS P i M M B R R par
exanpl e, the Newt o). Raghmeine camlohantscalad Idsepeesamts acmtipoiatiaat relatorslép scal ed such
Ll Lre ! her oY AL a8 f e 3hehehoRR i Toiha VRIS BBkl HEARULEC t oSt

paraneter while satis
model 110 that preferably represents the average engine performance. The engine

component scalars 114 adjust component efficiency, component flow capacity,
and component pressure rise to match the operational data. Each component is
scaled in such a way as to capture the true physics of the engine operation due to
the deviation of any hardware. The methodology used to scale the components
allows for the creation of unique signatures. Step 113 preferably includes
normalization of the operational data 106 to facilitate comparison with the
baseline model 110 and generation of the engine component scalars 114; however,
this may vary in different embodiments. Other diagnostic scalars may also be

used.

[0025)  The engine component scalars 114 used in the diagnostic process 100,
and the diagnostic scalars used in the various processes described herein, can
greatly improve the accuracy of these processes, and the diagnostic tools used in
connection therewith, for example because diagnostic scalars contain pertinent
information on component interaction and physics based on how the scalars are
derived. Preferably, the engine component scalars 114 and/or other diagnostic
scalars are derived by using a physics based model and scaling each component in

that model until the model calculated parameter matches the measured parameter.



continuity of mass, nmonmentum and energy. These scalars are added to the
matrix that Newton- Raphson sol ves. 100271 For the engi ne conponent scal ars
114 (and/or other diagnostic scalars wused in the various processes
descri bed herein), appropriate scalars for each conponent are chosen, and
their relationship to each other is specified such that the appropriate
physi cs are nodel ed. These scal ars adj ust conponent efficiency, conponent
fl ow capacity, and conponent pressure rise to match the operational data.
Each conponent is scaled in such a way as to capture the true physics of the
engi ne operation due to the deviation of gny hardware. The nethodol ogy used
to scale the conponents allows for the creation of unique signhatures. An
exanple is conpressor scaling to nmatch nmeasured conpressor discharge
tenperature, conprasdareddinbodimengahdphessbased madd mamaims cadinuityloftmasj rfl ow. I n
this exanple, conpressor efficiency at gconstant pressure ri based on a
corrponen'[rpmap is TSREER aflgenﬁrag?’gﬁmf ﬂélssr'rcéénsgt?rroéﬁss’taélﬁ) réefeaa[%{yrcgndru?tge across the
conpressor, the nodibple iteratigns essma Nevtén-Ripbsvo ynetiod odwlptutitize thoodidgnéstised on a
conmponent nap is ggal ed. Q. NBhLG dde measured pressure rise across the
conpressor. The co ressor Tlow scalar is then adjusted to ensure that the
conpressor is scaled along the tested conpressor operating line which is

|

set by the testedl®28 geHieNsiion-Raphsgn mathoddis ¢ jnowy method thytean Beped ot or £ 1 ow
capacity is then saalpafial QfralieitqhdiSns 1B apite @mddyfdnnodRi RGuiedi® the engine
whi | e accounting for all. secondary co IlnglflqéF. Thi s exanRIe sgoms t he
interacti on of eallsPESHHBYRHED. the NsatoprRaplian pefhod cap be copdycivg fo thelss pb ¢ 4t ed
that this wll vatdiygrgRicompinditetafard 10 nfdich das ek empRpheNewtanHaphsinng

di fferent engine co nt s araneters, d/ or alars.. [ 00281 Preferably,

ot | east sons of PRECEAGH Eich BRGNS 2 sl MR ielSe BTSN i ¢ 1 pl § cati ve

rel ati onshi ps bet vaaintedphramsterahattheethomessartd Lstahradettravhilo Gatisiying val ues

predi cted by the bhasel.i del 110 at J.east  sone t he i ne

conponent scal ar sgofi "lé'ggrrngsls%’enrll meé‘é‘&?’ ?rfad\r}gergyélllgfsl%géaé i aﬁ%a(@%?t\ﬁ\’gheer??a\t/a ues of the
that Newton-Raphson solves.

[0027] For the engine component scalars 114 (and/or other diagnostic scalars
used in the various processes described herein), appropriate scalars for each
component are chosen, and their relationship to each other is specified such that
the appropriate physics are modeled. These scalars adjust component efficiency,
component flow capacity, and component pressure rise to match the operational
data. Each component is scaled in such a way as to capture the true physics of the
engine operation due to the deviation of any hardware. The methodology used to
scale the components allows for the creation of unique signatures. An example is
compressor scaling to match measured compressor discharge temperature,
compressor discharge pressure, and measured inlet airflow. In this example,
compressor efficiency at constant pressure rise based on a component map is
scaled to match the measured temperature rise across the compressor, the model
compressor efficiency at constant work based on a component map is scaled to
match the measured pressure rise across the compressor. The compressor flow
scalar is then adjusted to ensure that the compressor is scaled along the tested

compressor operating line which is set by the tested gas generator flow capacity.



operational data 106 and val ues predicted by the baseline nodel 110.

However, this may vary in certain enbodinents. Al so, preferably at |east
sonme of the engine conponent scalars 114 represent a rel ationship between a
first operational value fromthe operational data 106 and an expected val ue
of the first operational value, in which the expected value of the first
operational value is based on a second operational value fromthe
operational data 106 and a known rel ationship between the first and second
operational values, based at least in part on one or nore |laws of physics.
However, this may also vary in certain enpodiments. As wll be discussed
further bel ow, regardless of their exact nunber and makeup, the engine
conponent scalars 114 will be used to help identify potential faults in the
engi ne 102 bei ng Tiesdaggknerd©O2OM capiesity js then sefed|to thdteh theameasaghaistonc pattern 118
is generated from,ft I . . | agnostic pattern
118 represents angégﬁggﬂgéﬂgﬁ%fdng.%ﬁﬁPéﬁﬁﬁggéﬁg%%§”¥§gﬂgg$ﬁgﬂﬁested, based
on t he oper at i onafxamhpleghorGahe intpraetfop pbdarlycompprentip mgich theidata.plimilbhen 118

i ncludes at | east 3 in GFRek ] Wi ||l be used in
hel ping to identi?@ﬁ%g%gg?ﬁggk?gﬁ%fgyﬁﬁﬁﬁﬂémengfﬁéémT%g&%@?%5%1ested, as
descri bed i n greatifferestenging compenenisrpatgaeigny anfl/oogTIrs.Meanwhi | e, in step 122, a
matri x 124 of operating paranmeters is generated for various potential

feng: ne faul E) S 12|0[ooﬁgr l@fét_ﬁi’ﬁlbl?,,a(tjfeﬁkl;d@%ﬂheﬁlgiﬁ coffipbnp SQfarONky, various

aults may be selectively . .introdyced . into certain_engines i t esting
center in order tf?pﬁﬁeflélpﬁflﬂga?vﬁééfﬁ’ﬁﬁhipﬁ Sf“&?‘“??ﬁéﬁ*&gi’%‘°5"é5%{ﬁ@6ers f or

such vari ous f aul &ml valtkespeedidteddly ttiedaetine dael 108 anbitdeastsemodf thkadnginé r om pri or
experinments, nunerical sjmulations in i ch_vari.o er at | araneters are
pertubated, liter ‘é%"gro Iéen?éncgftgﬁgu rl(%%r??f?tagnld‘/eor?latfor%%hﬁqs\tﬁ’gtr‘vi%gnuvsa G ‘Efgl%éosour ces, may
al so be wused in opsrationahdanifiodndreaiites predieerbrydhedmseliod mbdeivl kOh &ometer,i x 124 is
generated, the ”Hﬁsrdméev%%‘%n Settai GBBOdi&léﬁt%‘i‘sB,\Fk%@rablgh&peaE bRk gfnd he baseline

nmodel 110, so as to ctively introduce various faults into the baseline
nodel 110 i n a coenginglcomppnent scalars 114 represent a relationship between a first operational

value from the operational data 106 and an expected value of the first operational
value, in which the expected value of the first operational value is based on a
second operational value from the operational data 106 and a known relationship
between the first and second operational values, based at least in part on one or
more laws of physics. However, this may also vary in certain embodiments. As
will be discussed further below, regardless of their exact number and makeup, the
engine component scalars 114 will be used to help identify potential faults in the

engine 102 being tested.

[0029] Next, in step 116, a diagnostic pattern 118 is generated from the engine
component scalars 114. The diagnostic pattern 118 represents a signature
belonging to the engine 102 being tested, based on the operational data 106.
Preferably, the diagnostic pattern 118 includes at least several engine component
scalars 114 that will be used in helping to identify potential faults in the engine
102 being tested, as described in greater detail further below.

[0030] Meanwhile, in step 122, a matrix 124 of operating parameters is

generated for various potential engine faults 120. For example, for testing



environnment for testing purposes. [00311 Next, in step 128, historical
scalars 130 are generated, based on the changes to the baseline nodel 110
after the introduction of the matrix 124 in step 126. Each histori cal

scal ar 130 represents an arithnmetic relationship between values of the

hi storical data 112 and the baseline nodel 110. Preferably, at |east sone
of the historical scalars 130 represent multiplicative relationships between
val ues of the historical data 112 and the baseline nodel 110, and at | east
some of the historical scalars 130 represent additive relationships between
values of the historical data 112 and vglues predicted by the baseline
nodel 110. However, this may vary in certain enbodi nents. [00321 Next, in
step 132, various historical patterns 134 are generated from the historical
scal ars 130. Pr efpurpis¢syoplycwcibustfaudts ony bedelegiavely éntroduc8d)iniosceftaim kregthes @ one

speci fic engi ne f?t‘é{g&g an?e"rmb Pe?goﬁé{’e%né%ﬁ?mhtﬂ h?x@d%igefré’dngg ?xﬂﬁer&’formre I kely

potential faults t ected 1n the ope 106
pertaining to thesuehyfriaes fall(SZOEilell tn@nnwtfetbxa@pieesefof@aa frgm précach hi st ori cal

pattern 134 pref eéx%&hﬁ(enls”xﬁx'n{éﬁﬁaz sni%hlahén@ﬁﬁ&hnéh%ﬁ&@'opé?étééQ&h&&érs geal ars 130,

t he conbi nation of which can 't nked to one or potential engine
faults. 1t will beertabandelitpraueedn the feld\angd/prdtps werioysipthesoatses, myalsoltg? 3| ong

with various ot heﬁse&ﬁx%&%lrpémﬁobﬁleﬁltkaﬂ&@ﬁkbs%f%v@fh@%tr&qgél IS@@déraIEE@ tmeonduct ed
simul taneously or in either order. For ex t he basel’i ne nmodel 110, the

matrix 124, the hn&Epi34isthen dtep 126, I'Qt)‘maﬁ’gﬁ%tfasetl‘ﬁémﬁ‘?%ﬂ{f’rf%ép patterns 134

may be gener at ed SeleBhllelyamasatice! viirioks Flits id0fibaseliy maket A0 it H@nesigi ne conponent
11 scalars 114 and/or the diagnostic pattern 118, and/or various ot her

steps may occur TNTRMERLPLEINGPURYSE: egardl ess of the order depicted in
FIG 1 or described herein. [00331 Next, in step 136, the diagnostic
pattern 118 is coip3ll ed Next in stepd 28, hisotical scslats 1pGare genested dsed botheher eby

generate a conpariy t%??ﬁe badellf ISQJEPﬁfo a\i}ﬁ Lﬂtﬁﬁu&‘%{ ohﬂfﬁlh{ﬂ?izﬂ){ sty Of
exanple only, a |1st % Fank I stor
126. Each historical scalar 130 represents an arithmetic relationship between

values of the historical data 112 and the baseline model 110. Preferably, at least
some of the historical scalars 130 represent multiplicative relationships between
values of the historical data 112 and the baseline model 110, and at least some of
the historical scalars 130 represent additive relationships between values of the
historical data 112 and values predicted by the baseline model 110. However, this

may vary in certain embodiments.

[0032) Next, in step 132, various historical patterns 134 are generated from
the historical scalars 130. Preferably, each historical pattern 134 is linked to one
specific engine fault, for subsequent use in identifying one or more likely potential
faults that may be reflected in the operational data 106 pertaining to the engine
102 being tested. Specifically, each historical pattern 134 preferably includes at
least several historical scalars 130, the combination of which can be linked to one
or more potential engine faults. It will be appreciated that various of the steps
104-132, along with various other steps of the diagnostic process 100, may be
conducted simultaneously or in either order. For example, the baseline model

110, the matrix 124, the historical scalars 130, and/or the historical patterns 134

may be generated simultaneously with, before, or after the engine component



patterns 134 are closest to the diagnostic pattern 118, neasures of
difference between the diagnostic pattern 118 and the various historical
patterns 134, and/or various other neasures of conparison therebetween. The
conparison 138 is then wutilized, in step 140, to identify the nost likely
potential faults 142 for the engine 102 being tested. In a preferred

enbodi nent the three nost |likely potential faults 142 are identified in
step 140. However, this may vary. [00341 The |likely potential faults 142 are
then assigned, in step 144, probability values 146, each probability val ue
representing a likelihood that a particqhar likely potential fault 142 is
present in the engine 102 being tested. | addition, in step 148, the
likely potential faults 142 are assigned expected severity |evels 150,
representing the dcalkiell y4 maroethe tignobticpartdin 1 liskatvr poib@rottienstedsatakyt 142 if  such

i kely potential faul.t 142 is present in th ngi ne bei ng. tested. The
probability vaIué§mf¢%m§ﬁﬁme§R€§6$@?§8ﬂ§%W§?§f a&%@éﬁélfgﬁxgwg?preferably
generated at | easherdim part based on the conparison 138 generated in step

136. The probability values 146 and the expected severity |evels 150 can

then be used by ajgeispChekd, Hliep'138 RAaght SR paletn R ORaRl Hick feur t her
i nvestigate and/or address the Iikely potential faults 142. 100351

Speci fical |y, uselistprirgknatieras BAsto by geacraty a porppsrieond e dThegompasisen1 52 and  are

provided to the U@%rmaiy'ihcﬁfd@ﬁymﬁoféiaﬁlﬁ]@orflﬁﬁm&%oﬁraﬁl{i whith hid®BEal | Nt er f ace
(GU) 158. Preferably, the user instructions 154 and the GUJ 158 provide

the user with deR3iPneip4iarsranseshioitbrlizeaestic Patte 1 arcasuseg ALMFrencpat t ern 118,

the |ikely potentbeleed the dfagntsticSpatkén 118dnd the Rarions Bikadtal pattdrny/ BULR8/0d 46 and t he
expected severity levels 150 thereof. 100361 EXx | es of iig& us displ ay

0
screens that rmay WEOWiCHST BEASHeIRS cppRarizqn therepety s, Thy, compaiigp odi nent are
depicted in Fl Gs. utBhizdRin stop @40, td idanltiFpthe fdsQikel poethtsad FanlysS14a foraherengiad een 160,
fromwhich a user n_select. a result ut ile, which tal ns
di agnostic result ls(ﬁ %ﬁlag ge tﬁ&é (g R’feger" ﬁ%?nl%é’ ﬁl,met?tgﬁert&:ﬁe t %Pwég)é?oée,n%@ir}aeu\?tvs
142 are identified in step 140. However, this may vary.

[0034] The likely potential faults 142 are then assigned, in step 144,
probability values 146, each probability value representing a likelihood that a
particular likely potential fault 142 is present in the engine 102 being tested. In
addition, in step 148, the likely potential faults 142 are assigned expected severity
levels 150, representing the likely severity of each likely potential fault 142 if
such likely potential fault 142 is present in the engine 102 being tested. The
probability values 146 and the expected severity levels 150 are preferably
generated at least in part based on the comparison 138 generated in step 136. The
probability values 146 and the expected severity levels 150 can then be used by a
technician or other user to appropriately further investigate and/or address the

likely potential faults 142.

[0035] Specifically, user instructions 154 are then generated in step 152, and
are provided to the user in step 156 in the form of a graphical user interface (GUI)
158. Preferably, the user instructions 154 and the GUI 158 provide the user with
detailed information regarding the diagnostic pattern 118, the likely potential



performance margi ns, view diagnostics and fault patterns, and view
recomended check and repair actions and/or other naintenance actions. FIG
9 depicts a performance nmargi ns wi ndow 162 that shows how rmuch margin the
engine had to requirenent, as well as engine referred data relative to
requi renent and fleet average. FIG 10 depicts a diagnostic page 164 that
contains a diagnostic scalar fault pattern (displayed in this enbodi nent in

the lower |eft hand conmer) as well as a probability of fault (displayed in
this enbodi nent by a bar chart with a severity value to the right of each
bar). FIG 11 depicts a graphical display,166 of |ibrary diagnostic scalar

fault patterns fromthe fault library descrlbed herein. FIG 12 depicts a
mai nt enance (check and repair) wi ndow 168 that (i) provides user

i nstructions on a3, and the atobabalityl values J46rapd the dspectsdsevarity levelslS0aken and
notes into enging.database. It will be appreciated that the display screens
may vary fromthose depicted in FIGs. 8-12, that different display screens
or techni ques rra al so be used, and/or that these di spl ay screens, and/or
variations thereof003¢hay Examples ofevarious displsy sersens diet merbedisplay iy thoyGidy

processes, progr am,ln&n&eﬂswﬁﬁomaaﬁ%uaﬁ&edhﬁms 0GP édfichhe F@IS 158, and

t he user |nstruct|o s 154 and ot her pages and information dl? ayed
therein, can thus® ﬁ‘?r‘l‘ﬁ’@?&@mtsﬁ'éewg’r fropg Wiy user gap sqleeh restlis QRY 1% or ~ di agnosi ng

and/ or repairing ahigh Ecataids FiagibstidresuBNGd Berliff3rmdeibi) ge-fult Sdseddta, vipot enti al | y
saving significant tinme and costs reci ated that th

di agnostic procesEPIHR GRYPE V{?grq‘aéﬁ‘?t’%taﬂ@?elb?%%&§% Ve IEEBREded b par at us,
and systens descchelﬂezdldb@hmwlomnd/neotﬁerrmhmmteaétwm Emnadefi¢ton Wi th various

different 13 typ ur bi ne_e ndipr, yanious gt her. gngines,
vehi cl es, devi ces? %ntce m?rgms W@?%?' p‘%ﬁ%%&)"ﬁlﬁgn Isnud][Tf’égo"gﬁ1 uhefhr?g nowto FIG
2, a functional bteqwkmdntaqrva:thas engih ;afgrredl data mhtiveato regnisdneedt ad @este di agnosti c

pr ogr am 200 that gafeborsathhls b IRLEAR Hhed 138 nafliA0S L BCEARS 100 O

FIG 1, and the various ot roce SCri
fault pattern (dlsplayed in this embodiment in the lower left hand corner) as well

as a probability of fault (displayed in this embodiment by a bar chart with a
severity value to the right of each bar). FIG. 11 depicts a graphical display 166 of
library diagnostic scalar fault pattems from the fault library described herein.

FIG. 12 depicts a maintenance (check and repair) window 168 that (i) provides
user instructions on actions to take and (ii) records user actions taken and notes
into engine database. It will be appreciated that the display screens may vary
from those depicted in FIGs. 8-12, that different display screens or techniques
may also be used, and/or that these display screens, and/or variations thereof, may
also be used in connection with the other processes, programs, and devices

described below.

[0037] The GUI 158, and the user instructions 154 and other pages and
information displayed therein, can thus provide the user with an efficient roadmap
for diagnosing and/or repairing any faults in the engine 102 being tested,
potentially saving significant time and costs. It will be appreciated that the
diagnostic process 100, and/or various other processes, methods, apparatus, and

systems described below, can be implemented in connection with various different



The automat ed engi ne di agnosti c program 200 i ncludes pattern recognition

|l ogic 202, a results database 204, and a graphical user interface trouble
shooting guide 206. ]0039] The pattern recognition logic 202 is coupled to
recei ve operational data 208 for an engine being tested, as well as average
di agnostic scalar levels 210 and diagnostic scal ar deviation nmeasures 212.
The pattern recognition logic 202 is configured to generate a diagnostic
pattern for the engine being tested. The diagnostic pattern includes a
plurality of scalars representing the operational data 208, which are
preferably cal cul ated based al so at |east,,in part on the average diagnostic
scal ar levels 210 and the diagnostic scal ar deviation neasures 212. ]0040]
The pattern recognition logic 202 is further configured to conpare the

gener at ed di agnostypes of artigranginest imdlor gdrions atteek engives, eehidesy deviebsy gdtefs,om a

di agnostic fault_siagnatur i brary 214, using a fault pattern recognition
al gorithm 216. ThQMRgggﬂ'Fﬁﬁ%'conparisons are stored in the results database
204. The results are retrieved by the graphical user interface trouble
shooti ng gui de 208038lhi cwmwta¥& 2t%§ﬂ°&9@9&b‘9@i@%@ﬂﬂb@ah%§e’?rapnst ructions

therefrom using seéhiaregidddagnosic pfogfamol thdt RirbdRseR in%@fsﬁl&ﬁlﬂﬁ) and a
troubl e shooti ng and mai nt enance _database 220. [0041] Turnjng now to FIG

3, an exenpl ary cBAFGsEPrecess f4efdile 1 and the vageus ptherpiocesses desaribedbelowa pl e onl vy,
for inplenmenting ThawmiaRaeige digadsiCprogth QOISEldes pate@reddpmdilh 16dic FI G 2, and

t hat can al so be ed in il e ting the diagnastic process 100 of FIG 1
and the various o?@e? reﬁ‘ﬂtégg@?%egﬁg’ea%gﬁrﬂgﬂcab'ésf’rdaﬁaﬁﬁgubgeoﬁﬂ?]‘tné ﬁ“‘g‘:yst em 300
illustrates the geseeral features of a conputer system 14 that can be used
in inmplenenting the automated engi ne di agnostic program 200 and these

processes. O coujghgy) t MRSl Rk UERoRE Be I iEl dpRY BTRLAL YoerfBfh b ShOUI d - be

under stood that t mput er system 300 can I ncl ' erent types of
har dwar e that can2Q&felas¢gasipnheing testpdrag well asfaupragediagaestiqiscalar levels 2dfend d be not ed

that diagnostic scalar deviation measures 212. The pattern recognition logic 202 is
configured to generate a diagnostic pattern for the engine being tested. The
diagnostic pattern includes a plurality of scalars representing the operational data
208, which are preferably calculated based also at least in part on the average

diagnostic scalar levels 210 and the diagnostic scalar deviation measures 212,

[0040] The pattern recognition logic 202 is further configured to compare the
generated diagnostic pattern with historical patterns received from a diagnostic
fault signature library 214, using a fault pattern recognition algorithm 216. The
resulting comparisons are stored in the results database 204. The results are
retrieved by the graphical user interface trouble shooting guide 206, which
generates the above-described user instructions therefrom, using software 218

(preferably a PC based software) and a trouble shooting and maintenance database
220.

[0041] Turning now to FIG. 3, an exemplary computer system 300 is
illustrated, by way of example only, for implementing the automated engine
diagnostic program 200 of FIG. 2, and that can also be used in implementing the
diagnostic process 100 of FIG. 1, and the various other processes described below.

The computer systern 300 illustrates the general features of a computer system



t he conputer system 300 can be inplenented in many different environnents,
such as within a particular apparatus or system or renote froma particul ar
apparatus or system Nonethel ess, the exenplary conputer system 300
includes, in addition to the above-described autonmated engi ne di agnostic
program 200, a processor 302, an interface 304, a storage device 306, a bus
308, and a nenory 310. 100421 The processor 302 perforns the
above-descri bed conputation and control functions of the conputer system
300, and may conprise any type of processor, include single integrated
circuits such as a m croprocessor, or may,, conprise any suitable nunber of
integrated circuit devices and/or circuit ‘boards working in cooperation to
acconplish the functions of a processing unit. The processor 302 may
conprise nultipl ethptrdaﬁaes&edﬁlmﬁaheﬁﬁglmeﬁhtmtaiepgﬁ@d@nomﬁto@fﬁm20Duri ng

operation, the proce sor 302 e cute BQHF cont ai ne bFglthln t he
morory 310 (Such S REPR B G e PRy SRS BPA MU S and. as
such, controls thbelgﬂemtb@dthmﬂercampmmientmcmnqjude@lffesqnstymosoo 100431 The
rrerrpry 310 can betda?”&{ t% tecaxg)fc cllslélé(}ng‘grmor%ﬁ?rm%f%ﬁ,}t@ou(ﬂ:)eno{gg yde the

various types of dynanic M the
vari ous types of smanmlteRAMe@ﬂQAMn be amplerndnéed iramany Wisffergppewirgfmensn- vol ati l e

rermory (PROW EPROM,o20id | A8l b IOMsGhhE oHASE 0RO aily e mrormry

310 may be a sin type o onent, or It onposed of nmany
different types o#ppn@twpr;ﬁya@npﬂmth@lsss examﬂmvucmputqrhﬁt%b}f’@mﬁh@m and the

processor 302 Wﬁylnthﬁdlqbnst‘éEHeQH&@Qe@ﬁBé&%ﬁtoﬁ%!@én@ine BlafdoSticigraP 0V €7 S that
col l ectively conprise the congﬁjer system 300." For “exanple, a portion of the

nenory 310 may r eBiOEfES0H 0% 2igiiere 494, weﬁserﬁeawb%{m%ﬁa% andmemYis or
process, and anotfper portion may reside on a renote conputer. 15 100441
The bus 308 serves to transmt prograns, data, status and other information

or signals betweepgghfie VALLOUS: &IPS ShIbote s GBI S ato ShE™

control functions of the computer system 300, and may comprise any type of
processor, include single integrated circuits such as a microprocessor, or may
comprise any suitable number of integrated circuit devices and/or circuit boards
working in cooperation to accomplish the functions of a processing unit. The
processor 302 may comprise multiple processors implemented on separate
systems. During operation, the processor 302 executes the programs contained
within the memory 310 (such as the automated engine diagnostic program 200)

and, as such, controls the general operation of the computer system 300.

[0043]  The memory 310 can be any type of suitable memory. This would
include the various types of dynamic random access memory (DRAM) such as
SDRAM, the various types of static RAM (SRAM), and the various types of non-
volatile memory (PROM, EPROM, and flash). It should be understood that the
memory 310 may be a single type of memory component, or it may be composed
of many different types of memory components. In addition, the memory 310 and
the processor 302 may be distributed across several different computers that
collectively comprise the computer system 300. For example, a portion of the
memory 310 may reside on a computer within a particular apparatus or process,

and another portion may reside on a remote computer.



300. The bus 308 can be any suitable physical or |ogical neans of connecting
conputer systens and conponents. This includes, but is not limted to,

direct hard-wi red connections, fiber optics, infrared and wi rel ess bus
technol ogi es. 100451 The interface 304 allows comunication to the conputer
system 300, and can be inplenmented using any suitable nmethod and apparat us.
The interface 304 may al so include one or nore network interfaces to
comuni cate to other systens, terminal interfaces to conmunicate with
techni cians, and storage interfaces to connect to storage apparatuses such
as the storage device 306. 100461 The stgrage device 306 can be any

sui tabl e type of storage apparatus, |nclud|ng di rect access storage devices
such as hard disk drives, flash systens, floppy disk drives and opti cal

di sk drives, anon{@04dr i oﬂsbmWQsewa,%[ye@nsﬁitspgrmgéaw,appammr In the

embodi ment of Fl Gion?*mar}oﬂ%r é%n‘%f %%egmed{é %@onﬁ@@mﬁngﬂ% 6ﬁﬁ§coﬂ18%§?ﬁexﬁ”' ve device

t hat uses di sks to stor at a. oper at | e aut onmt ed
engi ne di agnost i ¢3¢ dge bbm3Q$)®ﬂ|bsaHY§Pt§3fb@cPhY$Fat¢Té0% gaps ofvonngetisgexecut ed by

the processor 302c,qFuRaply s@ﬁ]?ﬂfd%gﬁpong@ty 'ﬁallsﬁﬁ)clms, §ﬁt9§ Al lilnfled h &liB®MOry 310 and
executed by the processor 30 one agg nP ement ation, the conput er
frgfedadivdrelep

system 300 may al Basd-trired ?%CQWS’IFWF@PH@E in s egheloR s f or provi di ng
or maintaining data or perform ng operations thereon. 10048] It should be
under st ood t hat w045} tMeamkmdémamtloWs&odﬁmﬁcdtibe%tlmaaroexphtarsyithﬁmpnt ext of a

fully functioning_co ut.er t hos k||| 4n the recogni ze
t hat the nechani s?]@ g‘? etlﬁlglem}r%%agun men |eonr11eﬂzli° 3’5 aﬁ’re%%rlltaﬁeg

distributed as a ﬁMogwanbpmbuummormmanmammGM¢ﬂmmtbommmmmamdamhat t he present
i nvention applies I r r
sy‘E&‘A ohis rtléar%[ungﬁgt@:[fgesetﬁ% iy untl&% dﬂ@ téchﬁ'fh’lL& antd¥8f:‘,ﬁe distribution.

conput er - r eadabl e eari
Exanpl es of si gnainterfa@arqqqglenlﬁdstaragmba!d@es auelcasrthkasmr@gemeém@uch as floppy
di sks, hard drives, 16 nenory cards and optical disks (e.g., disk 312), and

transm ssi on medi @o#6)Ch WS storage device 306 can be any suitable type of storage apparatus,
including direct access storage devices such as hard disk drives, flash systems,
floppy disk drives and optical disk drives, among various other types of storage
apparatus. In the embodiment of FIG. 3, the storage device 306 comprises a disk
drive device that uses disks 312 to store data.

[0047] During operation, the automated engine diagnostic program 200 is
stored in the memory 310 and executed by the processor 302. Other programs
may also be stored in the memory 310 and executed by the processor 302. As one
example implementation, the computer system 300 may also utilize an Internet
website, for example, for providing or maintaining data or performing operations

thereon.

[0048] It should be understood that while the embodiment is described here in
the context of a fully functioning computer system, those skilled in the art will
recognize that the mechanisms of the present invention are capable of being
distributed as a program product in a variety of forms, and that the present
invention applies equally regardless of the particular type of computer-readable
signal bearing media used to carry out the distribution. Examples of signal

bearing media include: recordable media such as floppy disks, hard drives,



di gital and anal og communi cation |links, anong various other different types
of signal bearing nmedia. 100491 Turning nowto FIG 4, an exenplary

enbodi ment of a second diagnostic process 400 is depicted, which may
contain various steps simlar to the above-described diagnostic process 100
of FIG 1. As depicted in FIG 4, the second diagnostic process 400 begins
with step 402, in which an engine acceptance test is run on an engine, such
as the engine 102 being tested as referenced in FIG 1, and/or a plurality
of different engines, thereby generating data, such as the operational data
106 referenced in FIG 1 and/or other datg  Next, in step 404, the data is
re-formatted for use by one or nore diagnostic tools. 100501 Next, in step
406, a diagnostic script is invoked. A data reduction and physics based

di agnostic tool i memnbryrardairdedtiahdisks ée..4108 312), apd trensmiseioningdjmeysh asc  scal ar

results pertaining 1.9 t8. 606 (RE&N Bk R In Sk B fRE £ RARQpeNt scal ars
such as those desc.llgftiged(h.ag‘goge r’(llmr:r;uncoﬁnectffj’lon %wt%'ﬁ&glo% i‘?e?envxﬁpgh are then
stored in step 4fignaltgergmeflingnostic scal ar results, along with various
other referred data and adjusted data, are then, in step 412, retrieved and

stored in a data foo4s 41BunindEdvedFIGlaAL @ dkérfiplary BinbodihadnBoffaist@dndt13 is then, in

step 414, retrieved and stor i .another file, . preferably a conma
separ at ed val ue ( OStfc’lqr%?eslf(Ji.g(,) 'SQFPdCt%d?Bg'flf lé’?ynconﬂag'cv%‘éﬂ’istgtler%?r’?}/"?s{ﬁlbt(?%i‘et hmis then
run in step 416, ssiverdestiited disgmstic places,10Q SIERI@NY Asglepigedin IFiG 4f tell t

probability and S‘Eq‘égr[gi:cfi%épé’sﬂg E@Eesé mtbe%h?s v%ih%[eggoi;,é’]nt%ﬁéhea%‘éb%i.?e output file

417. The fault pro Severiity outp en stored in step 418,
preferably al ong wictptanchtestas tiepn aheengipe, ovrhas thopopine 182beimgrtestedasl t he f aul t

probability and Li: tip . . - i .0 a user
interface. Steps ?fg%g{&(&)l{gwarlé&}fg/loggﬁggfupgg(thﬁ%l?;@;uge? ’Zirrhgﬁggﬁgfahﬁ)%:l G 4 as a
col | ective step 488, spchps the eprratiapal dya HiSrefprenredin Rlifel andepetberditagnosti ¢

process 400 t hat Nféxt,CiQ@l@Hm?ﬂe Y is $d-RbRark @fot B by YsEdr mo?e_rlﬁlag%siti@{oofs.o any
di splay on a user interface. 17 100511 Next, t%e user interface reads, in

step 422, the dat ﬂmgﬁ]d OHéx?,lilxg sttlscpr4%g:| at(i?aegnostic script is invoked. A data reduction and
physics based diagnostic tool is then called in step 408 to generate diagnostic
scalar results pertaining to the engine (preferably using engine component scalars
such as those described above in connection with FIG. 1), which are then stored in
step 410. These diagnostic scalar results, along with various other referred data
and adjusted data, are then, in step 412, retrieved and stored in a data file 413.
Select data from this data file 413 is then, in step 414, retrieved and stored in
another file, preferably a comma separated value (CSV) file 415, and a pattern
recognition algorithm is then run in step 416, using the select data, thereby
generating fault probability and severity output that is stored in a results output
file 417. The fault probability and severity output is then stored in step 418,
preferably along with the other data, on a common server, and the fault probability
and severity output and other data are supplied to a user interface. Steps 406 —
418 are also collectively referenced in FIG. 4 as a collective step 420, representing
a portion of the second diagnostic process 400 that is conducted invisible to the

user, and prior to any display on a user interface.



data file 413, the CSV file 415, and the results output file 417, and
displays, in step 424, appropriate user instructions based on this data and
output. Preferably, the user instructions include at |east one potential
engine fault (if a fault is diagnosed), along with any additi onal

di agnostic steps or renedial action that may be required by the user. Next,
in step 428, the user takes appropriate action based on the user
instructions, and then inputs the action taken into the user interface, and
this information is stored by the user interface in step 430 for use in
future iterations. Next, the process retyrns to step 416, and steps 416-430
are repeated for di fferent engi ne faults. Upon the conpletion of steps
416-430 for each of the engine faults, the test nmay optionally be re-rerun
in step 434. Altef00at]i velNaxt, ﬂ&fds&rinterfah@readsﬁ'nst'bm422rthad&radma$utdiltsﬂnhayed t he user
instructions in st e e Lo St t aIl re-run the
di agnostic patterﬂ§$8€§13 th[ePi‘c:?r‘{uts1 liltsc%ratheres'utsou Utrégégsa@dlsg[; p n218 100521
FI Gs. 5A-5C depi cstela4124eapemphfac yseanmdllqnemsedm‘n tlas data Ang outpwats Breferabbt i on

process 500 for c} f t engi ne, such as
the engine 102 be@ﬁg&t%g'%gd’* '@Fél&%&%&&%@l e lﬁéef?llllé faﬁns Speci fically,
FIG 5A shows a diagnosdd.ialedg wnh wﬁri@tmal dlagnghams oolfemsthel astmplyt oy t he faul t
classification ppog édﬁmeuwﬂw&t A%425%&@9&%&?&%9@&%%@& det ai | ed
fl owchart depicting varl ous exenplary sub-steps of the steps depicted in
FIG 5A. The faul Pnthepfifé@th‘lCE(Hlsﬁaﬁthﬁ‘?%@%@CWWW“éf@ther‘fﬁﬂfé‘r‘ﬂliﬁ?“ed in

connection W th tbej i f0ReHdGs sttt PSaRSusdQfter®lce fnlsfep 430 fof & itarPl €, in some
or all of steps 104-144 therein), the second diagnostic process 400 of FIG

4 (for exanple, iHeratigne Rt éqelprwsséﬁt‘é'ﬁ%‘oﬂ'e@“lﬁﬂﬂ‘é S'tePFe"rléﬁ?Sare BREMeYar i ous ot her
processes. FlGs. Mﬂ&@emdngmbﬁumh sg)umedmﬁm@ﬁhﬁtepsmmWforlQﬁBB&eThe fault

classification proces ns in a ostl C
pattern of a pl urﬁri‘ﬁ“’tejr ‘i tﬁggﬁ‘ﬁ%?qt’(?milﬁggﬁfrgmﬂ Brsgf’g?‘lab{k?"’émf# f conponent
scal ars such as thmsmdmﬁhcattaedis;ﬁma/aeummmmnmtsumepwzct fthefabeean]jn f or  an
engi ne being testg epg2eopltlglpalﬂy ré-rﬂ%%e%iaggo ra%rﬁ?etcg 1t1%192reAt2u’nmgﬂ1% each such

process to step 418.

[0052] FIGs. 5A-5C depict an exemplary embodiment of a fault classification
process 500 for classifying various potential faults that an engine, such as the
engine 102 being tested in FIG. 1, may be experiencing. Specifically, FIG. SA
shows a simplified, high-level flowchart of the steps of the fault classification
process 500, while FIGs. 5B and 5C provide a more detailed flowchart depicting
various exemplary sub-steps of the steps depicted in FIG. 5A. The fault
classification process 500 may be implemented in connection with the diagnostic
process 100 of FIG. 1 (for example, in some or all of steps 104-144 therein), the
second diagnostic process 400 of FIG. 4 (for example, in some or all of steps 402-
418 therein), and various other processes. FIGs. 5A-5C will be discussed together

below.

[0053]  The fault classification process 500 begins in step 502, in which a
diagnostic pattern of a plurality of diagnostic scalars (preferably engine
component scalars such as those described above in connection with FIG. 1) for

an engine being tested are input into a program (step 502A), and each such



18 diagnostic scalar is subtracted by the fleet average scalar (step 502B)
and rounded to a predeterm ned nunber of significant digits (step 502C).
Preferably, the fleet average, along with a correspondi ng devi ation (signa)
value are input into the algorithm based on the particular type of engine
being tested. In a preferred enbodinent, the diagnostic scalars include
various nultiplicative scalars (XWCOM - conpressor flow scal ar, XECOM -
conpressor efficiency scalar, XPRCOM - conpressor pressure rise scalar and
XWHPT - gas generator flow scalar) each rounded to three significant
digits, various additive scalars and flo functions (AEHPT - gas generator
efficiency adder, AELPT - power turbine éfficiency adder, GAMALl - fl ow
function gas generator nozzle and GAMA5 - flow function power turbine

nozzl e) each roundgghodtio seatue isshlgﬁi:téd ls;abé ﬂeﬁii @ie:tagq scalirdstép S00Bpad feddegas

tenperature bias t() retgetfrmmed nu1P?J T 0931 (ate? unl(:&? Pret% ly, ﬂé’ﬁ‘a{“ ¢ gas

generator turbine 3¢ enper a i on of freasur ed
airflow, fuel fl ocwgragealongiwithya modppncgpg‘demmon&minamalke pemnpygimetdieby the gas

generator turbine, r e t it

t enperat ure) roun%ﬁ% é’%gzrllg'g%‘% @&%9%55%&@0£€e¥“% \?{af?r%gus ot her

scal ars may be uswebodimsuk, the Hiégwémbeqiarbmlsdﬁadam@ muitiphieativefcalarsal ar s, and
significant digi tawo Campedhyadiical, kbcoqN! cofiBRAg) RAL s s@054] Next, in

step 504, a Z-score is calculated for eac stic scaa ‘and is then
nornal i zed, Speci XPRGEPMy compressoriiressimesieisealas ard WHiPE —gpsgeamseiotflova

corres pond| ng fleghlad k&%ﬂ@éﬂ't@ﬁﬁe@ 1ﬂJ:aH?d1§1f§ \RFlblﬁgdcﬁ%ch{Mrs idago@i agnostic
scalars to a conparabl e _scale, erab terns of nmultiples of the

si gna deviation agtiges (ASHED ge%s&yeratwre@%qnspmdger AP T YISO scal ars are

t hen normalized vwfﬁheﬂayaddaeewmaf@w%@dorpgsg@wma@&%dﬁmmsLhe | ar gest
val ue (step 5048) t hen | oops t of, th i agnostic

E} E)r ocess 1 p tug ) g%ﬂd
scalars, and if afy 3 §P?‘?§er§"l§%ﬂ’%‘f"2?§)ea FRfe o ’i‘erf‘gé‘ <t disds: t han the
correspondi ng si giEaseted/gaa teinfperated bies (MG TBDAES - MGIPBi334 dqalpdtht er n, such
di agnostic scal ar thé:rxsno )%tam}cogasz geelileC)rator turtbme ex19 EQFJrAn%‘E qw]p c%tls a functlon of
measured airflow, fuel flow, secondary cooling flow, and work performed by the
gas generator turbine, subtracted by the measured gas generator exit temperature)
rounded to one significant digit. However, various other scalars may be used, and
the number of scalars, types of scalars, and significant digits used can vary in

different embodiments.

[0054] Next, in step 504, a Z-score is calculated for each diagnostic scalar,
and is then normalized. Specifically, each diagnostic scalar is divided by a
corresponding fleet sigma deviation value to bring each of the diagnostic scalars
to a comparable scale, preferably in terms of multiples of the sigma deviation
value (step 504A). Preferably, the diagnostic scalars are then normalized within
the sigma-scaled pattern according to the largest value (step 504B). The process
then loops through each of the diagnostic scalars, and if a diagnostic scalar is
smaller, in absolute value, than the corresponding sigma deviation value in the
diagnostic pattern, such diagnostic scalar is set to zero in the normalized pattern
(step 504C). Regardless of the signs of the diagnostic scalars, such signs are
noted and/or stored for subsequent use (step 504D).



(step 504C). Regardless of the signs of the diagnostic scalars, such signs
are noted and/or stored for subsequent use (step 504D). 19 100551 Next, in
step 506, the diagnostic scalars are conpared with respective historical
scalars froma fault library, and neasures of difference are conputed

t her ebetween. Specifically, the processing of a main |oop for such
conparison is started through the fault library (step 506A). The i ndex
starts at zero for all loops, and the first historical scalar in the fault
library is therefore | abeled as historical scalar zero. The library

hi storical scalars are preferably stored @s delta values, representing
devi ations fromnom nal values, and therefore there is no need to subtract
the fl eet average. However, since the fleet signma deviation val ue may
change, scaling i W0ff]ef e¥exblinstepesNé, drerviiagndsti¢ splars @8 8ympafddevithaespentivd i br ar y

hi storical scal af; 9351_”’91! I lar in the
pattern (step 506 O%aﬁmggﬁgéﬁg%‘%ﬁz@ t1on dslﬁeg%“%rég%l?grseﬁc?ﬁ%? 5[2?‘?&13

hi storical scal arHhergbetwesat Sreeifically, thewpocepsirigrpja mpin doopifestsenhicempanserds ars to t he

sane severity | evghned trbfpthelthi 15lR5Gk) 5(%%5'%111@* &Qfs'aH}FGﬂPﬁﬁlonQt need to
worry about severities. The process counts the nunb of diagnostic scalars

for which the scatudrthy fHSté}tStOI“éaéé‘talaélﬂttWefP“ltlWéaijlséigFF&? iabelqﬂé@ histercabr  t he

l'ibrary histori ca&caﬁp@}@rmeﬁ&raﬁmmdnsal k@rag;eafe grétaioly fisred hsaRla wlBER (St ep
506D), so that only the diagnostic scalars that contribute to the root nean

square are incl LEFRkseP P driatagh Rom 2P, VA, %i‘dé‘}eﬁf%ﬁ‘he‘ieﬂ? nomess 'BOBE, a
wei ght ed di fferenmtrmtheﬂadtet&ag& eHoeer, SR fhedle@t@ipna Uviativs adla mdyet vveen t he

normal i zed i nput I|brar cal . sca i n rd
Eouati on 1 bol o s Rty rprobly Sitoiied GET T s SrBARRRYRIRiath o
wiral | zedi npw pui r atatsarewhdfakblylndringizediyy theiagbdt s;camfmtltbqﬁttmdtef)dﬂé(})arl ous

di agnosti c scal ar in.th d _enbodi ment th vvel ghts w
are defined to beﬁlel?qu alfzae((’fn%p SRSy es Flt ﬁfthe%Fsit)ovr\}lczﬁ 4 Saaren(%"f'ee% & ar XWCOMV

XECOM XPRCOM ABbiRiEs the Xiddoidal soaldrs Adth€Ta)ve s@ieHityflavel sb kimt Mabnﬁ&ndn ag nost iC
scalar, and 0.0 f agorltthr}r? does not need to worry about severities. The process counts the number

of diagnostic scalars for which the scalar in at least either the diagnostic pattern or

the library historical scalar pattern is larger than the fleet sigma (step 506D), so

that only the diagnostic scalars that contribute to the root mean square are

included in the calculation. In addition, in step 506E, a weighted difference is

calculated for each diagnostic scalar between the normalized input and library

historical scalars, in accordance with Equation | below:

— scalar!

i -
A = W (S ca l ar normalized input pattern ) ( l )’

i normalized library puttern j

in which different weights are defined for various diagnostic scalars. For
example, in the depicted embodiment, the weights w' are defined to be equal to 1.0
for the following diagnostic scalars; XWCOM, XECOM, XPRCOM, AEHPT,
XWHPT and AELPT); 0.6 for the MGTBIAS diagnostic scalar, and 0.0 for the
GAM41 and GAM4S diagnostic scalars. These weights can be modified by the
user, and the diagnostics scalars and/or the weights assigned thereto may vary in

different embodiments.



GAMA1 and GAMAS di agnostic scalars. These weights can be nodified by the
user, and the diagnostics scalars and/or the weights assigned thereto nmay
vary in different enbodi nents. 20 [00561 The neasures of difference are
then used, in step 508, to conpute a root nean square (RVB) for the

di agnostic pattern. Preferably, the delta deviation values conputed in step
506 are squared and summed, and the result is divided by the nunber of

di agnostic scalars conputed in step 506D, in accordance with the follow ng
equation (2) (step 508A): y,Sj2 RM5 = (2) ScalarCount The RVS between the
di agnostic pattern and pattern j in the fgult library is then calculated as
the square root of the result from Equati"on 2, in accordance wth the
foll owi ng equation (3) (step 508B): RVMBJ = RMS2 (3) [00571 Then, in step
510, the RMS val uposa adjhuakadreba&mﬂ:r@ae etrhtherr@&pemdp\ﬁes teltonppateiaons of t he

di agnostic scalars versus c 1S ri ar faul t
| i brary. Specifi &P meantc’%lmg%ﬂg) trl11ee(ziilf": Oﬂlcgf ort cafffergbq%(lthe d%lt J%v‘ﬁthonf aul t
library is det ervaluegcbnfpated i, sk S5GPdre squared andpemmet], end the redwds lsdlgdeddw each

di agnosti ¢ scal ar E%ﬁ}mb%%ﬁqagé&ﬁe&g%\fs telfin {n{}%oéﬁﬁﬁ)& &’déﬁ%e Sfiflhgr s have the

sanme sign (step 5 rmnation w give a higher
confidence to a fflldwingémeteont(Pdsted WBYERst nunber of scal ars has t he sanme sign
in both patterns. If a historical scalar in the fault library is
sufficiently small (e.g., é& than the fleet sigma deviation value in a
preferred enbodi nent ) the uch historical scalar is artificially changed

to match that of Fﬁgjdraqggg(aﬁ scal ar in thd? Hlagnostlc pattern (step 51
OC), to account for cases |ch a library historical scalar expects a

scalar to
The RMS between the diagnostic pattern and pattern j in the fault library is then

calculated as the square root of the result from Equation 2, in accordance with the

following equation (3) (step S08B):

RMS, = \[RMS? 3)

[0057] Then, in step 510, the RMS value is adjusted based on the respective
directions of the diagnostic scalars versus corresponding historical scalars in the
fault library. Specifically, the sign of each historical scalar in the fault library is
determined (step 510A) and compared with the sign of each diagnostic scalar to
determine how many of the respective scalars have the same sign (step 510B).
The determination will be used to give a higher confidence to a fault where the
largest number of scalars has the same sign in both patterns. If a historical scalar
in the fault library is sufficiently small (e.g., less than the fleet sigma deviation
value in a preferred embodiment), then such historical scalar is artificially
changed to match that of the diagnostic scalar in the diagnostic pattern (step
510C), to account for cases in which a library historical scalar expects a scalar to
be exactly zero (in which case it is not realistic for a diagnostic pattern to always

have exactly zero for that scalar).



be exactly zero (in which case it is not realistic for a diagnostic pattern
to always have exactly zero for that scalar). 21 [00581 The nunber of

scal ars that have the same sign both in the diagnostic pattern and the
library historical pattern are then counted (step 510D), and a score is
generated for each historical pattern in the fault library (510E).
Preferably, the score for each historical pattern is equal to the nunber of
scalars with the sane sign both in the diagnostic pattern and the library
hi storical pattern divided by the total nunber of diagnostic scal ars.
Accordingly, preferably the root nean square value increases if a

di agnostic scalar has the sane direction as a corresponding historical
scalar fromthe fault library, and decreases if the respective directions
are different. St ¢988]510Theanohb&rbPisalamimpliaveitht sdmeaipa hothat thediagnostict he f aul t
library has been_consi dere. frer i I i e t 510F) and
then the process?pr obaélggnse%? R lsté%c%l\%g‘!,t&ggg @g%%oggtg%{ié%gfﬂg\bagf88?‘56[1) In step
512, the RMS val ué geseratat fopdarlylisiorivalbatieors th theofayjdlibearn(5d08). Pepfesdbly, e conf i dence
for each potentia Ci g d v, IRV i for each
hi storical patter 'rs]colf-ef]fUH?gh lﬁgﬁﬂaqaﬁﬁé Eatsre uayragh pr eP éérraog%%fémgﬁh?rﬁael%?@eed by the

| argest RMVS val ueigt betein theidiggpostit haitemneand the dbrewy historical pgitern dividdddy theaul t i s
then cal culated t : : C . f iphled by a
val ue of one m nugoﬁl gn%gyﬂdé?g%gsggt%k/a% %gﬁr{%yébggaﬁﬁ%gs%gp%gﬁg )ﬂ,'3 t her eby
provi di ng a val ue v#us ifgreases ibadipgnantig seskehas thesprypdirectian gs p esvsenondiag el for a
particul ar fault LERFESSASrén MR HuRNibraRBiraRch@kdeaRe Rctt aBRAsEi C pattern
and the correspondi ngﬁ;l storical pattern representing the lEartl cular fault,

ep .
and therefore repPEdifkreat ateps atiCad e 1D rereal yohksaeh paftera in they@ulbiyie bei ng
tested has this passtbesndoadidetadldfier whiBBOlooplid EXited Gstep GYOH) @ndthéa thé, an exenpl ary
enbodi nent of a no fault Iassigi cat, oglregtrbglcess 600 is depicted. The no

fault classificat PEIESHPEEELLO BER)> h2s2s dp¥ BYy conducted in tandem with,
and followng, the fault classification process 500 of FIG 5. As such, the

no fault classifi {®Wson lostspéts the@dIS e &l rounalized and used to generate a level
of confidence for each potential fault. Specifically, the RMS values obtained for

each historical pattern in the fault library are preferably normalized by the largest
RMS value (step 512A). The confidence for a particular fault is then calculated to
be equal to the score for this fault multiplied by a value of one minus the
normalized RMS for this fault (step 512B), thereby providing a value between
zero and one. A higher confidence level for a particular fault represents a better
match between the diagnostic pattern and the corresponding historical pattern
representing the particular fault, and therefore represents an increased likelihood

that the engine being tested has this particular fault.

[0060] Tuming now to FIG. 6, an exemplary embodiment of a no fault
classification process 600 is depicted. The no fault classification process 600 is
preferably conducted in tandem with, and following, the fault classification
process 500 of FIG. 5. As such, the no fault classification process 600 may also
be implemented in connection with the diagnostic process 100 of FIG. 1, the
second diagnostic process 400 of FIG. 4, and various other processes.
Specifically, the no fault classification process 600 computes a confidence value

that the diagnostic pattern does not sufficiently match any of the historical patterns



be inmplenented in connection with the diagnostic process 100 of FIG 1, the
second di agnostic process 400 of FIG 4, and various other processes.
Specifically, the no fault classification process 600 conputes a confidence
value that the diagnostic pattern does not sufficiently match any of the

hi storical patterns 22 in the fault library (the "no fault found confidence
val ue"). Accordingly, no fault confidence values for a particular fault

calculated by the no fault classification process 600 will be inversely
related to the confidence values for the particular fault calculated by the
fault classification process 500 of FIG 5. [0061] The no fault

classification process 600 begins with step 602, in which a naxinmm
confidence value is determined froma plurality of confidence val ues,
preferably those @ohpfatlelibriyy (thdfmo fallfdund tamfiddntd wbeT)o Acgrdinghs g0 800 of FI G 5.
Next, in step 60 det t Xi mum
confi dence val ue CmﬂimmeV%wgh¥%5M&mmfﬁmp?%%h? 8 %enlﬁgg%asggg g?d The first
predeterm ned thr g@ms @0 w1kkbeqm$elytrdat©dt$thercoaﬂdpmoefwnersefet tegfaggilaent ; however,
Lhis may vary by g chished o Ml ralfRsilion Roctls bR, embodi ments. 1F 1€ is
determned in step § maxi mum ence value is greater than
the first predeterm ned threshold t hen the $rocess proceeds to step 606,
in which the no f MY f othsao &yl classification prorssa 6G0begipsyich stepi08d 17 whighial  one
m nus thgomaxnh rrumnﬁﬂmhmdeﬂmencua&mas ddtéathed ﬁ&ﬂwmfasﬁloycodﬁﬁedc& vdhges,det Ier i neﬁ
in step 604 that t num con e val.ue is |es r.equal to the
first predeternin@agﬁﬁf 6FHWUFﬂghgf% tdﬁ?ﬁgﬁ@gP@Pﬁﬁggﬁggﬂ%gsﬁgg 608, in
whi ch a det er m nainisep 604 aﬂ&dﬁlllﬁﬁoﬁl@nmﬂheismvhethhﬁhe Etindid Korddedce dewce val ue i s
| ess than or equal to a seco redet | d. . The second
pr edet er m ned thr5§ﬁ3e8mﬁla adﬁ FT % &g'nw ?gp? dﬂ“mﬁ%gﬁﬁﬁégt however ,
Ej h![ s may \éar y b%/ slzqualitod) 7 mamgfmg'emumenmhaheféérahemay vapbytie m:emmd t Ihf it is
etermned in step enc ess an or
equal to the secona$pre82@%¥%5ﬁggﬁﬁkregﬁﬁ%pekpwnﬂﬁ?%ngﬁé%%ég proceeds to
step 610, in whi cmatimemgonfidanse valficis endaterdeh itidding erederdronmed threskdid theat ed t o

the process proceeds to step 606, in which the no fault found confidence value is

calculated to equal one minus the maximum confidence value.

[0062] Conversely, if it is determined in step 604 that the maximum
confidence value is less than or equal to the first predetermined threshold, then the
process proceeds to step 608, in which a determination is made as to whether the
maximum confidence value is less than or equal to a second predetermined
threshold. The second predetermined threshold is equal to 0.2 in a preferred
embodiment; however, this may vary by the user, and may vary in different
embodiments. Ifitis determined in step 608 that the maximum confidence value
is less than or equal to the second predetermined threshold, then the process
proceeds to step 610, in which the no fault found confidence value is calculated to
equal one minus the average of all confidence values (preferably those obtained

from the fault classification process 500 of FIG. 5).

[0063]  Conversely, if it is determined in step 608 that the maximum
confidence value is greater than the second predetermined threshold, then the

process proceeds to step 612. In step 612, the confidence values (preferably those



equal one m nus the average of all confidence values (preferably those
obtained fromthe fault classification process 500 of FIG 5). [0063]
Conversely, if it is determned in step 608 that the nmaxi num confidence
value is greater than the second predeterm ned threshold, then the process
proceeds to step 612. In step 612, the confidence values (preferably those
23 obtained fromthe fault classification process 500 of FIG 5) are sorted
in descending order fromlargest to smallest. Following this sorting, in
step 614, a determnation is made as to a plurality of the |argest
confidence values that are between the fj,rst and second predeterm ned
values. In a preferred enbodinent, up to ten of the |argest confidence
values neeting this criteria are selected; however, this may vary in other
enbodi nents. Next obtainedsframpthe a6t chdsdication pexdss 500fod BIH Sraafortedince val ue i s
calculated to equ e l,ues sel ected
in step 614. 1006%“%@%8%1@ rﬁﬁﬁggﬁg%ﬁ%ﬁ%t%foué‘ng %h%ggé]ln%?c% fé:{g’ence val ue is
cal cul ated for adgemtnagon lamaéwgltmplwelﬂmgf theolgtgesti confitence vahugh thateee f aul t f ound
confi dence val ue j preferably
based on the faul Lbaggﬁlﬁ%légﬂh%g@&(ﬁa ?éd&??%nr%ﬁgﬁ&s 6al ;r%gsefsﬁlﬁ d?‘?:l%{tl on process
500 of FIG 5 andup he€¢¢fﬁ1@tlafaﬁﬁcogﬁ®9malumle@é@&tm¢¥e@ar%ﬁelfétsd,r ef erenced
above in steps GOﬁoWr @%ay%@%éthér@mﬁ&ﬁ@en@l&’extamlét%ﬁg16' it g6 fAge may then

di splay a nessage based on the” no fault found confidence value, and al so
based on whet her ffohed esngiiesse Yadergcaleplated topqpphaneninusdbe aypragesf theor e

non- depi ct ed per f QsdIRAREE v18S bdectdd M stpcasdpl e, if the no-fault confi dence
value is sufficiently high and the engine bei ng tested has passed the
performance tests SS di spla However,

if the no-fault cé‘"’%s deng%w éﬂgde |' UO%I? it foundepu) ncﬁﬁal%‘feﬁl %aef'%nf fi ne being
tested has not pasgpatcildrengiertemg rstad €Tte sipgle po fahlefouaxl eefdeagpevalve liss be

di splayed to con ol | - e is not
sufficiently hi ghtcgiﬁhaet%qn %ﬁ%ﬂ%@%gsgg, 6\}\{) ’IOF E‘]Egé rgrleltsdglylabasg((?j&[}hé @S[P&?.ﬁ}f?%{; yl s likely.
However, it will aluesfromehé favleelassification process 500 of FIG 5 and the first and second

predetermined values referenced above in steps 604 and 608.

[0065] In step 618, a user interface may then display a message based on the
no fault found confidence value, and also based on whether the engine being
tested has passed one or more non-depicted performance tests. For example, if the
no-fault confidence value is sufficiently high and the engine being tested has
passed the performance tests, then a “healthy” engine message is displayed.
However, if the no-fault confidence value is sufficiently high but the engine being
tested has not passed the performance tests, then a message will be displayed to
contact an engineer. If the no-fault confidence value is not sufficiently high, then
a message will be displayed that a fault is likely. However, it will be appreciated

that in various embodiments such messages and/or user displays may differ.

[0066] Turning now to FIGs. 7A-7D, an exemplary embodiment of a fault
severity classification process 700 is depicted. Specifically, FIG. 7A shows a
simplified, high-level flowchart of the steps of the fault severity classification
process 700, while FIGs. 7B — 7D provide a more detailed flowchart depicting
various exemplary sub-steps of the steps depicted in FIG. 7A. The fault severity



that in various enbodi nents such nessages and/or user displays may differ.
100661 Turning now to FIGs. 7A-7D, an exenplary enbodi nent of a fault
severity classification process 700 is depicted. Specifically, FIG 7A shows
a sinplified, high-level flowhart of the steps of the fault severity
classification process 700, while FIGs. 7B - 7D provide a nore detail ed
flowchart depicting various exenplary sub-steps of the steps depicted in
FIG 7A The fault severity 24 «classification process 700 is preferably
conducted in tandemw th, and follow ng, the fault classification process
500 of FIG 5 and the no fault classifi c%i on process 600 of FIG 6 and, as
such, may be inplenented in connection wth the diagnostic process 100 of
FIG 1, the second diagnostic process 400 of FIG 4, and various other
processes. The f agliskifisativeprioteys TO0 aSseféralslAtonuctdd iiDG@dem WithDardSbllowadges t he

severity of a fault ter.all of the c | dence v have been conputed
for the various ?’5&?1{( gléssg%l%tg’flf’fo&%?f ?‘{?,"?F ﬁe ﬂﬁﬁ? nogtjé'ﬂkjg‘ﬁ?sf@ca?f”é%rg‘feﬁ cation
_prg_cesi 508 C?Lrpu?(msyf fl(hléamiey?!utlt,m_apbe itnbbmbritétﬁhyorﬁlealt?ibn wah&sdiag@w;iopusl y y

i ndi cated by the ifi | . or i agnostic
pattern of the en%r?érj?%s_ l1())g|°ngat ést eg’%lc.ogfg?la 8§%§%§?sgg®hoe%§§u!%%£é@g?i ty

det ermi nation is @barpioeessesulhe faultseeerityoaldssificatioreprocess 760 estigiafes hat i on  process
700 only for the ;e%f‘”t}t&atfhﬁgaﬁgtaarﬁo?ﬁxegaﬁ'ﬂéhtcé@ajhleyhﬁeg?e%%%n ed'f&qhé:at ed by a

n wever, this nma [

relatively high confidence. Ho i may vary in erent enbodi nents.
100671 The faul t wegefhulty. Epegifiailly; thefenlbisvesinodassificaiionproessi 198 coimputesst ep 702,

In which the sevg id¥ity 8f thdikelyFhlit, o8 Fevi6BHhdidaRd B¢ e faut€laftRathon 0OP 1S
conducting through the various historical patterns in the fault l|ibrary.
Next, in step 704Progss Yaberedpmiht diggnostis paficeneot thpjepgiog being dested Brefgraplir t i cul ar

fault in the faul e bulEREsty dagmidatich is ta¥louGh the hftsdl@RG RlatsitRbtidnhe di agnostic
pattern for an engi ne bei ag tested matches a  historical patfern for that

particul ar faul t.PrPssssyOpPrly &r thedaultsihatrembsroteptially a mateh a3 BAisatethy 2t hr eshol d i s

equal to 0.5; howelsevely HigH Gnfidkyicey Moyevry, thid@ayhass in diffdfea embodimentd. f er ent
enbodi ments. If a particular fault has a | evel of confidence that is |ess

than the predetergpgd L BSRQkEy LAGMKCANS rolAhdo definfORRkGoREG t 0 be very

unli kel y,
which the severity is initially set equal to zero, before a loop is conducting

through the various historical patterns in the fault library. Next, in step 704, a
determination is made, with respect to a particular fault in the fauit library, as to a
level of confidence that the diagnostic pattern for an engine being tested matches a
historical pattern for that particular fault. In a preferred embodiment the
predetermined threshold is equal to 0.5; however, this may vary by the user and/or
in different embodiments. If a particular fault has a level of confidence that is less
than the predetermined threshold, then such fault is considered to be very unlikely,
and therefore is labeled as “not to be considered.” If the fault is determined “not
to be considered”, such fault will not considered in the upcoming calculations of
706 — 712 described below, but rather the process proceeds directly to step 714, in
which a determination is made as to whether there are any remaining faults in the
fault library, and step 704 repeats for any such faults remaining in the fault library.
Conversely, if a particular fault has a level of confidence that is greater than or

equal to the predetermined threshold, then such fault pattern is considered to be at



and therefore is labeled as "not to be considered.” If the fault is

determ ned "not to be considered”, such fault will not considered in the
upcom ng cal cul ations of 706 - 712 described bel ow, but rather the process
proceeds directly to step 714, in which a determnation is nade as to

whet her there are any remaining faults in the fault library, and step 704
repeats for any such faults remaining in the fault library. Conversely, if
a particular fault has a | evel of confidence that is greater than or equal
to the predeterm ned threshold, then such fault pattern is considered to be
at 25 |east somewhat unlikely, and thergfore is labeled as "to be
considered", and will be considered in the upcom ng cal cul ati ons of 706 -
712 described bel ow. 100681 Next, in step 706, for each diagnostic scal ar of
t he di agnosti c pakisesomewhat uslikelyr and yherafas is labeledasC ol be wbatded'h indawilli st or i cal
scalar fromthe fault .lihr : t ' tic scalar

magni t ude, for thge cﬁésr"{elre?d[?{gguﬁgﬁﬁgqgéﬁaﬁlﬁ&?zg&eﬁﬂ%d 5@%@?0 ?18‘51 ly, a second
order polynomal is first solved for a particular diagnostic scalar (step
706A) . Pref er abl y[00¢8] ¢ h¥ext insste|70%, forsprdy dingnagtic sgalanof the diagnegtic PARSM, 2s0| ut i ons
obtai ned in step «£0&i#y AGasitels BREREHOFA HISRKLATSXaP RNR EHe 301t 1iBMBI nebde@td t he
library for each particuylar fault, and any such i ons exceeding the

y sol u
maxi num severi t ymHeR/Bf d‘é?’é?sqccjﬁ’é"r'éﬁg‘(‘%‘f'eeﬁ”'}’GQB}“?“lﬁlfaé‘if,beW Bftedably after any
sol utions exceedsgegifitdlg, I88ndoideSRYAsMibMs fileMelvedfofa p@titalatdlagnastidet er m nati on

(3, e 55 Lo Dot AL ARk USSR ol LRy 8GO
determ nation is dohgibnsohtinedin step 702edd @I excded b enagiimmmaseyerityderl fiornthe hi st ori cal
patterns in the faglt o Lhn Ay b ot ALs L8 RANRIASIod nadiRleps T04A -
oot | P s o Sttt e 1 o
patterns in e deaerity levdl e dgngre ndisdagrefetatilpa s mscul ar fau
being tested (ste . G Hod ; 704D t hat
all of the hi stor?‘g‘%ﬁﬁigg{et%aﬁl@g{sﬁb%ﬁgg& ggﬁporg‘?%?iéry '?ﬁ%’llg\rf\%éegaglmabel ed as
"to be consi der edtovhmany réahspdusiandyemein (sten I0&er Eefre mayrherreroinme,or btogsad pr oceeds

to step 708, descyipgsh Hel PAWicular pattern.

[0069] A determination is then made as to whether there are any remaining
historical patterns in the fault library that are to be considered, and steps 704A -
704C are repeated, as appropriate, for each of the remaining historical patterns in
the fault library to be considered for the particular fault being tested (step 704D).
After it has been determined in step 704D that all of the historical patterns in the
fault library that were labeled as “to be considered” have indeed been considered,

then the process proceeds to step 708, described below.

[0070] In step 708, a mean severity value is determined for the fault based on
all possible solutions needed to match the diagnostic scalar magnitudes. Initially,
different values representing the number of historical patterns having positive
roots, the number of historical patterns having negative roots, and a sum of
severities are each set equal to zero (step 708A). Once these values are set equal
to zero, the number of cases where zero roots have been found is counted (708B),
followed by the number of cases where only one root has been found (step 708C).

The severity values corresponding to the cases in which only one root has been



(00701 In step 708, a nmean severity value is determned for the fault based
on all possible solutions needed to match the di agnostic scal ar nagnitudes.
Initially, different values representing the nunber of historical patterns
havi ng positive roots, the nunber of historical patterns having negative
roots, and a sumof severities are each set equal to zero (step 708A). Once
these values are set equal to zero, the nunber of cases where zero roots
have been found is counted (708B), followed by the nunber of cases where
only one root has been found (step 708C). The severity val ues correspondi ng
to the cases in which only one root has en 26 found are added together
(step 708D) and, of these cases in which only one root has been found, the
nunber of positive roots (step 708E) and the nunber of negative roots (step
708F) ar e count edfoufid}d¢dddeddoghtiteetstep MRRTY) amd, pBhastrensesnmuthiclaenly onewbret her t here

were zero sol Ut i oS e Ghudlthe ARSI ABESNe RGR\ALSOLSEREQR N, [T S0, the

process proceeds direct above-re step and t he next
fault fromthe fa%ﬁg@tlvlemﬂtse(?tw T08F) asgeeigteded. Ot herwi se, the predonmi nating sign
of the severities is initialized to zero (step 708H). If the predom nating
sign of the root shmn thﬁed&@ﬁnﬁﬁndﬁhﬁtﬁ& ik Ys @Meth&@{eww@azefmluhmsnd i's

2081) . Ot her i se, B Al drutasisgaty niep TGS b o oS aleeeef BRIE° Caces
where only one sothebbovéref@encédstepd 14, and ekt faelt ﬁ&ﬁlmefmhebm\derl ty signis
computed as i ho okPE0OUsHR B ebfirihrpetn TS hARER s T ar (ot ep
708K) . 100721 By (rsleg?@&hﬁplfelteipmdomfname;gn ¢0:8g roeta 6n thefcasehehaeonly aed one

sol ution cases h%Yu%ole@ oEn(agssﬁo ?(leeqfan %”?ev?rﬂklﬁ%%Q%ssr%‘ﬁéqas&ﬁ#%on cases (if

any) remain to be considered. cco t he process
det er mi nes whi ch m’SItWh@ne (stepo/ 0810 Qthpromiss, lf ﬂ)e Rre@plmaamiSlmf(m roass i $ear d.

Specifically, it éa§esqf5[:x%rH‘B'%ﬁgsonﬂ%wﬁm%d%fneéﬁee LR e QQesity Qg}g% the sane sign

as the severity sign co In ste earlirer in the cess (step
710A). If it is d@ﬁlértemawélae ?fme&aﬁlébon?im 70872t Thsepn severity is then computed

as the average of the severities taken into account so far (step 708K).

[0072] By the completion of step 708, each of the zero and one solution cases
have been considered, and only the two solution cases (if any) remain to be
considered. Accordingly, next, in step 710, the process determines which of the
two solutions to keep, and which to discard. Specifically, it is determined how
many of the two roots have the same sign as the severity sign computed in step
708 earlier in the process (step 710A). If it is determined in step 710A that only
one root out of the two has the same sign as the severity sign computed in step
708, then this root is determined to be the “correct” solution (step 710B).
Otherwise, the algorithm computes the distance of the two roots from the mean
severity computed in step 708, specifically, the absolute value of the root minus
the mean severity, and chooses the closest root, namely the root with the smaller
distance (step 710C). In either case, this yields another possible value for
severity, which is added to the previous values (step 710D). The values are then
updated for the number of positive and negative roots, the sign of the severity and

its mean value by repeating steps 708E, 708F, and steps 708H — 708K (step



one root out of the two has the sane sign as the severity sign conputed in
step 708, then this root is determned to be the "correct” solution (step
710B). O herwi se, the algorithmconputes the distance of the two roots from
the nean severity conputed in step 708, specifically, the absolute val ue of
the root mnus the nean severity, and chooses the closest root, nanely the
root wwth the snmaller distance (step 710C). In either case, this yields
anot her possible value for severity, which is added to the previous val ues
(step 710D). The values are then updated for t he nunber of positive and
negative roots, the sign of the severity 2 its nean val ue by repeating
steps 708E, 708F, and steps 708H - 708K ( tep 27 710E). The severity for
the particular scalar is then set equal to the nmean severity (step 710F).
100731 Next, in s11@B). 7The sevely Eritei pasicdlirScdldd @hen@etrghedio tppGh bdvey | y, if the
severity is betwe 9 and positive one, then the severity is set equal to
positive one, %P@@& to prevent |ow positive severities fromshow ng up
as zero (step 712#0. Conversely, if the severity is between zero and
negative one, thell0the Neat drstepy 12, severities engtheh raundede§eecifivdlyoifithe in order to

si il arly preventdaiy REAaLIEo sAENRHE bR InGHA AR RAciRl BRoRRe0, (St P

712B). For all er val ues, severit s are rounded to the nearest
i nteger val ue (st®g: urmie)top@wﬂwpA#ltl‘eerse‘teﬁée@@thWgvraasaerg(%qpe rounded, a

determ nation is ‘f‘i@ﬂ? (':d?lvé%e%lo 1ft17e]sé\/eﬁ§' i &twﬁké?@énd%kﬁme Jn@“then tfel2 have been

conducted for each of the faults in | i brary. it is determ ned
in step 714 that KA s§hsqus! o Regative an’d’Pr?ff“ﬁ@ Slmémﬁprquf%ﬂ%m%ﬁaee not yet

been addressed, t&%ﬁt&b@orpgﬂam@slpaﬁzew(aspntzsﬁtr%pau?&néervaﬁua théde@itly 7104 - 712
are repeated, separatelﬁagfor ach of th ert to- g addressed faults in the

fault library. les gre pyndeg do.the pearestineesblye S dpC714 that each of the

faults fromthe fault |ibrary has been addressed, then the process proceeds
to step 716, in [@A74h aAfiesthe sdveritprilees erenppdagrdeesmygativaiahaid in skipe user

I nterface nressa‘919714\|f,21m£ Bl vHeMl Yepk 2l UAS av@ bl SRl dAMePhor Ll orifVENIsTY | evel's for

each of the fault
the fault llbrary If it is determined in step 714 that one or more faults from the

fault library have not yet been addressed, then the process returns to step 704, and
steps 704 — 712 are repeated, separately, for each of the yet-to-be addressed faults
in the fault library. Once it has been determined in step 714 that each of the faults
from the fault library has been addressed, then the process proceeds to step 716, in
which a user interface message is generated. The user interface message
preferably includes a display of the severity levels for each of the faults with
confidence values above the predetermined threshold as determined in step 704

above. However, this may vary in different embodiments.

[0075] The processes, programs, and systems depicted in the Figures and
described above are exemplary in nature, and may vary. These processes,
programs, and systems, and/or the components thereof, may vary, and/or may be
used together in connection with one another. Moreover, these processes,
programs, and systems may be implemented or used in connection with any one or
more of a number of different types of engines, vehicles, and/or various other
devices, systems, processes, and/or environments. The depicted processes,

programs, and systems depicted and described herein can be of significant



confidence val ues above the predeterm ned threshold as determned in step
704 above. However, this may vary in different enbodi nents. [00751 The
processes, progranms, and systens depicted in the Figures and described
above are exenplary in nature, and may vary. These processes, prograns, and
systens, and/or the conponents thereof, may vary, and/or may be used
together in connection with one another. Mreover, these processes,

progranms, and systens nmay be inplenmented or used in connection with any one
or nore of a nunber of different types of engines, vehicles, and/or various
ot her devices, systens, processes, and/ envi ronnments. The depicted
processes, prograns, and systens deplcteé and descri bed herein can be of
significant 28 potential benefit, for exanple in increasing efficiency and
reduci ng time andpaexﬁitalsbena‘s,sfaodxamﬂdm\AﬁctdasmgﬂejﬁMcyihrﬂgmnsihgtimé ard cestanpl e after
such engines require.te n ctune nd/or
overhaul . [0076] Wgﬁlatef%llhe% I\I}%(‘ri]} QSISE xaglgger?ﬁe esgcélrelhf’)m%? e\’/&u %te eference to a
preferred enbodi fidlotvinginanwfadtire, epainraddpsiverbalilby t hose skilled in the art

t hat various changes may be made and equi val ents may be substituted for

el enents ther eof obhoutmd@@@rnwenngnﬁageéshh&@n&emﬁr&éreacb%dﬂﬂé&&ﬂhi on. In
addi ti on, many nDdlflcatlons may made to _adapt to a particular situation

or material to thembedipsat iyyll by “‘ldﬁrémq byvhkase fké)‘H’dW tf‘ﬁ%‘lhatdé%‘F £heRgEsf rom t he

essential scope thgy s@f&ladeﬁb&&fafv@ms mbyf bel sBbstifuftt 1R Mhedt@Eredti@thbvent i on not
be limted to the part| enboglnent di scl sed as thﬁ%best node

cont enpl at ed for %ﬂaﬁi’g}lg sc‘ipﬁl the myeasien- Jna dHlﬁ’P 3Ry modificatiopsaynt i on wi | |
i nclude all enbodb&madeso fuﬁbdtb B GarAéuldi bitwatida@r mEfe toathe ﬁemlngmemded clains. 29

%ﬁ: Z:/St e\c/i\Ei S‘AI M in]\'fentlon w1t£ou?5iepgr%1 éror}cl 812 egén%glrégosﬂe%regp t'ﬁlere re 1tflsaU| ts (120)

intended that the invention not be limited to the particular embodiment disclosed
as the best mode contemplated for carrying out this invention, but that the
invention will include all embodiments falling within the scope of the appended

claims.



operational data (106) for a turbine engine (102), the method (100)
conprising the steps of generating a diagnostic pattern (118) for the
operational data (106), the diagnostic pattern (118) conprising a plurality
of scalars (114), each scalar (114) representing an arithnetic relationship
bet ween val ues of the operational data (106) and val ues predicted by a
basel i ne t hernodynam ¢ nodel (110); and conparing (136, 138) the diagnostic
pattern (118) with a plurality of historical patterns (134), each

hi storical pattern (134) linked to one or nore specific faults (120), to
thereby identify one or nore likely poteggial faults (142) reflected in the
operational data (106). 2. The nmethod (100) of Claim 11, further conprising
the steps of generating a matrix (124) of operating paraneter perturbations
to sinulate a plurality of engine (102) faults (120); and running the
matrix (124) through the baseline thermpgynam c nodel (110), to thereby
generate a historical pattern (134) for each fault (120), each historical
pattern (134) representing a deviation fromthe baseline thernodynam c

nodel (110) resulﬁ@QQAmPinthe fault (120). 3. The nethod (100) of Claim1,
wherein: at |east one of the scalars (114) represents a relationship
between: a first operational value fromthe operational data (106); and an

expected val ue of; the af ifeflod 0Q66)2kd OfFnoNR YtentdELeRiG (r]g(ﬁ %‘geét&a% in part

based on a second operational value fromthe operation ta (106) and a
known 30 rel ati otpsitignabiata{de) farjgdurbing enging (1§2)s the msthod (JEPaomprising tharl ues,
based at |east ingapg on one or nore | aws of physics; and each historical

pattern (134) includes a plurality of historical scalars (13@% each
hi storical scalar (13E§nerling disgpostiggpaterdlighdordhe phestional datg 4L06):i the
t her nodynam ¢ nodghgnbstit @ittern (118) comprising a plurality of scalars (114), each scalar (114)

representing an arithmetic relationship between values of the operational data
(106) and values predicted by a baseline thermodynamic model (110); and

comparing (136, 138) the diagnostic pattern (118) with a plurality of
historical patterns (134), each historical pattern (134) linked to one or more
specific faults (120), to thereby identify one or more likely potential faults (142)
reflected in the operational data (106).

2. The method (100) of Claim 1, further comprising the steps of:

generating a matrix (124) of operating parameter perturbations to simulate
a plurality of engine (102) faults (120); and

running the matrix (124) through the baseline thermodynamic model
(110), to thereby generate a historical pattern (134) for each fault (120), each
historical pattern (134) representing a deviation from the baseline thermodynamic

model (110) resulting from the fault (120).

3. The method (100) of Claim 1, wherein:
at least one of the scalars (114) represents a relationship between:
a first operational value from the operational data (106); and
an expected value of the first operational value, determined at least in part based

on a second operational value from the operational data (106) and a known



4. The nmethod (100) of Caim1, further conprising the step of: quantifying
an expected severity (150) of the one or nore potential faults (142), based
at least in part on the conparison (138) between the diagnostic pattern
(118) and the plurality of historical patterns (134). 5. The nmethod (100) of
Caim1l1, further conprising the steps of: identifying multiple Iikely
potential faults (142) based at least in part on the conparison (138) of

t he diagnostic pattern (118) with the plurality of historical patterns
(134), each likely potential fault (142) having a different historical
pattern (134); and assigning probabllltyovalues (146) to each of the
identified likely potential faults (142) based at least in part on the
conparison (138) between the diagnostic pattern (118) and the plurality of
hi storical patterRstibdkif betweeChe fisOtabécbid dperdfidridEvalles, 485ed bEIPLCHPRE I NG A
probability that the en% %ﬁ% 9%% has particular fault (120, 142). 6. A
program product (20U °384, grp fﬁ?a?or dlagnosing potential faults (120)
reflected in operati onath ﬁlabm‘z:a(ph&ﬁ)l(B@rmcﬂudembihnamyengi;taeca(stﬁl&);(130he pr ogram

product (200, 300 1 20 figured to:
enerate a dia nogatcg ﬁf)t&mtag Sﬁ‘ﬁir {f)of Sﬁesﬁg%oﬁeﬁ A 8‘?‘12‘}'&'& 8% %aﬁq t he

g g

di agnosti c patt er therfmbdghemirongeiei 310g a plurality of scalars (114), each
scalar (114) representing an arithnetic rel ationship between val ues of the

operational data (106) and val ues predicted by a baseline thernodynam c
model (110); and 381 dbnpam31@@®®fcm®8)ﬁuh@%mhagﬁm§m¢ﬂqpéttern (118) with a

plurality of histor! calahBilhiiyd il en SR B Gl ool ufu 32) 11 nked

to one or nore sPeC|f 120 her e one or nore
likely potential (42} based zuiz:)ist m@wwmﬂeedcanpame (bﬁérbawe%alle dipgpesti¢ 106) ; and

(b) a conputer-reggabl e85 iR prRaRy btk ipatemdQPs4) 310, 312) bearing the

5. The method (100) of Claim 1, further comprising the steps of:

identifying multiple likely potential faults (142) based at least in part on
the comparison (138) of the diagnostic pattern (118) with the plurality of historical
patterns (134), each likely potential fault (142) having a different historical pattern
(134); and

assigning probability values (146) to each of the identified likely potential
faults (142) based at least in part on the comparison (138) between the diagnostic
pattern (118) and the plurality of historical patterns (134), each probability value
(146) representing a probability that the engine (102) has a particular fault (120,
142).

6. A program product (200, 300, 310, 312) for diagnosing potential faults

(120) reflected in operational data (106) for a turbine engine (102), the program
product (200, 300, 310, 312) comprising:
(a) a program (200) configured to:

generate a diagnostic pattern (118) for the operational data (106), the

diagnostic pattern (118) comprising a plurality of scalars (114), each scalar (114)

representing an arithmetic relationship between values of the operational data

(106) and values predicted by a baseline thermodynamic model (110); and



program (200). 7. The program product of Claim6, wherein the programis
further configured to: generate a matrix (124) of operating paraneter
perturbations to sinmulate a plurality of engine (102) faults (120); and run
the matrix (124) through the baseline thernmodynam ¢ nodel (110), to thereby
generate a historical pattern (134) for each fault (120), each historical
pattern (134) representing a deviation fromthe baseline thernobdynam c nodel
(110) resulting fromthe fault (120). 8. The program product of C aim®6,
wherein: at |east one of the scalars (114) represents a relationship
between: a first operational value fromthe operational data (106); and an
expected value of the first operational value, determned at |east in part
based on a second operational value fromthe operational data (106) and a
known rel ati onshi p bet weempirhd136; 138) tiendiagnesgio pdttap€l 18) mithal pluralityes, based at

| east in part on_one or [e f. physi cs; hi storical pattern
(134) includes a P ‘8?‘5‘???%9“81‘“%6’3 acfl hisf %éa“r‘gp%lg@)m e Oty P
scal ar (130) reprgsdfit fanls d2Qctpitharéby ndentifgron¢ remdéradikdly patentinhfaultsftizham ¢ nodel

(110). 9. The pro 6,.qMerein the programis further
configured to: 32%5%%1%ﬁ??ﬁ%ﬁ%@%@{l%,g&veri ty (150) of the one or nore

potential faults (142)b) dxemputerateadablg signal heaping medim (308,318 oT3 hbdategnth¢ 138)

bet ween the di agn g,ia[gl(zdagttern (118) and the plurality of historical
patterns (134). 10. The program product of Caim®6, wherein the programis
further configured to: identify nultiple likely potential faults (142)

based at |east inypartrh@prbd¥fin product of Claim 6, wherein the program is further
configured to:
generate a matrix (124) of operating parameter perturbations to simulate a
plurality of engine (102) faults (120); and
run the matrix (124) through the baseline thermodynamic model (110), to
thereby generate a historical pattern (134) for each fault (120), each historical
pattern (134) representing a deviation from the baseline thermodynamic model

(110) resulting from the fault (120).

8. The program product of Claim 6, wherein:
at least one of the scalars (114) represents a relationship between:
a first operational value from the operational data (106); and
an expected value of the first operational value, determined at least
in part based on a second operational value from the operational data (106) and a
known relationship between the first and second operational values, based at least
in part on one or more laws of physics; and
each historical pattern (134) includes a plurality of historical scalars (130),
each historical scalar (130) representing a deviation from the baseline

thermodynamic model (110).

9. The program product of Claim 6, wherein the program is further

configured to:



conparison (138) of the diagnostic pattern (118) with the plurality of
hi stori cal
different historical pattern (134); and assign probability values (146) to

each of the identified |ikely potential faults (142) based at | east
on the conparison (138) between the diagnostic
plurality of historical patterns (134), each probability value (146)

pattern (118) and the

patterns (134), each likely potential fault (142) having a

in part

representing a probability that the engine (102) has a particular fault

(120,

142) .
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quantify an expected severity (150) of the one or more potential faults
(142), based at least in part on the comparison (138) between the diagnostic
pattern (118) and the plurality of historical patterns (134).

10.  The program product of Claim 6, wherein the program is further
configured to:

identify multiple likely potential faults (142) based at least in part on the
comparison (138) of the diagnostic pattern (118) with the plurality of historical
patterns (134), each likely potential fault (142) having a different historical pattern
(134); and

assign probability values (146) to each of the identified likely potential
faults (142) based at least in part on the comparison (138) between the diagnostic
pattern (118) and the plurality of historical patterns (134), each probability value
(146) representing a probability that the engine (102) has a particular fault (120,
142).





