; e3eYY| |} T=R>46j T"k S19 AUG 2003 TITLE: Method and Apparatus for19 AUG 20037
Anal yzi ng, Rotor Bal ance FIELD OF THE I NVENTION The present invention

rel ates generally to the field of dynam c bal anci ng machi nes. 5 Mre
particularly, the present invention relates to a noise tol erancogal ance
anal yzer with inproved cycle tinme. BACKGROUND OF THE | NVENTI ON A wi de

variety of machines use rotating shafts to carry |oads an1“|ﬂi&ﬂ[ﬂ|mﬁmmulL
power . hmtaidﬂﬁdﬂ@*@&&t&‘fﬂ?ﬂﬁ&gﬂ%@xﬁpﬁé o bearings, : any
attached mass, 1s ca a rotor nam ¢ force will occur |f a rotor' s
center of mass is not |located along its axis of rotation.

force can cause excessive |ateral deflection, which reducﬂmmmmﬁw m@i“mr
performance and bearing life, This dynamc force can al so i ons,
whi ch can lead to objecti ondbEDOETHEINVENIIQNG can interferecsberh t he
operation of nei gﬂrhl;orl ng equi pnent. In addition, thus dynanmi c force can

i ncrease the int aresent invention redyesi gagergly t@ﬁeﬁpldtcbdynam@b@hanmmwmm ngs. The
magni tude of the dynamic force is: Force _ (mass) x (eccentricity) X

(angul aMepeatdlarBthepesent Reating relatdstya hdsetibleragtibalafud@eal et wigtit fp!rcbzed eRn er

of mass and the axis of rotation. This force can be very significant in
_high sperg nmachi nery because it is proportional to the square of the

rotor's rotational spend. 'f he effect of this force will also bb nagnified
if the shaft operates near its critical spend.

BACEGRO ¥ THE NTION
A wide variety of machines use rotating shafts to carry loads and to transmit power. A rotating
10 shaft supported by coaxial bearings, together with any attached mass, is called a rotor.
A dynamic force will occur if a rotor’s center of mass is not located along its axis of rotation.
This dynamic force can cause excessive lateral deflection, which reduces gear performance and bearing
life. This dynamic force can also cause vibrations, 'which can lead to objectionable noise levels and can
interfere with the operation of neighboring equipment. In addition, this dynamic force can increase the
15 internal stresses acting on the rotor and on the bearings.
The magnitude of the dynamic force is:
Force = (mass) x (eccentricity) x (angular speed)?®
where eccentricity is the distance between the center of mass and the axis of rotation. This force can
be very significant in high speed machinery because it is proportional to the square of the rotor’s
20 rotational speed. The effect of this force will also bie magnified if the shaft operates near its critical

speed.



1 9 AUG 2003 One net hod of reducing the dynamc force is to "bal ah® AUG: 383
shaft. Two mgj or bal ancing nethods currently exist. The first, called

stati é\ bal ancing, is generally used for relatively short, |ow speed rotors.
Static bal ance is obtained by addi ng and subtracting bal anci ng wei ghts
until the rotor does not have any tendency to rotate around its horizontal
axis when started fromany initial position. 5 Static balancing is sinple,
but cannot ﬂ%ﬁthﬁmﬁ&dﬂmwcmg@e isrip Rrataness shel shefnt ovp myothafapeipg nt
points along the shaft. The second nethod, called dynam c bal anci ng, can
det ect fristhedsoaurreitlyi eaist. Ty fizst cellddastatin balagingsis gaemiipbiey fa cadaively ishdre tbwby
sensing the forces acting on the test subject when it is rotating at high

speed. Vjre@hiids. a8t@id vaRAceAs dinainddbyQdisgidrsantethgbanatiidweifiK @il Bk rordef i nit e

radius in two different planes. These planes can be | ocated anywhere, buts

are usughdshol RGEhBdelRRY tf RexRoHadh h&ﬁ}%ﬁ&ﬁkﬁrwhe&m%ﬁ%%%ggh stbf m ¢

bal anci ng machines rely“on the phase lock | oop ("PLI."' et ecting
perturbat.i. i n the t.put. of, & radi force .trans s to identify
bal Snce S Balebeid Bl o o B orSiF Sy AR SREL B dirar? il
method is the ti required,to "lock on" to the bal ance signal _after the

t ransdu@ers &eéyﬁqﬁhﬁé andmethed a@“cgﬁmﬂ#crha{#‘e}%g, cqndejectihis &‘?‘Hdgmé'r B¢ nr ee
seconds. PLL machines also require an additional three seconds to collect a
si ngl e dalpacingds genprally acgemplishedhy sansit the fgecks astng enohriiestiseiect Phesdibis potefing at
intervals increase the cycle tinme required to performthe bal anci ng

oper at i highepeed. Perightschns therpaddedotd we subtactdidihe) thastoreosdefieite fdionintthe dsemnt  of
one part to the start of the next part ("TAKT"). TAKT is significant

because pldnea MheelptantOcah BE1004tEDRKwhire, BuQGsIGuglyi1bated @adt thendy ot diseadr. by a
particular manufacturing |line. Low TAKT is desired because a manufacturer

cangpr oduce @&én%ﬁﬁc@n@ﬁg%ﬁl%%ﬂr% : c.%fsg-%lg%ﬁ Yhe Sa& £k o PPLNGInShdd oF T N')  can

af fect the accuracy yna ing procedure. EN i's a vibration

that caryes.fro ur ces, ot her than {4 r.Qt under rsonnel
or obj ecqege‘:tmc{%gg}fm m%@ RO %%8 3¢ ag?m?:ﬁ%g%dlu%e s&?&cﬁ%ﬁé}f%@cﬁ? n)tb g%fg? in the
assenbly line, or air_disturbances from ajr, handling or, aydi,o equjpnent. EN
may al sd°‘|“‘é’§LFP%°hf“F¥¥mcE‘P8€‘§‘? P’(‘,’g‘f"‘n? i fwg%%‘ﬁg‘?mﬁe%%@ P g@?‘??{’g%ﬁ%\ei ce and
ot her nearby electrical equipnent. One common net hod of reducing the effect
of ext ertsiancesignakafienthe transucer signals baverseitlos Tisiaterelds frisallyagnef facesreopfe ¢ est
subject. if the results fromthe tests agree wth each other) no 5 one

ext er nal Pliahshiney st reque an ndditiotal thrag secbrals thedolieat @ bingle titoset afteg achiryingand t he
data collected is accurate. If the results disagree, however, an external
Noi e eVvestk oRT Edhitier. Thbsé fXe 18820 inclehe tkkodydle 8 wqGirdd 16 Perp@mitedalaacioy new
data will need to be collected. PLL machines are particul arly hanpered by

EN becaugRrtibey ddﬁhgﬁes&&cﬁbéﬁkdésﬁreeaw@d £8 B stak BF HePask RAYe GADABAUI T €
t he new dat a, V\l}nc resufts

next part (“TAKT"). TAKT is significant because it affects to the number of products that can be

produced by a particular manufacturing line. Low TAKT is desired because a manufacturer can
produce more goods on existing machinery.
20 Extemnal Noise (“EN") can affect the accuraey of the dynamic balancing pracedure. ENis a

vibration that comes from sources other than the rotor under test, such as personnel or objects moving



ina several second long delay. This drawback is nmagnified because$tAus 2003
tolerated difference ber<vcen 10 the two data sets is typically set very
small to maintain the overall precision of the system Cearly, there is a
need for a bal ance anal yzer that can produce accurate bal ance data in a
short period of tine. There is also a need for a bal ance anal yzer that is
nore tolerant of noisy environnments and that, can recover from externa

noi se evindf G fizlies pdipdsaiioels inthe sty binse pri aifelisyhancessrog pifrandliog s agie s ent
invention provides a nethod arid apparatus for anal yzing rotor bal ance that
can qui céduipopnt N manpelcurcatlefrdnatlagite! téarection braweenshettesting device@fid etbérgiparby
environnents, and that can recover quickly after an EN event. The present

i nvent i oglectfidaldduin®ar. the: com@tbn i2thod oPtellucimytad ofzeer ofRytetnal Hofse & tb Rk atlbddE,

hi gh speed digital signal processor and/or conputer that is synchronized to
the r ot ayjdQBpfte FIRuAhRQ b he 1eoRRBRES IURNREAL Boiti R Saotd Ui LIV not NE

position and of the dynamic force ‘generated by the rotating test subject. A

digigal gsi I Qcessar) . s as t col | ect,s t dat a .produced by
thes 3 S iBtmiaBaRe et it R S B 1 e b Bt BB ot ot 1 ons
The conputer uses the infornmation collected to determ ne,the avera%f peri od
of rot at ERAETHIICISHIS AispEreh SOV P &1 BLeIH NaisG SRt OSTHTISE ARTRS 0P Pl rasda
indicative of the average dynamic force exerted when the test subject is in
a parti ctfqnisition paivdaandotew il neasto bacolleeed: dilimashipgs arhparicylagdy hbymppesaddyt he
mass of the rotor balance. S One aspect of the present invention is a

met hod aRl bagpsertbdyusust Bnckdhadkyontatye s et beftraktan can ac@iie terrzodiatmewhiciofestlise
apparatus conprises: at |east one sensor that produces an anal og signal

rel at i ngintaQevierdl @5con® 1Rk &Ly, TN dRH 001 nikehllied Bodbuse @B YRdrhted difforefteGb®ded O t he
at | east one sensor that converts the analog signal to a digital signal

and . CORDUL£ALANIELRM @ {:Ne AN Adntad: fl pleldl preARYRE hEyddiat provi des

information re es ance o test subject One

mbodi nent of _t thod 1 i ses the act i fi.rst gnal
Sl gnal |1 i o&E B & Tset 1 SRuBicE & e nptay b SRRRR e Pl 0

second anal og _signal indicative of a dynamc faorce nerat.ed by a rotating
Cost obj B0 OEREE ThEreig Ashanger far baRaceuBaRFHH bAHA G TSP G Solsiironments

calculating information related to the shaft inbal ance based on the
di gi ti zeenddhayne rscovarforhexterad peise ehts faiker Pre 3 BHi-bassdyeptitesani s a bal ance
anal yzer. One enbodi nent of this bal ance

15 SUMMARY.

The present invention provides a method arid apparatus for analyzing rotor balance that can
quickly produce accurate balance data, that is tolcrant of noisy environments, and that can recover
quickly afier an EN event. The present invention eliminates the need for a PLL analyzer by using 2 real
time, high speed digital signal processor and/or corhputer that js synchronized to the rotation of the

20 rotor. Sensors generate signals indicative of the position and of the dynamic force generated by the

rotating test subject. A digital signal processor, such as a computer, collects the data produced by the



15 anal yzer conprises at |east one first sensor) operatively connecyeghd 9p08
test subject, that produces a signal indicative of a dynamc force produced
by the test subject; at |east one second sensor, operatively connected to
the test subject, that produces a signal indicative of an orientation of
the test subject; and a digital signal processor, operatively connected to
at | east one first sensor and to the at | east one second sensor, that

cal cul at @&s&@ﬁwﬁtﬂm@weﬂieﬁaa%y&rdaﬁoa@ THERGhANG QG s RSB oRHERE caleaddw th 20
the test subject. - 19 AUG 2003 Yet anot her aspect of the present

code onbaar i TREREPH: PSR Eio Ty B At O ey PR R 0? e
ter, dabl d ' ter. readabl .ogr, d
Chat  cauddEAReS ARYEHE: Snalindee serEain e Siuet it S rir B cat f ve

of a dynamc force exerted on a test future by a rotating test subject; a
conput er Thesggalsesarprielitpddathe dnsatianad theanpseef thaystos bigdter to sanple an

el ectrical signal indicative of a position of the rotating test subject;
and & conput eOne mpctabf tee pregegt iavantondis atnesttodead spmratlsdocmalpzitgshaft balembk.cul at e
information indicative of an inbal anced mass associated with the test

subj ect . OgkielbodunedtBethe ApRECEs cOMmplifRe apIeRsS B seiddy it JreticdsSn andld siv@al ethting
anal yzi ng shaft bal ance. One 10 enbodi nent conprises the act of generating

at | east (o0Rsdslibisd; 2ia88k-10-d1GkkE 8dnkYifer Onnler VB MY L1 Qb ABNBAALRR DA T est
subj ect; generating a second signal indicative of an orientation of the

test SUbkegly BLALY A Bhal, SA81 o NG L1k 008l A0S RS ERSO: Shonal O

a digital sign SsOT; 'an processi ng at 1east one Tirst

signal and the seconds signal to_obtain a digital code that. contains

1 or rat PO BRI Bl Fti R oA SR HRHE oy T R B ode
the act of calculating a 15 magnitude and a phase angle indicative of the
dyndfi c Fomeiseudr ags eftsneptiisradirst avdes signgkindieative pla posidon ol Aratatingte ¥ PLigte
present invention is that it can provide a norn accurate mass and | ocation
i nf or mat igemeraing asecbivbanalvig aigaad deiitatreesd aulgnangce forqegemonaied by a rotating test object;

anpl i tude-nornmalization techni ques. Yet another feature and advantage is

t hat t he dpisgnhe fidvaakiond SADERANS RGO Aculadhg InddrinaddnQelateditotiRSdhbfo Pnbalance
condi tions, which would cause inaccuracy and/or increased cycle tines in a

PLL systg@edggmeldiﬁﬁgaﬁgﬁﬂgo feature and advantage of the present invention
is a position sensor that 1s physically synchronized to one particul ar

|ocation on the,geviee et J ok endlio bl Ot oRE SRR And: AL bifhel ©

det ect act ual A%O

15 analyzer comprises at least one first sensor, operatively connected to a test subject, that produces a
signal indicative of a dynamic force produced by the test subject; at least one second sensor,
operatively connected to the test subject, that produces a signal indicative of an orientation of the test
subject; and a digital signal processor, operatively connected to at least one first sensor and to the at
least one second sensor, that calculates information indicative of an imbalanced mass associated with

20 the test subject.



"rotation speed, and to begin sanpling and processing data during the fAug st
rotation after the signals stabilize. These and other features) aspects,
and advant ages of the present invention will become better understood wth
reference to the follow ng description, appended clains) and acconpanyi ng
drawi ngs. 5 BRI EF DESCRI PTI ON OF TAE DRAW NGS Figure 1A is a side view of
the bal ance fixture with attached anal yzer. Figure 1B is an and view of the
bal ance fi xt (feeanoihttaspdct aftheptesantayestion is £romupuéer Rsable mediumdiAviag eQUBPULH at
depicts one testing procedure Figure 3 is a flow chart of a vectori al

al gor i t hyfadable @foafim ke BT o i rdDERCRI AR inghhdf tghncel AnaadbdiBnahofithone

enbodi nent of an apparatus for analyzing shaft balance 10. Fig. | A shows a

bal ance oln-g) Hfﬁa&%le‘ﬂrn{é?m%&d@%&mﬁﬁ@ E6hmiphr rediabR ipfdheeh RAe Gbith@esd4, a rigid

frame 18, top cant’il"ever 20, and a bOttom cantilever 22. Fig. 1B shows a

top bal ance sepsor/transducer 24 : cer 26,
a1 ndex e IaEs A FRAE firsg s AR of S ARER S SRR ph £ BRTEMEET 12
signals 32, 34, and 36 travel betyween the b I%nce fixture 11 sad a digital
ST grial PRGBS SRRt OmPE SRR B BERE S oL g e TSt odRnes o1 o
electrical wres. The conputer 37 contains and executes a vectori al

.al gor i t hetegsriendsiznal BGicating ofihpesition pf b rqsating teshsuliect; 304 aSPrEPWLriTesA2ble PragraB st
subject 12 is first placed between the cantilevers 20, 22 and is

accel er at@id t2caueesaheviogiputantg ghlauwlaty Bifmitian indidativg oftah igbalanpddimagpassasiatad, t he
transducers 24, 26, and 28 produce electrical signals 32, 34, and 36

i ndi cat i with@e tedneubf@@gni t ude and position of the inbalanced mass (if any}.
The -6 1 9 AU G 2003 vectorial algorithmprogram 38 and the anal yzer

program 40 usgif Hemer St tRe pésentIven@dils SRethod SRRV sBaffBicdOhel OCat i on
to add and/ or éubtral;:tbéilo thel}t egt s?ﬂbj ect 12. This” conputed nmass and

| ocagion L. ¢ e] .t ffect the. . ance
transducgl\f%%JAmFlﬁ@&#%Rgﬁﬁg% Pﬁ%eﬂfl%%? ag%é#tg ?%ﬂéfgtg?ﬁgér §¥° %28’#&%@‘; @g“')"‘ the top
5 cantil ever and produces gn anal og, el.ectri.cal, signal. 32 jndicative of a
dynami ¢ TR SdEt J°B§rg‘f’ﬁ’@"{‘%%§°°%‘¥9%f5§ﬁltm F"s‘{fé&?‘?ﬁ“@ﬂ?ﬁ g sYhsducer
24 in ,'this_enbodinment will neasure a radial_force (i.e., perpendicular to
the test PEYKiirgat least gug Grsigignalang theseoond pignad e adigha! $gpat mecctsas anddigfall¥t 12 to
the top cantil ever 20. The output of the transducer 24 will be a sinusoidal
wavef or mpowsessing iatigastienedfirst sigual endthe sagord|signal to etain edigittiendd th gersdnof t he t est
subj ect 12 The bottom bal ance transducer 26 is simlarly
information about the test subject. This embodiment may further comprise the act of calculating a

1S magnitude and a phase angle indicative of the dynamic force using the digital code.
One feature and advantage of the present invention is that it can provide a more accurate mass
and location information about the imbalanced miass using time and amplitude-normalization techniques.
Yet another feature and advantage is that the present invention can compensate for variation in testing
conditions, which would cause inaccuracy and/o1 increased cycle times in 8 PLL system. Still another
20 feature and advantage of the present invention isfa position sensor that is physically synchronized to

one particular location on the device under test, which aliows the present invention to detect actual



" 10 positioned near (or nmounted on) the bottomcantilever 22. |t spgnpjugrmg
produces as anal og el ectrical signal indicative of the dynamc) radi al
force transmtted to the bottomcantilever 22 by the test subject 12.
Accordingly, the top bal ance transducer 24 and the bottom anal og transducer
26 can be any device or conbination of devices capable of neasuring the
force (or the resulting position, velocity, and/or acceleration) generated

by the Fe?z&x%ﬁ .('s)]?agd tafifto b%uitﬂlsﬁﬁﬁhno\éﬁ prB&@siﬁgad&&Qiuﬁﬁw 9Ot Rlaiol &k tesizmalenci es.

15 Exanple app roerate Sensors |nc ude) but are 'not limted to; strain

gauges, ygﬁﬂﬁ f‘ﬁ@e‘:t ! P‘B ey %g&i%s atl iy @J Wtﬁi{ﬁ%&s@ﬁtﬁnvex?@dﬁ%@ﬂ%a&oﬁ@ﬁocmr

directl taﬁ rea wthin the scope of the

present inventign. The in ul se, trapsducer

moUnt ed SRR W RSP 3?39 Wi A poepet et b B R BRIl | o
that is physically located on the test subject 12. The transducer 28 20
produces an el ectrical pulse signal 36 each tine the index mark 30 passes
by or near it. Accordingly, the index pulse transducer 28 can be any device
capdbl e of detecting t BRIERDESCRER HEDRANINGS 1 9 AUG 2003 pul se
signal 36 at test speed frequencies. Exanples of appropriate devices

i nclude, but FRHR 1AGE a bide¥ik@df the ballnak Fixefe wit! anaetnd atalizeropt i cal - el ectric
sensors, and €l ectrical contact sensors. In addition) although the

embodi ment  skown yipNs G 83viel df 1@ tA1atE PRy Wit SfacBRRnilpRex mark 30)

addi tional index rnatrEd 30 can be used if the transducer 28 is capabl e of
operating of ot he It| ter 37 in this enbodi nment
conpri ses anFégnlgl ow(ﬁl E‘ %gél&pi%tsﬁ%mgg&gdémﬁat periodically sanples the
signals 32, 34) and 6 a B Y oduc e.or nore first digital codes

i ndi cative o ‘&“FF@‘Frﬁg]ﬁ‘r"t‘: Ye @f"eﬁ%ai%i’ IPPFPM 34 and 36. As will be

di scussed in nore detail with reference to Figs. 2-3, these digital codes
arelQused by the central processor of the conputer to produce one or nore
second digital codes indicative of the magnitude and | ocation of the

i nbal ance. Accordingly, the DETANOBLITN PAHANt he A/ D converter together
act as a digital signal processor In addl tion, the AID card may include a
second di gi t #HigsprO&RSEHhowldas cmtﬁadﬁ:mcmfa:hlaypamammayﬂngxhaﬂt balance ¥0.clig.at i ons
an the first and second digital codes, which nmay be particularly desirable

for testjRuRRRAGRSC: e {1 Pith megfaubﬁam)i laRfind1a bekatorARDY O fr&he18; @EGPUL er S,
A/ D converters, and digital processors are well nmown and w dely avail abl e

in the agaf%é,g E agp gﬁg{tozﬂ;/ ga[neie%’)/ﬁ hat é mng%g'bﬁltaﬁccgaﬁ ﬁ’tﬁlﬁgduw 20/ MR6HT €)

At bl ock begins® en an erat or c anps the test
sub and ti i nd 14 to the balanc 11.. The S ect 12
Cs Blubhmmaier doing e RISy A iﬁmf‘%“a T N
an electrlcalaﬁﬂ{ air, steam élti%m)tor (not_ sh his testin speed
i s arbit Y gignata A2, %éﬁﬁ%ﬁ%elé’cﬁ‘fc FE?’HCHE‘H‘“{%%&WBWWIS’SP@P’E%?Ps%‘ et s
expected operating speed. It is preferable to avoid taking data during the
20 spi n- aproghased gl dumposesomputerty ornedleckisplsdres. Rae compmiet toortaias akoi se i s
variation in the transducer signals 8 1 9 AUG 2003 that results from
the RPM eka0gi Ng:csial digorittot proganas atdarf asklyzer pogragyided. During spin up of
the rotor, RN is very high and any data collected will not be sufficiently
accurate. In operation, the test subject 12 is first placed between the cantilevers 20, 22 and is accelerated

20 to a high angular velocity. After this “spin-up” step, the transducers 24, 26, and 28 produce electrical

signals 32, 34, and 36 indicative of the magnitude and position of the imbalanced mass (if any). The



After the test subj ect 12 has reached a testing speed at bl ock 104)I_ hkes 200
anal yzer 10 vval ts at for the transducer signals 32, 34 to settle ot gq
settle time ('"TST") for the analyzer 10 includes the 5 tine needed by the
mechani cal fixtures to reestablish a steady state notion after a

di sturbance by noise (fixture "danping tine") and the tinme necessary for
the transducers 24 and 26 reach steady state after a noise event

(t ransduggtoriab@gddien btog&ub 38 ah&Theahsigret profraneld usnthesa sigyaed?2, 3 tand 36 toi me
("anal yzer settle time measured fromthe point when the transducer

si gnal s gﬁ%@gmg@ amomeﬂ t&ﬁﬂh@&&uﬁ?‘d@ﬁ'&%b&%@ﬂﬁ Al s oA Fhdsia0d

starts. ver, thrs time can genera y be ignofed under nbst operating
conditiops., As . Od ed .i.n bel ow, the enbodi ment in pigs.

| A and 1B°Hgi gﬁ'ﬁc‘t °ﬁtg°fm37r{“g%1%nr??‘§ data (bl ock 10$) when it receives
the first index pulse 136 (block 106) after the, fixture and transducer have
settl ed. Accoml‘%wwciﬁg‘séﬂ‘iéfl%ﬁ%fm bt°ﬁ‘é“"‘f‘§’ﬁﬁ°sl“l§’r“°‘{‘?fér ORBaw "rﬁietlgbtLg 53

the average, equal to one half of a revolution. One half of a revoluti on

t ake® 3. cantidavii 2eedpuducss ayBiZ0g Feagicalsigedh 32 indisaticio§ p Bymamigarse ewdpad Brthehan
total acquisition tinme for either the preferred enbodi nrent or a PLL

anal yzer testlsubjttrq 2d speifRalty tieittansdtcet R4rin thil AGbSdiméns wilhmeastrie weadiad fpucer(ed, t o
generate values for the signal's anplitude and phase once the signal has

settled. pdib& aflafaptotRd -8l Wil SGo@A&H) trifsrifiedP thOWstisShjece M toltke thhie

vect ori aF al gorit hm pr ogram 38. At block 112, the vectorial algorithm

program g%nfe%%l %ﬁggfm@%&iﬁgﬁoﬁoﬂ bgqgﬁngsd?cfal L RR fon BB §rr9@ehc°y from

the transducers 2 using the sanpled data points. Determ nihg the

anmount and Io at i a e ht es the
20, oal curdel B AR eppReER e ST 2R bR AR b Bl ﬁ%&‘fb’

and "Phl" represent the anplitude and phase of t e Si nu50| dal anc SI sal
froff t hePes§iPued @ﬁ%@&é@ﬁntg&oqwcﬁoaommn OVE]'22q i imifurly prodicespiEng ésw are
the anplitude and phase of the sinusoidal balance fromthe bottom

t r ansduc eigng éndicative of theldgnantihagadit fwree tofnsmisieh tashd batom centerar 22 by thatass qutiest
relative to the index pul se signal 36 that occurs once per revol ution of

t he rot ot2. Atwrdiighg dengpiialabowdansduderf24@sd thi béttcaamnghalbP tradstieden?6 ceabeesy f or A,
B, Phl, and Ph2 without a PLL. by taking advantage of high speed digital

si gnal PRk rcorglgna?grp c%gtlzvlu:lest c!ae }e o??%?‘tgl’&gth%forclg)ﬂcirlﬂlae‘pesﬁtlrlgﬁﬂglt%qa%lo conput ers.

Once accurate an reci se va ues are o tal ned, the

anal yzer ax{afopﬂegéﬂti&g g@rﬁlaﬁeﬂ B@&)@&ah@étcs@uﬁﬁ& oJe;the rat'l &f Mllﬁpﬁﬁ oGl S anmount
and angul ar | ocati on The details of this wel nown cal cul ation are

des i bed in.J nd f.R L brati 2

Veld an HFPP B R s e g e o %ﬂw% S e R ?%egéﬁam
Dynam es of Machi nery 10 350- 355 (Prenti Hal | and in. 0.
Mkl est a8d EesidTaRerEabesers that Giesty Rfﬂdumaﬁ%@emféfelg?%fﬁe&m FePERfok
Company, Inc. 1956), which are each herein incorporated by reference. Wen
t he cal cmtametltbe[bra'wee wei ghts are added of the cal cul ated angl e of
installation) a balanced rotor is obtained. In sone cases, only one wei ght
i s"added r at hEtre iidea pulsswansdusedtShie thiscemstodimeat invgiogrhied th shealaneedixtusel1 Ir asjdoent
than added to obtain balance. After weight is added or subtracted) the

bal ance #hhapah ¥ZBE indék GAR 30 thatis g@stc@u;clemddrdmmma& subfeet 120tTaE whsdizat Zéced
and within specifications. Fig. is a flowchart of the vectori al

al ggg it hgkeﬁ&g eal pb\‘ll%elggg‘ﬂgll%é%h c&h%éfﬁaéx%mbo 9&&9 B%(BJHMQE OfHc8MIn3f, | S

given th tota arrp es to be taken. the top and

bottomt ans out r | D wdi; fQr duc
simultan 66% °§p “ttha er Séﬁ% yghw&cq ZD%@S& gﬂin?)gg er{g{“ﬂ(:{? g%fpro lhensge
acts are repeated until the vectorial algorithm program 38 obtains 20 the
prodet et m ned nunber of sanples.

-7-



-io 1.9 AUG 2003 The anal yzer 10 enbodiment in Fig. |-3 initially, § AU %003
the data fromsignals 32) 34, and 36 in real tine without regard to
synchroni zation to rotor rotation (synchronization will be done later). In
this enbodinment, the three signals arc each sanpled spout every 1/360th of
a revolution. This enbodinent will continue sanpling the three signals for
0.5 seconds (approximately 50 revolutions at 6000 RPM. S Accordingly, the
conput egy | Iie ' Ypridle BRReyiatii@RShA bretndelimited Of
sanpl i n89‘§°rﬁ§m&%?’%w§§&ui sit?éggm?%ag?%%bi% D ook B e e rar e ht the
first index,.pulse 36 after it ransducer s. , L C@dlaadids o tle.
at bl ook S eHHE Sendhip 2P B o Sh SRS BRI I Jaadit WhRngel
determ ned fromthe nupmber of {ndex pul se signal ..observed.

Speot 11 CHPPYTT e 8 FERO LR RS HIGTGEH DGR 2Dy RO BPop k1R8BS er ved
during the test, "n," is equal the nunber of | O index pulse signals

obser vedsef ifitlas trapsduqes 3%is eanablp of epenpting & therpsulting fegeacYhei ng used). At bl ock
5%) the analyzer then determ nes the nunber of sanples fromeach transducer
si ghal t akenThecdmpgtet Bibinnhip embwlitsenbeminfsistsan pnalegtoaligiel AR cahat | ne
required to obtain the n periods, called "T," is calculated fromthe sanple
rate antetibdcdy sdaapleshe aaRi3eS34) @86 antiftedRssasna gemive firsd digftal codes irglicatinde x t 0
the next index is then calculated by dividing T by n (i.e., T/n). Because

the i ndec?fth%irgsﬂrﬁimd%@]g Lh Qbhdt 83,13, a8 hEl Rl libeldMBusded ih RloRIdeil Mirdteride td | N 1S

the average period for and rotation during the sanpling event. ,At bl ock

P R BRI b apfe o

rounded or truncated to an integer and is signed .t he variaple pname."m
The nextae foePHt SR st diatte of B BsTrcEaLc R e et Br Sy (o
average, point-by 20 point fromthe index pulse 36) the "n" (--49

WawkY or sk 4nd theob/Draoavesiateesthensny a8 #isiahsiziel PaCEssORaLERRBRT A Bm ¢ he
bottom transducer. The averaging for each cycle starts with its first

sanpl ed csad may intlude a stedd Alg@al30RBssarfthas is spaddilyiadapesd toprrfoem g@culationsorpthofiisties
direct synchronization of the data to the rotation of the rotor on a

revol ut i id seyond &igiedl Gbdes,wHidhshsy.be pirtic &lynlesichbledomest proesdags reguirnnhiginues for m
points (until the average period of T/n is reached). The result is an

array, Vsamplih@fate§ 3K priaANeRipSEOAD GARKES AL Efgﬁalgfbcé‘d&é O e WRNAIDME t hat
is one average cycle long. Tﬁat is, the conputer 37 conputes the average of

widely available in the art.

15 Fig. 2 is a flow chart that depicts one testing procedure. At block 100, the test cycle begins
when an operator clamps the test subject 12 and the spindle 14 to the balance fixture 11. The test
subject 12 in this embodiment is then accelerated (at block 102) to a testing speed by an electrical (or
air, steam, etc.) motor (not shown). This testing speed is arbitrary, but should be a predetermined
fraction of the test subject’s expected operating speed. It is preferable to avoid taking data during the

20 spin-up phase 102 due to rotational noise (“RN"). Rotational noise is variation in the transducer signals



5 the first sanpled value 32) 34 after each index pul se 36 and Sto{@sA@ﬂ%ﬂB
conputed average in V; [1l]. The conputer then conputes the average of e
second sanpl ed val ue 32) 34 after each index pulse 36 and stores the
conputed average in V, [2J. The conputer repeats this process until it
conputes the average of the "mth" sanpled value after each index pul se 36
and stores the conputed average in V1 [m . The paraneters A) >3, Phl, and
Ph2 are }heantcodns the RPSfcan @ dshiesetony@s fofall test sgeed] Duridgkpia up of thelrotos Bive
enbodi ments, the point-by-poi naveragi ng techni que can be suppl enented by an
i nt erpol.atl.gn: i i L&urafear exanple, V, [1J may
contain $k%9§$é§§ggbggﬁEgh?ﬁgpafﬁgggggﬁggﬁgers woul d have neasured had the
sanpl i ng point. occurred. n the.rotor. I ” from
he i ndex porHiey S sesSpiefdp Rot SEREE] Bhind Sk MR 1L RE AR, PRAGEE:
transducers wqul d have asured had the sanmpling.point ocurred t he
rotor hatie transAesse %%h‘tngﬁdﬂ é°t§°egﬁ\5 dotalseily B%H Jﬁg%i) X aﬁg]ﬁff I.i&rﬁigﬁegsc Gal

val ues used to conpute V;gﬁ 1] and V,,[2] are linearly interpol ated from

t he T! ostwe nesdedhyehe meshanienl fixtess & eestsblis dy s mpleonflies 4 ng&e B t hey
may require a smaller data set. At block 66, the peak magnitude (A or B) is
cal cul at gtknas “dahpinginte’ yamd thesmearees{atyFivhy trarfsduceds 24 hd 26atagh steady statesftaner age
wave formV; tines 1.i4. At block 68, the phase (Phl or Ph2) cal culation 20
begi ns  bypigtedventMirdisdi@ed Q1PDEEY.| TST AQAheluded axiirialyverisattld fide ewetyagraels dmpte
array of mvalues. The value, -iz 1 9 AUG 2003 p, is the location in the

ar ay Of oRholtfaty npotheifheR B3 idahotGocP SR Ok ddbfe (510REn 86y syBliciilzddd g

positive values of the sine wave, v , the location is cal cul ated using the

fol | ow ion. P P P N h i
degr oes) FoRBh s Hireter i chersanptn®y bt S MR chiRel 28° (1
Th killed in th i | i h t | cul at i .

(ot pr edestib ihpey e belflyste RO Pt AHOH e h ey s S endie bams

negative and positive data fromV,. This conpletes the acts that tg{s
enbodi neflloskal@B) whes ifrogeivgaths fisss ipdpspulsedA (dlagk 19X péwe trpfixtymg and,ansdiicprpave
al gorithm enbodi nent 38 then outputs the nagnitude and phase of both
t r ansduc aetisd. gkrabrdingly, thi enabyne spizle fimp fap freambddimeiie opthe wyesags ) eaual éssencihplé gf
enbodi ments of the present invention have many advantages over the prior
art, inclaughioh@ion ORS 10¥RH 2 6L RCHkKes 3OWMRINisdebKTs, at 2620 RPMV) maichds megligivle when
tolerance. One way that 10 accuracy is increased is through anplitude
nor mal i zghinBited Egﬁoﬁ?%dd@ikiﬁg{? MnOfor iffer @ hREerRA bRBodthidnt br% FY®SARaifzc2% hi gher
and 0.2% | ower than the desired rotor drive speed Because the bal ance
signal is pro L.opal; .t. « £ a0t [WolaF:| £ ihe@ighatsal RPM
dri 1[1? of O. 4%9%&%“[&3‘%18[@%&? gwglgfﬂr%héﬁcg%g%%tgtrgibati o‘ﬁ In thé lﬁggl asnce
signal. The_ uncertainty result| fromthis variation is. f her i fied
because taﬁﬁ’hf"‘g&ﬁ%dcﬂ%é@r‘%%‘i "nﬁ?“’" Qagis?tgﬁlug&?f af@@ﬁect%ungéﬁcgﬁa epepﬁ%g?%gt%r e
prior to using it for balancing. 15 Thﬁ; t he total. uncertaigtgﬂ&;sg&}ing
from t he tRPracEpFiplrgopitho pragam 381 Aublack § 1Zbe roiosigl $igorithinprogram 38 calqplates 19
AUG 2003

magnitude and phase of the sine wave signals from the transducers 24 and 26 using the sampled data

points. Determining the amount and angular location of the necessary balance weight(s) requires the
20 calculation and application of four variables: A, B, Phl and Ph2. “A™ and “Phl" represent the

amplitude and phase of the sinusoidal balance signal from the top transducer 24 in Fig. 1B. “B” and



RV of the variation during calibration and the variation during pgl anfeg;
testing). The present invention can conpensate for this variation because
the multiplying the sanpl ed data val ues by: (~~nam ~ RPIVI,~z 5 where the
actual RPM can be conmputed by nultiplying the nunber of sanples between

i ndex pul ses 36 by the sanpling frequency and where the nom nal RPM during
the test period is known fromthe val ue.of T/n. Acgcordi.ngl i th

t he cal i'l?gé"ﬂ%ﬁc Appliudsaad phase pEPSHRSO age f{%'ﬁaﬁ%‘@fn&?gﬁd\(‘é?f%&i ﬁg " each
signal anplitude (A and B) is nornalized to the value it woul d have been
had t he Theiphbseobtachbaance eign is measured reafie0o BRNAdeR pelpresignabifshat oprus netesry
provi ded). Those skilled in the art wil.l 10 recognize that this cal culation
may be O@fQutharof Bg rA6iIQ Thy embadithért shiomtih Figh.dat anduB tobthims kaling faoky By PRY, aly
and/or after ACQ is conplete. Another way the present invention inproves
acCcur acypiSyihoutSPIIOby thifiBy AR EATRNe loZ Rikh Sited ASital bl Placdshinglpauiiite thedplye
vectorial algorithm program 3S conputes the values for V; in a

poi n¢ - by: pQiRL - r h allows fast cycles to cancel slow cycles. That
is, rﬁsorrea‘ggl‘ﬂti'%fg cyglgggm urlgng the sanpling IS period will be faster than

t he nom nal M and some w || be sl (.Y i e i hn | ed
data point i r?g) eﬁ%g{a&gg?ipgcwy ey 2%?«3“@@%‘{1' %‘%g;l(h?ga%?’ }Jémaé’g?eearnlél JP O&Iti on
than the "j-th" sanpled data point in a slow cycle, Howeyer, hecause there
are an efdfalehlasat biosl &14, Be belance waight' SRARHRLARE eRgAr {qqalan. &E’r ?%‘F“Wﬂ@”ﬁi\'ﬁﬁlr
cancel each other during the averaging process. Thus, V; will contain data
i ndi cat i eovof calghlatione ledertmd in JN.AMrodul] atbleR tGvareRPiibuation Contrat 223240 r r ed. 20
These averagi ng and nornmalization procedures allow the present invention to
account {MeGraeniill Bobb ConpanySvall58)dn RiaMatveld ptitspad i of Misghiderdur i ng
test by tinme-normalizing the data to the - 1 4 1 AUG 2003 5 nom na

RPM10 Whi 850-35 P@teuicd RALERS] Sbihpank id NOG. Mylddsad,i FabdanitnRlk oEVibesiof nRgodiezbewhen
the exact RPMiIs not known during sanpling of the transducer signals. Mire

accurat © s R SLR A PERRSn) OTITR) ibniak, AOPII AP BEERYO ctelentd. ©! S

upon ana nore accur at ci for addition/subtraction of

par anced \E B tpied BRRE R 2l bnn ot haeRbr g sl R Sab R neRi A,

techni ques were discussed with reference,to FPMdrift variation,, their
is obtained. In some cases, only one weight is added rather than two. In other cases, a weight is

subtracted rather than added to obtain balance. After weight is added or subtracted, the balance
15 analyzer 10 can be used to confirm that the rotor is balanced and within specifications.

Fig. 3 is a flow chart of the vectorial algorithm program 38. At block 50, the vectorial
algorithm program 38 is given the total number of samples to be taken. At block 52, the top and
bottom transducer outputs 32 and 34 are sampled in digital form simultancously with Lhe state of the
index pulse 36. At block 54, these acts are repeated until the vectorial algorithm program 38 obtains

20 the predetermined number of samples.

~-10-



benefits will also apply to any other source of random vari ation, 1sgchr@,Ga§003
signal noise) sanpling errors, or transducer inprecision. The follow ng
exanple.illustrates this invention's TAKT advantage over a PLL nethod 10 15
20 25 processor. Each balance fixture in the exanple is assuned to have
identical fixtures and to be used in a simlar manner. It is also assuned
that both nmethods used fixtures that have a danping tinme of 0.2 seconds to
reestablish steady state signals after a di sturbance by noise. It is
further assuridahdigier Hodndbodimtehtiol Figni Blinitidly stovas tha@ata feom sigels 82 3hadR6inr t he
presence of EN after spin up. In a situation where no EN noise is present)

the typi il tirddilhcaeRYAE G dkdhidatidnts kdt il rowidaeyvhrontiatibh il lesivee later). In this
Enbodi ment Load part2.0 Sec2.0 Secspin Up

(Fiv)s.og g{%%%g% @?ﬁ{ﬁy%@m@é@a@m@p@ed@% tRvddPYBE0uDSr (G bbueRE. PRE Eud Al

time26. 2 erence =8 Sec) The TAKT required for one EN

E\r/rggél i Imsa i ‘Iéu t tE)eZSfaﬁgdl_i be‘é‘g@/ﬁ?-ﬁilg%ésc pQ-ES%g’%féfﬁgg’%@%wg%%ﬁ%HGa&M

~0. 2ACU3. 00. 5ACU3. 00. 5(assunmed EN) TST3. 20. 2AC 5ACU3, Q0. 5Spin_ .
down8. 05 AFVBHINGHILeAmPRLen S ARy Eo0D @P%tmﬁg?:'z 2180‘%@0"23("85 i ?tﬁ r’&‘f&&?“%“%ec)
One reason for the inproved TAKT is the digital signal processor's ability
to begin anal ¥4 datp agatigtionrserensedingplogky &543 alams &) the girs {ndpy mlssi3§afierghe Un| i ke
a PLL system this enbodi nent does not need to "lock on" after the spin-up
peri od onraafdients ad nichhaicelfixturdnetib.e At blecksS6nthé oumbehef feripisobsedved dhic sanplhe

hi gher bandw dth all owed by a digital signal processor. Additional EN

events Wigetiod 1€ @étbrinined frdbh tBY RitntRr Sfah®k plKigAR\38 abREed. OSREIfitdly, iRihit. et hod.
These TAKT savings are particularly significant dozing high vol une

product i QRpARGTE: fhb TEmSRYECrkducFPBENs SB¥ERA addle _It_ﬁ@ t&%'z“g,s et eaRRtuIBa ofal SO

has i nproved tol erance tor noisy environnents. This

10 index pulse signals observed minus one {typically n=49, for the example being used). At block 58, the
analyzer then determines the number of samples from each transducer signal taken during the n periods
and sets it equal to “k.” The time required to obtain the n periods, called “T,” is calculated from the
sample rate and the number of samples taken. The average period from one index to the next index is
then calculated by dividing T by n (i.e., T/n). Betause the index signal 36 is directly related to the

15 rotor’s position, T/n is the average period for oné rotation during the sampling svent. At block 60, the
computer 37 calculates the average number of samples per period by dividing k by n (i.e.,, k/n). At
block 62, this computed k/n value is rounded or truncated to an integer and is assigned the variable
name “m.”

The next act in the data acquisition process, referenced in block 64, is to average, point-by-

20 point from the index pulse 36, the “n” (~49) wave rorms from the top transducer and the “n” (-49)

wave forms from the bottomn transducer. The averaging for each cycle starts with its first sampled value

-11-



innprovenent-is primarily the result of the Iower ACU tine. A nmachi 3:% i'ﬂ
less lileely to experience a transient external noise events when A 8 Fy2003
| asts 0.5 seconds than when ACU | asts three seconds. As shown above, the
faster ACU al so reduces the tirz~e required to obtain new data if E. ~~T
taints the original data. Al though the present inventie~n has been

described in considerable detail with reference to certain preferred

enbodi Mepd.s G B bulse/R. TRlsipRVE 8 BifecPGaatirbiRtion 6FthetaaITH tHR rothtlvd op e 26tert €1 S
provi ded -1% 1 QBL}ASGG 2003? inthis d?@cl osure were only intended to

11 ustrabe, LS SIS/ BloGRNBERL 180 helifilh Rftn MetBif LofABRIESE Blinti ol b

i nventi on- rs specrrically 1nc put 1s°n Imte 0) changing the

sanpling rate, the st speed t he sanpli ize nd the .sanpling rate.
Thi S | noaTAries R T B0 COREHLE SR & Bt A SR AR e o
non-transi ent noi se and/or noise whose frequency differs significantly from
the test AYRERSeFHMfombinat is oneaveragedeiglops. Thidisethe cimpuiey3T spmpNies te avagpae of
recogni ze that the acconpanying figures and this description depicted and
descH i betheditgadnpretvadued?, 4wdtepraels mdex pulse 36 eidygrestheicompated aesaga indviddnponent s
thereof. Wth regard to neans for fastening, nounting, attaching or

connect i rmye bdifpusd fHeA B eslie dvhagduftieaaiont sangldd value 82) 3f aftenchdhdnder phlae3&m as
a whol e, unless specifically described otherw se, such nmeans were intended

t 0 enCOMAS§okPRY Elthpuditverh@Sh SN STIRUGRpIS: rEFRGHE tHpreB LBl it dbipufthebol t 10
connectors, machine threaded connectors) snap rings, screw clanps, rivets)

nuts and S al.QQQl £ ' ;
Connet ed B Ao AR Bis? e idf e lsRARRNGEL BB aa 0t in
appropriate._Unless s i tical ot herwi se, di.scl osed or taught, materials
for maki 351?0.5%&}?{%?‘%1%%@ aﬁﬁk é%aﬁ? &F'?ll?/ai"r‘i‘lai[egﬁrc’ﬁﬂetﬁeé" §Ve°fa§8‘fl%§“45r om
appropriate naterials, such as netal, netallic alloys, fibers, polyners and
t he 10 ke, and™s9prSpbedimentinghicuoREPYPPIRAVERSIRS BMFW%‘ER?&%W&EY ing
casting, 15 extruding, nolding and machining may be use3. In addition, any
r ef er encesterpolafipropthnamel Ioalwize emboaghmentsnfer exatple, VidH reaydowain thsrtverrgs valypdat and

| oner were intended for conveni ence of description) not tolimt the

pre, 5ent thawaedicer® wotildihk ricaspediedtis shplagpomneccuesli when thalrotorhad peoddal
orientation. Therefore, it is desired chat the enbodi nents descri bed herein

be consi dgi&@ chfldddlde fHoSSREMES Rt V] (PFthiydohMB thdWREragBRle it ihY Bansdiidrst hat
reference be made to the appended clainms for detenrining the scope of the

I nvent i 0Ny qndfave measured had the sampling point ocdurred when the rotor had turned exactly one degree

15 from the index point. The actual values used to gompute V;[1] and V, [2] are linearly interpolated from
the closest sampled points. These embodiments inay be desirable because they may require a smaller
data set.

At block 66, the peak magnitude (A or B is calculated as the root-mean square (“RMS™) of all
the values in the average wave form V; times 1.414. At block 68, the phase (Ph1 or Ph2) calculation

20 begins by determining the positive peak Jocationlin the averaged sample array of m values. The value,

-12-



"1 9 AUG.2003 Clainms 1. A nethod of anal yzing shaft bal ance, conprigi
generating at |east one first signal indicative of a dynamc force
generated by a 5 test subject; generating at | east one second signal

i ndicative of an orientation of the test subject; providing the at | east
one first signal and the at |east one second signal to a digital signa
processor; and |0 digitally processing the at | east one first signal  and
the at |mpisshe lopasion inthtrarrayiofmayalues obbe APsiivg PeAKAL gIsing J@ee- (YSIAE 1% H’f%e?f’ﬂ%“

i nformati on about the test subject, the digital processing including

sanpl i ngvaldeeotahe simawivepne f ihe Brativngnalculared usihgtha followingiequatien'second si gnal ,
and produci ng a synchroni zed array of first data points and second data
points; and 15 digitally processing the synchronized array of first data
poi nts and second data points to prbduce a second digital code that
contains information about an aver gge (%i ghnaliy and that conpensates for
rotational speed drift. 2. A nethoggpf anal yzi ng shaft bal ance, conpri sing:
generating at |east one first signal—ndrcatitve of a dynam c force
generated by a 20 test subject; generating at |east one second signal
indicative of an orientation of the 2gstv§ubject; provi ding the at |east
one first signal and the at |east ong second signal to a digital signa
processor; -~s 1 9 AUG 2003

4'huc 2003

To get the phase (in degrees), p is multiplied by 360/m and then 90 degrees are subtracted. Those
skilled in the art will recognize that other calculations of phase (not presented here) are possible that

5 include the negative peaks or both negative and positive data from V,. This completes the acts that this
embodiment requires for data acquisition. At block 70, the vectorial algorithm embodiment 38 then
outputs the magnitude and phase of bath transducer signals to the analyzer program 40.

The previously described embodiments of the present invention have many advantages over the

prior art, including: improved accuracy, lower TAKT, and improved noise tolerance. One way that

10 accuracy is increased is through amplitude normalization. The actual RPM of the rotor often drifts both
0.2% higher and 0.2% lower than the desired rotor drive speed. Because the balance signal is
proportional to the square of the rotational speed, a total RPM drift of 0.4% (i.e., £0.2%) results in a
0.8% variation in the balance signal. The uncertainty resulting from this variation is further magnified
because the transducer signal is frequently used to calibrate the fixwre prior to using it for balancing.

15 Thus, the total uncertainty resulting from the RPM drift will equal 1.414 times 0.8% or 1.1% (i.¢., the

-13-



‘digitally processing the at |east one first signal and the at Ieast19qﬁm 2003
second signal to obtain a digital code that contains infornmation about the
test subject, the digital processing including sanpling the at |east one
first signal and the at |east one second signal to produce a synchronized
array of first data points and second data points; and 5 digitally

processi ng the synchronized array of first data points and second data

poi nt s RMPofabkraiadonsinannchlitiatort all teousation duringdalapdenssting)f dihernteseshingtnsior an
average signal and that conpensates for external noise. 3. The net hod of

clai m 1gqd Bate GOHTRIE v &i{aligh BerhGeingd iultiplying ROsinbled atanduad bphase angl e
i ndi cative of the dynamc force using the digital code. 1 o 4. The nethod

of claim3, further conprising determining a nass and a |location for a

bal ance wei ght using the nagnit Rgan eyphase angle. 5. The nethod of
claim4, wherein the bal ance werght™teduc®s the dynam c force generated by
the test subject. 6. The nethod of claim1l, wherein the second signal is an

i NdgX PURE thel@tuhl RANQaiBY deapued bfﬁ_nﬁitiglyihfg thifiRfnBeridf fdngpldsibtsieersindyxahulsts3ca
radial force. 8. The method of claim1l, further conprising calculating a

nunber  qf; sReGLIIEAS MRRELY SR WRtdge dodfind ROM Bling B Rst Rriod 13 RodWai G tRfvalgk ai M

|, wherein the I nformation about the test subject i's an average dynam c

for ce. 20mh0. A TIey IR Otk 3ol % Shilel DS ol o MRy

processi ng at" Ieas ne signal and't east one second si gnal
conprises: calcul agi ng an actual r ;at ional speed: cal cul.ati m nal
rotati orFéng‘Bl%H?ac ﬁ‘é’g‘ﬂ thﬁéed%‘ﬂ‘bg ﬁﬁﬁn?fﬁéﬁdttgﬁ\e)}‘ﬂﬁ? ’6(‘5’8@% Sﬁvgfq’gﬁ"}agﬁ’c'l east
one first _signal to conpensate for a difference between the actual
rot at i orfift nobecsaTes{Ees HEOMREM dn the exampiedramiously geyided)s Thass skilled In e 3gwill| ai m
10, wherein the act of conpensating for the difference between the actual
r otl&t i orratogsipetat this daltdiaion omy haflone dudng AVQA by & pdfialenty fast multitasking computer 37
and/or after ACQ is complete.
Another way the present invention improves accuracy is by using time normalization. As
previously described, the vectorial algorithr program 38 computes the values for V; in a point-by-point
manner, which allows fast cycles to cancel slow cycles. That is, some of the cycles during the sampling
15 period will be faster than the nominal RPM and some will be slower. Accordingly, the “j-th* sampled
data point in a fast cycle will represent a slightly different position than the “j-th” sampled data point in a
slow cycle. However, because there are an equivalent number of fast and slow cycles, these variations
will cancel each other during the averaging process. Thus, V; will contain data indicative of what would
have occurred had the RPM drift not occurred.

20 These averaging and normalization procedures allow the prescat invention to account for

revolution-to-revolution variations in the spindlc speed during test by time-normalizing the data to the
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5 conprises: nmultiplying an actual sanpled data point by a conversidrg AUG 2003
factor, wherein the conversion factor is related to square of a ratio of

t he nomi nal rotational speed and the actual rotational speed. 12. The

met hod of claim 1, wherein the sanpling begins after a first full 10 period
of a stable rot ation of the test subject. 13. The method of claiml,
wherein the digital si gnal rocessor is a conputer. 14, The, net h%(-jr f claim
2, furt Hemingd ‘é!f"ﬁbg@ﬁ-b’d uses thig 1. % YaRASR Icrecusaey cxpepiRd Whenth tract 3‘? Bative
of the dynam c force using the digital code. 15 15. The nethod of claim 14,
further rookquvinsiuige shetpbngofnbatpostunasignan dMere howeate anplifude and phasednformaion ight

usi ng the nmagnitude and the phase angle. 16. The nethod of claim 15,

wher ei n debigabReteauneeit yieldg) ?oﬂ@@ﬁ@%&&ﬁcﬂm&iﬂmﬁ hcicfer gldhipth/edbedction of fnasst est
subject. 17. The nethod of claim 2, wherein the second signal is an index

pul se. Z»Ohxé@alom?ncfﬁésm%eﬁu&'t@gﬁa&e a%%p%w&utylaaaﬁcba Spind¥d, Qﬁ‘ﬁddxt&o’% Athbagi al

force. 19. The nethod of claim furth er conprising cal cul ati ng a nunber

o B A A gge% G dia e 0l e

wher ein d‘r mab on 2B I's an average dynam'c for ce.
19 A th ct of.diaqit
pr ocessi l?%‘l‘?tﬁé’qggsq a@glg Wg’%ﬁ ?°§f°°§f ’é‘ﬁ‘i‘im ‘é?ﬁlat“?"h%mé?s ﬁl%‘égrim&nseo éné’i)% rS‘?‘?rg%al

conprises: calculating an actual rotational speed; calculating a

nom nal WIBIS%FUW@}'CC&Séed and 5 digitally processing the at |east one first
si gnal to conpensate for a difference between the actual rotational speed
and the nomi rigk folowang cxmaple 8jneteks tE2invation sEAKTddpintage eNens PUL mofhed ei n t he
act of conpensating for the difference between the actual rotational speed
and the poBdssRl Eidhibalah@fRturépeRcbxeapp s Samed tdhavaidédtiohl ixtiges and @bk usdd in a
sanpl ed data point by a conversion factor, wherein the conversion factor is

rel gg ed §iQusOHane:. qe‘ls asm&ur&d%mmsnﬁméd fidhred hahale SRBSHARME ot e act ual
rotational speed. he met hod of claim 2, wherein the sanpling begins

f 2=1.
'?'hfae;re?h% 35&#5 td #g%ta%ﬂg‘f 4tév%\g}é ér%gétf %vﬁ@ﬂaﬁb {ix%l'&ﬁ%&dé:?g {we:[ }Gs fuBBdr assiRbEBbrbolte 271

processor Is a conputer.

21 methods will use two ACU periods to check for the presence of EN after spin up. In a situation where
no EN noise is present, the typical TAKT sequences are illustrated below:
PLL Disclosed Embodiment

15 Load part 2.08ec 2.0 Sec
Spin Up (RN) 8.0 8.0
TST 3.2 0.2
ACU 3.0 0.5
ACU 3.0 0.5

20 Spin Down 5.0 5.0
Unload part 2.0 20
TAKT time 26.2 Sec  18.2 Sec (difference = 8 Sec)

25 The TAKT required for one EN event is illustrated below:

-15-
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zupkfa\ W ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal c”fa]ca] ca]ca]ca]c<a]c™alcaUcalcaly Flj2~]U LI;
}xsmhc”Y] ] ca] ca] ca] ca] c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]calca]calc
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢al; . .
J]Z' _L| L}agn]st " ] it | W!ql gL] X} ] c}a] CL?&I{] ca] Disgesedrmbgdimsnt ) ca] ca] ca] ca] ca] ca] ¢
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! " Wi#! $$$9%@&l &&<' B' O '
((((((8)r)))hedp@t+, |, ~ytoj e [ VPEaieea] 841%&] ca] ca] ca] ca
Ul c”a] ca] ca] 8pik Up)R¥) c~a] c”a] ca] &) ca] c&0ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢
ajcal!,----- .TST. g/ 0f 11/ 222nm333J445~555] D.2; t ;
<=l &. ==} xsni gCH] ca] ca] ca] ca] ca] ca]ca] calpa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] cahca] ca] ca] ca] ca] ca] calca] calpga! =>CdEK EXEEFFFGLGGG7 HI HQHHHHHI | gl
'
JIJQKKL| LLLL%aS:}uf)nje%E[N{/] ca] ca] ca] cal£a] cajpeal ca] ca] ca] ca] ca] ca] c”a] c”al ca] cta

] ca] ca] c™a] ca ] ca] ca] ca] ca] ca] ca] cgl<a] ca] cal LMVMNNNOy GO,
PPQs QQ>RRSs S5 TTTVWV.\ 6\ 8\ Q\\ ]gga } Xs 'CS"Y] c]ca] ca] ca]cal] ca] ca] ca]ca]ca]c

a] ca] ca] ca] cg].Cal ca] ca] ca]ca] ca] calca]c alcalcalcalca]calcalcalcalca']]]"’
111"~ s > KDMNbWbcc(ccc eeee] 3 , gzupkfa\ W] ca] ca] ca] ca] ca] ca] ca]
cal ca] ca] ca] Bfta] ca] caU ca] ]c aJ ca] ca] ca]ca] ca]ca]ca] ca]ca]c

a] c”al, gghkhhhligitivii?jjkwkkkQ R U X [I]" mm@Annn

oFoNoPo} xsnhd@A¥{T|tmea] ca] ca] ca] c”aeai€a]4]%6a] c AJiEferprcard&SeéR] ca] ca] ca] ca ca
] cdPca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! PoRo[ 0] 0" ocof ogoj o3p6p: pDpkp]rrr
r Psst) t t@detrpasoiiov thic im@novad KR WHectiditbiignal madessat’ s dillim jodaEinahgpdingdatsa] ca] ca]
cal] ca]l ca] ca] ca] ca] ca] ca] ca] c”a] cal] ca] ca] ca] ca] ca] ca] cal] ca! 2xxxcyylzzza{{7
| 1] 1] 3}iedeliatey uficrreddiviggdtshle/dignals c hi] LRJLRdien] thiatme]dandnt 8des aptaaddra] ca] caj
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! 2;

eh6z Ty QMRS Dted i lshin hp BEGGH o @G 3h BRI &8t C AhSiRdr ¢Ab nFb8d bk 3l FAKTAY @8] ca] ¢

a] ca] ca] caj ca] ca] ca] ca]ugz%ca] cal ca] ca] ca] ca] ca! MM LVYOon}xsnid_Z]]c]ca]ca]c
T o) cap e apaRlanip-aol caeaLenl sou i ALAaEeSi R el GRETT)
Lok Y G BRI O Ly s

10%&. () - 9YUMOYU& () - 9@H#10%& () - &&! SH10%& () - & #109&' ()-sl Y40%& ()-. lhopgri K
A7f 10106HEDvRNmg produstiomwigery Yme svadbisgropsy §2ved 00g’ () - L+G' 10%&' () - 010%&' () - r SA
y } _A7f10s$10%&' ()-Y ni'10%& ()-,! 10%&' ()-!109%& ()- f10%& ()-S&LO%& ()- 10y

Fl ji K-7" $s$10%& d{sdloded OGEIhnt mlso hP LDPRivéd tolerance for noisy environments. This

1098 ()-"109%& ()-#10%& ()-y! 10%& () -

j 2~i K- 7 Yinipt&ielt)is primak(}/he (sulBoftheAdRURACY tikns - AQR4BLIGY is Le3sHlikely to experience a

109& ()-L):!10%& ()-9& "109%& ()- ]i GY5nLO%&' (! yF

$10%&' () rhnsik@Picmat SoptblQ%Rs WHen ROy (abts DS UWEs(thmIhER AU 1640 o atodds. FT
109%&' ()-,! 109%&' ()-L"10%& ()-L"109&" ()- L#10%& ()-L! 10%& () - LI dEi GY5mLO%&' L3+
#1094&' () I ' () s ') - YR o) YR in Q%R 2 GO EN tai

" rrbgé%S nﬂ%'g /é%ofé%g%e( %19 ﬁé}%pggU(also%dQc@‘thmﬁc rdqhia (o)ob!m b Q%82 (9 EN taints the
10Y510%& t&%-%mw ()-Fsy/ $109%&' ()-L" -!10%& () -

JZdEnbCYBWEBYE FT00ga’ () -' $10%& ()-s 310%g& ()- Ys! 109%g& ()-ss

(}/200/%‘&-( % ; ?%igg%)iglé %h; é@‘e%%@%ﬁ?%@ 1 eil c(si/cgi%ccf i%%ér}s%(ggéic %gt-all with reference to

"109%9& () - H dEMCY5ML0%+3" 10%& () - 5) " 10%& () -Ss' 1099& () - FYs$109g& () -, #
109%g&' () Certatn prefigst qmbofimtats gl SHtoa g restie 3Ror e app the)paramgigrs provided
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'10g 10gs610%& () - 0@L.0%& ()-s-"10%& ()-"-""" WHdEbCYSmLO% 109%T& ()19 AuG 2003
"10967& () - SH109T& () - &109T&’ () -

1090& ()- &&" 10907& () - #! $$S9IBRAIELCYSMLO%WY+" 109F7& () - @ #1095& () -9' 109F& () -
% 10907& ()-"s! 10967& ()- 109F& ()- & &&<'?' @A B O xnbCY5mLOY%&Y10%&' ()- 10T
10T 10T510967& ()- 1! 10967& () -

/ $1094 &in(this Sis¢1asDoEEEr¢ PriPintened( 6 JIiFaANOYE g0l GReept jnd capbegalieied consistent with
1098 ()-y#109& ()- L@10%& ()- s'10%& ()-F6)r))))**dEnbCY5mL0%
9! 1098 thirfeeMP4k. This specifically includes, but is not limited to, changing the sampling rate, the test speeds,

109% ()-S109%&' ()-S10%& ()-YL0%& ()-**Q++, ], , dEMbCY5ML0% @ 10%& () -

S "‘Mloo/&th@)sﬂrﬁr}ﬁng 3% &nd th sitﬁﬁh“n% O Thls i398R &GP @uld)atso be combined with a filter to attenuate
L#"109%&' ()-,-------- bCYSmO%. 10%& ()- '10%& ()- 10 10

10&62106%%&%@%%&%@2’?%v R PR o B Bhe )1

"10%2 & () - i
f 117 222n83d EDOEPEREbOAPOSIgY Ay 1t WHiSRrrgBiz et e R upRIRg A8 410 () - s
10% & ()- ,#10% & ()-33J445~5555dE:/ 10z 10z5110%& ()-. 1"10%& ()-
| Mo 0%z SeseRption depigted gnddescribedpaghedimpnts pf opreseny inwntion, pishfgatines aud components
S&L0%XX&' ()- @ sS&I0%&K' ()- @S&IO0%EEL ()-@ @#10% ] & () -
@ 1098 ([Heref.1WE regped td Greans forLastening) meprk@, 28&M0YETI@niQtin DG EHOUREDLs) of the
y) @10%& ()-my) @l0%a& ()-nf ' & 10%& ()- sS&LO%r& ()- @ =. ==>@CzX9VK@ s
S&1 0 Y43 pekent invedhidh QARG the riechMBHO®R Whple, hnldS84HBLH1YaRY Agscried S&tOiEe>8ich ) -
means were intended to encompass conventional fasteners such as machine screws, nut and bolt
10 connectors, machine threaded connectors, snap rings, screw clamps, rivets, nuts and bolts, toggles, pins
and the like. Components may also be connected by welding, friction fitting, adhesives, or deformation,
if appropriate. Unless specifically otherwise disclosed or taught, materials for making components of
the present invention were selected from appropriate materials, such as metal, metallic alloys, fibers,
polymers and the like, and appropriate manufacturing or production methods including casting,
15 extruding, molding and machining may be used. In addition, any references to front and back, right and
left, top and bottom and upper and lower were intended for convenience of description, not to limit the
present invention or its components to any one positional or spacial orientation. Therefore, it is desired

that the embodiments described herein be considered in all respects as illustrative, not restrictive, and

that reference be made to the appended claims for determiuning the scope of the invention.
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GQHHI gl | ; JAE{\=! sf 109F& ()-L"10%& ()-
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s& F'10907& ()-*G 1090& ()- ( 109F& ()-9&g10%T& ()-$@ 1094& ()-"
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s0" $10% u&' ()-"1.10% u& fmethod biehalgzing sieaft HaddbcaLof)prising:

(110% u& ()-98a0% u& ()-CTTTTTTTWV._ @ s

3$109%& ()-! X3$10(V§@ﬁé?§€ir( at'|deRVBe fiost sidil indl€tive of a dynamic force §enerated by a
10- U610% U& () - 2f #10% & () - VAX) Z[ . \ 3L 4\ 5\ 6\ wXMB7! ° 10b 10b TOb, 510%& ()-!

~ &10%b& §)"e§s'tﬁ%&° b& ()-15 -&10%& ()-!-&10% ()-6\C\\]]]]aBVB7!
10b10% () -1 SOMRDR L) - s& 10%& () - MDgl0%& ()- @10%& () -

L' 10% &' -1 AN dEMBT! 10bs10%& () - F3"10%h &' - . .

L0%he | ) - LE L0oBERTSIEt fespane Seoond ibnk mdCatige of & pricntatioproithe test

10bf 510%& () -/ Y80%& ()- &#10%& ()- MB@L0%WE ()- "1 10%& ()- &

1000& ()- CoSENIEbKbWobc(chCl  10bF&10%& ()- - 10%& ()-#10%& ()- L' | 10% ()-

providing the at least one first signal and the at least one second signal to a
digital signal processor; and
10 digitally processing the at least one first signal and the at least one second signal
to obtain a digital code that contains information about the test subject, the digital
processing including sampling the at least one first signal and the at least one second
signal, and producing a synchronized array of first data points and second data points;
and
15 digitally processing the synchronized array of first data points and second data
points to produce a second digital code that contains information about an average
signal and that compensates for rotational speed drift.
2. A method of analyzing shaft balance, comprising:
generating at least one first signal indicative of a dynamic force generated by a
20 test subject;
generating at least one second signal indicative of an orientation of the test
subject;
providing the at least one first signal and the at least one second signal to a

digital signal processor;
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| SH109&' () - #10%& () - "10%&'()410%&'() 'FlO%&'() 10kwkkkd R U dE /!

T PR B
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100/&- () - muninAbtaAkdsital code that contains 1nformat10n about the test subject the digital

109& ()-2',"" 10%& ()-2z" 10%& ()-2z"" 10%& ()-z',~" 10% () - znnnnnnnnkL. /",
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signal and that compensates for external noise.
3. The method of claim 1, further comprising calculating a magnitude and a
phase angle indicative of the dynamic force using the digital code.
10 4. The method of claim 3, further comprising determining 2 mass and a
location for a balance weight using the magnitude and the phase angle.

5. The method of claim 4, wherein the balance weight reduces the dynamic

force generated by the test subject.

6. The method of claim 1, wherein the second signal is an index pulse.
15 7. The method of claim 1, wherein the first signal is a radial force.
8. The method of claim 1, further comprising calculating a number of

periods observed using the digital code.
9. The method of claim 1, wherein the information about the test subject is
an average dynamic force.
20 10.  The method of claim 1, wherein the act of digitally processing at least the
one first signal and the at least one second signal comprises:
calculating an actual rotational speed;

calculating a nominal rotational speed; and
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between the actual rotational speed and the nominal rotational speed.

3 AUG 209
)
)

11.  The method of claim 10, wherein the act of compensating for the
difference between the actual rotational speed and the nominal rotational speed
5  comprises:
multiplying an actual sampled data point by a conversion factor, wherein the
conversion factor is related to square of a ratio of the nominal rotational speed and the
actual rotational speed.
12. The method of claim 1, wherein the sampling begins after a first full
10  period of a stable rotation of the test subject.
13, The method of claim 1, wherein the digital signal processor is a
computer,
14.  The method of claim 2, further comprising calculating a magnitude and a
phase angle indicative of the dynamic force using the digital code.
15 15.  The method of claim 14, further comprising determining a mass and a
location for a balance weight using the magnitude and the phase angle.
16. The method of claim 15, wherein the balance weight reduces the
dynamic force generated by the test subject.
17.  The method of claim 2, wherein the second signal is an index pulse.
20 18. The method of claim 2, wherein the first signal is a radial force.
19.  The method of claim 2, further comprising calculating a number of
periods observed using the digital code.
20.  The method of claim 2, wherein the information about the test subject is

an average dynamic force.
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15 24.  The method of claim 2, wherein the digital signal processor is a

computer,
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