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This thesis presents the real-time monitoring of three phase squirrel cage rotor 

misalignment using stator current analysis in microcontroller. The analysis is performed in 

positive phase sequence associated with dqO - Park's vector by considering Ia and Id. Relationship 

of side band signal and misalignment level is determined and modeled using multiple linear 

regression. In this thesis, the real-time monitoring system interfaced using personal computer is 

programmed in Lab View. It is found that the system can correctly detect and report misalignment 

levels. Therefore, it can be implemented in practical. 
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' ... 
1J'Yl'YI 1 

11111-11 

n'J~H '11fllJ tlll'HJ{l vJvhm ~tJTU 1 l~11'.J 'U ~lJtllJ 'l ~n\1 f:JVH!!'Yl i rHnti'l 'U 1 H'l l'U 

~\9lmMm'jlJ~1.:i ci t'Yl'j1~a1'.lu1fl~B.:i~mfl{l~'tlrn u 1~11J~t1u iu'Ylci'.:i.:i1u 1 ~Bv1.:iiJu'j~ iY'Vln nrn 'l ~ 

1Jf:l119rn{m ~ti Tu 1'1~ mm'j al11.:i1u 1~ e:iv1.:i~~l9111J ~rfof119rn 111J H191Un~1~ ll 11nl91fl 111J H191Ufl~ ~ 

'j'Uu 'j .:inmmH11u~t1u1Jm\91B{~1 'l Mij u~1rlmn\91f1111J H\91un~1Vit1.:i1~flu Btinmmrnih 1 uciBlJ • 
'j} 0 QI 9J Ill} 9J ,.c9 'j) .cl .C:.. .C:.. A d 'JJ d I I .C:.. i 

!! {l 1'U 1fl{l1JlJ1 'l 'll''l 'l-1 lJ t\91 t1 'l!!lJ '1~1J fl 111J H\91 U fl\91! 'YI tl'l m fl'U f:ltl fl ff 'l H{l \91f:l'IJ1J 1'U fl11H{l \9l'Vl 'l 'l-1lJ191 

1Jf:lfl!M\9lih.:iMU11~ ~ff11J1'jf:1~11.:i11H'U 'l um'jcif:l1J1.11'j .:i1~Bl11 'l M'1ilt1~1 'l ~~ltlUf:ltJ~ff\91 1rn~11'.lu • • • 
"I 'JI "' 'JI ,% "' "' "' "" "' II] 'JI 'JI fll'j tl\91 f:lltJfll'j 'l 'll''ll'U 1Jf:l!\9lf:l'j 'l r1 'Ul'U 'IJ'U fl111JH\91 Ufl\91'\J f:l'l lJf:l!\91f:l'j1J1-:J fl'j w ffllJl'j() ff 'l!fl\91 t\91 \911tl • 

u'j~ ff1Jfl1'jW u~111.:imw ~i11'.lu~B.:i 'l ~ff'ruru1w 'Vl1.:i 1vlfl1~Bv'lu1Jf:l!\91B{ml11m'j11m1~r1u{l~ 
u u .. 

1.1.1 \9l'j1'1fff:l1J t\91ti~e:i.:iM t1\91fl1'jYl1.:i1u 'UeJ'llJf:l!\91B{ 'l u'!f1.:i~1Jf:l!\91B{Y11.:i1u BV 1ij . .. 
v • 

mm'j t1\9l'j 1'1ffB1J1 ~ '1u fl11 '1~r1ti\91m'jYI1-:i 1 u 'll B'l lJ m\91Bfof11a B\91 ~u ri1u 'll B .:i lJ Bt\91 B {1 ~ BYI lfl l'j • 
ti ~ ti .c:::t. c:l .c:::t.c:l el .cl 'j) d t!t 9) 

\91'j1'1 ff f:l1J ff f) l'V'l 'IJ f:l 'l lJ f:l !\91 f:l 'j r1 'j f:l '1 'U lJf:l!\91 fl'j lfl\91fl111J! ff tJ'l-11 tJ 11i 'U lJ'IJ f:l! ff tlfl f:l\91 f:l'l'l-1 tJ \9) • v 

'll1J1umrnill9lt!u 

.c,, ti Q.I " ti 'l 'J) I .::'I .c:...ct .d 11) 'J) Q.I 

fl111!m 1~ r1 '11 flfftll UJ1W m ~!!ff ff!\91 !\91 f:l 'j'IJ f:l'llJ fl!\91 fl'j 'IJW~ '1l' 'l l'U fl tJ ! IJ 'U 11i 'Vl t 191'j1J u u .. 

fl111JtJtJ1J 'l u1J '1'111u l~f:l'l '11flff11Jna -J'1911m~1iJ'1ll'tifl111J H\91Uf1~l~'Vl m 1m 'l u 'IJW~~1Jf:ll\91B{ • • 
YI 1.:i 1u B~1191ti11.i iJ H{lm ~ 'Vl1J~f:l 'j ~ 1J 1J 'l ~11m 'l u fll 'j \91'j1'1fff:l1J u B mm~ mm 'j a 'Vl 'j 11Jfl 11 lJ H\91 u fl~ 

• v 

nBu '1~ 1n\91fl 111J1ilt1M1t1Vi'ju11 'j .:i 1 \91t11u 'V'11~ fll'j\9l'j 1'1ffB1Jfl 111J H\91 Ufl~ '11flfl1'j 1~B.:iffu vlJBt\91B{ . .. 
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~-:i11'.l'U mml'l~Yi11 ir1n~fl11milvmvunu1J~ -:i i:-m'lltNfl11lJ H~tln~ 111nm'j 1fifl-:ifl''UV:1Jt1tl'lfl{Yi11 ir . ~ . ,, ' 

in~u 'j -:i 'l 'Uu 'U 11'fl'ij-¥i1n~~'U 111nfl11:1J iihnhrn:JJ fl'llfl-:i-iifl-:immrYm:tYi11J'Uttn'Um ~nmm191fl{Yi1 . ,, 
'l ir1n~f1Uff'U ff:ttfifl'U~'U l1~fl!fl~ nniln'U 'j:t l1 iN'll~ '11~ ff!\9l!\9lfl{n1J l 'j !\91 fl{ri 'I i:-rn 'l tt'u 'U 1'U 

,, ,, ' 

'\J~'11~fft\9l!\9l flf 1ilv11 w i~ ~'li!'U nn 1iJ 11tl' tJfl1'j !fl~f)l'j !~fl'lfl''U v'l 'U '\Jtu:t'¥ilJ fl!\9lfl{i '*-:i1'U ml ~'I ij 
~ ~ 

' I I ,, 

fl 11:1J ~ 11 rl'U mh-:i v-:i 1Yi ffijfl-:in'U f11'j 1 ilvm m 'Utt 'j -:i-¥i1n~~'U 'll fl'llJfltl'lfl{ • 
.c:::.cvdr 1 el d' 3) 

111fMl'U 111v'Yl m'U mvm 11 nn \9l'j 111 fffl1Jfl1 'j Wfl'lfl''U virrn n t:l\9l'j 111 fffl1J~1i:Jfl1'j 
~ 

d. CV CV .d. 9} CV I CV CV o'cv CV 

frequency) '\Jfl'lfl11lJt:ll1'1f1 [ 1] '\J'Ul~'\Jfl'lfftytyltu fl11lJt:l!!t:l1J'\J1'1~'1f1'11111:tfflJ°V'l'U1if11J'j:t~1J'\Jfl'I 
~ o'.d .Q ~ I ct'd.ct C\ CV .cl QI CV d j/ .cl 

f11'j Wfl'lfl''UV'Yl!f1~'\J'U I I t'l:t°V'l1J 11 lJ fl!\9lfl'j'YJlJ'\J'U 1~°V'lf1~!~ V1f1'U '\J'U 1~ '\J fl'! ffUJUJ 1tufl11 lJ () Ut:l U'\J 1 'I lJ 
~ " " 

I t I ,, jl f JI 

f11'j I ti~ V'U !! ti '1 'l-¥il'Vi lJ~'U fl 11lJ fflJ'Vr'U ti fl1J 'j :t V:t f11'j !~fl'! tJ'U 6-¥imn~ 'U 1-iim~ V1fl'U [2] !It'! :t lJ fl!\91 fl { 

~ij '\J'U l~Vl n~~ 1'1 fl'U hiffllJlHl' '*'\J'U 1~ '\J fl'! fft:l.Jt:l.Jlf.U fl11lJrl !!()1J~H 1rl'U ~ fllqjt'l a Nfl'l 'l 'U fl1 'j 

,l " .cl QI "' 'J) "' j/..:::S '°" " C\ C\ " \9l'j111fffl1J'j:ttJ:tf11'j Wfl'lfl''UV!~V1f1'U i~ [3] Ut'l:t !~lJf11'j1!fl'jl:tl1fl11lJi:-J~tlf1\9l'\Jfl'llJtH\9lfl'j111f1f11'j 
~ 

,J o' 'JI ""' ::It 'JI ""' 'JI 'l 'J/eo.d 
Wfl'ltJ'UV111f1f1nUtlt'l-:imflUfll'lfl'lffllJ!Ylff abc !lJ'UmflUfl1'1fl'li'U'j:t1J1J dqO !!'11 'lf11i Park's 

Vector Modulus l11fl'lfltl'j:tf1fl1Jfl11lJrl'\Jfl'llJtH\9lfl{~H~tln~ [4] 

'l 'U mHJ'j 111 fffl1J'j :t~1J nn iti'fl-:ifl''U 65-:i i:irn mnJi tlJ i m fl fl'U i 'Y1 rnmfl{'l '*1rl'U l'i' 1 
~ 

di .C:::. ,/ CV el "i .C:::. o' Q.I ,/ 'l tl'j:tlJ1'1i:-Jm°V'lfl1!fl'jl:tl1'j:t~1Jnn Wfl'lfl''UV ~tJf11'j1tm1:t11 irww1w m:tuffff!\91!\Vlfl'j 1 1Ylir 'U 
~ " " 

u'U1 I a 'l 'U1;-:ifl11:1Jrl -i111n1Jm'j11m1:t..1'~1v1~'llfl-:itlnfl'nm1V1fl{'l mm'U1m1 Id 1;-:im111rl i~v 
,, ,, 

1~ (Fast Fourier Transform) ~'I i!'U 'l 'U 'll'U 1~ l:JU~'l~'I! tl' 'U i '*ilJ i fl rnfl'U i 'Vl rn mfl{'l 'U nn 

C\ " .Cl. '°" ti ,: " b] 3) '°" 11m1:tl1fl11lJi:-J~tln\9llJfl!\9lm111f1f11'jWfl'lfl''UV 'jltJ'llW-m!!U1J !°jffltJ!!1JU!1'1111'j'I 
~ 

~ di .Q.c! 'j} CV .Cl di CV ~ f1' ef 
1.2.2 !°V'lflfl'f1I:l 1!!'1:t l1111i f11'j ff'j l'lflt'l f1fl'j'YJlJ\9l 'j 111fffl1J'j:t~1J Wfl'lfl''U VlJtlt\9lm 

~ 

3) J. ,a ~ CV CV ~ ,/ C\C\ QI CV ,:_ fl ef 
1.2.3 ff'j 1'1 !fl 'j fl'llJtl!Hl\91'j1111~ 'j :t~ U Wfl 'I fl''U VU '1:t1'U 11l!tJ'j:t~1J W fl'lfl''U V'\J fl'l 11 fl !\VI fl'j 

~ ~ 

i ~mmiurn1m11~ -:i 
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Y .,j "I d9 Y9 ~ "' "' ,% o' 
flflfHL1J1JU'1~ff'j1\Jtfl'Hl'l1JffY1 t 'b' t 'U f11'j !H1\9l ';i'HJ1fl'j~fl1Jttlfl'lft"Utl .. 
i.3.1 't'U'11'Ui'1t1't~11t11\9lt1fr11dt11u1 3 ivJff U1J1Jm'lm~rnn '\J'Ulfl~n~ 1.s kw 

~1'U1'U 3 \91'1 

1.3.2 f1mn 't ~i11 i m fl ti'U ln rn rnt1f r11'W 1w 'VlH flW\91 fflffl'lf ,., 1n ffUJUJltu m ~ u ff 
u u 



' .... 
tJ'Yl'YI 2 

111fN1u 11it1~ i~ifo'hl wm 11 f"n1:1J H~i1fl~:1Jm~t11m tiw:ru 1 3 1vJftij N'11it1 i~u mm t1 .. 
f1111t't1·H'l''UV'Utl.:J!!fl'U!'VHl11Jtl!~t11mtit11u 1 3 ivlffl '*!'YlflUflf111l!fl1 l~tl fftutulW m ~!! ffft!~!~t11 ., u u 

m.:i 1~1:1Jufl11:1Jrlvm11 l u ffm1~ i1rni ln1~1~t1~m11t't1.:irru6~1~:1J~u ijfl11:1Jff:1JVl'u t11~'Yl11.:in'U ., 
I f I 'JJ 

'U'U l~'U t1.:im iJfl~ i' lln fl1lll~Utl'U'1i'1.:i fecc =I fs ± kf, I fimfl~'U ri1u 1uftm1~1'iti1mrni~1l 
oC:11 QI QI d I Q.I 'j,/ ~ d QI J d'.d ~ ~ 
vi fl~ 'U u 1 ~ 'U t1.:imiJfl~1ll1J fl 11llu~fl~1.:i flu u t1tJmm1l m 'YI tJ 'U fl 'U 1~tJ~m1wt1.:irrutJ'YI1vi1l 'll u u" ~ .. ,, ' ,, 
fftutu1w 'Utl.:Jfl 111J H~ 11fl~'Ut1 .:ill m~ t11111flm11vt1.:irru 6-Vi 1~ 111fl'l1.:i 3 1 vJ ffij 'Um~ 1'Vi1 nu [ 1 ]\Pi t1 m ij 

u u ., 

N'i ft'U t1.:i1u 111 tJf111 'YI n ~ t1~1t't1.:irruv'IJ t1.:i Ufl'U ivi mll t11~t11i vJ.Yh 'YI ti t11u 1 ft1mvlff1~tll!fl11~ ti ., ., 

JI I I 'j} I 

1at1.:Jff'U vfi1Vill~'U ij fl 111l ffllVl'U £ fl'U'IJ'U 1~'\J t1.:i fftutulW fl 111l ~ u tl 'U '1i' 1.:i m 1l 11tl1-*1 ~ 'U '1i' ti llMl ~ ff'U cu u u cu 

' ,J o' ''1 "' '1 "'')/ d d "' "" "' "' _!!! ,,;,,. 111~t1~wt1.:irrut1t1t1 iu1~~'U i~ i~ U'fl~m11iJ1t1rn'Ylt1'Ufttutu1wfl11:1JH~iJm1'Ut1.:im~uft tvll"ll'Ylll cu cu u u ,, ' 

H'f11llflfln 1vt1.:itru Vll m~ t111 'YIU t11mmvl ft'IJ'U 1~ \Pi 1.:i nu Vl'U 11fftyty1wfl11 ll H~iJ fl~ijf"hl'i1.:i nu 
,, 

i:Umm1tll-*1~u1~~'U~1.:iv.:im11vt1.:itru6i~ [2, 3] 

'1 ')/ "' o' ')/ "' ')/ ""., "' 
'Utlfl1l 1flf111 i 'lffftyty1w 'llt1.:im ~u ffm~1~t1rn'f11 i~mu t1.:i1u 111t1 mrn11111l'Ufl111J 

~ Cl! ,/ I rl J ,/ 
H~ iJ fl~ lltl!~ tll 1llflfl111J illffll~ Cl tl'Utl.:J i 'YI Cl~!!Cl~f111 Wtl.:Jff'U tl'IJ tl.:J!!fl 'U! 'Vl 'f111llfl H'flfll~'Vl'U'Utl.:J . .. 
i 'YI"~ i~t111m1~ti'miJ~i'll1llflfftutu1w m ~u ff mm~ t111rn~ fft11fl~llf111 iu ft~! Yi tl'U'Vl'U 11 'IJ'U 1~ 

u u 

'Ut1.:imi1fl~i'll i:Ui~u -ff ~ri1u 1~t1~1.:in'Ufln111~ tJ'UU 11'f1.:i1~~'U i 'YI 'fl~U'f1~1~~'U m1iu ft~1Yit1u 11~ 
I I 'JI I 

"~".:idjt1'Uu 1~'1Jt1.:i i 'Yl'f1~1Vi:1J~u [sJ l'it1m i~ij N'iffu t1.:i1u 111 t1 m1~ 11111i'U1 ~~'Um1 ff'u ft~1Yit1u .. 
'll t1.:i11fl'U1vi'fllllt11~ t111u11~ fl 111l i :U ffll ~" 'll t1.:i !!flu 1vi'fl1i~tJ1-*1'Vlfli1fl'Vl1.:i 11 ft .:i u 1~ 1~i~1J 1 • 
! iJ~ tl'U ! ntJ'U fl'Ufll 1vJiJ 1~!lJ'Ufl111J 1'U!!1.:J'Utl.:J f111 iu ff~! .yj tl'U !~ti 'Yllfl Wfl l'Vl'Utl.:J lltl!~ t1{ i ~ tJ 1 '* • • 

lltl!~tl{ 3 ~1~ijtll~f111 i '*.:il'U!!~fll'iNn'U 'Vl'U11!fl tt1.:iijt1U'f1~ ln f111 ft11J11 tl i '*i~l 'U f111~111ll~ 
l mi~fl111J hiffll~'fl'Ut1.:i • 

"''J/d 
!!fl'U!Vl'fll t~~ [6] 
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m1 u Uli-:J FFT uft 11~1 ff'U fl-:Jl'U iiit1m11~w11111iiJ11ll't1m1 H~un~l.lfl!l'lflf m ~ t11i'l1fl'tJtdfl-:i 111n 

uH~'ULvJ~131vJfftliffl.l~littli:::'U1~mt11u11d-:i1'Vlffi~1~m'Yl'flU'flm1i1m1:::M' ifomnwm:::umff • u u 

!l'lfl{'U'eM Current Park's Vector (dqO) !!ft1i~1'flH<ti1t1U'Jlffl'YltVit1l.Ji'Uf11'JlU11lltlf11'J!fl~'fl11lJ 

H~un~ vnd1 itJ-:i1tJiiit1ii'fl11l.lt1f1~fl-:i 97% [7] ~fl 1~ii~lff'Ufl-:Jl'U iiit1mrn1111ii'LI'fl11l.JH~un~ 
~ ~ 

l.Jfl!1?lfl{111n111nm1'1~rnu (Short Turn) 1~t1i1m1:::Mfl-!lrJU'J:::f1fl'Uff!Uf1\9li'l.lm:::uff dqO 'Ufl-:J 

Park's transform uft1i~t'Yl'flU'fl DWT i'Wmrn~ff'tyty1W'J'Uf11'Utm:::~1tt'Uf1'fl11l.JH~Uf1~'Ufl-!I 

l.lfl!\9lfl{111nm1'1~rnu (Short Turn) [8] i'Wilt~t11ntJi'J1tff'Ufl-:Jl'Uliit1 m1i1m1:::M'1m:::iiJ11ll't1 

'fl11l.l H~un~u u 'LI'fl 11l.l 1li ff~11 ffl.lfl'Ufl-:J 'lf fl-:i i1-:i mm rru uu ff tt\91~ n 1~viiffm1::: 111 l1 ~ u u u 

I d e::i, "i 1 d i j,/ cJ} Q.I ~ ~~<d. 
Ul.J!'ttlif111m1:::11 'U ~tl.J'U'fl11l.Jtl (FFT) 'll''UfllJllfJWllf11:IW:::tm:::fft1\9l11if11'J Weighted linear 

combination (WLC) i 'Uf111~1U'Uf1'1l'U~'fl11l.JH~Uf1~'Ufl-!ll.Jfl!\9lfl{ [9] ~flm 1~iiH'il1tff'Ufl-!ll'U iii ti 
~ . " 

m1\9l 1111iiu'fl1rn H~un~l.Jflt\9lfl 1111ut11i'J1111m 1 tvfl-:iff'U V'Ufl-:iun'Ut'W li ll.J fl t\9lfl{ 1 ~ v11i ~ ~i 
~ ~ 

cv ..::ti ti QI o' Q.I Q.I Yd 3) J ti 
ttli:::ffl.JU':i :::ff'Ylli tciru\911 l.l'Ufl-:J!1f1!\9lfl rnw lif11:1 w::: 'Ufl-:Jfftutu1w i 'll'trl'U ii l'U 'U fll.lli m1Wfl-:Jff'Ut11 ~ t1 

q ti ti "" <u <u 

U'LI'LI~llifl-:Jif~t~'Um{'flfl'VJ (Hidden Markov Model:HMM) tm:::i~nnttUli-!1!1'VJm'Yl (Wavelet 

Transform) i 'U ff1'U 11tl'11v1flt~lJHlifl\9l'Jlf11'J~~1 'W'Ui1mm1m~l.lfl\9l'Jl~~11~ii-:i 95.58% tm:::ii 
~ ~ 

fl'l9l11m1~ ~iff-:i~'U 22.23% 1rlmm t1rnVit1unum1 i ~ff'l.lu1:::iY'Ylt1ciru\9li'muflf tcirtJ 191' [1 oJ ~flm 1~ 
~ ~ 

" 
t ff'U fl-:Jl'U iii vnn \9111111'~ m1 tvfl-:i ff'U V'U fl-:ittn'U t 'YI li ll.l fl t\91flft~tiit'fl11::: M' 111n m iJ nl?i' l.l'U fl-!! m::: u ff 

~ 

I 1 J )/ 

'V'l'Lii1djm~m :::~'LI'Ufl-:J 111li ~1m:::l1~1:::~'LI'fl11l.lt~ 1'Ufl-:Jl.lfl!\9lfl{ 1'11""] 11:::ii Hli~fl':i::: t1:::'Ufl-:im1 tvfl-:i 

tl'U V~ll ~{l-:j [11] ~ flmii ~i'J 1! ff'U fl-!! l'U 1ii ti i 'U f)l'j \91';i111 'fl11l.J H~ un~ 'Ufl-!I :IJ fl!\91 fl{ (Normal, 

Misalignment, Unbalance, Bearing fault) i~ff'tyty1wm:::ttffff!\9l!\9lfl{ 3 1vJmm:::ff'tyty1wm1 

fi'Uff:::tVifl'U i~!'Yl'flU'fl Support Vector Machine (SVM) 11m1:::Mi'U 1~!l.J'U'fl11:1J~tm:::m1~1U'Uf1 
'fl11:1JH~un~'Ufl-:il.Jm\9lflfi~t1i ~ kernel functions tm::: polynomial function i mifl'U t 'Um1ui'u 

... d o' ... 1 1 i """" "' 'J) 1:::~'U'fl11l.J!';i1'Ufl-!ll.Jfl!\9lfl';i!!{l:::'j:::~'U'Ufl-!I 11{1~ ~ti 'U-!11'U111tll.J'fl11:1Jtlf)\9lfl-!I 97.1 % [12] 
~ 

'Uflf1111f1-!11'U 1iit1,r1-!l~'U!!ft1V-!!ii-:i1tJ1iit1~ l~U 1\?l1u1::::1J1li HlifftutulW ~~\9lflli mi '*i 'U 
u u 

" -:i1tJ1iit1~-:iiJ 1~iiH'il1tff'Ufl-:J1tJiiit11:::uu1'~ff'ww1wm:::uff 1~t1i~L:1J 1m'flfl'U 1 'Ylrnmfl{ A VR 
~ u u 

I I 'J) I 

ATmega128L (Atmel) 'fl1'Ufl:IJH1'U AD7654 (Analog device) AID Converter 16 bit ff-!l'UfllJllHl'U 

fl'Ut\9lflf 1il \9lt vtfl\91111111111ll't1'fl11:1J H~u n~l.Jfl!\9lfl{ [ 13] 1m::: i u il1~t11n'U 1 ~1 ff'U fl-:i1'U 1ii t1'W'\9llm 

}I "".I"" o' ""1 ,'JI... o' 'J:::'U'U';iltl-!11'U!Hl\9l';i11lfffl'LI'fl11l.J i:-l~Uf1\9l'Ufl-!ll.Jfl!\9lflrn 'U'U! 1m 11H ~ti ']j' ff\UtulW m:::u fffft\9l!\9lfl'j 
u u 
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a1 ~ a Q.I 91 'd .ci.idQ.I r:I 
fftytylW fll'HY'l.HY~l'YI tl'W u H~'W m1~tff'WU 1 ·HllJl'IHlfl 1~1J1J 'il~\91~\91.:JVl\9111.J tlt\91 tl'Hm~mmrn 

Uff~.:J'Jj'U~fl111JH~tJn~uClffllJ11flri.:i'li'tiiJClH1'W Network and Web Server [14] UCl~~tim!IPi'tff'WtJ 
"' 

1~1J1Jl~1\9111'il1U 'illit1fl111JH~11fl~1Jtll\9ltJ{U1J1Jri .:i'li'm.im~1J1J~tlff11 ! '.i'mr.i (WSN) 1 ~tl1~1J1J1~ 

. . . a 1119' ..::::1.c1 1 619/Q.I 1a ~ .. 1~ 

1~1J1Jfftlff11 t 1ffltl'Vlt1tlfl11 Zigbee/IEEE 802.15.4 rttfl1J<Jt~UlJ!YltJ\9111'ilfftJ1Jfl111Jf:'·mufl\9lUCl~ 

11r.i.:i1'W HCl1~1Jm~1\9111'il1iJ 'illit1fl11iJ H~tJn~!l'i' [ 15] 

11'.ltJ ~V1111Jn'W ~l 'Wil 'il 'illJ'W !1Pi'ijm1iJ rntitl'lu{m drniJ 1m i ~n'W mn i 'W 1 H.:Jl'W 
q 

.,\ "'y "'y 'i y 0 'I "" "" .-,1 d <!! 
tl\91 ffll1 fl'j1 lJI 'WU .:J 'illfl1J 'll U~~ l'W I fl'j .:J ff11-:JU Cl~ fl11 Vil .:J l'W t 'W 1VI tll'Wl'l 'W 1i 'Wl lJ'W fl11fl'fl'l:llfl111.J • 

• v 

H~tJn~'llu.:iiJm\9lu{mi1r.i1iJ1 3 1vli;r 'Jj'U~ h1l'luf11'.ltJu1J1JflHm~rnn ~.:iir'Wriu'W'il~u1!tJrim1 
"' v • 

1i'.i'illf tifl111JH~Ufl~'il~~U.:Jfffl'lfl Vltllla~'W!l'W 'llU.:JiJUtl'lUf ll'IUt11tJ 1 tl'i'un l flH ff1N'llU.:J 

iJULl'lU {m d t11u 1 11'1nm1..11.:i l'W 'll u.:i iJUt\9lu fr11dr.i1iJ11~t1111.l I tJ ii .:i m111m 1~"'11.:i 'il 1 ffiJiJ Cl 
"' v 

fl11'111~1Yl11 llJ t\91u{~1-:J"l 'll U.:J1JUl\9lU{ fl11 H~ tJ fl~ 'illflfflt '11~~1.:J"l 'll u .:i 1J u t\91 tJ { VI q ll a~'W ! 1 'W fl'j w 

fl11iJ liiffiJm\911'llu.:iun'W 11t\9lu{uCl~m111m1~"'1fl11iJ H~tJn~mw fl 111.l liiffiJm\911'll ti.:iun'W 11 

. 
~ v • cl 0 _ .. 

2.2.1 tfl1'iiJ'H3'llf>'i'lJ81Ulf>'H'tt'l.U.11UliJU.JlTiiJ 

I 1119/ I t!i I t/ _J d I d IQ.I d 
ffllJ11flU1J.:JUUfl t~ 2 ff1'WflU ff1'W'llU.:Jffl\9ll\9lU1 (Stator) "lf.:JtU'Wff1'WVIUtlfl1JVI 

"' • v 

UCl~ri1'W'llU.:J llt\9lu{ (Rotor) t1'.l'Wri1'W'Yi'l11J'W U~Cl~ri1'Wij11tlt~tl~~.:ii1 • 



Yl1 i tt' m'.im~111vl'i1'\Jfl~ff'Ullllllim~nu'1~m'HY~1,m '.i ~D~ulim~nfl~l~ff~llffllfl 1~~~u 
2.2.1.2 i '.i !I'm{ (Rotor) i '.il1Prn{'\Jfl~llflll'lfl{11'.luri1u'\Jfl~f11'.i'l11l'Ul1'.lu . ,, 

I "1 ~ • I ... "" 
'Y1Hm~'Uflf1 (Cylindrical rotor) ffllJl'.iflll'IJ~ !~ 2 u'.i~l.fl'Yl~~'U 

ti ti ~ el 
1) htl'lflrn'IJ'Uf1Hm~'.iflf1 (Squirrel cage rotor) htl'lfl'.i'lf'U~'Ullf1'U'\Jfl~ 

h11P1fl{Yl1~1m'l1~f1'1llJl'U'Yl (Laminated sheet steel) .fl1£J'Uflm1~11'.luifl~ffl'l1i'U-el~uvi~l'i1ih 

7 

<!I '°'Ci ':'I , I i o' ~ ~ <!I '°'Ci .,\ °' 
'Y1 fl~ll~ ~ '11 ';i flfl~ CllJ I 'U [JlJ H~ 'U ';i fl~ ';i II'! fl ';ill '1~ U ~'Yl 1[)1~ ll '111'U 'Ylfl ~ !!~~'11 ';i fl fl~ Cllll 'U [JlJl 'WflCl ~ 1~ 11 ';i 

~ ~ 

2.2 

..; i ti ti d 0 m'Wn 2.2 '.ill'lfl'.i'\Jfl~llflll'lfl'.imuv1muuum~m~'.ifln 

i o' ... i o' o' ,, 
2) '.i ll'lfl'.i ll 'IJ'IJ '\J~ '11~'W'U mu '.i 11'1 fl'.i (Wound rotor) h 11'1 fl'.i ll 'IJ 'IJ U 

u1P1n~1~nuu uu m ~ m ~';j fln fi flij'\J ~" 1~~u fl~l u i fl~ ff fl fl1P11 'liu1~ v1nu ml'ltl'!fl{ ri1u umv'\Jfl~ 
~ 

'll~'11~11~~flfl~nrnm1u~u (Slip ring) u'1~ijuiJHri1u 1:fo r:fofl~i~m1U'1~ri1u11~~flnu1~11'.i 

mvu flm~flY11nu~ fl1~ 11 '.i ff\9111 'Yl u uu ff\9111 11~m~"~1 llflll'lflf ~ij h 11'1 flf u ';j ~1.n'Ylci' ij.fi'fl~1n~ 
fifl ~ 1~ fl~ ij ~lu 1u i11 vi1nu ~lu 1u ,f 1'\J fl~ m1P1mfl{ u" ~ 1lim';jfl11llu~1vri11m~1m n 1~1dfl~111 n • 
ri111Ju~~uni ~m~n'1~1 u fln111nrl''.i1mv~ff ~1rlfl1-vivunu i '.i 11P1fl{uuum ~m~rnn 

~ 
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,, 
u~i'i,rt1~'1lel'l 1 'Hl'lt1111'I ~1.n'Vlil fimnmrnnm'W ~11'I'lii~'llw~mnrn11'Vl1~t1mff't1nu~t1f111:1.J 
31 -1' 1 " ., 1 ""' d l'll'W'Vll'Wmt1'\.Jt1mIJ'Il\l'\Jt1\I 'Il1V1t1rnuu'll~"1~'Yt'W'It1U 'Ill'lm ~\lm'Vl'Vl 2.3 ... 

.,j 1 " ., 1 " fll'Yt'fl 2.3 'Ill'ltlrnUU'IJ~'11~'Yt'\.JrnU 'I!l'ltl'I 

l:l d 91 QI QI d 'i " .k • i 91 .ct. .d d ~ .... I ~ I 

Ul\lmW f11'ltl\ltllf'l'tlfftyty1W 'Viti~ '\..! lJtJll'ltJ'j 9f \l'V11 l11f1~fl11:1.Jf.1'Vlfl 11:1.J ~~1Jf11'll'l1\I "'] l'll:i.JiJ'I~lfi'\ll 
,, 

fl11lJH~iJn~'\Jtl\llJtl!l'ltl{tl''W.., n:i.Jt1~i'Wfftytylt1Jf1'j~!lff llH~'\.J 1il''W!!H!!Ul'Vi~f1 nn 

~ .<!!I QI ~ & ~ e:!l 0 31 ' ' 
ff'\..! ff~l'Vltl'\.J !!'1~fftyty1W ti'\..!"'] 9f \I 'illf1f11'jf'l'fflfl'\Jtl\I [ 14] ~'1f11'If'l'fflfl'il1!! '\.J f1'\Jtl1J f1'Vlrn\l 1 'Wlll'l'1~ 

,, ' 

'illf1~'1m'Ifffflfl!lff~\I i tt!M'W i1mnhrn1ilt1'ttlt1'il~1n~'W Vil'l€iu'1nil'Wl~'W ff1'\.J 1 M uJ !!'1~'It1\1'1\lm . ... ., 

Bearing Related 
r Others Related 

Rotor Related 

Stator Related 

' ' .c:t 0 0 ,/ ~ 0 

fll'Yt'fl 2.4 f11'j'i)1!! '\.J f1f11'j'Jf1~~'\Jtl\l:i.Jtlll'ltl'jl'tt'\.Jtl1'\..!1 
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. 
Cit, _I C1ti G .ct o 

2.3.1 tn1fl1UJNYlufWl'Ua-:lllB&VIB"U't'l'l!ffJ'l.n 

'il1flfl11fffflfl'lh:afl'Yl'llti\lfl11lJH~Ufl~'llti\llJtl!\9rn{ mmrnuti\lt#i' 2 u1~tfl'Vl ~\I 
.d 

flWl'Vl 2.5 

m1lJ~~i.Jn~'\leN 

mHFi v fo1d rn 3 rrh-r 

( m'Jt'ri'v.:i1;rw6 

( U'U~'l 

1'11llJ~~i.Jn~vrnnl:'l 

m1lJ~~i.Jn~vrn ivHh 

) 
) 

uvi.:ifi1u1 htFiv1uFin-ttn 

( htFivfllifflJlJl~'J 

h1~vf1-rn1lJl'll:'lV'W 

nmihi~ff'\JV'l ht~v{ 

fi'1U1~~1'l1l'JU'U'U\9ll'l"'] 

lfl'j.:j~~1'l1J'Jl:'l'l~'W 

) 

. .. . 
2.3. L 1 f111lJ tl~un~'llti\ll.lml'rn{m\lni;i 11'.ltJf111lJtl~un~fi1n~~'W fil.lm10rn{11'.JtJ 

JI ,, I I <J} 

r-rnvh, M';f'W ff1'U'\Jtl\llJtlL\9ltl{ijmrmn, ~\ll'Uff'U '1\lfl11lJH~Ufl~fi'Vl'IH11 Lu fltl!fl~fll'j !Vtl\lfl'WJ . ~ .. 
'lltl\IU'U1Ufl'U (Misalignment) fl11'Yf '111Jfl'1tl'U'Yl1\lfl'1 m11 fl\l'lltl\IL'Vlm m1 Lfftl~ffn'W 'lltl\l~'U ri1'W 

,: ti I e;9 CV ~ ti ll)3J 
fl11Wtl\llj''Utl (Eccentric) U'1~'il~ff\IH'1tl\l\9'1'1'1.J~flu'U (Bearing) '\Jtl\ll.Jtlt\9'1'en'l1~~~ t~ 

2.3.1.2 fl11lJ H~U fl~'IJ tl\l lJ tl!\9'ltl{ 'YIH, vl~1 u 'j~fltl'l.J #i' 1tJfl1'j 'If 1~~'\J ti \I 

ri1tJu1~nt1u 

o',. Q.I -=:to e:9 I d 9) 

l.Jtl!\9'ltl1 t~tlflln'Ufl11~'il1fltlW'YffllJ UH~\l'Yl1\IUlJL'Yf'1fl U1\l'Yl1\lfl'1 U'1~fffl1'VlU1~'1tllJ . ~ 

1) fl11lJH~Ufl~~l1L\9'ltl{ (Rotor Fault)'il1flfl11'1f11~ ll!\9'lt1{'\Jt1\I • 
I I JI JI I 

l.Jtl!\9'lt11mut11tl1Vi1n~~'U 10% 'il1nm1'lf11~l1\l'YflJ~ 1jjt1 h1\9'lt11'lf1rn11~uff~\IH'1'Yl1\lmt1m'Vlui;i~ • • 

- UTI\ll'i1tl1 ll!\9'ltl{U\9'lflMfl (Broken Rotor Bar) tfl~111flfl11 
ti o'Gt ~,. I i tld.::t I t/ c{ 

ff\9'111'Yll.ltl!\9'lt11 i 'W ff m1~ lJ rni;i~ff \l'l.JtitlflH 1 ~ml! 'Vll~l.ltit\91ti1'VllJ'll'U1~ l mu m1 ff\9111 'Vll.ltl!\9'lt11 
~ u 

¥11 i '11'1n~f111mfl~ t1~utJl'i1tl111t\9'lt1{ t~t1\1111nnm~ ! vl~1!'Yf'1~1'Wl'i1tl1ff \lff~'Yf ~t1m11~m~'U 
~ . 



10 

~ti'Wu~~'llvw\911~\911 hi1>rn{ l11 'll1'~1m1:1Jl'i'1'W'V11'Wm~ !vJ.Yh 'l 'Wu~~~\9l1tl1 hh'Vhn'W ri~i:-rnvh i 11' 

mu 'H fllJ'Utl~U~~~\911tl1 t:Wrvi1n'WU~~fl1'.i'IJ(Jlll\9l1~ t:Wtvi1n'Wu~1tl 1 l iJrim'.i U\9lf1Mf1'\Jtl~ l '.i tl'lti{ . .. .. 
" - htl'ltifliiffl.ll.11\91'.i (Eccentric Rotor) tn11~m11mi1'VIH'\Jtl~ h .. 

tl'ltifliiffl.ll.11\91'.i l11'll1'tn11uHllJffl119J~'Vll~ff'Wll.IUiim~n (Unbalance Magnetic Pull) ri~i:-i~l11'll1' 

in11iJruM1mrnl'lnM~11'1Jti~'i'l 'W 1'W 'll11m11ml'ltl'lti{ u~~tl1 ! iJrim'.ii1'.i11tifomv'llti~ml'ltl'ltif ~ti 1 iJ u q qJ q 

- htl'ltif Mml.l~tl'W (Loose Rotor) fll'.i'H~'Jl.l~tl'W'Utl~ htl'lti{ 
. . " 

tn11111nn1'.i tiJ~ ll'W tt iJ ~~tiv1~1t tJV'I ~'W 'll ti~ l M ~111'1 ~ ti'.i ~il'W 1 vJ~1 l11 'l l1'1 '.i tl'lti{ijfJW M tJiJ'Vi~ ~~'W 
" ii~~in11 n1'.i'llt11v\9l1'1J ti~ 1 '.i tl'ltif ii~~t11~~ i' ~ti111Vi1'l11'1 '.i tl'lti f~~ ti'Wttn1~ 1iJ:1J1ti~1111 i l1'tn11 n1'.i 

~'Wl~ 
"' "' 1 .. "' "' 1 .. - fl1'.itffll11ff'Utl~ '.it\9ltl'.i (Rotor Rub) fl1'.itffll11ff'Utl~ '.it\9ltl'.i111f1 

. . " 
fll'.i M l.l'W ntJ ff1'W 'Vi tiVnt1-Vi 11~tn11'l'Wu'W1i' fflj (Radial) m~~ i' ~ m 11tn11i'Wu'W1Uf1'W l~t 'lf'Wn'W ti'1lj . .. 
u '.i ~mm~l11'l'Wu'W1ttn'Wmnf'lti~11~Vi1'll1'tilv11iln'W1~ 

2) ~11:1J~11iJn~~ff!\9lt\9lti{(Stator Fault) 111f1fl1'.iGJf1~11ff!\9lt\9lti{'Uti~ 
' ' JI ,, ' 

l.I tit\91 ti {m i1t11tl1-Vi tn11 ~'W 37% 111 nm'.i in 11-.1~Ml.I11 111 vmm \9l t1l.Im111n~11l.I ~11 iJ n~ 'll ti~ • • 

'IJ11~111ml'ltl'lti{ mv'l 'W 'IJ11t~v1n'W u~~~1:1J 1 iJ~'ll11~ti'IJ11 tvl ff~vtvlff M~tim 11m:1J 1 iJ~tvlff~ti 
.. 'JI 0 'l 'J/ .. 0 "' 'l 'J/ "l '"l 'JI f1'.i1111 U~'J'Vll 'Hl.ltlt\9ltl'.i'lf1~11tffll'Hlll 'lf~l'W !l.I 111 

" - \9l1tl1~111~11'.iut1t1~1~"l mv'l'Wml'ltl'lti{ t'1vnff''W11~11'.ititJ 

" (Short tum) M~ti~111~11'.i fl1'.i~111~11'.i'Uti~'IJ11~111ml'lt\9lti{ t'lf'W tn11~'W'.i~M11~tvlm~v1n'W '.i~M11~ 

" ~111~ 11 '.i'Utl~t vJ ff ~titvJ ff 'H ~ tl '.i ~'H ll~~ 111~ 11'.i'Utl~t vJ ffl1~M lJ 11 ~111~ 11 '.i '.i ~ 'H ll ~ 'IJ 11~111 t vJ ff ntJ U f1'W ff 

(Open-Circuit single phase) l.ltitl'ltif l11~1'W llJffl.lt1iru m~uff t vJ~1 t Mm.u'1'1J11~111 mml'lti{!:Wmt1 

lJmvlff 'l 'W'UW~~l11~1'Wti'1!:Wijm'.i~1 M ~1111~ !:WtilvM1vmniJ n u~trltil.ltitl'lti5l11~1'W i 'Wfll'.i~ 

l M~11~11milt1M1t111~mnn11 u~ 11~ff' ~tnl'ltif 'W~'Jll.I ~11iJn~l~!:W~11t 11'W iJ n ~1~ 111nm1:1J~11iJn~ 

111fl1'.i~~1~11'.i 
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Q.I .c:::i.. -• ~ J 
2.3.2 fl11fl1'Hl1YlfllUINYl1JfWl'Utl-31.Jtllfltl1 

l u m1\9111'ilfff11Jfl11:1.J H~ iJ fl~'IJ -e:M:J.Jfl!\91 fl1t M ~ tm.11m:J.J11a\9111'il1~ I ¢11~1J 1J 'Vl 1-3 

fl'1 t'lfu m111m1~1" 'illflflniu ff~tTifl'U tfftM11Jfl1'U m1M:1.J'U IJ,j~ -3 irn~'Vll-3 I vl~1 t'lfu 'illflfln • 
1~m~uff m11~uJ,jm~fl lvlvh~1 m11~fl11:1.JH~ufl~'Ufl-3vl~flci1uJ,jm~fl m11~fl1l:J.JH~Ufl~'Ufl-3 

QI ~ d' ~ ~ t:!\ 
2.3.2.1 fll11~!!'1~1tml~l'l'illflfll1ff'Uff~!'Vlfl'U (Vibration Analysis) !lJfJ 

:J.J fl!\91fl1iifl11:1.J H~Ufl~ 'il~tn~fln iu ff~ 1 Yi fl'U l '*'Vl 1 l'U ff~ w1rn{ 1~ u H iu ff~ t Tifl'U 'IJ fl-3:1.J flt\91 fl { 

'Vll-3fl'1fflff1'11 l '*1~ti1f111:1.Jiu ff~tTifl'U fl 11:1.Jt ~1 1~ti1f111l1iu ff~tTifl'U fl 11:1.Jt1-3 1rn~1~ti1f111:1.J 

iuff~tViflu1~ri~m-3 ~-3'il~~~i-3~1'1~1J'1flilu 1~rii1m1~1"1~-3f111:1.J~ 
"' 

?I ~.cid QI 11)9'• ~ 9) ,,, 'l .J ... 
Current Signature Analysis) !ll'U11i'Vlffl:l.Jlrn\9111'il'il1J t~-3W fl-3!!:1.J:l.Jfl!l'lfl1'il~fl~ 'U'Vlfl'U\911lrJ!l'1~ 

1J,j mm 1rn'1i'11'111 'il fffl1J I ¢1 1 ~ ri1~ m ~u ff~~~ w l M' n1J :J.J fl!\91 fl {u ii' Tw l :l.Jl it fl 11~11Mlfl11:1.J H~ iJ fl~ 
"''i "l•j/ 0 .. 

lJ fl!l'lfl1 t ~rJ t lJ \91 fl-3'1-'1 rJ~fll1 'Vll-3 l'U tN:l.Jfl!\91 m • 
2.3.2.3 m11~u'1~itfl1l~M'il1m;p.umJiJ (Temperature Analysis) 1~mtH~'U 

.J_9.1 l jl .. 0 ... .J di jl <!I ~ 
'VllJfl'U l'llJfl!l'lflrnllJ:l.Jl\911'1'1'U'IJfl-3 NEMA (MG-12.43) flll'l'U~!!H~'U'Vl ± 10% CJf-3fllff-3Mrnl'll .. "' 

I ;f 0 g} o'd. 9) .cS .d ~ QI d' .di 'j) 

fldl'U'Vll l M:J.Jfl!\9lfl'j:l.Jfllrlfll'.i l 'll'-3l'U'1~'1-3 fl1llJ!ffrJl'llrJ'Vl!flfl~'IJ'U fl1J:l.Jfl!\91 fl1 ! 'U fl-3:1.Jl'illflfl 11:1.J'jfl'U . 

2.3.2.4 m11~'Yll-3!ffrJ-3 (Acoustic Emission Analysis) 1~fl11:1.JH~Ufl~'Ufl-3 

1'1~1J'1flilu 1~ri1~ff'ruru1w1ilri-3fl'1\91'.il tCJfi'.lmrn~1ilri-3lu1~~1J~:1.J'UEJVt¢lvu1~milri tCJffl!'1fl'Yl~fl 
1U u U q q 

jl 

l'l'1fllJflfl'U'Ufl-3'1J~'11~~1rJ 

2.3.2.5 fll1\9111'il i01J'IJ~'11~ff!\91!\9lfJ{~~1-3'il11~ri ''*f.1'111:1.J!!H~'U I vl~1 
~ ' 

tr 1J TI~'U t ~ rJ l '*'YI t)El U YJu ! l'U fllffrlfll 1 ! U~ rJ'U !! U '1-3'1-'1~flfll1 lJ,j fflJ ~ '1 'IJ fl-3 fi lfllJ W !!~ 'U CJ1''1J fJ-3!!~ '1 ~ 
_J d' .J 0 j/ "I IC! d' .,; "I I "I j/ ... .J 

! TI ff'IJ fl-3 :l.Jfl!\91fl'jm'UrJ1'U1 fll t lJ :J.Jvl fl'1\91!'Ufl-3'il1flfl11 lJ t lJ fflJ ~" 'il ~ t ~ f.1'111:1.J'IJ fl-3 !! H~ 'U 'Vl! To 1 • 
tr 1JTI~ ut'Yi lff'U 6 1rn~1rl m·rn11:1.J'Ufl-3 u H~'U IJ,j 1 vi lfl1J ff'U 6 J 'UM lJlrJfl 1rn 111ti~ fl nu vlfl'11'i' 'ill fl 

"' "' 
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QJ .r::::..:t QJ 

2.3.3 B'1flB'lflllfll'l~'l1\Hl'U 

" ' 
'1:wmHl'J11l~lJT111llH~Ufl~lltitl'lti1 i ~fll'JU'J~ll1'1r-l'1!!'1.n '1 lnii'uij-:i ~1-:J"l t~ei 

U'J~fml'i'i~nlJ-:i1u1~11'l'J11l11eimei{ivHh ..f-:i i um'J11m1~M'i mn-:i 1~111unm trn~mrnu'r:l-:i '1 u • 

" QJ' ..c:lQJ' ~ 

fll'Jl'l'J11l1llJll~-:J'W [16] 

2.3.3.1 fll'J!!U'1-:J~t'1£J{t~1 (Fast Fourier Transform), FFT 'l11fll'J!!U'1-:J 

ff'ruru1ru i u 1~111unm11ju 1~tll'W'Yl1-:JT11111~ t~ei11m1~ttl11'1Ju1wmufll'li'll~T11111~~11titl'lei{ 
u u 

2.3.3.2 irnnufll'li'll (Bispectrum) 11iirnnufll'li'llfl~tit'1£Jfl11mufll'li'11 

fl'u~lJm11~~ff,.,t1111,-,1flfff1~fl'u~1rn-:i ium'Jl11t'Ylti11'1Jei-:imrnu"-:il'l1'1£J{ 2 ii~ M1i~..f-:i'Um~ .. .. .. 

2.3.3.3 fll'Jl!fl'Jl~Mff!Ufll'li'llfl11ll'1~!fll'.J~ij-:J (High Resolution Spectral 

" Analysis) 1llfl1llfl1nmrnu'1-:i FFT iruiltym'Uei-:im'JU'J~mru t11'1Jti-:Jff!Ufll'l ~11 ~ ei r-l'r:lfl'J~'l'llJ'llti-:i 

fll'Jf 1 i l1'1'\Jtl-:J l l1'1lJ'li'1-:i ffllll'Jtl i ~11i MEM (Maxi-mun Entropy Method) t~tillfi'ilqimitei-:ifll'J 
' ' " 

11 i l1'1ei-:imufll'li'11 i~flfl~11'.J m'J iu~l'.J'Wll u"-:i 1m~'1'1Jei-:i MEM ,.,~~uei~nlJ 1m~'r:ll'11'J1il1l'lei1 .. 

"" o' •• I "" o' • .I 
2.3.3.4 fll'J1lfl'Jl~l1!1nl'11'1 (Wavelet Analysis) fll'J1lfl'Jl~'ttlllJlJ!Tnrnl'l 

i~tl1m11m1~ttT11111H~Ufl~11ml'lei{iuffm1~l'i'uvil'i'ui~ !!'1~ff'ruru1ru~~m'JtU~£J'W!!U'1-:J'l'lN 
u u 

' J/ I I 

T111110 ilqil11~-:iflri11tl1m11m1~M''lf1-:in'11ffu"l l1~ti'lf1-:inmVilP11ei-:im'J Vi1'1£Jflnui1 (Short-

• • ~ e:), 'j,I ' • • • j) ..c::! ~t:l ~ ~ 
Time Founer Transform, STFT) l1'Jtll'l'lfl'Wfll1'W11'11-:J (Wmdowmg Techmque) '\Jtllffl'.J'Utl-:id1i'Wfltl 

'IJ'W 1~ '\Jtl-:J l1u1~ 1-:J l l1 m~ ffll n lJ fl l'J 11Tl'j1~ M 41'\J ru~ \91'J11) 1llJ Tl 1111 H~ u fl~ lJ tll\91tl{1~l'.Ji6*ff'ruru lW 
u u 

"'i o' o' fl'J~llfffftl'ltl'J 'W'IJW~ffl'll'J'Yllltlll'ltl'J 

2.3.3.5 !1flll'lti1'1Jti-:JU1{fl (Park's Vector) i'Wfll'Jllfl'Jl~MmlllH~Ufl~'\Jtl-:J 

11eitl'l ei1i l'lvhm ~£J1tl 1 3 1-rl ff1l1flmrnu'1nulllJ lJ'IJti-:i ll 'J-:i~u m~ll ff ll'1~~"'flCJi!!:Wm~m~ £J1 .. 
fl~ti-:i~t~£J1'1i'ei-:inlJff!l'ltl'lti{ 1llflfl'JtilJfl'1-:it5-:imml'lff abc !!U'1-:i~mtilJfl'1-:it5n t~ff dqO t~ti 
l'l 'J 1,-, 1llJT11111 H~ufl~11ei191ei{,., lflll Yi-:i l'i1tl1h191ei{ fll'J i:J ff~1m11ei'lfei-:i 11-:immrr fll'J ifiei-:i rru v .. 
11ju1Pl1u 
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' ~q ~ ~ Q.I ~ - • ~ J .ct 0 

2.3.4 11itll"l1'U'\l'il£1f111'J..JN~1JtlVl'IJ01Vl0ll'tt'U£11'Ul 

1lJfll'J1u 11 ll ti ff 1'11f1J 1 ~, lJ fllHl~ fflJ 111 ~ -:J1Jflf1tl-:J 'i ~ ~ 1J fl 11lJ 'JlJ U Hfl 11lJ • 

d. ,. I -1 d, !':'I d c::t, , 'J)t=:\d, Q.I I d, 'J) d, 

t'VWlJ (Neural Network) trn~ 1f1H'\J1tlu'JlffTYH'YWlJU1J1J11C)fCJH!fl1lf1 fll'J 'b'11i~-:Jf1"11111~lJ'\Jtl~U"1~ 

.u'm ff tlU\91n~1-:inu 1~t1m1tl 1.u'fl~ '\J fl-:J~C)fCJ1"1 fl ~n~m1 ~111IP.!i:-1m:]f,:i\91'i1n~u"~m1tl1~ '\Jfl-:J 1fl1-:i~1 t1 
,, 

tl11ffTvuYi t1lJfiflm1 t'1 tllJ ~ ~1111n.u'fllJ"1 1~t1tl1vi-:ifft1n1lJnut'1 t1ni1 1 m-:i~wtl11ff1'VH Yit1lJu 1J 1J .. .. 
,, ' ' 

~ C)f CJ1 u tin 111niruif-:i~m1i~'\Ju1~ '\J fl-:i m t1 n \91i'lJ'\Jfl-:ifl11 lJ ~ ~1 f lJ fl n n Yi in ~fl d 1lJ ~ ~ tl n ~'\J fl-:i 

lJfl!\91fl{ 'li1t11 lJ m1 l'i~ iYu 111 trn~ 1 ~.ij' tilJ"1'Yl1-:J ffil~1 lJ m11Jfl nti-:i 1~~1Jfl 11lJ 1u u 1-:i fl 11lJ ~~tin~ .. . 

Q,.I' 'J) el ' el Q,.I' J ti ti 
, lJ '11 d '\J ti lJ 11 ~ f1"11dtl-:ifl1 'J {l f1 El tu~ '\J ti-:! f11 'j t ti fl-:! fflJ ti '\J fl-:! t t fl lJ t 'W "11 lJ flt \91 fl 'j I'! {l fl 'j ~ 'Vl 1J .. 

I .Ci Q.I I J ti t=:\ t/Q.1 t=:\ d J o' 
'\J ti-:iri 1C)flJC)f1J 'lffl-:J ti 1n 1rr111nm1 wfl-:i eyu t1 n 111tfl 11 ~'11 my ty1w t 'b'-:J ri 11lJ tl 111 nn wti-:i eyu t1'\J fl-:! 

" "-' 4 • • 
2.4.1 '1tl'MW~'U0.:.ttlll1£10.:.lt)U£1'U0.:.tlltl'Ul't'Hll'J..JtllVl0l 

,, 
111n-:i 1u 1~ t111"11tl"l-:!1lJ1 ~ t1'W1J i1fl n t~fl-:Jt)'lJ vtn ~ 111 nnn i:-1il \911rn~ tl 1~nti1J 

JI JI I I J} 

ciflJff1lJ ~1-:!"l '\1~tl!fl~111f1f11'j~~l'i-:i1ri ~fl-:! ~mfiJj'n~IPl1u mJ-:i 11~fflJ vnm-:i ~~!~tllJ, tl 111n\Pl1u11 il-:i . .. 
~n111u ~I ~vh 11"1~t1~l'i 1-:i111nunu 11lJu !~m~irn~ 111"~~~tin1JlJfl!\91flft11rit11tl1u u 1ttfl'U!'W"11 • 
i~tr!'Utff'U\91H (Shaft Misalignment) ffllJl'Jtl!!,j-:i l~ 3 '1nEltu~ !!ff~-:J~-:Jlll'W~ 2.6 [17] 

Parallel 

An~ular 
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2.4.1.1 Parallel misalignment trltiu'U1Uf1'Ut'VH'tllltlt\91ti{~m11J l lH'l~ijU'U1)~'Ul'U 

..;. ti I Q.I <)" Ii 
2.4.1.2 Angular misalignment t:JJtltt'U1Uf1'Ut'VHl1:1Jtlt\91tJ'j\91tJf)'lJ !'ttl:'l~tl~ 'UU'U1 

2.4.1.3 Combined Misalignment 1rlvuu1untJt'Vlm:JJtlt\9lti{~vnu 1 ttr:i~ hiv~i 'U 

" I I ~ J 
2.4.2 j:.Jilfl1~'Yl'lJ'U8.:.t'lf8.:.11H81flUl'illflfl11t£18.:.ttjUf.l 

y • 

111ni:1nEJw ~ nn ivv~ffu 6~ 1~~ u 11'.I u ~rnVi 1 i M'tn~t111:JJ '1 l.Jffl11tff:JJti'llti~'lfv~mff .. 

,l o' ~ ~ o' 

2.4.2.1 mrnrn~IJ''Utltt'U'UffU\91\91f1 (Static Eccentricity) tn~'il1nttf1'Ut'Vlr:lllltlt\91tl) 

°' °' i ~.I"' lJ/ i lJ/ .J ,/I I 'i ,/ "J I ,/ 

anrnflu 11 rn'll'~~1u ~~1u11u~'llti~:JJtit\9lmmi:-ir:i\9ltif11'j'l1:JJ'U'llti~ 1 'jt\9lm11~ 1:1Jtt:JJtJ'jtJ'lJ11~ff'Ut1 cu q q q q 

I d I r/ Q.I QJ' d 
nm~ff'U 1:1.Jtt:JJm r:intt :JJ'Utt\9111~11 :JJ'U 'j vu 11~ ff'U vnm~\911!tl~ u ff~~~ ~fll'Vl'Yl 2. 7 

q q q cu 

,l rl ~ ~ 
2.4.2.2 nn !tltl~IJ''UtlU 'U'U l~'U llJf) (Dynamic Eccentricity) tn~'il1nt!f1'U!'Vlr:ll 

o' °' °' i lll"J. I lJ/ i lJ/ .J o' _,j "' O i lJ/ O I '; o' 
lJtlt\91tJ'j(lf)'lJ~fl'U '11 !U~l'U ~~l'U '11 'U~'ll tl~lJtlt\91tJ'j !:1Jtl!f1~ f11)'11:JJ'U11~ m '11\911U '11 'U ~'lltl~ ! 'j !\91tJ'j 

.. q 

QI Q.I ,/ I d CV d 
\]f1'U~fl 'U'l1 l.J'U 'j tl'U ~~IJ''Utlf11:'11~ ff'Ul:JJ Ullt'l1 r:l f1'11 l.J'U U ff~~~~ fll'Vl'Yl 2. 7 

Center Rotor 

Center Stator 
Normal Static Eccentricity Dynamic Eccentricity 
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(2.2) m'I~ (2.3) [3, 18] 

i/(10110 
g,J 'JJ ' 

~BlJll'Yle.Mou 
(2.1) 

d t/e:,, el o' o,j..I I I ~ d 
1llf1fll'VfYl 2.8 llfll~fl'Hf1~f11'Htltl'lfl'lJt11l~'Yl1 l11~tl~'lft1'111\ltllf11fl'tn~m·ntliwumJri\I .. . " . 

ffllf111'Ut1\I~~ 1~41 Vi~b h1~t1{1u1~11m~\l'll1uff~\l1~1 uff11m1Vi (2.2) 

r2 = acosB+~R,2 -(asin2 B) (2.2) 

(2.3) 

khanitha
Rectangle
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gs (B) ~ lg - a cos(} (2.4) 

tllfllfl' (Air-gap Permeance) ~-HY1Jfll'l (2.5) 

1 
Ase = 

1 1 
(2.5) 

lg -acosB g(l-&cosB) 

a 
(2.6) E = 

1 = - (A0 +A 1 cosB+ ... ) 
ls 

(2.7) 

"' 
Ase((}) = 'L,A;,, cosisee (2.8) 

ise 

hw~ 

Ao 
1 

(2.9) = 
.J1-&2 

Aise 
[1 - .J 1 - E 

2 T" 
(2.10) = 2 

&'".Ji- &2 



rl = B-ov 

OJ 
OJ, = (1-s)

p 
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(2.11) 

(2.12) 

1rlm.Jt1tl'rnf tnl'lfll'HU~t1'Wmfrw1h:i-rt11mrl'u 'IJ'IJ Ll'l'U llJfl irlmm'W fllffl.lflll'~ (2.11) 

tm~ (2.12) i'Wffl.lflll'~ (2.7) L~ffl.lflll''llt1.:if11ml'cl11..1i'IJ'Yll\lulim~n ~.:iuffl'l\l i'Wffl.lflll' (2.13) 

Ade(B,t) =IA;,, cos[ide(B-wJ)] (2.13) 
id,=0 

d Q.I Q.I c/ I & Q.I I d 
'illflffl.lfllH1 (2.7) m'l~ (2.13) Uffl'l\lff'Jll.lffl.l~'U1i'lltl\lfll9fl.19f'IJ'Vll\IUl.l!'ttC'lfl'lltl\l 

' ' .,f "" ,% o'.ci "" 1'JY• ,% o' ~ <; o' 
'lft1n1.:i mmrl'tl.I ti!fll'lflll' wti.:irl''U t1 9f .:i mml' t1 t11i m t1 i wn l' ~ti~ wti.:i rl''U mm~ fl 11m l' 1'll ti.:i ml'I til' 

~ ~ 

~ ri \I i:-!Cl n'IJ fll'j I u~ tl'U u UC'I \I fl lcl1l.li'IJ'Vll\l ulim ~ fl'll t1.:i'lft1.:i iHm fllrl' I~ mm 'l M' fl 111..l'tt 'Ul u il 'U 

ulim~mnl'l tliff~ltffl.lt1~1t1 

y ' y 

ml' 1tit1.:irl''WvV11 i M'i1.:i'lft1.:ii1.:immrl'tlimh1ff1..1t1 tnl'l ~nf 1..1t1i.ln~'U ri .:i i:-1C'IV11 'l M'tnl'lm~u mm~u l' .:i 
~ 

tfl~t1'Wulim~n~hmt1f'il~1rlwnf1..1t1i.lm'lf'W1~v1n'W ~.:iff1..1ml'~ (2.14) u"~ (2.15) uffl'l.:it~m~1..1 

imnfli:-J'U1fl 'll [8] 

oo A 

F(B,t)h = :LF, cos(µpB-w/) (2.14) 
µ=1 



18 

(2.15) 

o' ""' dllj i I °' 0 i 1 o' .J 1 o' 'JI I Q d"1 
m~mHJl';ilJfltJfl'YI !lH'I tJ!t'Yl'l1'11tJ1 tJ ';lt\Olfl';j 9!''1 ';lt\OlflHl~ff';jl'lfftJllJUlJtlH'lfl'VllJ 

fl11lJt~1 mµ ~ltJ'lffl-:immffl'i'~'ll~nn~ml'ltl'lfl{ tfl~fllrn';l~'il1£Jl'i'1'llfl'ITI'1flcHUllm~fl (Air gap 

flux density) ~'IUff~'litJfflJfll';I~ (2.16) 

1~£J~fll'llfl'I 
Uff~'litJfflJfll';i~ (2.17) 

B(O,t)=A(O, t).F( 8,t)h (2.16) 

A(O,t) = [A0 +Asecos(O)+Adecos(O-mt)] (2.17) 

U'YltJfllfflJfll';j~ (2.14) w:1~ (2.17) itJfflJfll';j~ (2.16) fl11lJ'HtJ1UUtJfftJ1lJUllm~fl 

ffllJ1HlUff~'lt1'JtJfflJfll';li'HiJ~ (2.18) 

[
A 

00 

11. ] ~ IF,{cos[(µp+l)O-m/]+cos[(µp-l)O+m/]} + 
2 µ=I 

(2.18) 

~ IF,{cos[(µp+l)O-(mµ +-')t]+cos[(µp-l)O+(mµ --')t]} 
[

A 
00 

11. m m ] 

2 µ=I p p 

d i'J/Q 'JI I Q o 'l'J/"' 
'illflfflJfll';l'YI (2.18) Uff~'I 'Ht'HtJflUlJfl~tell'l'llfl'ltfftJUHUlJt'Hi'lfl'Vll 'Htfl~fl11lJ 

' " 
11tJ1u il tJ fftJ 111ullt11 ~fl i tJ 'lf fl-:i mmffril'i' ~ nu'll~ '11~fftl'ltl'lfl{ 1 ~vu ti '!fl flrnrl u m11 ri1u ~-:i u 

I I d d d QJ 

(1) fl 111111 mu tJ tJ 'll fl'I ffm11u11m'1fl'Ylfl1111f:l 11 'i:lfl 

I I d d ~ J fl oC:\ 

(2) fl 1111 '11 tJ lU tJ tJ 'll fl'I fftJ llJUlJt'H '1 fl'Yltfl~ 'illflfll ';I Wfl'lfftJ mt UU ffU\01\01 fl ., 
' " 

(3) fl11lJ 11tJ1u il tJ 'llfl'I ffm11ull m ~fl Yi tn~ 'il lflfll';j tVfl'lfftJ vu u u 1 ~m:i'.i fl ., 
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'illflffl.lfll'i~ (2.18) 'Yl1mn11t1'U ~'U n1Vit11Jnrn 1m i~fl11lJ~~1n~m1 m~ tJTW1~~ . 
d 

fflJfll'j'\I] (2.19) 

11) i/OJ d 
(2.19) 'il:!::Uff~~ l~~~fflJfll'i'\11 (2.20) 

f, __ 1 [( + m, )] 
md - 21' (1) µ - p (2.19) 

(2.20) 

' ' " 'j/ 

ffllJ 11 fl tin rnt1i~~1t1m11 iJ~ti'Utt iJiwif ti~ 11 ~ mmrYfl'U! u tN 'il1flfl1'i1£lt1~rl'U vi! 'U 'il:::: ., . . . 
I I QI d 'j)d, d 

m~·HWltl'IJ'U1~fftyt)J1Wfl11lJfl!!fl1J'IJ1~'\llfl11lJfl f, ± /, 

2.5 The dqO Transformation 

... I QI ... I I llJ9' I QI .. .IQ/ " ' d d 'j) dd 'J} QI ,/ l IJU 1J1J'Utl~\911!! lJ Hll~"l l~UflU 'i ~~ 'U m :!::!! ff !!{I:!:: TI {lflC)f !!lJ!'l1 {lfl!fltl1fl{ltl~'Vl!fl tl1'\Jtl~ fl1J ff!\91 !\91 tl'i 

1timi1'W11.J'IJ ti~ l'i1u iJ 1~ l1lJ'WiiJ~1t1fl 11m~11vi1n 1J fl 1rn 1~1'\Jti~ 111191u{1Yiun1~~ l'i1u iJ 1 ~ ., ., . 
1iJ~t1'Uu iJ"~\911lJt1~rt1'1Jt1~m1l1lJ 'U '\Jti~ 111\9lt11 ~in~ 'il1nfft1~il 'il ~titl''U i~wi ii 'il ~ titl'm d t1~m'il1n • 
fl1'il1 l.J'U '\Jtl~ h t\91 ti{ irn::::il 'il ~ tlfl'U id tl~lJl'illflfl 11lJ iii ff~lt fflJtl'\Jtl~ ~1 '1 ir fl!!\91'U cif (Reluctance) 

'llti~ 111\9lu{ 1~timrn iJ"~fi~nci11m::::'Yl11~t1mrniJ"~l'i1u iJ19i1~"1 'llti~'IJ~"1~ 
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"''1 91 ''1 91 "" 1 .. "' d .Ji 91 "' "" "' "' 1 .. tY!l'H\PltJ'j tlHHJ 1'Wmt11Jfll,rn~ 'J!\Pltirnff~~~~flWl'Yl 2,9 Clf~'ttlJ'WWJtlfl111l!T1!~t11fl'Wfl1J 'J!\Plt)'j .. . 
J'Wrn~ mrni.J'1~~~fl~111~tlflllfllrni.Jiw1Ji{fl (Park's Transformation) 

(iq)' 
axis (id) 

ff 
' / 

Axis of phase a 

Axis of phase c 

" 
ITiff ia, ib 11'1:: ic i'W~fl'IHU::fflJlJl\Pl'J ffllJ1Hll!iJM1J'W~'W~l'W'\Jtl~tl~fliJ'J::flti1Jm::uff 

m1P11\Plt111J'Wlln'W d Cid) 1rn::11n'W q (iq) 1~t1~11'U111n'W q 11::ihttu111'U111n'W d 1~'Wl.JlJ 90 

tl~fl'l irlti ()m titiiJlJflU'ttlJ'W'J::tt11~1!'W11!fl'W d 1rn:: llfl'Wfl'H~~!Tiff A i'WmrniJMUfl'W'\Jtl~ 
dqO .YhiMttt'Wm'J1iJ~t1'W11iJ'1~'1~111nfflJfll'j~ (2.22) [19, 201 

cos(()me) co{() _ 21Z") co{ ()me+ 
2
;) 

l:J 
me 

3 

l:: l 
2 

- sin(Ome) - sin(() -
21Z") - sin(() + 

21Z") (2.22) 
3 me 

3 
me 

3 

1 1 1 
- -

2 2 2 

dqO i 'Wmw ~lJtl!IPlti1'1 TI~1m~ t11iJ1ijm'Jl9it1 mt1ii1Tirnm~1n1J'J::1J1J ri ~r-rn i M1n~m~1~'W'\Jti~ 

m::11ff'11~1Jij''WV i0 ~~fflJfll'J~ (2.23) 
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(2.23) 

~ 'J} I I d I I CV 

l.!1'Vl'Hl1WUT~'.i~'U'U mm~uff i0 1l~lJfll!'Vllf1'U o 

_ 1 'JI "' •• I llJ. I I 'JI "' 'I d 'JI d 
111nmrnrn1.:imti'U111nm·HMffllJ!Tiff abc rnlJ:mti'Um.:iti.:i 1~"1'Vll11.Jl.!~1tlfl1llJ!'.i1 

mt L l.!'.i~'U'U dq o 1 i.!nnu ~lJfl!l'lti1m~t11'111ijm'.iiiJ~t1l.!uiJiM'liti.:ii1.:immrYtfoidti.:i111nm'.i 
"J) ,, 1 ' ' ' 

!Vfl'ltJi.!VUl.!'1~ri.:ii:-ml11 hfifi~ ~11lJtii!nViff't11t1JlW fl1llJaUtl'U.u'N'Vifl1llJa f, ± f, '\Hl'lfl'.i~Uff 
" . 

li'lffllJ!vJff Uff~'1~'1fflJf11'.iVi (2.24),(2.25) m'I~ (2.26) 

ia = Im cos(m.J - a)+ id1 cos(m,t - m,t - /31) 

+ idr cos(m,t + m,t - /3,) 

i = I cos(m t - a -
2;r) + i cos(m t - m t - f3 -

2;r) b m s 
3 

di s r I 
3 

+ idr co{ OJ st+ OJ,t - /3, -
2
;) 

ic = Im co{ m.J - a + 
2
;) +id, co{ m.J - m,t - fJ1 + 

2
;) 

+ idr co{ m,t + m,t - /3, + 
2
;) 

(2.24) 

(2.25) 

(2.26) 

irttiiir ()me =OJ/ 11~l~fl'lfliJ'J~f)fl'lJ'll0'1fl'.i~Uffil.!Ul.!1Uf1l.! id U't'l~Ul.!1Uf1l.! iq ~'I 

Uff~'11l.!fflJf11'.i~ (2.27) U't'l~fflJf11'.i~ (2.28) l'lllJ~l~'U 

. 2 [. . 0 . . (o 2;r) . . (o 2;r) J c ) 
lq = -3 la Slil me +lb Slll me -3 +le Slil me + 3 2.28 
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U'Vl'Wfi1m~u'fl'ivHhmm-W'fl'in.1m1 (2.24), (2.25) mi~ (2.26) i'WmJm1~ (2.27) 1rn~ 

'fl'l.lfll'J~ (2.28) itl~ml''V'ln~'l'fl'l.lfll'J~ (2.29) u"~'fl'l.lfll'J~ (2.30) ~nm t =0 

d 
{l'l.Jfll'J'Vl (2.32) 

i =0 q 

(2.29) 

(2.30) 

. _ ~[Im cos(2m,t - a)+ id1 cos(2m,t - m,t - /31)] 

ld - . ( ) (2.31) 
3 + ldr cos 2a.>J + m,t - /3, 

iq = _~[Im. sin.(2m,t - a)+ id1 sin(2m,t - m,t - /31)] (
2

_
32

) 

3 + ldr sm(2m,t + m,t - /3,) 

d Q.I ~ .a ~ ti] 'j) .c:!f d d ... I 1 1 

t111l.Jfl~'l'U 2ms ±m, tmJ ms =2:ifs 11"~ a.>, =2ef,. mmrnmi'lJltl t~!lJtllJ!UmJ'UUu"'l'IHM11\l 
., .,\ ,: o' i .,\ .I 'JI "" 111.1 I 'JI "" '1 '1 

t11fllfft1'U!'Ut1\l'1lflfll'JWt1'lff'Ut1'U'U tl.lt1uu1111flmt11Jt11\lt1'l abc rn'fl'mt11Jt11\lt1\l 1~"'] 1'U'J~1J1J 
~ ~ . . . 

dqO 11~d'l~-rn~t1'\J'Ul~fftyty1tut1111JOUfl1J'li'1'lYit111l.lo 2/, ± f, 

2.6 fl11'lh~ti1iUHltltyty1W~~AtH1 (Digital Signal Processing) 

' "" 2.6.1 m1qt1trt:yty1w (Sampling) 

"1ruru1w ~ i tl111fli1ruru1w1 ~'W "1ruru1w t1~ 'W 1"t1fl~ 'l 1 ~ 'W "1ruru1w ~e11 ~ ei 'l l'i't1'ln uu uu uu uu . ,, 
m1tjl.Jfftytyltu!Ylt1 i UU'J~lJ1"~"tl1t11~~'11'lt1"~tl i u ~'li1'U'Vlt]Elam1tjlJfftytylW it11~LJ Hi1 

'j) Q.I ,J 'j) t 'j) .ct I ,J .J d J. G) ill.I) 'j) Q.I d I ~I Q.I d 
m'fl'tytylW'Vll'ltl'lfllnfml~l'ltl'llJfll'J~lJ'Vltl11lJfl~ 'l~~'Vl fmax rrrn 1 '11 1~'1'tyty1w 'Vl~l.J!u'U 1'111! 'Vl'U'Vl 

,, . . 
'j) QI QI d I jJ I I Q.I t:! I Q.I 

fl fll'l ti 'l'\J ti \l 'fl'illill 1 W 'U 'U tl 11lJ fl'\J ti \l fll 'J 'fl'lJ l'l tl\l l.Jlfl fl 11'fl'tl\lIVI1 '\J ti\! 'fl'illilllW VI fl fl 'fl'lJ~ \l 'fl'lJ fll 'J <u uu q uu 'U q 

(2.33) 

(2.33) 
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..J9 .qQJ.C.QJG)'j} dt Q.I 0 Q.I d 
9M 1'\.J'Yll~iJ!)1J9llJf1 l'lf f, ;::: 2.5fmax L'VHJ'lf~H'lftl9'11ff:itl~ Anti-aliasing ft'11,1'rnm1m1 

' J Q.I d Q.I d .c::::i,.Qi, 

~~ 't!~'IJ ti~ f11 ';i 't!ll f, 'ii ~'IJ'\.J f11J fl 11lJ L';id'IJ tin~ 'il';i U iJ 1:1~ fftyty lW ti~ '\.J 11:1 tlf1L lJ'U ~ 'il91 tl1:1U1:1~ 
cv d a Gt 'j} 'j} d ~ d 9' ... I Q.I d d ~ 

fl11lJft'llJl';ifl'\Jtl~911iJ';i~lJ11:1H1:1'Vl!{ltlf1 1 'lf fllfl11l.ltl f, ~ ~'IJ'\.Jf19ltl~U1J1:1~fft)Jt)J1W 'VIL ';i1'\J'\.JU1:1~ 
.. 

- I"' • I 'J/ di 'i 'l • I I I 'J/ 'J/ I I 

1J';ilJ1\IJf11'jU1J{l~'\JtllJ1:1'il~lJlf1'\J'\.J 1~m1m !'\.Jf11'j1J'j~lJ11:1H1:1U911:1~fll9ltl~'\.Jtltlf111L11:11'\Jtl~f11'jfflJ 
~ q 

~~fflJf11'j (2.34) 

(2.34) 

2.6.2 fll'lU'l.fo-:.t FFT (Fast Fourier Transform) 

f11'j uil1:1~ FFT L1'l'\.Jm';i uil1:1~ff'ruru1w~ 1ij~mi'.lt1~'il1n l~Ll.l'\.Jnm11'1tJff'ruru1w 
u u u u 

.c::::i..c! 0 'j} d J .c:.l .c::::i. t:::\ J I 

l.ll'illf111if11rn1'\.J1W DFT (Discrete Fourier Transform) lm';i1'\J'\.JU1:1~l.lil';i~ff'V11ifll'V'll.llf1'\J'\.Jf111 
.. . . 

iJn~ mrniJ1:1~ FFT n~ti "f11';ifl1'\.J1W DFT t1d1~L~1"n-J1iJn~tJ'\.JLtl~ f11-J1 FFT L1'J'U:i1t1n1:11~ci.vi 
\I) 1 lfl 'j} I I ?I <!:\e:i \I) C\Q O A.c! ~ A.c! ..J ,c:!I .c::::i..c! 

Ill 1~1J~1Jtlf111L1J'\.J11i !'11'\.J 11i'Vl1 FFT 11i'V'l'\.Ji1'1'\.J11i'tt'\.J~fltl11i radix-2 U1J1J decimation-in-time .. 
,:: 'l'J/ "" °' ?t d I d d'i 'IJ'\.J9ltl'\.Jf11';iUiJ1:1~ FFT 1'lH'Vlfl'\.Jfll'\.Jmrn9lf1fftutulWtltlf1!1J'\.J n LlJ'UL1:1'\Jfl!L{l~LlJ'\.Jrn'\Jfl !~tl!Q'V'll~ 

u u ~ 

'IJ'\.J 1~'111ti~1'\.J 1'\.J 'ii~ l 'U f11'j LL 111:1~ FFT 'il~#l ti~i'.i ~ 1'\.J 1'\.J 'il~L 1'1'\.JL{l'IJ t1nn1il~L{l'IJ ~1'\.J 1'\.JL~ lJ 
q q 

N = 2n 'illf1ffl.lf11';if11rnil1:1~ DFT Uff~~~~fflJf11';i~ (2.35)[21] l~tlm~'illtlfft)JtylW x(n) 

titim1'l'\.JL'Vltil.l~ n L1'lm1:1'llfiu1:1~rn'IJ~ 
~ 

N-1 

X(k) = Lx(n)W:', k=O,I, .... ,N -1 (2.35) 
n=O 

'il~Llf '\.J 11 X (k) L1'J'\.JH1:11J1f1'\Jtl~fftl~L'VltllJ U~1:1~L'Vltll.IL1'J'\.J iiJu1J1J'\Jtl~f11';ifll'\.J 1W DFT 

~ N/2 ~~ l~tlL'VltllJUrnm~Vi1n11ff'tytylW x(O), x(2) , ... , x(N - 2) Lm~L'VltllJ~fftJ~m~Vi1n1J 
fft)Jt)JlW x(l), x(2) , ... , x(N -1) ff~iJ1~-J1ltJmrniJ1:1~ FFT ft'll.ll';it1m~Vi1 t~tl DFT ~1'\.J1'\.J N 

'ii~ ft'll.ll';itlff:i~'illtJlii'tial'\.JL'VltllJ'\Jtl~ DFT ~1'\.J1'\.J N/2 'il~ft'll.ll';it11:1~f11';ifll'\.J1Wfl~~'tt~~U1:1~ 
q ~ q 

U9lf1L'VltllJ DFT ~ N/2 'il~lmL~{l~L'Vltll.lnft'lm'jtlff:i~'illtJli1'nmm1'l'\.JH1:11J1f1'\Jtl~ DFT L1'l'\.J N/4 
q .. . . 

~~fftl~L'VltllJ L';ilffll.ll';itlf1';i~'illtlL'VltllJL'Ji'UUliJL1titJ'1 'il'\.Jm~'fl~l'.Jf1\911ti~l'UliJ'llti~ DFT 2 ~~ n .. 
mmrnf11tJ1w 1~~1t1ci~~-u 

' I 

djti x(n) iifl11l.ltl11 2 ~~'il~l~ X(k) = Lx(n) W2"" 

0 



X(O) = x(O) + x(l) 

X(I) = x(O) - x(l) 

2.6.3 tJ&t.lnvi-r'IJ,,ti'l't'tN'l'lnm~:::mt.lnvi-r"fhN'I 
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(2.36) 

lrlm-n'li;r~£·1rn\lm1utl'1\I FFT 11vn11 mtln1'1i'l.l'Vl1\l'IJ'UW1 (11~t1mtlnl'1i'l.l'llt1\I 
f j} J/ j/ f j/ I 

11'1 n1\9111) ti' 1ilruru1w Yiu 1m111"11 tlnl'1i'l.Ju1n~;iuu'1:::ilmrnm vi w1h'IYiu 1m~~1'l'i1uu 11 ~t1Yi 
" " . 

' ,, ' 
11'11 fl'U "] fftlJ t1J 1Wijfi1 fftlJ qjl W lh::; lfll'l U 11Vf1l1 fftlJtlJ lW Yi ij ~ i;r \I \11'U~1 n~ (Finite-Energy 

Signal) fftlJtlJlW ~ij~i;r\l\ll'U ~1fi~ijmtJn\91i'l.l'lltl\l~i;r\l\11'U (Energy Spectrum) '111 l~111f1ffl.lfll1~ 

(2.37) 

(2.37) 

1~v~ Sx(k) f'it1mtlnl'1i'l.l'llt1\l~i;r\l\ll'U x(n) U'1~ X(k) flt!H'1'1Jtl\lfllrntl'1\I FFT 

'll tl\I fft1Jt1J1W x( n) ul'iti'1ilqJqJ1w ~u 1m111m tl n\91 i'l.lif11'lmii V\I d1u vt1v11~ \I'll t1'lfft1Jt1JlW ~ v11 

1tl11u~\111'lirnuu~ ul'i~~1mm~1Viv'ld1u11~\11vl1ifu ul'iijflwi;rm1w~l'll'lffi'l~~fl\I~ tl'ruru1w cu q u u 

tl1~1fll'lif11vn11 ilruru1w~ij~i;r\l\11u!ij~1n~~\llijmmrn111ri1~i;r\l\ll'Ul~ul'immrnm "rhi;r'I 
"" 

(2.38) 

(2.38) 

mtlnl'1i'l.l'llt1\ln1i;r\111'lu~1ut1n11tl't1Jt1JlW]jf11i;r'lm:::111vt1~'1 u fl11l.lrl1'i1'1 '1 t1v1\l l 1 ti' 1 

111U1f1ril'VJf1ril'lltl\I sx (k) 1~1~1Vfl'U ~11::; l~nli;r\111l.J'Utl\lffqjt1J1W i 'U'l'Jf1 '1 fl11l.Jrl ~\l~lvllnU 

n1i;r \11 u ~ v'llt1'1il'tiJtiJ1w it urn\! "n1i;r\l\11u1u~vium\111m11~1 v11nun1i;r \l\ll'u 1u~vium\lfl11l.Jrl,, 

'111 l~111f1ffl.Jfll1~ (2.39) 

(2.39) 
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.u'tJff' ~m1P1 i1m thrni' ll'U fl~n1il ~~u ff~~ i u ·wtl --w dB 'il~ mmrnu ff~~ l -Ht~ uil ~ l u 

·nrrn~tfltJ~'Ufl~mun1P1i'11i~~ni1 l~mllvn~imhu~iM1il~'Ufl~fftyty1w~1 ~ iuu~'1~m111~lu 

ff!Ufll'lfllij1~tl~Ml~n'U1~tlflll Resolution Frequency (!J.f) ~~ffllfl11~ (2.41) 

!J.f =Is 
N 

2.7 l1fl'll~'tffll'ltl~tlt>m;'i~1tTUVIH'Vt'IJt}W (Multiple Linear Regression Analysis) 

(2.41) 

" " " 1~ m111fl 11~11 m1 ti~ t1 flm i ~1 ~'U 'V'l 'ttfltu tr u t .rlu m 1ii'l'i1u u 1 flff1 ~ l'i ~u~ fffl~l'i 1~u ... 
i U i 'U fl11'V'ltllfll tU fil'Ufl~ \9i 'JU U 11'1 lll fl 11llffll~ 'U £1 ~ 'tt ll~l'i 'JU U 1IP111JU'1~\9i11tU1flffl~fflll11 ti 

0 .t:::l fj) Cl.I d 
fll'tt 'U ~ffllfll'ifl~tlfltl'V'l'tt fl Wt '11~1 ff'U ~~ffll flWVl (2.42) [22] ... 
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/\. 

Y = b0 +b1X 1 +b2X 2 +b3X 3 + .... +bkXk (2.42) 

/\. 

y = bo +b1X1+b2X2 (2.43) 

. . 
'il1m1J.Jm'jl1 (2.43) mm'jt1fl1'U1wmfi1 b0 ,b1 mi::; b2 'il1nfi1 Y, X 1 m1::; x 2 l1 

nll1'\.J~'j1.JU1J'lJf11'jfll'U1W!n'!::;f11'jioti'~1'U~·HllJf11'j~ (2.44) .. 

A = nLX1Y - (LX1) (LY) 

B = nLX
2
2 - (LX2 )

2 

c n LX1X2 - (LX1) (LX2) 

D nLX2Y - (LX2) (LY) 

E = n LX21 - (LX1)
2 

F = EB-C2 (2.44) 

l~r.J~ n f'iti~l'U1'U<U't11q1'11m::;ffllJl'jti!~r.J'U~l'l'jfll'U1W'l11fil b0 ,b1 im::; b2 ~~fflJfll'j~ (2.45), 

(2.46), (2.47) l'lllJ"l~lJ 

ho 
LY-b1Lx1 -b2 Lx2 

(2.45) 
n 

bl 
AB-CD 

F 
(2.46) 

b2 
DE-AC 

F 
(2.47) 
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... -1 I c 
2. 7 .2 fl1Ulflt11~1fltUlU'Utl.:Jfll'hJ'l~mwfllfll'l'YU.llfl'HU 

'il~ff WWI i~i11dt1fi1~-J~111t1ff .:JlfWl i~ Y nufi1~'illf111'VW1f1'HU~flfl1~ 
A • A • , 

o d•llJ••Q.1,- d ~ ar a 
m'W1W'illmn.Jmrn~f:lfltrvmriw Y 'il~llm tlll'Yllfl'U imm Y -Y = e Lllfl e 'flflfllfl"1~1fl'1fl'U ... 

"'I 31 da ' ~ ti • Q.I Q.I 

(Standard error of emanate= Se) t~ flflflfllfl"1~1fl'1fl'U'Ufl.:Jf111'YW1mWm\911UU1\911lJ'il1f1\911 
'J} I 1 I 

t'l'1'1~ir'Wrn.:i i 'W mwYi~ 111u1fi'1'1~ii~1'U1'\.J k ~1 fi1rim~1ri~t1'W 'llt1.:im1u1~mw fi1~.:im.1m1Yi 

(2.48) 

Se= 

A 

L(Y-Y)2 

n-k-l 
(2.48) 

"' .. 
~.:J{l'lJf111'Yl (2.49) 

(2.49) 

QJ QJ • 

2.7.3 tf'tttflJ'WU1i'W1:Jt)W (Multiple correlations) 
y y ' 

11'1'Um11~fl111Jffll~'Un'Ufl.:J~1UU1\9111JU'1~~1UU1fl'1'1~~.:iu~ 2 ~1~'\.J i u !~fl 

11'1'\.J m1ut1ni11' 'Y111u ~.:i ~ 111u1~.:in~11iiri11ll iYll~'U nn'U mm! m.11 ~ v.:i i~ 11'.l'U iYll u1 ~ iY'Yl i 
Q.I Q.I o' 'J) d 0 Q.I .d. 

'1''Yl'1'll~'U1i'Vfl1fJW (Coefficient of multiple correlations) U'Yl'U~1V r ll~\911fll'U1W~.:J'1'llf11':i'Yl 

(2.50) 

A 

r = 
L(Y-Y')2 

(2.50) 

L(Y-Y)2 

1ftt1 i ii'm1ii1'U1W 'YllffllU'i~ff'Ylf '1'11 ffll~'U niiri11lJ~.:JVlf1'1~'1.:J ~.:ii'J Vllfll'U 1W 'Yllfll • 
fflJU'i~ff'Yliff'YlfflJ~'Wni'UmW~1UU1fl'1'1~ 2 ~1 i~~.:J{l'lJf)l'j~ (2.51) 



28 

(2.51) 

'Yllllt1ffJllli11Pi'1utlrn1mrn::::IP11mhvff'idiri11llffllfr'Wnn'UU~w 1m::::o1 r =O mh1 t~i11'11utl'i 

\9lllJU'1::::1Pi'1utl'JVff'i::::l"ijflllllffllfr'Wnn'Wrnt1 i'W'YlN\9l'i~tl'U~llltl'U01 r = 1 \Pl1utl'i\9lllllrn::::\Pl1 

u tl 'j vff 'j:::: ijri 11llff'llfr'U £ff~ fff'I .. . 
' 2.7.4 flltl'llth::::ifflfim1~~ifu111 (Coefficient of Multiple Determinations) 

; v 

ffllU'i:::: ff'Yl i m 'i l'i'f'I ff'U i 'il u 'Yl 'U ~ 1t1 r 2 ~ 'il:::: mm 111'1111 tl 'i Vff'i ::::l1~'YI ll f'l 'il::::vw1m ill \Pl 111 tJ 'i \91 lll 

"P' ii "' i "' o "' .d tf'llJlf1'Ufltl!'VW~ f'lllff\9l'ifll'U1Wf'l~ffllf11'i'Yl (2.52) .. 

/\ 

r 2 = _LCY-Y)2 
(2.52) 

_LCY-Y)2 

!~fl i '11'm'Ji!i1'U 1tu'YllffllU'i::::ff'Ylim'il'i'flff'U i 'ilijri11llri~t11ni;if'!i;i~ ~~Ut1lli!i1'U 1w mfi1 • 
ff'llu'J::::iY'Yliff'Ylff'llfr'Wni'Wmwl'i'1utl'Jaff'J:::: 2 IP111~~~ffllm'i~ c2.53) 

r2 = n(boLY+h1LX1Y+b2LX2Y)-(LY)2 
nIY2-(LY)2 

(2.53) 

fi1'llfl~ff'lltl'i::::iY'Ylim'il'i'f'liY'Wi'ilflri'i::::'Yli1~ o ti~ 1 n~11¥iflo1fi1 r 2 =O 'Ylmt1m1lli1 .. 
IP11utl'ivff'i::::t"mm'iavw1mci'IP11uurn1llt~ 1m::::o1 r 2

= 1 'Ylmt1ri11lli1 IP11utl'ivff'i::::fflm'ia 
o'"' • I "1 ii o' 'VW1fl'JW\911U IJ'i\9111.J tf'lffll1J'JW ff ~fff'I .. .. . 

' ' Q.I -• .Q, .Q, - • Q.J' 2. 7.5 flUJ'llu1::::tTfl1ifl111JUu1NU (Coefficient of Variance, C.V.) 

fi1ff'lltl'i::::ff'Yliri11lluu'Jr'.r'U 1~'Ufi1~i6*i'Wm'i1mt1rnlit11J~flll'1 2 'l5f'!~u!tl ~~ .. . 
fi1 c.v. 'il::::1"ij'Ylil1t11m::::~flll'1~ijfi1 c.v. mn'il::::ijnnm::::'il1t1'llfl~~flll'1mnni1~flll'1~ijfi1 .. .. .. 
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(2.54) 



' ""' 1J'tl't1 3 

J l ,1 ' <!I o'.dl "l .,\ d ., ... nnnn 'W1J'YltH1~n~11t1~ mJmw'Yl 'If 'Ufl1'.i'Yl~mrnvHHfl1J'Ut1ll~'Uti~ffruru1wm~uir 
q cu u "' 

.. .. """' d ., ., ... ""<!I "" .. ... J .. 
mm1P1m'Ut1~11m1P1ti'.i 11ifl1'.i l 'W nn tfl1J'Ut111~ fll'.iff'.il~ti~ nm'Yl11 fl1'.i1tm 1~ tt '.i~~1Jwti~ff'W £J 

~ ~ 

~~ Q,I QI ~ ti ~ Ji Ill i 0 i 
'.i~1J1J'.iW~l'W H~fll'.i 'J'W 'ill1£.J'.i~~1Jwti~ff'W mmrn 1m'il'.i ~ Clf ~ 1~t1~ um ll'U'W \Pl ti'U fll'.i'Vll~l'W'Vl~tt 11~ 

~ . ., 
'llt1~~1'W i~ mm~~ ~~mv.Yi 3.1 d1'U,J'WIPlti'Wm'.iYi1~1'Writ1£.J'il~uir~~ l m11~tii1lm'.i'Yl~~t1~ 

_1 ; .. ,.,, .. ., 
~uf1'HU'l1 'If 'U'11'U11lfl ., ., ; 

fl flm 1uuff'j1'1'J!~1'111rn'j11J1~m:::11 ff! ff!~ tJ'j 

'lltJ'1lJflt~tJ{m~fl1tl1 3 1vln 

'Vll'1flru~tr1n~{m.fi'fllJClfl1llJfflJ~'U.fi'j:::l1i1'1 

'j::: fl::: 1itJ'11!!'U 6v~ 'j lff1'U 'lJ tl'1ffl un~f lJ'lJ 'el '1 . ., 
m1lJ~11t1t1"11'1 ([) fs-!J 'lltJ'1m:::un Ia 

i1! QJ 

'lltl'1lJtll~tJ'j'l1'1 3 ~1 

,., ; ., ,.,~ ., ; ., 
'lflJtll~tJ'j 1 ~1 'lfl1J'Umll'11'UlJtll~v'j 3 ~1 

d " QJ " '11 ~Cl V'11f11J'll tll.JClff tytyltu f)'j::: 11 ffffl~ I~ 'el 'j 

1vlff A ~1flilJ imfltJ'U immcitJ{ 

0 Q. " " QJ QJ " fll'U 1tu '111'1fl tu ~fflff ~ 'j 111"1 tll,J Clfl11lJfflJl'l'U 1i 
~ 

I .4 ./ QJ QJ I 

'j::: l111'1'j::: fl::: Wfl'11!!'U flf11Jtl~ 'j lff1'U 'lJ tl'1 

mun~flJ'lltJ'1m1lJ~11t1u'li'1.,, ([,/ fs-!J 
'lltl'1m:::uff Ia 

11"'1ti1u1m11uci'1111mvu~1'1v'1 abc 
. ., .. ., i i i ; 

'l!mVUtJ1'1tJ'1 dqo ~1fl lJ flrnvu mcirnfl'j 

, "! ., .. . .. ; 
'If d mfltJtl1'1tl'1 dqo fll'U1W'V11'1fltu~f11ff~'j 

mu~'j1ri1u'lJtJ'1fflun~flJti1ii''1"1tl'1f111lJ~11t1u 
.,r,.,, (2fs/2fs-f,) 'llfl'1m:::11nlu11nu Id 
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1 

4!::t, rl J t/QJ QI 

'Y1 fl ti el~ l1111 fl~ l~l1 ~ ~ f.J~Wel ~i!l''U f.Jfl'l.fi ~fl 'lJ 
J rl ,, dQI 
Wel~i'f'Uf.Jllfffl~Htlfl1f.J LED 'Yl'ilfidfllltl~ " . 

~ ~'IJ 'lJ 1~1'1~1 'il(Monitoring)i''IJ .,j' ell,! till ti~ 
" QI .<!I rl 'j} QI 

II ff fl~~ 1 fJ ~ l'U H Cl~~ fl'IJ Wel ~i'f'U f.J'l'I ~till fl'IJ 
" 

., .. 'JI d 9 _ I '1-·1 "' 
'IJ'U'Ylfl'\leJlq!tllfl'IJ 1'U1;1J'Utl~ Titl Text 

'il'IJ 

' ,, ,, 
m-wn 3.1 i~ti~umlJ.U'W~ti'W fll'JYivnwl1.:i11lJ~'lltl\l\ll'W 1~t1 

• 3.1.1 'lltl&\iltl~ 
,, ' 

'lu.:i1'U1~t1il lJtl!~tifi-WVl1milt11i11 'lfW~ ht~tJ{U1J1Jf1Hm~'Jtlf1'll'W1~ 7.5 kW 

'iut~t11nu ~l'W'l'W 3 ~1 lJm~ti{~'l~'lu.:i1u1~t1uirn.:i~.:imvi~ 3.2 U'1~ii'li'timn11.:it'Vlfli1fl~\I . " 
' "' m'Jl\l'Vl 3.1 

.d o'd'l 'Jl'l "' ... .fll'fffl 3.2 lJtlt~tl'J'Vl 'lf 'W\11'W11ltl 
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""<V ""<V ""<V .. .J ' ' 1im1u 'Wfl~ 'Wfl~ 'Wfl~ PF A1l'lU''n A1UJO 'lftH1H 
" 0 <V <V 

(cos¢) 1..Y.nu '<V ' flHl.:i UH~U n1~mr 18'1.J tllfllft t]'\11 (t')) 

(kW) (V) (A) (rpm) (Hz) (mm) 

7.5 6601690 8.98 0.83 1440 50 0.50 4 

3.t.2 1~'iiu.1irh~11-HnmJm~a~ 

i u ~1'U1~v 'lf~~w i vJ~1'il~ff1911fmJm~t1f ~ 1vuui 1t1f t~t1f u~~tl i'11m11u ~1'llt1~ • 
' I )/ r 

JJm~ t1f i~ t1~~m ~ u ff i vJ~1i1lJff~1fv1 11 '1' ~ 'illffW u 'il~ fl~ ff1'Vl '11m lJ 'Vl 1~i~t1ff'1'11m1~1vivJVl1 ffllJ 

tvlff'illflU'Unt1fmt1fd~lum1~1vivJ~1'il1mmci~~1v1~v~H ~~m'V'I~ 3.3 

ON/OFF Selector 

SWI SW2 3 Phase 

Induction Motor 
Inverter 

3 Phase 

380V SOHz 

.. _.CV CV 4 tf 

3.1.3 'lf~1J1'U1~~'Ufl11ltl8.:ift'Wtl 
q ~ 

" 'If~ 'Vl ~ ~ t1~'lJt1~~1u 1:0vff1"11titli'111 ~ v~ fll 1 ivt1~ ffu 61 ~ 1~vfl11tli'11fffl1 . " "' 
Q.I Q.I 'j} ti~ ?I J ti .C\ Q.I 

(Adjusting Screw) fl~1J~rmimtfl'Ut'V'l~llJtlt~tl1~1~~'il~t1J'UflUWtl~t!'Umt1J1JffU~~fl U~~1~ 
J o' 'j/ Ji ~ .C\ i d Q.' r/Q.1 d o'e::t 

1~ rJ~fl11Wtl~ff'UV~1mm tl~lJtl Dial Indicators ~~~ ~'Vl~ 1lJ m~t111~ 'VlUfl'Ut'V'l~llJflt~tlrnfl 11lJ 
"' 

.. d .Ji ~ ~ "' "' .lf " " d 0 d 
~~rnv~ 0.010 mm 'illflfll'V'l'Vl 3.4 cir~mu1~1JrnH1~11'il1~1~~1JWt1~t!'UV'llt1~lJt1t~mmuv1u1'Vl 

" i 6*i u~1u1:0v mm1t1t1~mv1~1111~~tj 

11mvrn'll 1 ~ti 1~'il11'~m~ttff'illfl'll~~1~m~t~t1f 3 tvlff'l:Ytyty1ru~i~'Vl1~ 

ttll~'V'l~t~'UUH~'U • 

" ff'U[J 
"' 



,¥----~------ ---~ ---, 
1 Com uter 1 
I 
I 
I 

Monitoring 

Motor Shaft 
XBEE Wireless 

Receiver 
I MisaU~ment 
1--~--~------------1 

LED 

Monitoring 

FFT and dqO 

XBEE Wireless 

Transmitter 

a Q,I J ti d 

'ttll1£Jt'1'\J 4 fltl Dial Indicator 1~1~tl~Wtl'lfl"Utlflfl111J'1~tmJ~ 0.010 mm .. 
'ttlllm'1'\J s fl ti i 'tt'1~~1'it1nu1Jt1t1Prn{ul'iilimm1mH'u i 'tt'1~ 1~ 

.. 
a do ' 

'ttllltlt'1'\J 7 fltl 1.:i~1mt1.:ifl111JtWl1Hl'U 500 Hz 

32 

'tt1Jltlt'1'\J 8 fiti ilJ i f'llflti'U iv1rnmt11~1 ~1'U.:i1'U111 t1i'uff'ruru1wm~1n1.:i ~1 
"" 

mti'lfl111J~~1Hl'UU'Li'1'lffUIUl1Wtl'U1'1tlm1'.l'U ffUIU11W~~l'lt1'1fl111J~ff1J 1024 Hz ~1'U1'U 2048 u u u u q 

'J) 'J) 0 0 ~ <I~ <I 1 <I "' 'J) <I 
'\Jtl1J'1U'11'Vllf111fll'U 1W 'Vll'l flW \91fflff\911 1tfll 1~ 'tt 'tt11 ~ti~ Wtl'lff'UtlU '1~ 1 ~~U tltl'lff'U ti .. .. .. 

.i:!I I Q.I J o' 
'ttll1£J!'1'\J 9 fltl ff1'U LED Uff~'lH'1'\Jtl'l1~~UWtl'ltl'Ut1 

,, 
<!I I 'J) <V <!I o'll]'JJ 'J) 

'ttll1£J!'1'\J 10 fltl °lf~ff.:i'\Jtl1J'11~~UWtl'lff'Utl l1ffltl ~1tl XBEE . .. .. ,, 
<!I "' 'J) "' <!I o'll]'JJ 'J) 

'tt1Jltlt'1'\J 11 fltl°lf~1U'\Jtl1J'11~~UWtl'lff'Utl l 1ffltl ~1tl XBEE 
q .. .. 

' ,, ' ,, 
'ttmm'1'\J 12 fiti flt11JVl1tl'lt11'Vi~~l'i.:i iiJrnm1JVit~1l'l11~1m~~rnvt1.:iff'Uv t~t1'U .. 

J 'j} 0 <QQ,I Q,I 'j} 0 'j} ~ Q,I J rl " .ci. 

'\J'U i~t1H'V111~tl 1U'\Jtl1J'1~1f1 XBEE 'Vll'tt'U 1tH11'111~1~~UWtl'lff'U tl'\Jtl'llJtl!l'ltlrn urn 1"1~HU'1~ .. .. .. 

,, . . 
1 ~ u Ut~11'111~l~1~~UtVtl'lff'U V'\J tl'l1Jtltl'lt11t 'tt u tl1U 1 Yi1 ~, 'U f111 'V1~'1tl'l 'l 'U 'll'U 111 ti .. 
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,, 
(fl) 'lf~ 1H'1l 'i~ ~ 1lfll'HVtFJff'U vi 'U .:JTU 1~ U . ~ 

"' .l o' 'J/ 
('\J) fll'i1~'i~U~tutl.:Jff'UU~1U Dial Indicators 

~ 

., o' 'J/ o' "" o' 
3.1.4.1 1.:J1J'j'J~m~mHH\91!\91tl'j ~1U!CJf'U!CJftl'i'lf'U~m~mH1JtJ'j (LEN-HX- lONP), 

Accuracy± 1 %, Linearity± 1 %, DC to 50 kHz Frequency bandwidth, Input Current Ip± 20 (A), 

.,j -~ ., i 'J/., lit 'i 'i o' ., d 
Output voltage ± 4V !'VitllJtl'UfftytylWfl'i~!!ff '11fl1l tlJ tfl'ifltl'U t'Vl'i'1!i'ltl'i ~.:Jfll'Vi'Vl 3.6 

6 Top view HX 05-NP 
' 4 OUT 

;:t; I 3 +V 0 C'i 
"' II a. rz 0 

, 1 -VorO 
5 ! I() (€ 41123 

..; I 

I I() I M 

l35 i 3 10.85 I 
Lot No. 

~ 0 O I t::ir. r/ ~ o' 
CJf .:Jfl1'11'U~191111 '11 'U .:J'\Jl'Vl'i l'U ff~ 1!CJftl 'i 'lf'U ~ m ~!!ff! 1l tl'i (LEN-HX- lONP) 

,, 
'\Jl l fitiiv.J1~U.:J -15 V 

,, 
'\Jl 2 fit1iv.J1~U.:J 0 V 

,, 
'\Jl 3 fit1iv.J1~U.:J +15V 

"' '\Jl 4 fill Output 

'\Jl 5 fiti Primary input 1 Current(-) 

'\Jl 6 fiti Primary input 2 Current (-) 



'lll 7 flt! Primary input 1 Current ( +) 

'll 1 8 fl fl Primary input 2 Current ( +) 
' ' 
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<!I 'l'JI I 'l'j} Q.I d Q.I 

!lltl 'If Current Transducer HXlO-NP 91fl1~11'.i 'lf~1'U~l'lfl1V'l'Vl 3.7 'ffllJ1'.i'11~m::;uffff~ff~ ± 20 A 
.. q 

l~UH~'U!fll~V.91~ ± 4 v lJflt91tJ{~'l~'l'U~1'Ul~tJiHiin~m::;uff 8.98 A f11'.i'Vl~t'ltl-:Jl'U-:11'Ul~tl 
q 

llflt91t1{11dh-:i1u 'luffm1::; i"i11 l1'1~ ~t11'11~1uV11u 1 o kn ~1m~'Vj91'llt1-:1V1'.il'Uff~11CJft1{vh 

m!1~1tJu ll1'1~'l-tt'nu1-:i11'.i1rn::;~t1'll151~1nu'll161rn::;'ll17 1~1nu'll1 8 

LJ-------1-,. 4 
3 

6 -~I 

u-----u-+-.. 2 
1 

3.1.4.2 1-:i 11'.i t1m::;~'l.JffUJU11W 1dt1-:i 111f1f11'.iUU'1-:JffUJUl1W tl'U 1'1tlfHlJ'U ~~91tl'1 
u u u u 

II) ,. ,. o' o' "' "' i I '1/ di "' 
(ADC) 'lit!-:! !ll 1mfltl'U !Vl'.it'ltt'ltl'.it'l.Jfl'.i LPC1768 '.i::;~ut!'.i-:l~'U91~U91 0 V '1-:J +3.3 V CJf-:JffUJUJlW 

"" 
o' t/ d.Q.I i I I Q.I i ~ j} Q.I QI 

m::;uffff!91!91fl'.i'llt1-:i1rnmm 11::;lJfftutu1w Vl-:J 'l u •in-:iu 1mrn::;'lf1-:it'lu ~-:iu u 11-:i91t1-:it1m::;~uffruru1w 
u u u u ,, 

~1tltt'.i-:J~'U ivJVhm::;Uff91H!'Yi1n'l.J + 1.65 V 11::;ff-:i~rn 'lttff'tutu1W mi'l u'Jf1-:iu1nl1'-:il1ll~ vh 'l ttm'.i 
"" .. 

t!Ut'l-:JffUIUl1W tl'Ult'ltlfHfl'U ffUJUl1W ~~91tl'1 l~tl~1-:J(lf1~tl-:J 1-:111'.i tJm::;~uffUJUllW m::;u ff Uff~-:J~-:J 
uu uu ~ uu 

' ,, 
mwYi 3.8 'ffllJ1'j(ltJ~'l.J1tlf11'.ill1-:11'U i~~-:iu 

,, 
l1lJ1tJtt'l'll 1 fltlff1'UUff~-:i~mmrl~~wivlt~tJ-:JUfl1-:111'.i 1~t1'l~ LEDl 

l'!mmt'l'll 2 flt! \911 RVl ifluff1uui'um'.it1m::;~rn1'.i-:i~uitJu + 1.65 v 

l'!mmt'l'll 3, 4 flt! 1-:111'.itlvlivlu{m-:i~uivlvh l11t11-:111'.inu'lfu itlu1-:1'il'.i~ 

i ~i~u" 1-:i 11'.i fft1-:i1~ 11'.i i~1~1t1nu 1~t1ut1uuullilm~uu~1l11 'l tt~91'.i1'llt11t1u H ~wvi1nu 1 1rn::; 
,, 

ff tutu 1Wttl1~'Vl91 l" lj f11 '.i f1 J:1 m vJ ff l11flf1J:1u'Ii1tl'l.J ff ill ill 1W fl'U 'Vl 91 U '.i-:! ~ 'U Vl 1-:J fl 'U 'Vl 91~-:!!vi1 tl 'lJ uu q uu q q 

,/ ~ o 'JI QI d. ,/ QI ... .I o' I Q.I I 

tfl191'Vj91 v;n= V,,ut 11-:IV11'lmtH~'UVl!fl191Vj91'lltl-:11-:111'.i'l.JvJ!l"lfl'.i'lltl-:J U3:B t'Vl1f1'l.J +1.65 V ff1'U 

u '.i-:i~u~rn1~'Vl911-:i 11'.itlvl1vlu{'llt1-:iu3 :A ~-:i1vi1num-:i~u ff'ruru1w ~m111n1-:i 11'.ii'~m::;uff 
q " " 
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.1')'/ 

________ J 

' cl "' "' ill'rt'fl 3.8 1·Hl'Wf1'i~~Ufftytyltuf1'i~!!ff 

' ' ' QI QI QI d .a ' QI QI QI d 

tlf1'i~~UffUJUl1W ~~fll'V'l'Yl 3.9 (f1) !1JtlH1'W1~1l':itlf1'i~~UffUIUl1W !!ff~~~~fllVl'Yl 3.9 ('U) 
u u u u 

I I 0 I I I I ' ' ' ' ' ' 
+3.3V ------i------~------t------~------i------~------+------ +3.3V -----~------~------f------~------i------~------f------

3 - - - - - -~- - - -- ~- -- - - - ~--- - - - ~- - ----~ - - - - - -:- - - --- ~ - - - - - 3 ------~-----~----- ' ---~------:------~---- ' ---
I I I I I ' 0 I I I I 
I I I I I I I I 0 I I 

I 1 ' I I I I 

2 ------:-------:------c-----+-----+------+-----+----
+1.65V -----wl-------+------+------!-------:-------t------+------

, ' 
1 ------~-----~--- --~--- --~------:------:--

~ : : : : : : 
I I I I I I . 

-g 0 .......... .., """"""T"""""""""" 
!:; I o 

E : : , : 
<( -1 - - - --+-----~------ ~------ ~------ ~ ------~ ------~-----

' I I l I I 

' ' ' ' ' . ' ' 
I I 1 I I I ' I I t I I I 

-2 --- ---~- - - - --:- - - - --~- - - ---~-- - - - - ~- - ---- ~ - - - - - - ~----- -2 - - - - - -:- - - - - --:- - - - - -~- - - - - -~---- - -~ - - -- --~------ ~ - - ---

' ' ' ' ' ' I I I I I I 

' ' ' 0 0 I I I I I 
I 0 I I I 0 I 

-3 - - - - --~--- - - ~- - - - - _ ;_ - - - - -~--- - - _; _ - - ___ ;_ - - ---~ - - - -- -3 - - ----~ - - - - -~-- - -- - ~----- - ~- - --- - ~ - - - -- _; _ - - - - -:- --- -
-3.3V -----~-------+------+------!-------:-------f------7------

, I t ' I I I 
-3.3V -----:------:------:------:------:------:------:------

I I ' I , I I I 

4'-----~~~~~~'-----~~~~~~ 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 
lime (sec) lime (sec) 

' .c:li 0 QI QI 

ill'rt'fl 3.9 HClf11':i'Yl1~1'W'\Jtl~1~1l':itlf1'i~~Ufftytyltu 
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3.1.4.3 1'1~rn·rn·Hl11ll~~1fftuill1W~1fl1'1~'HJfl'.i:i:~UUH~lH'Vi1nu+1.6511"1191' 
u u 

" .. 
~intrutl1ff'tyty1tut.,r11'1~rnrn'1fl11llOl'11 (LPF 41

h -Order) fftyty1tu'llfl'1fl1'.ifl'.i:i:Uffff!l'Hl'rn{ 

'llfl '1 llfl!l'lfl{ ~:;; ij B'1fiiJ '.i:;; fl flU'llfl'1fl1UJ ~ff '1 '.idll flV~1tl ! ~flfll 11~fftutu1W fl 1UJ~ ff '1flflfl i U 
qj qj u u qj 

f I I j/ I I I 

ii1-0'1~1nri1111a'll-0'1mun191i'11n1"1'1-¥i11m~rn{in~m'.itv-0'1tJ'WVViiu I
0 

-¥iri11110 (fs ±/,) irn:::lu 

U'U1Ufl'U Id ~fl11ll~ (2fs ±/,) ~'1ttitin1'*1'1~'.ifl'.ifl'1fl11ll~~1H1'U~ 500 Hz Uff~'1~'11'1~'.if11~~ 
3.10 

LOW PASS FILTER 

R1 R2 

I I I I 
.ct, d 0 I .cl 

flWt'YI 3.10 1'1~rn'.ifl'1fl11lltl\911m'W'YI 500Hz 

irl -o tl 11'1 ~rn'.i B'1fl 1111~~1H1u i U'YI~ "1B'1 '111 H'fl \91 -ou ff'U B'1 'Yl1'1fl1111 ~ irl -ou '.i '1~ u fl'U ~ \91 • 
(v;n = 1 Vp- p) ~'1H'fl\91flUff'Ufl'1'Yl1'1fl11ll~ i~fl11ll~fl\91flfl'Vfo~1 'U'lf1'1 480 Hz ~'1 490 Hz Hff~'1 
i v., d .J'l v"'., 1d iv 
~~'1\911'.i1'1'YI 3.2 CJf'1 tfl'fl!fltl'1flUfl1'YlflflflUUU 1 

. 
d do 

Vll~H'YI 3.2 H'flfl1'.i'Yl~ffflU1'1~'.ifl'.ifl'1fl11lltl\911 500 Hz 

Frequency Vin Vout Output Frequency 

(Hz) (rms) (rms) (dB) (Hz) 

10 353.5 353.5 0 520 

50 353.5 353.5 0 530 

100 353.5 353.5 0 540 

150 353.5 353.5 0 550 

200 353.5 353.1 -0.023 600 

250 353.5 352.2 -0.074 650 

300 353.5 345.8 -0.441 700 

Vin Vout Output 

(rms) (rms) (dB) 

353.5 223.8 -9.143 

353.5 193.6 -12.042 

353.5 183.6 -13.103 

353.5 173.9 -14.188 

353.5 131.4 -19.793 

353.5 99 -25.455 

353.5 75 -31.008 



37 

. . . 
~ do I 

Vll'.iH'fl 3.2 ff'1f11';i'Vl~tlflU1·Hl';ifl'Hl.:Jfl1llJtl~1 500 Hz (~fl) 

Frequency Vin Vout Output Frequency Vin Vout Output 

(Hz) (rms) (rms) (dB) (Hz) (rms) (rms) (dB) 

350 353.5 333.9 -1.141 750 353.5 57 -36.497 

400 353.5 325 -1.681 800 353.5 45 -41.224 

450 353.5 320.2 -1.979 900 353.5 28 -50.714 

460 353.5 315.5 -2.275 1000 353.5 18.7 -58.787 

470 353.5 312.4 -2.472 2000 353.5 1.2 -113.711 

480 353.5 306.5 -2.853 3000 353.5 0.1 -163.409 

490 353.5 296.5 -3.517 4000 353.5 0.021 -194.622 

500 353.5 276.8 -4.892 5000 353.5 0.0017 -244.9 

510 353.5 254.2 -6.595 10000 353.5 0.001 -255.513 

Frequency Respone Lowpass Filter 

Frequency (Hz) 

f I If I 
.cl d old. o I d 

fll'W'fl 3.11 ~rn~flUtl'Wfl.:J'Vll.:Jfl'JllJ(l'IJfl.:id.:!1J'jfl'jfl.:Jfl11lJ(l~1!}-ll'W'VI 500Hz 
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C1 LOW PASS FILTER 

R3 R4 

'""' 

7 

. ,~ .. · R7 RB to• 

G~JO 

R6 
·~5V 

'°' .. ·~· .. 
... ., .. ~ 

R 
CURRENT SENSOR ·a. 7 

<D 
RV1 

DC OFFSET USV 

Ii,; '°' 
R10 

·c• 
1'; .. ' 

-I +I -I +I -I +I 
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.dt l.fl'JJ L:\<C\ QI Q.I ~ d' QI 'j) .d 
!:I.HJ t~ Algorithm 'lltl'lflU 1'\.J 'illltl'j:;; ~'Ufll'Htltl'lf!!'\.HJ1llfl'Vl~'1tl'l'il1fll11'lltl'Vl 

'j) "j) d' 'JI ~.<:::::). Q.I QI ~ d' 'j) 

(3.1.6) !!'11 i'll'llJ lmflti'W l'Yll''1!'1tlHYl'l'll'~'U'U1'\.J 'illltll'~~'Uflll'Wtl'lfl''Utl 'ii~ °l'll' ARM Cortex M3 ., 

Core me:i{ LPCl 768 Ul':::lJ1'1H'1 32 U\Pl ~1tlf111lJ!~1 100 MHz '\1U1tlf111lJ~l lUrnflrnU'IJ'U 

Flash 'll'Wl~ 512KB, Static RAM 'll'Wl~ 64KB f111lJ'1~t~t1~i'Wflll'UU'1.:Jfftyty1rutim'1tim1'.J'U 

~i1P1t1'1'll'W1~ 12 UIPI ~1'\..!1'\.J 8 'lfe:i.:J 'il~fflJffruru1ruut1'Ul'1tim1'.l'Uilruu.11ru~ilPlt1'1~l'W1'W 3 'lfti.:J 
q u u u u 

CJ) d 0 'j) 9) 0 ~ o'QI d 
~1tlf111lJtl 1024 Hz 'il1'\.J1'\.J'lltllJ'1 2048 'lltllJ'1 fll'\.J1W'Yll'lf1W\Plfl'lff\Pll' ~'lflWl'Vl 3.14 ., ., 

.J II]<; <; .. d~~ '""" .flWnl 3.14 tlJ tfl'jfl'e)'\.J mrnrntil' LPCl 768 'Yli'lf t'U'll'U1'iltl 

v v v 

i m11~t1U 'il:::n-a11il 'l in flll''Yl~1:ttl 'l l ~ tlU tJ 'l! 1'.J'U tt 1~ ti fl1l'9i ~~ 'l'll'~'YI ~'1 tl'l 'iJ 'U \Pl tl'U • 
d ~ ... ~ ... ""di "" .. J .. 

fll'Hfl'U'll tilJ 1:1 fll'.i Ul'::: lJ11:1 H1:1irruru1ru nn ffl' 1-:J t11:1 nm'YI lJ ml' 1tf1l'l:::11111l'::: t1::: wti.:Jfl''U t1 irn::: cu u u cu 

QI QI ~ o'.J i 0 .c:i,Q.1 Q.I d 
l':::'U'Ul'ltl'll'W H1:tflll'm1'il1~l':::~uwti.:Jfl''Wt1 C]f.:J'IJ'W\Plti'Wflll''Yllflll'1'ilt1Uff~.:J ~.:Jfll'W'Vl 3.1 ., 

.c:::. i d' ~ i ,/Q.1 

3.2.1.1 \Pl~\Pl'llJtl!\Pltll''IJ'Ul~ 7.5 kW \Pl~\Pl'l'U'W'l!~'Yl~1:ttl'lUfl'U!'W1:11lJtl!\Pltlrn'U 

1 tt1:1~f1.:J~ 'il'W irm ~~ill'WlJtimti{irn::: 1111:1~ i M'uu'U ., .. 
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0 Q.I l "·. 31 3.2.1.3 'Wl'J!~1~'j~tl~fl1'Htlfl~i~"Utl (Dial Indicator) Ul'l~~l'UU'U'\Jfl~Ufl'UL'l"lm 
v v • 

llfl!l'lfl{~~fll 'l MLll'Uff'U6 11ir~~lflU 'U 'l M<U''U fffl'j v~u~milfl'U 'l MU U'U 
~ ~ 

Q.I i I O I fl j/ j} ~ ~ 
3.2.1.4 '11'ft~~lfll'l~ml'll!t'11'U~ff'Ut1L!'11tlfl!tfl'U Dial Indicator i'H'ftfltl'IJ'UL'Vi'Ufl 

~ 

o'..o\_3.1 "'"1'"'"' .. , d .. .J .. i 
! 'l"l "1 'IJ fl~ lJ fl !I'! fl 'j ! 'l"l flu fl~ fl 'U I lJ ff ll Hff U fl 'U ! V'I "1 lJ fl!l'l fl 'j 'U 'IJ W ~ 'Vl lJ fl!l'l fl'j '11 lJ 'U C)f ~lJ fl !I'! fl'j 'U • 

iJ '.:'! "" _. _._I"' ~ _. "" o' o' d ~ 
3.2.1.6 fl~ • mu~fl'U!1fl'j!l'Jmu'j1Jfl11lJ!'j1lJfl!l'!fl'j~lflfl'U!1fl'j!l'Jm fl11llflm 

I I I I JI 

~'Uil~nfl11lla 50 Hz rvhnufl11lJan~1t1~1m~uuivJvh l~tll'J'j~ '11~~~1flU'Ufl~ffll'IGJf (SW2) 

1ilflfl~1t1m~uff i vlvh~1m~uu ivlvh 1~t11V1H 'l i1'tiullml'lfl{ 1~v ijj~1'Uu'Unfl111V1fl{ 

'l 
,, " Q.I CV Q.I ,J .... IQ.I Q.I .d 

3.2.1. 7 'lf1Jfl'j~1~fftyty1w1~m~uffff!l'l!l'lflrn'ft~1~~'ju'j1Jtlflfftyty1w'Vl + 1.65 
ff I JI 

Volt u'ft~1~~rn'jfl~fl11lJal911~1'Un 500 Hz -n~mmvlff ufl{~i~ff'tutt11wi~m~uffm1V111V1fl{fi'~ u u 

d 
fll'W'Vl 3.13 .. 

OJ " SI 
3.2.2 'UUVl8Ufll1Ul'U'll8\jil 

o'i Q.li d3' Q.I .d ~i Q.I,: 
llfl!l'Jfl'j'VJ~ 3 1'11 'IJ'Ul'lfl'Ufl1'j!fl1J'UfllJ'ft ~~fll'W'Vl 3.15 lJ'IJ'Ul'lfl'U~~'U 

~ 

v 

1) 'li'llfl!l'lfl{'IJ'Ul~ 7.5 kW ~1'U1'U 3 ~1 l~tl'Vl~'ftfl~flf ~'fl~ 1 ~1 iJfu 

l o'.d 
'j~tl~!tlfl~i!T'Utl'Vl 0.000 mm, 0.030 mm, 0.060 mm, 0.090 mm, 0.120 mm, 0.150 mm 

(& = 0% ,& = 6% ,& = 12% ,& = 18%,& = 24%, & =30%) l'llllillflU 

'l ~"l ., ., .. .. "' ~ "' 
2) 'If Ill 1mflfl'U 1'VJ'j'ft!'1fl'j!1Jfl'j LPCl 768 'j1J'\Jfllq!'fl~lflfftyty1Wm~!!ff 

ffll'l!l'lfl{~ Hl'U 1~ ~ 'jiJf rn1~~iY'tyty1w m~u ffff!l'l!l'lfl{1Vit1~11 d ~1vlff ~llfftyty1w ~1£Jfl 11ll~ 1024 

Hz ~1'U1'U 2048 .u'flll'ft fftutt11wm~!!ffff!l'l!l'!fl{1vlff A fftutultu~i~uff~~i'U l~!ll'U!1"1!rlfl cu u u u u 

llfl!l'lfl{mi'l'Ufffll1~11fl~ ('j~tl~!fifl~ff'U6 O.OOOmm) !!ff~~fl~fll'W~ 3.16 (fl) 
~ ~ 

3) lllfl1'jfll'U1W 'Vll~flWl'lftlffl'!{1iJ~t1'Ufftyty1w °l 'W'Vll~ l~!ll'U!1m11'.J'U 

l~!lJ'Ufl11lJ~~1tlln FFT !!ff~~m'Lifll'lf ll'Ufl~fi1il~ 'l 'U 'HU 1tl'\Jfl~ dB 



Start 

. 
1'U'J!YIUl m::o::1uti~i;J"UV 

1'U'!lfil1::1iJiihrnYI 

(LI A _. 
i.J1m::o::mti~t;J''UO 

O.OOOmm-0.150mm 

• 4 ~ 

i'll'U1\llV1HtlWYlffl'!lYl'i FIT 

Power Spectrum (dB) 

d " lfllJ'lltllJil . . 
lilfll'iV1Yl'1tl~'li1 10 tll~ 

YES 

NO 

mti1miio 
Power Spectrum (dB) 

,J ' 'i::o::mti~t;J''UO 0.150 mm 

YES 

mti1D'm1ri1u (fs/fs-fr) 

,J ' 'i::o::mti~t;J''UO O.OOOmm - 0.150mm 

END 

JI I I J/ 'JI f 
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4) Vi1m1'Yl~l:lt1~cif1lu.u't1fi 1 irn:;.u't1fi 3 cif1~1u1u 10 flf~ ui1'Ttt1m~ti 

fi1m'l.Jn191f:wn1i;r~ u'ff~~,;~m~~ 3.16 ('\J) 

s) l11'\Jm~'\Jt1~'ffi'l.Jn191f :wn1i;r~~f111:wgutJu.u'1~ (fs ± f,) Vi1nTrn1 
. . " 

f3'19111ihu hwl~'\JU1~'\Jt1~ff'tyty1wm'l.Jn191f :wfif111:w~ fs /(fs - f,) Vi1fl1'.i'Yl~l:lt1~cif1'\Jt1~:wt1!\9lt1{ 



0.6 ------:------
-10 - - - - ~ - - - - - ~ - - - - -:- - - - -

I > ! i 

:,,; _-,4i~9f9-d8:- ----:- ----:- ---- ----
' ' ' ' ' I < ' 1 I I 

m -20 ----1-----t·----1----- ---- ----1-----t·----:----- ----
"' I I I I i-30 ----r----r-----;----- ---- :----r----:----r--- ----
~ -40 ____ _: _____ ~ _____ ; _____ --- -~ ___ j _____ ~ _____ : _____ ----
a. ' 0 I I I I I 

V> 0 I I 0 I 

~ : ts-t ~ -52.4J.42dB ' ' 
~ -50 -----:-----~-----:-----
0 ' 
0.. 

_,_ - - - - -- - - _ ... - - -- ... -- - - - ~ - -- - - - - - - --. ' ' ' 
t 1 I i I 
I > I 0 ! 

' I I I I l I 

' ' -70 - ---..;- - - - - ~ -----:- - - - - - - - - -~ - -- -..;-----}-----:---- - ~ - ---
I I ' I ' I ' 

-0.6 ------~------~------~-------~-----~------~---~-
' < I I I I I I 
0 0 I 0 I I I 

' I 0 ' < I I 
1 r I I 0 

.ao~~~~-~~~-~~~~ 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 10 20 30 40 50 60 70 80 90 100 

Time (sec) Frequency (Hz) 

~ d' d'ru! d'J) ru d d.i o.1:f 
Wfl.:Jff'Ul'.JlJtlll'ltl1 ~W\J'Ul'lfl'Ufll'Hfl1J'\JfllJ'i:'l ~.:JflWl'Vl 3.17 lJ'\J'Ul'lfl'U~.:J'U 

~ ~ 
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1) L~lJflll'ltif '\J'Wl~ 7.5 kW ~l'Wl'W 1 191'1 'Yl~'i:'lti.:Jui'1J'.i~l'.l~afiti~ff'W6~ 
~ 

0.000 mm, 0.010 mm, 0.020 mm, 0.030 mm, 0.040 mm, 0.050 mm, 0.060 mm 

(& = 0%,& = 2%,& = 4%,& = 6% ,& = 8%,& =10% ,& =12%) 

2) l~ilJ imflti'W i'Yl'.i'i:'lmtif11Jtif LPCl 768 f1J,rfllJ'i:'l'illflfftutu1rum~uir 
~ u u 

ffll'lll'lfl1~Hl'U1~'il'.i ui'rn1l'i~ffUJUJltul~l'.J~'\1~ ~nfo fflJffUJUJltu ~11'.JfllllJ~ 1024 Hz ~ l'W 1'U ,rfllJ'i:'l uu q uu cu 

'J) 'J) Q,I Q,I ' ~ rl 
2048 '\JfllJ'i:'l '\JfllJ'i:'l'illflffillUJltufl'.i~llff'illfl!vJff A l'llfll'.Jl~fll'.i'Vl~'i:'lfl~'.i~l'.J::::Wfl~ff'Wl'.J 0.060 mm. cu cu u u cu 

uir~~ i~llJ'Wm~nm~~m..-.~ 3.18 (fl) 

3) Vi1m'.it11u1ru 'Y11~flwl'lff1ir191{1u~l'.Juff'ww1ru l um~ i~munm1~u u u 

j/ 1 I SI j/ I 

4) Vi1m'.i'Yl~1:1ti~ci11luii't1Vi 11m~it't1Vi 3 CJ11~1u1u 10 fli'~ 11~1m~l'.lf11 

ff1Ufll'li'm11'1~11ff~~1um.:J i~llJ'W'Yll~nm uir~~~~m..-.~ 3.18 ('\J) 

5) '111'\J'Ul~'\Jfl~fft1Jt1Jltl.A~fl11lJ~lltl1J,j'1.:J (fs ±fr) filfll'.i'\11 

fl'l'l'.i1d1u i~l'.JL~'\Ju1~'\Jti.:Jft't1JtlJ1ruir1ufll'lflJ~fl11lJ~ is l(fs - /,) 



Start 

.... i ~ 
~A9HlJ!JL~!l'i" 

.... .: ~ 
h.!'l!AVnJ'i"::V::LV!l~~tl!l 

lun1111::11iiihrnA 

.. .l ~ 
ilrn'l::v::me~~uv 

O.OOOmm - 0.150mm 

MCU LPC1768 

f'IJHqJ'l!lWf11::1Lm'l'ln A 

fs=l024Hz 

N=2048 

YES 

fll'U1W'l'll~flWMlff~{ FFT 

Power Spectrum (dB) 

NO 

d ,, NO 
Lfl'IJ'll!llJl1 . . 

'tilfll'i"l'lAn!l~'lil 10 flf~ 

1rni1111iiv 
Power Spectrum (dB) 

mfi1tim1rhu (fs/fs-fr) (la) 

MCU LPC1768 

fofiqJqJ1Wf11::LLff 3 L'l'lff 

fs=I024Hz 

N=2048 

NO 

2 

fll'U1WUVMLLfl'U abc to dqO 

fll'U1W'VINflW~fflff~{ FFT 

Power Spectrum (dB) 

d ,, 

lfl'IJ'll!llJl1 . . 
'ti1mrnAne~'li1 io fli'~ 

YES 

mfi1111iiv 
Power Spectrum (dB) 

mfi1tim1ri1u (2fs/2fs-fr) (Id) 

YES 

Mfi1ti~nri1u (fs/fs-fr) (la) 

1~fi1ti~nri1u (2fs/2fs-fr) (Id) 
.: , 

1::v::m!l~~'UV O.OOOmm - 0.150mm 

END 

43 

NO 

NO 
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0.6 ------~----
fs~50Hz : 

-10 --- -----r-----!--- ----:f4.50tfdr--;-----r---- ----
-20 ---- -----~-----:----- ----- -----:-----~-----~---- ----

' I 1 I I 

aJ : fs-fr=26Hz ' 
"'C 1 ' I ' I W-30 ---- -----;:isji1iB-- ---- : ·----:-----:-rs·+·r~f4Hz- ----
tl : : : : :-39.7394<!8 
Q> -40 ---- -----~-- __ ;_ ____ --- -~ ----.-.-----~- --~---- ----
a. ' I I I 0 

~ I : ,: I : : I '50 ---- -----~-- --:----- ----:--- :-----)- -r-- ----
..... - - - - - - - - - ~ - - - - _,_ - - --. - - - - - - - ----

I 0 I I 

' ' ' ' ' 

I t I ' • I t 
-70 ----~-----}-- --:----- -----~-----:-----f-----~---- ----

-0.6 ------~-----+-----~------~------~------~--~ ' ' ' ' ' ' -1!0~~~~~~~~~~~~~~~~~~ 

0.01 0.02 0.03 0.CM 0.05 0.06 0.07 0.08 0 10 20 30 40 50 60 70 80 90 100 

Time (sec) Frequercy (Hz) 

, VllJ "i "i o' o' "' V °' 
6) ')f !1J !fl'itHJ'U !'Yl'ir;'Hrltl'H1Hl"J LPCl 768 "J'U'\Jfl1Jr11llflffillill1Wf1"J~Uff .. u u . " . 

m~i~rnf Vi Hl'U 1~ 1l"JU i' uul'i~ff'ruru1w l1~m1Jtvlff ff1Jffturu1w m~uffm~t~t:if mmvlff ~1tlfl111J~ u u q u u 

" . 
1024 Hz ~1'U1'U 2048 .,Yfl1Jrll'imvlff ufff!~fftutulW'Yll~ tflt1J'Ut1'11l1'~ 3 tvlff ~~m'VlVi 3.19 (fl) .. u u 

7) Yllfll"J fl l'U "JW 'YI 1~ fltU ~fflff ~ f u Uri~ ffilltulW 11 lflm fl'U fl' 1~fl~ff11J t vlff u u 

abc iu~mt:iufl'l~fl~l'U"J~'U'U dqO U~1Ufffl~fftyty1Wm~uffl'UU'U1Ufl'U Id Uri~ Iq lu lflt1J'U 
. 

nm~~m'Vl-ri 3.19 ('U) 

Three Phase Stator Cl.frent Wavefrom 

I I ' I I I I 

Q.6 ------:L---···:L------:L------;---···:'-------:'-·-··--:'------
' I I I 0 I 

----- la 
' ' 

--0.6 ------~------:------~----- :- -----~ 
---·-·-Id 
--le 

I 0 I ! ' 

a~ a02 aro aCM aos aos om a~ 

Time (Sec) 

0 I ' ' I I ' 

0.6 ------;------,'-------,'-------,'-------,'-------:-------,'------
' I I I 

' ' 
,",: ~~ jt: , .. ,: ' 

0.4 ---1- ---~-' ---.:- ---i-' ___ J_ 

I I I J 

: : : I : : I : : : 

0.2 - --~ ~- __ [ ~- --~ •_ --£ 4- __ t ~- __ L ' ___ t : ___ t 
\ ; :\ ! :\ : :l i i\ ! :\ 1 :\ 1 :\ I 

9- : : :~ : :~ : :: : :: ; :: : :: : :~ : 
~ 0 r· r n- :- :r r n- r n- r :t- 1- :f 1- :r f-

\ : : \ i : \ : : \ ; : \ ! : \ ! : \ ! : \ i 
-0. 2 1- r- -:~- J- -:y .- -:-t .- -:-~- ' -:-t I_ -:-t I_ -:-~- :-

\ :\ :\ :\ :\, :\. :L :\, 
--0.4 -v---~-;.1 --~-v --.~-v --~-~:---~-v -+-~~ --~-~; -

' 0 ' ' I I 

--06 ------~-- --+------:------~-----+-----+---g 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Time (Sec) 
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8) fll'W1W'V11'1flW\91fY1tl\91{U'IJ'1'1fftyty1Wm~ut'fut.!'1Uf1'W Id 'Utl'l l~lll'W 

nmut'f~'l~'lfll'V'I~ 3.19 (n) 11:J'W l~lll'Wfl11ll~Ut'Y~'lmun191f11'llti'ln1"1.:i'tti.i1v'llti'I dB vhnn 
'JJ 1 I JI ,, I 

'\11~'1ti'ICJ111'W,rtifi 6 ~'l,rffyj 7 CJ11~1'W1'W 10 flf'I U~1!ll~CJ~ltl!Uf1\91flln1"1'1 f-l'1f111fll'W1WU"1~'1 

1$1~'lfll'V'I~3.19 ('U) 

9) 'ttl'IJ'Wl~'Uti.:imun191f11n1"1.:i~ri1111~ut111,r1.:i c2fs ±f,) u~1v11m1 

mfl'19111d1'U 1~ri1.U'IJ'W1~'1Jti.:imun\9lf11n1"1.:i~m111g 21, 1c21, - f,) 

' ' ' ' ' ' 
0 6 - - - - - -;- - - - -!------1- -----1- -----j- -----~ ------;- ----

0 2 - - -- :-- --- ,-- --- ,-- --- ,- --- ' - - - --, - --- - ---
' t I I I I 
I ! I I ' I I 

~ 0 -- -- !-- -- ~-- -- ~-- -- ~-- -- ~-- -- ~-- -- \ ___ --
> : : : : : : : 

I ' I I I I 

' ' ' ' ' ' ' 
..0.2 - - - -:- - - - -:- - - - ~ - - - - ~ - - ~ - - - - r -- - -r -- -

' ' 
' ' 

' ' ' ' 
.0.4 ------~--- -~---- -~---- -~------:--- -~--- --.~--- -

' ' r::::::::-;;;i 
: ' : : ' : L_..'.'.J-Id 

-06 - - ----:-- - - -:-- - - - -:- - - ---:- - - - - -:- -- - - -:- - - - - -:-----

nm a~ oro o~ n~ are aw n~ 

nme(Sec) 

, fs=IPOHz : 
-10 -- - -- - - ~-- - --- - -;- - - - - ---~ - - - -- --~- --- 't3:9~~d6- - - -~-

' I ' ' 

' ' ' I 0 ' I I 

-20 - - - - - - --:- - -- - - - - ~ - -- - - - - -~- - - - - - --:- - - --- - - - - - -----~--
- I ' I I I 

CD ' I ' ' ' 

-u : ; ; fs-fi=76Jk fa+fr=l24Hz '€ -30 -- - -- - - ~- - - - - - - -;- - - -- - - -~ - ---- - - ~------ - - , - -------~ -

~ : : : -36 7699:m : -40.73~9dB 
~ 40 _______ J,--------~--------:----- -:------- : -------~ 

~ : : 
; .SQ -------~-
0 ' 

Cl. : 

' ' I I ' I 

0 ' ' I 1 I 

-70 - - - - - - - ~- - - - - -- -~--- - - - --~ - - - - - - - ~- - ------~ - - - - - - - -~--
' I I i I I 
I I I ! 

' ' ' ' ' ' 
40 60 80 

Frequency (Hz) 

SI v ""~ !'I "" .! JI .! 
3.2.3 fll "i tf'HUHlflfl"i'Yl1J AU fll"i'Jltl"i l~'H"i~tl~ fll "i ltlfl.:lt)Utl 

QI 'JI ,: I ,c9 'JI QI Cl.c9 Cl ,/ l ,/ 
1'W'tt1'1lffW 'ii ::::n'111mm1ff11.:iti'1nti1'Y1111'Wm'J11m 1~'1'11:::: ri~m1 weMfY'WrJ 1 ~ ri .. 

, 'j)'j) 'j) d 'j) d 'j) d i d 'j) 

'lf'Utl\J'1'1ltl'I Ia !!'1~ Id 'illf111'Y1~'1eM1'W'lltl'Yl 4 'Utl'\11 9 !!'1~'1Jtl'\ll 10 'lltl'l'U'l.Jl'ltl'Wf111lf11l'lltl\J'1 

'JI QI Cl.c9 Cl rl ,: rl 'J/Cl.ci Cle\ 'JI 
tl'J 1 'ltl'1f1el1'\llllf1111! ml~'tt 1~ rJ~f111 Wtl'lfY'W rJ l ~rJ 1 'lnli f11'J 'Yll'lfftl \9lff11'1tlllf111tl ~tltlrJV'l 'ttflW .. . .. 

(3.1) 
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~~ OJ QJ ~ J 
3.2.5 fl111lHl'iUJ"1~~1Jfl1"1AtJ8'lt]'l.U.I 

f11'lf t1'11H mmff'\J ti.:JlJfH\9lti{~i ti 'U .:J 1'U 1~ vi1f111 vi1n'U o.5oo lJlJ .u~~\9l 1lJ 

~ r/ 9} Cl d Q.I lJ] 9J"I I Cl i d 9JG) 'j) f{e:;J. 

lJl\91 '.i il l'U fll'Hrlfl.:Jff'UrJ111f1 fll'H-IH~\9l'VWfllJ'.i'lJ t ~ tlJLf1'U 5% lrn~ 'U '\Jill~'Vl H t 'M.:Jl'U lJfl!\9lfl'.ilJf11'.i .,.. cu cu cu 

~ ,/1 Q.I I~ I I O t/d o' .:. r/ 
Wfl.:Jff'UrJfll[JfllJ '.i'U imn'U 10% '\J fl.:J'Mfl.:J11.:Jfllfllff [3] 1~[Jf11'.ifll'U 'dill 11111.J flWll'U \9lf11'.i Wfl.:Jff'U rJ 

~ ~ 

' 
Uff~.:J~.:JfflJfll'.ifi (3.2) 

luflWll'U\9lf11'.iWfl.:Jff'UrJ = & = -- .X .I o' cl o' J o' (0.500) 
~ 100 

(3.2) 

d "" O o'cl o' .: o' I I 'J} 

111f1fflJ fll'.i 'V1 (3.2) L1J'U fll'.ifll'U 'dill '11111.JtiWll'U \9l fll'.i Wfl.:J ff'U rJ111f1'Mfl.:J11.:Jfl1fllff U~1 
~ 

0 0 o'.,.: o'di .: o'., d"' o'cl o' 
H~111nmrn1'U 'dill mm1\1111u 'U mnill G}'l'.i~~'lJWfl.:Jff'UrJ C1f .:J111nm1 Wfl.:Jff'UrJ'.i~~'lJ'Vl 1 rniJtiwll'U \9l 

~ ~ 

m11fit1.:Jff'U6iihn'W 5% lJm\9lti{tidi 'U ff mv.~iJn~ lrlt1lJm\9lt1{i1m1 lfit1.:JfftJ61~~1J~ 2 
~ ~ ~ ,, ' ' 

li1t1{1~'U~f11'.ilVfl.:Jff'U6mnni1 5% ul'itl'tivn11 10% lJfH\9lt1{1~lJH~iJn~'l'U1~~m'h '.i~~'Ufll'.i 
~ 

,:. o'd o' d ti ~ o' I I 9} I rid. Cl ,. I ClG) 

Wfl.:Jff'Url'Vl 3 l1.Jfl'.ilClf'U\9lf11'.iWfl.:Jff'UrJlJ1f1f111 10% U\9l'Uflrlf111 15% lJfll\9lfl'.ilJfl11lJH~uf1\9l t'U 
~ ~ 

., I 'J} 'J} d 'j/ <!I 'J} ., .: o'.d o' cl o' .: o' I 

'.i~~'Uflfl'U '\Jl.:Jff .:J11~\9lfl.:JlJfl1rn11.:Jl\?lfl'U LL~~ \11'.i~ ~'lJWfl.:Jff'U rl'Vl 4 l11m lClf'U \9lf11'.i Wfl.:Jff'U rllJ1f1f111 
~ ~ ~ 

, 91 , rid. Q.I Cl ... I Cld ,.. o r1 
15% U\9l'Uflrlf111 20% lJfll\9lfl'.ilJ'.i~~'Ufl11lJH~1Jf1\9l'V11'ULL H 11~\?lfl.:J'tt ~~fll'.i'Vll.:Jl'U '\Jfl.:JlJfl!\9lfl'.iU~~ 

fj) d V"I I 1 I & rl ClCl Q,I Q,I l rl ~ i ' QI 

\9lfl.:JlJfllrnn t'\J\9l'.i111ClffllJ ~v~1'U C1f.:Jlf1illG}'lf11'.i1'U11llrJ'.i~~'Uwti.:Jff'UrJ11~1m..1m .:J~~ 5% \9leJ':i~~'lJ 
~ 

.. • .. • v 
""' tJ • .. • ""' • 

"1~~1Jfll"llf.18'1t]UU l 8WlfUVlfll"llf.18'1t]UU i:J.fll'VUJ81Vl8"1 

1 &<5% '.i~~'UiJn~ 

2 5%< £ <10% 1~~rn~lJH~iJn~ 
., 'j/ 'JI <!I 

3 10% < £ <15% '.i~~'U\9lfl.:JU Ml\9lfl'U 

4 15% < £ <20% ., 'j/i 1 I 
'.i~~'lJUf1 '\J ~rl~TU 
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Q,I 'j} el f ~ .Q~ Q,I ~ ti ~ ~ QJ ~ 
i 'W 'YI 1•1ni'W 'il ~ frn 11t1 n nm '.i u irn -urn '.i ~~'LI w fl ·HY'W t1 'll fl <J m n 'W 'il 'iHJ c1M ... 

1.h ~ f1fl'Utl1t1u irn <J ~rn~ 'il~1~w1'.i1 'il i~ '.i::: ~rnfifl<JffWJ u ci~ H'1f11'.i '.i 1t1.:Jl'W Hci n n 1-W 'il'ilt1u 'LI 'U m'.i . ... 

~flm'.iHmt11P11llmm~1'W XBEE 1uv<Jf'lflllfi1mfl{ 

., .% o'.d ~ ., ,.; llJ 'i ... 
3.2.6.1 mrn'ff~<JH'1'.i~~'U1t1fl<Jff'Wt1Vl'il~!H11'1'.i1'il1~!llfl ill imf'lfl'W 1 Vl'.icimmm ... . 

~ o' Q,I ~ rl Q,I l o'd QJ 

u '.i ~ ll1ci Hci 11m1~'11'YI1'.i~ t1~ u ci::: 'j~~'U m'.i 1t1fl<Jff'Wt1'il~ u 'ff~ <J Hci 'j ~~ 'U m'.i mfl<Jff'W t1Vl 'il~\Pl 'j 1'il 1~ ... ... . 
'j} QI l Cl.I 'j) " 0 Q,I J o' 

t~t11'if LED 4 'YIClfl~ U'ff~'J'.i~~'U'Ufl'Jf11'.i!tlfl'J 4 '.i~~'U t~t1i'll'lf1\UC}'lf11'.i'illU'Wf1'.i~~'U!tlfl'Jff'Wt1i'W ... 
I JI 'JI f I ii I 

1'11'.il<Jn 3.2 ~<Ju m'.i!Vfl'Jff'U6'.i~~'Un 1 ti1' LED1 ~~ ri1'W LED fi1ilfln'ttll~ f11'.i!Vfl'Jff'U6'.i:::~'Un ... ... 
f 'JI I f 

2 ii1' LED2 ~~ ff1'W LED fi1ilflf1'ttll~ f11'.i!Vfl<Jff'W6'.i~~'Un 3 ii1' LED3 ~~ ff1'W LED fi1ilflf1'ttll~ ... 

UCl~f11'.i!fifl'Jff'U6'.i~~'U~ 4 ii1' LED4 ~~ ff1'W LED ~!ilflf1'ttll~ ~'JffllJ1'.itl'Uflm:::~rnfifl'Jff'U6~ ... ... 

1 • .-.u 1 1.1:0 2 um J 1 . .-.u4 

" 3 .2.6 .2 mn 1t1.:Jl'W H'1f11'.i 1-W 'illltl 1 u v<J '.i ~ 'U'U!~ll'l '.i 1'il 1-W 'illl t1 '.i::: ~'Um '.i 1vfl<J t!'W 6 
~ di ~ I .,,1 

1m'U 1 '.i'ff1t1 CJf<J'il~u'.i~nfl'U~1t1 3 'ff1'W~<J'W 
I ~ llJ~ ,.; llJ 'j 'j o'o 

1) f11'.i'ff'J'Ufll.JClU1J'U i'.iffltl !llfl ill if'l'.if'lfl'W il'l'.i'1!'1fl'.iV11f11'.i 

.Q t/ .C:..Q Q.I Q.I l ,/ I 'j} ti) QI ~ b]3/ 
U'.i~111ciHci11m1~mrn:::1'W 'illlt1'.i~~rnt1fl<Jff'Wt1 'il~'ff <J'llflll'1'.i1t1.:Jl'WH'1 i Utl<J'.i~'U'U!H11'1'.i1'ilU'U'U i '.i ... ... 

I ,.; i 'j}Q.1 Q.I I 'j} 'j} 

ffltl Hl'Wf11'.i'ffflffl'.i RS232 'ttf11J XBEE Pro SOmW RPSMA - Series 2 (ZB) '.i'lJ-1;1"J'Ufll.J'1~1tl 
,, 

f'1111ll~1 9600 bps 'illf1tJ'W XBEE 'il~ri<J'li'fllq!'1U1J'UHmt11P1llllJ11Pl'.i~l'W tU'.i tl'lf'lflCl ZigBee/IEEE . . 
I o!!:I QI d 

802.15.4 tll'Wf'111lltl 2.4 GHz ~'Jfll'VlVl 3.22 
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., 'JI 1II 'JI i 'JI 
2) f11'J'nJ'Utllq!'1U1J1J t'Jffltl 'If XBEE Pro 50mW RPSMA- Series 2 

., I 'JI d ., 'JI 1II 1 1 o' 'JI I 'JI I l 'JI°' 
(ZB) 'J1J-ff'lf11tlf111lJ!'J1 9600 bps 'J1J'lltllq!'1'illf1 tl.J flrntl'U 'Vl'J'1!'1tlrn'111.Y-:i'Utllq!'1\9ltl '11f11J 

Clt. o' I QI ,d_ 
fltllJ~11\9ltl'J~fl'UlJ1\9l'J~l'U RS232 f'l.:Jfll~'Vl 3.23 

. " .ct QI ~~ Q,I I!!! o' ll) 9J !ii 
.fll'ff'rl 3.23 'lff'l'J1J'Jltl.:Jl'UH'1f11'J1'U 'ilutlf11'J!tltl.:Jff'UtlU1J1J t 'Jffltlf!1tl XBEE . ~ 

1 Q.I ~ " ..::.. o' 0 'j} ~ 
3) iJ rn nrnu fff'l.:J H'1 'J~ f'l1J1t1t1.:Jff'U t11J'U fl til.l~ 11\9lm 'V11'11'Ul!Hl\91'J1 'il 

~ 

1~~rnfit1.:iff'UV'llt1.:Jl.lt11\9lt11!~'U1i.Jrnm:1J~Vi1P1Jm'il1n 1i.Jrnml.l Lab VIEW 8.5 [24] i'11~t1:1J'1'illf1 
~ ~ 

o' ,,j ., 'JI lil'JI -k ., ., 
'Vltl'J\9lf11'Jfftlffl'J RS-232 'J1J'Utllq!'1'Jltl.:Jl'UH'1U1J1J t'Jffltl'Utl.:J XBEE 9f.:JUfff'l.:JH'1f11'J\9l'J1'il1f'l'J~f!1J 
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' i .d ~ ' .d ~ " 'j) 0 .i:::.~ QI Q.I e: ti 1 'I 'J) 
ff'l'U m .:J 'V1 6 flflfll '.i 'tt lfllt\HHJ'\Jfl.:j'j~tl~Wfl.:Ji!!'U ti U (l'J'Vllfll'.i 'l'U 11\l tl'.i ~~'Li fll'.i Wfl.:Ji!!'Utl ~ti ! 'lf 

ti .d QI ~ t/Q.1 .d 
mwcvi 1mn'.i1.:J'Vl 3.2 11.humm1t1.:i1u~"'.i~~'Liwt:i.:itrut1~.:imV'l'Vl 3.24 

. ,, 
m'Wfi 3.24 l'i1t:iv1.:i 1'1.Jrnmmw.:i1u~"m'.iii!11tl't1m'.i 1tit:i.:ifl'uv~1t1flt:ilJ.W11~t:i1 

,, 
..::::t ..::::t QI ..::! 

lJ 'j ltJ(l~tfltl~~ .:j 'U 

'ttlJltll(l'U 1 A'.:i 1'1.Jrnmmh.:i1u (RUN) . 
<!I .... 

'ttlJltll(l'U 2 Uff~.:Jfl1'.it'll"flll~flf1'Li XBEE 

., 

'ttlJltll(l'U 3 t~vn Comport ium'.i~~~mimfolqlmfo XBEE 1'1.Jrnnrnn1m-1~t~ll~'U 

11'.Ju COMl 

. 
.c:t. .:!I I QI QI I 'J} 

'ttlJltll(l'U 5 tlf1l(lf1fl1'.i t'll"VlJ~flf11Jfll'j'j'lJff .:J'UfllJ(I ., 
id QI QI~ ti i.d .c:!j I .d 

'ttlJltJ!(l'U 6 Uff~.:JflH'Vl'Ufl.:Jfl1'.i~'.i1111~'.i~~'Liltlfl.:Ji!!'Utl flH'Vl 6 flVfllm(ltl'UV.:J 
,, . 

QI Ql..::::t & 

~'.i1111~flH'Vl 1 CM 5 
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QI ~ oC\ ,: " d Q,I Q.I J 
'11l.Jltll'1'1J 10 Uff~'l';i~~UmllJH~Uf1~Hllf1f11'mJfl'lfjlHHtff~'l!U'W 4 ';i~~U~'l'W 

,: o'GI 4 r/~ 
(Healthy) mrnrn.:i~um~~u 1 ~fllJfl!\Plfl';iUf1\Pl 

~ . 
(Incipient fault) f11';i!Vfl'l~'WV';i~~u 2 ~fl'j~~rn1l.l~~Uf1~ 

~ 

<!I "' "' <!I "' 'JI 'JI <!I (Warning) mrnrn.:i~'WrJ';i~~u 3 ~m~~U\Plfl'IU11'1!\Plfl'W 

~ o' QI 4 QI j/ 3111) ' 
(Fault) f11'j!r.Jfl'lfl''WrJ'j~~u 4 ~fl'j~~U\Plfl'IUf1t'IJ1~£JWJ'W .. 



I 

"" 1Jflfl 4 

,, 
'hnrvru i1'.liHH'lm1'Yl~nH1'i 1~wi~'h11mrttrw 1'Y11tmJfh.1mnh:::::1J'HHH'l m1\9l11~1~ 

,, 
fftyty1wm::::ufftn\9lt11tlfrrhl A (JJ 'IJtl'ilJflt\91tJf l1'1 3 1'11 fllU1W'Yll'iflW\9lrllff\9lfm.hMfftytylW 

iu 1~tlJU'Yll'incrn1'.lu 1~tlJU'Yll'ifl1llJ~ 111fl'\9l11ri1u'1Jti'i'llm~fityty1w~rt11:1J~ (/,Ifs - fr) t~ti 
9J ?I ,/e:::i,. ~ Q.I J o' ,/ I .d QI 'J} ;. 9) 

i 'IH lJU tf1wcrJ11..! ~ 'Q tf 'j:::: tr:::: Wtl 'I fl'U tf 'IJ tl'i lJ flt\91fl'j'jut~tf1 f1 u ml:::: 'YI~ '1fl'I111 'IJ till '1 t 'Vl fl m 'j ff 'j N .. . .. ,, 
fl''1nt1~-Yi:1Jium1iim1::::..11::::~rnuti'leyu61~r.ri~fityty1wm::::uffm\9lt\9lt1frv~ff A (Ia) 111fl'\9l11ri1u 

'lltl'i'IJU1~fityty1w~rt11:1J~(fs If, - f,)trn::::m::::uffhrnu1mrn (Id) 1'11u1w111fl'\9l11ri1u'IJt1'i . . ,, 
'llm~fityty1wlirt11:1J~ 2/, /(2/, - f,) i~~m.J'1~'in~11 ff~1'lfl''1nt1~Vi:1Jiuiim1::::..11::::~rnut1'1 

V I V I V 

ffu 6~1ni!utl1fl''1nti~Vi:1Jli ff~l'l~u i ~n1/l:1J 1mrttiu1'Y11'1rnt1fr~t1'Y1~'1ti'l\9l11~1~1::::~rnut1'i .. 

' " ' " v ~ ct Jru u ct 4 J 
4.1 Ni:lfll'IrlYli:ltl.:.t'ttl'U'UlYl'Utl·Ul'WWlflU'lf.:.tfl11iJO)Jt)gV!t)'j'tH 3 V.1 n1::::t1::::mo.:.tff'Utl 0.000 'll'll. 

u u ... 

~.:.i o.1so 'lliJ.1Yltt1'1iiiJlfl1flouln1i:lmo{ 

i ""., i 'JI o' "" ., .J 'JI o 'l • I ""'l 
U'ill.!1~tf 'lflJflt\91tl'J'IJUl~'Vlf1~ 7.5 kW 4 Pole GJf'i'IJtllJ'1f11'i'Yll'ilU tl.!fffl11::::1Jf1\91 tU .. 

'1 '""'i G "''1 'J/ °' I d9 'JI 
fffl11:::: lllJ t'l1'1~ fl11llt'i1rn1J'Yl ~~1nn1~ 1,437 rpm mm::::uff 1.75 A fl11llf1 t'lf'ilU 50 Hz 

irn:::: f, = 1437/60 

flll.!1W l~~lf1fflJf11'J 

I 

U'Yll.!fll 

Q.I i e:!l o d.J QI QI clv J o' = 23.95 Hz ~'JU u ~'I mmrn fl 11..11w fl11ll fl'Yl ffll'Vl u 'Ii f11Jf11'i Wtl'ifl'U tr .. 

hcc = Is ± mf, 

f' = 50 Hz m = 1 ls ' 

/, - f, = 26.05 Hz trn:::: f, + f, = 73.95 Hz 
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Q,I I rl o'G) .. I 41::\ .d ~ rl 
\911tltlHf11~U';;Hl't\91!\9HJ1lJ-e:H\9ltJ'j !'Wff.fl11~uf1\91 ('Y11~tl~Wtl'liJ''Wtl 0.000 lJlJ.) '\Jtl'I 

:1.Jt1t\9lt1{1'11~ 1 m.:i h11:1.Ju11m uff~.:i~.:im'Y'l~ 4.1 (n) uii'11'*1" 1mflti'W 1'Ylnmrn1u1~:1.J1m,rn 

1'11u 1w 'Yll'lfl w \9lfl'lff \911t u~vu i:Yruru1w 1u1 ~mu m.:i11m1 tlu i:Yruru1w 'Y11.:i 1~tllufl11:1.J ~ 1~ti'Vi1 
u u u u . . . 

'IJ'Wl~ffq)qjlwnfl11:1.J~ 1. ±J,. uff~.:i~.:im'Y'lfi 4.1 ('U) 

' ' ' ' ' ' ' 
0.6 ------:-------:-------:-------:-------:-- -----:-------:------

I ' I I I 

' I ' I ' 
I I o I < ! 

-10 - - - - -j- ----r- -- -·t----~ ~---,~~9f9dB~-----r-----t ____ t ___ _ 
-20 ----~-----~-----:-----:---- ----~---+---+---+---

ii) : : ; : : : : : 

~ -30 ----~-----~----+----~---- : ----~-----~----+----t----
.E : : : : : : : : : 
~ -40 ----~-----~-----:-----~--- -~ ---~-----~-----:-----~----
~ : : : : : : : : : 
'- : ts-t ~ -s2.•~2dB i : b+tr = :-ss.111.1de i 
~ -50 ----,-----r-----,----- ----~--- 1 -----~-----:·----~----
0 I I I I I 

a.. : : : I 

_,_ - - - - .. - - - - _ .... - - - - .J - - - - - ~ - - - - - - - i - - - -

,........-"'', : I : : : :......,..,. ....... .,, 

I I I 0 ' I I I 
I I j I I I ! I I 

' ' ' I I I I 0 I I 

-0.6 - - - - - -~ - - --- -~ - --- - -~ - -- - --~ - - - ---~-- - - - -~ --j la f 
I ! I I I I I 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

-
70 

-- --1- ----!-----:--- · r·--r- -1- ----~-- -- -:- ---r---
~OL__--'--~~~~--'--~~~L__--'--~ 

0 10 20 30 40 50 60 70 80 90 100 

Time (sec) Frequency (Hz) 

GI d Jt QI J tli I Cl 
1um11.:ir-n1m1'Y1~'1ti'l'Yl 4.1 tllt1Ul1Jl~t1~1t1t1.:iiJ''Wt1\9l'l!!\9l o.ooo llll. t1.:i 0.150 llll. 

'llt1.:i:1.Jt11\9lt1{1'11~ 1 1uffm1~1'n~ 'Uu1~mun\9li':1.Jn1'1.:i~fl11:1.J~ f. - J,. = -54.3545 dB ~m1:1.J~ 
"' "' .J ?t 'J/ o'q "' f. = -13.7843 dB !!'1~'Ylfl11llt1 f. + f,. = -57.9979 dB 9f'l1l~11J'W'Utilqj'1'\Jt1'lllt11\9lm 1'Wfffl11~Uf1\91 

~ QI d d ~ J QI QI t/QI .: tld J 
1t'1~:1.J'Uu1~mun\9lrn'Ylfl11:1.Jt1 r ± J, t'Y'lll'IJ'W ffll'Y'l'W 1in111~t1~wt1.:iffut1'Ylmn'\Ju Js r ~ 

. . . . ,, . 
911'lHTI4.t m1'nl9li':1.Jn1'1.:infl11:1.Ja f. ± f,. tifouf 111~t1~1v·eN~uv'll~.:i:1.Jt1t\9lt1{1'11Yi 1 

'llUlV1tnUfl9l~'llti1il-:1'lltl-:i'lltl!9ltl49ll~ 1 (dB) 

" • ... 
'l~tl~&f.ltl-:it]Utl O.OOOJm. 0.030'll'll. 0 .060'll'll. 0 .090'll'll. 0.120'll'll. 0.150'll'JJ. 

J.-f,. -54.3545 -53.7502 -50.7069 -51.6747 -44.2633 -39.3191 

fs -13.7843 -13.6993 -14.0399 -14.1654 -13.3519 -13.6263 

J.+f,. -57.9979 -54.5935 -51.0586 -56.5247 -46.6175 -41.6385 
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ct d Ji QI ~ .1.! , el 
t'Wl'll11'1J:·Hlfl11'Vl~HH:l'l'Vl 4.2 !lJt1Unn~t1~Wtl'lt]"Utll'l'IUl'l 0.000 lJlJ. fM 0.150 lJlJ. 

'\Jt1'1:1Jtl!l'lt1f\9l1~ 2 llHYfl11~Ufl~ 'IJ'Ul~Hl!Ufll'li'lJfllft'l~fl11lJrl (fs - fr)= -54.312 dB 'IJ'UWl 

... I cv o QI d .d d d ~ ~I 31 
'ff!1Jfll'J'jlJflTM'Vlfl11lJ(l is= -13. 7844 dB U'1~'Vlfl11lJ(l (/, +Ir) = -56.7931 dB C)f-:J1)~!U'U'Utllqj'1 

"Gt ~ d d d d J QI QI o'QI ,J 
'\Jtl'llJtl!l'ltl'J t 'U'fffl11~Ufll'l U'1~lJ'IJ'UWI spectrum 'VlfldllJ(l (/, ± f,.) !'V'llJ'IJ'U'fflJ'V'l'Utifl'IJ'J~tl~Wtl'I 

o'd J 
fl''U ti 'Vl lJ1 fl 'IJ 'U .. 

I I I f 'J) I 

"11'jHfl4.2 'ff!Ufll'li'lJfllft'IYifl11lJa (fs ± f,.) 1:Ut1ui'u1~t1~!VtJ'ltl'UV'\Jtl'llJtl!l'ltJ{l911Vi 2 

'll\fl~tnUfl"1~tlfllij'~'lltl'ltlflA"1tl1~1~ 2 (dB) 
.. 

' 4 
'j~f.l~ma~titm O.OOOtltl. 0.030tltl. 0.060tltl. 0.090tltl. 0.120tltl. 

Is- fr -54.312 -51.9004 -52.606 -47.8628 -46.2369 

Is -13.7844 -13.7017 -14.0405 -14.1674 -13.3532 

is+ fr -56.7931 -53.5873 -54.9238 -48.8735 -48.7649 

0.150'lltl. 

-40.9317 

-13.6262 

-43.9002 

d ;. QI ~ tli I d? 

l'Ul'l111'lH'1fl11'Yl~'1tl'l'YI 4.3 !lJtlU'J'IJ'J~tl~WtJ'ltl'Utll'l'IUl'l 0.000 lJlJ. f'l'l 0.150 lJlJ. 

'1Jt1'l:1Jt1tl'lt1f1'11~ 3 iu'ffm1~ufl~ 'IJ'Ul~mufll'li':1Jn1ft-:J~11111:1Jrl fs - fr= -54.9539 dB 'IJ'Ul~ 

'ff!Ufll'li'lJfllft'l~fl11lJri is= -13. 7824 dB U'1~'\J'Ul~'ff!Ufll'li'lJfllft'l~fl11lJri /, +fr= -58.0156 dB 

di ?I 'JI "'" ,, .,. d d ~ ,J .., .., .. 
9f'l'\l~!U'U'\Jtllqj'1'\Jtl'llJtl!l'ltl'J t'U'fffl11~Ufll'l U'1~lJ'IJ'U1~ spectrum 'Ylfl11lJ(l fs ±f,. !'V'llJ'IJ'U'fflJ'V'l'Uti 

I I I I 'J) I 

"11'jHfl4.3 'ff!Ufll'li'lJfllft'IYifl1llJ~ fs ± f, 1:Ut1ui'u1~t1~!VtJ'ltl'WV'\Jtl'llJtl!l'ltl{IP!'1Vi 3 

'llt!l~tntlfl"11't1f11ij'~'llfl~tlfl!"1tl1~1~ 3 (dB) 
.. 

4 ' 'j~£1~!Utl~t)U£1 O.OOOtltl. 0.030tltl. 0.060tltl. 0.090tl'll. 0.120'll'll. 0.150'll'll. 

Is- fr -54.9539 -52.8173 -51.1164 -46.8398 -41.7433 -38.115 

Is -13.7824 -13.7008 -14.0417 -14.1644 -13.3537 -13.6261 

is+ fr -58.0156 -55.9705 -56.0247 -53.6737 -44.4474 -42.9519 

1rlmJ1~tll.J'1l'Ul'll11'1H'1fl11'Vl~'1tl'l~4.l lJl!!'ff~'l\Pl'lfll'V'I~ 4.2 (fl) 1'1111'1H'1fl11 

d QI d d QI d dt 
'Yl~'1tl'l'Y14.2 U'ff~'l~'lfll'V'l'YI 4.2 ('IJ) 11'1~ 1'1111'lH'1fl11'Yl~'1tl'l'Y14.3 U'ff~'l~'lfll'V'l'Vl 4.2 (fl) !lJtll'll 
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fl\9111ri1u'\J'Ul~fftlJt1JlW~fl11ll~ (/,; fs -fr) '\Jfl'llJtHl'lflf.f.:i 3 \911 mrn.:iiu\91111.:i~ 4.4 iif11 

'j} ~ Q,J ~ ,: .,,i I ,Ci I 4 ~ o' I 

irn:11'f1t1'1f1'W'YJ'j~tJ::at1fl'lff'Wtl\91'1U\91 0.000 lJlJ.f.'l'I 0.060 lJlJ.U\9l!lJfl'j~tl~Wfl'lff'Wt11Jlf111 0.060 lJlJ. 
v ~ . ,, . 

O'I 0.150 lJlJ.lJfll'\J'Wl~fftutlllWfii1fouufl'W '\Jfl'llJfl!\9lflfn.:i 3 \911uft'~'l~'lflT~fi 4.2 ('1) .... 
I I I I JI jl 

m'l1.:ifi4.4 fl'l'l11ri1umtJn\91 fon1i:1.:il1T1111Ja Cf. 11s - 1,.) 11ifltJi'u1~ v~1lifl.:itl'u6:1.Jm\91Bfn.:i 3 \911 

fti;)'llti1U,,6·UJnJtwir11n1il'.:.t~fl1111~ (/, I Is - f,.) 

" J a 
'l~£1~UJtN tJU£J 0.0001111. 0.0301111. 

o' Q.I .d 
1Jfl!\9lfll\911'Yl 1 0.2536 0.2549 

tlcv d 
1Jfl!\9lfll\911'Yl 2 0.2538 0.2640 

o'rv d 
1Jfl!\9lfll\911'Yl 3 0.2508 0.2594 

MOTOR1 
10.---~--~--~--~-~ 

' ' ' ' 
0 - - - - - - - - - - ~ - - - - - - - - - - ~ - - - - - - - - - - ; _ - - - - - - - - - ; _ - - - - - - - - -

' ' ' 

! ::~~~:::::::r-::::~~~:r:-::::::t~~~~:~::t-:-:-::::? 
~ ' ' ' ' 

1 :; =~=~~~:~~~;~.;~~~-+~~~~~~~~~:~~;~~-r::~:-~~~::~ 
1:+!,TEt. 
-100•~-~--~--~--~-__J 

0 0.03 0.06 0.09 0.12 0.15 
Misalignment {mm.) 

MOTOR3 
10,---~----.--~--~-~ 

I I I ! 

0 - - - - - - --- - ~ - -- - - --- - - ~ - ------ - - - ~------- - - - ~- --- - - - ---
' ' ' 

-10 ---- - - ---- ~ - - -- - - ---- ~ - - - -- ---- - ~- - ------- - ~- ---------

f ~ L~T:::~"r::::_T~i~f:~, 
£ -70 ----------~----------:----------~---------- --e-- 1s-fr 

-80 ----------~----------; __________ ; __________ --&- 1s 

: : ' -+- fs+fr 
-90 ----------r----------t----------~-----------+----1 

-1000=---o:-"=.0-,--3 ----,o~.06,-----0.'--09--o~.1-2 _ __,0.15 

MisaMJ;Jlment(mm.) 

0.0601111. 0.0901111. o.12oim. 0.1501.J'lJ. 

0.2769 0.2741 0.3016 0.3466 

0.2669 0.2960 0.2888 0.3329 

0.2747 0.3024 0.3199 0.3575 

MOTOR2 
10,------,.----,---.-----.----------, 

! I l I 

0 - - - - - - - - - -}- - - - - - - - - -}- - - - - - - - - - ~ - - - - - - - - - - 1 - - - - - - -- - -
' ' ' ' 

-10 ~~~~~~~:_:_-~---_-::_-::::iii:::::::::~~~~~~-_-_-_:.;-_-_-_-::::::, !J 
-20 --- --- - - - - ~ ------ -- - - ~ - - - - - - - - __ , _ - ________ ,_ - - - ----- -

' ' ' ' 
-30 -- ------ - -~ - - - -------:- --- - - - - --~ - - -- - - -- - - ~- - - ------ -

: ~~~~~~~~~;~~~:::;;;;;t~~~~~~~~~~~~~~;;;;+;;~~3~~~? 
-60 - - - - - - - - - - ~ - - - - - - - - - - ~ - - - - - - - - - --t- - - - - - - - -- ~ - - - - - - -- - -

-70 ----------~----------~----------; ___________ "": ----,-

: ::::::::)::::::::::[::::::::::)::::::::::! ::E: ::~ 
' ' ' 

-lOO·O~ --~O.Oc:-3----,0~.06,-----,-0.'=c-09--0~.1-2 -----::-'0.15 

Misalignment(mm.) 

0.5,-----,---,----.---~-----, 

1 ' ' ' 

0.45 - - - - - -- - - - ~ - - - ------ -:- --- - - - - - -~- - - - - - - - - - ~- - - - - --- - -

0.4 - - - - ---- - - ~ -- - - - - - -- -f- ---- -----~- ---------~- ------- --

! :·~~~~.~~~.~ .. ~~k,~~4~'~ 
~ 0°1: : : : : : : : : : : ; : : : : : : : : : : ; : : : : : : : : : : ; : : : : : : : : : : j:::::::::: 

' ' ' ' 0.1 ----------r----------+----------1-------r-~---:-:~ 

0.05 ----------~----------i--------) ______ I:::~~~~~ : : : · 1--+-- MOTOR3 
0 

o!:----0;;-";.o::;-3 ---::o-'::.06:-----:-"o_o=-9--=o=c_ 12======"0.15 

Misaligiment(mm.) 

I I I SI JI 
ct QI ~ &!:f ./' f, QI QI tlQI a tlQI QI 

.fll't'ffl 4.2 fftl.Jt1J1W'Ylfl111Jfl Js ± r fflJ'W'Wlif1U1~tl~Wfl~'\Jfl.:.tlJfl!\9lfl1'Yl'I 3 \911 
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~ .cl ~ "Q.I Q.I ' Q.I .::k f111'Vl~HHl'I n.ht1m'Vlt1111::;t1::;wt1.:i1!fUt1mrn19111iY1'U'llt1.:J'IJ'U1~fftyty1w (/, / ls - /,) CJf.:Jf111 

iiJ~t1uuiJi'!.:iti'19111ri1u'IJu1~tY'qiqi1w~ (fs 1 fs - f,) nfi1t~:u~u~im\'tflt1.:inumn irn::;nfi1nu 

t iJ~ tl'Utt iJ '1.:J ivt:u~u tY':uwu n nu1::; ti::; tfit1.:iffu v~ t ~:u~u 'IJ t1.:i :um\91t1{\Pi1~11i1 .:i \Pi 1~ fft1.:itrn::; 1'1'1~ .. 
0 QI 0 I .d ~ o' .£9 1 Q.I 

ffl:IJl911:1J'11~1J \11flf111fl1'U1W~1J11 'Vll'::;t1::;tt1t1.:Jff'Utl 0.000 :IJ:IJ.f'l.:J 0.150 :IJ:IJ.fl1'\J'U1~fftl.ltl.11W'Utl.:J .. u u 

o'Q.I d & .d .d d J r/Q.1 d d ~ o'Q.I d 
:ut1tl9lf:lll911'Vl'tt'U .:i:um1ti1'1t1'Uttt1'1.:it~:u'Uu 0.093 :uml9lml911'Vl fftMt~:U'IJ'U 0.0791 trn::;:uml9lt1rn1'Vl 

mm~:u~u 0.1067 ~.:i:um191t1{1'1'1~11i1.:inul'i1~m:unm11iJ~t1uuiJ'1.:i1~:u~u~ini\'1flt1.:inuu~lli 
i jl .cl CV Q.I _.d, i ~ r/i I & QI .cl 1 d ~ 

fli'llfltl.:JfllJl911'Vlfftl.:J 'Ul'::;t1::;tt1t1.:Jff'Utll91.:JUl91 0.000 :IJ:IJ.f'l.:J 0.060 :IJ:IJ.'IJ'U1~fftl.ltl.11W:Ufl1f111!~:1J'IJ'U .. u u 
I JI I JI 1 I JI 

~i ni\'tfl tl.:Jfl'U ll .:J ffl:U \Pi 1 U~!]j t11::;~1J1Vf:l.:Jff'U vmni1 0.060 :IJ:IJ. fi 1tYtl.ltl.11W ~I Vl :u~ 'UUl9lfl~1.:Jfl'U .. u u 

i ~ o'd ='t o' O Q.I ,J i I di 
~::;'U'U 1::; t1::;tt1t1.:Jff'U tl'Vl!lJ'U!flW C\'1 i 'U f111 \11U 'Um::; ~lJttltl.:J\91.:JU\910.000 :IJ:IJ. f'l.:J0.060 :IJ:IJ . .. 

111t1 co % ~.:i 12 %) ~.:i'li't1:ui'!'Ut1.:i:um191t1{~~ 3 l'i1~n'Uu1~tY'UJUJ1wnfi1m11vt:u~u~ini\'iflt1~nu 
.. u u 

t!ff~.:Ji'U\91111.:J~ 4.6 

I 0 I I I 
I I I I I 

' ' ' ' 
-10 - - - - ~-- - - -~- - - --:- - - - -~ ~---1i9f9d8~-- -- -~ --- - -:- -- -- ~ ---- -10 -------+-------i--------i--------~•---l4J4J5dB---+ 

< ' I I I 0 I 0 I I 

t ' ' ' ' ' ' t ' 1 ' ' 

iii -20 ----i-----t-----:-----1---- ----~--- -t----+----j----
~ -30 ----~-----~----+-- -~---- '----~-----~-----:-----f----
~ : : : ' ' : : : : 
c% -40 ----r----r-----:-----r-- -r ---~-----r-----:.-----1----

! -50 ____ ; __ ... ·r~:~~-2_d!I_: ----~--- r~"?~-1T-~-+---

- -20 -------+-------i--------j------+------ ------+ 
CD I ' ' I 

~ -30 •------+-------~--------~--------~------- 1 -------~--
5 : : : : 
0 I I I I I I 

~ .. 0 -------T-------r-------r-------r------ T ------r-
! -50 --------:-------+-- -ts--t=-53ci'042~B--- -ls•r~ •s; 

-60 ' .! ________ : _______ _, __ 

' ' ' I I I O I I o I I 

-70 ----r----:-----!-----'.-----t----r---~-----:-----;----
~~~~~~~~~~~~~__J 

0 10 20 30 40 50 60 70 80 90 100 

' ' ' 
I ' ' ' I I 

-70 - - ---- - -:- - - - - - - -~-- - - - - --~- - - - -- --~ - - - - - - - -:- - - - ---- ~--
' ' ' ' ' ' I ! I I ! 
I I I t ' 

I ' I ' I 

-j!Oo::--------=2~0 --.~o --s~o --e~o--1~00--1~2o_J 
Frequency (Hz) Frequency (Hz) 
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d d d d 
'illflfll'W'Vl 4.3 munl9li'lJti1!:1~'Ufl~m~t1ff Ia 'Vlfl111Jti is - f, = -52.4342 dB 'V1 

' ' ' .e! ~ .i=I ' -1 'j) ~ 
fl111Jtl is= -14.9190 dB !!Cl~'Vlfl111Jtl is+ f, = -55.1777 dB ff1'Wfl';i~!!ff!!lJCl~'il1flfl';ifl1Jfll~fl~ 

mmvJff abc 11:l'Wmfl1JflHfl~ dqO munl9lfoti1~~m~1m Id ~fl11lJ~ 2is - f, = -53.7042 dB 

d d d d .J ... I Q.I o a.1 d 
'Vlfl111Jtiis= -14.1675 dB, !!Cl~'Vlfl111Jt12is + f, = -54.6502 dB cif~fft1Jfl\9l'rnfl1Cl~'\Jfl~fl111Jtl 

fftUfl\9li'lJti1!:1~m~umvJff Ia ~fl11lJ~!lt11J.u'1~ is - f, = -33.1176 dB fl11lJ~ is= -14.6742 dB 

!!Cl~fl11lJ~ is+ f, = -38.4512 dB ff1'Wfft\Jt\J1Wm~uff~llUCl~'il1flmfl1Jfl1~fl~fflmvJff abc 11:J'W 

mfl1Jfl1~fl~ dqO fftUfll9li'lJti1!:1~m~11ff1'Wu'W11lfl'W Id ~fl11lJ~ 2is - f, = -35.4091 dB~ 
d d d .J ... I Q,I o a.1 d 

fl111Jtl is= -13.9176 dB !!Cl~'Vlfl111Jtl 2is + f, = -39.4455 dB cif~ff!IJfl\9l'.ilJfl1Cl~'\Jfl~f111lJtl!!tl1J 

I I t I I 

I I ' I 1 
I > I < ! I ! ! I 

-10 - - --j-- ---~ ----~- ----~ •--ii-s742aA- ----~ ----~--- --~ ----
• 0 I I I I 0 I 

I ' I I I I I 

-20 -- -- ~- -- - -~- -- --:-- - - - ~--- - - - --+--- --:- ----~-- ---:- ----
I I 0 I l I I I 

~ -3o ----h·-•-\s:f1~6di--\---- : ----!-----\-----~---+---
~ : : : : : ~+t = :-38.54~2d8 : ! -40 ----1-----~- --!-----r--- -!- ___ ! _____ ! __ --1-----!-----
~ -50 ----;-----f- ' ' ' ' ' ' 
0 ' a.. ' 

' ' ' I I I I 

-70 - - --~---- -:- - - - ~- - - --;- - -- -:---- -:- - - - -:----- ~ ---- -;----
' I I I ! I I 
I I I I I I I 
I I I t I I I 

-80'---~~~-~~~-~~~~ 

0 10 20 30 40 50 60 70 80 90 100 

Frequency (Hz) 

' ' ' ' ' ' ' ' ' 
-10 - ----- --~ - - -- - ---:- - - - ---- ~- - - --- - --:2'5-"'-~tJ.9176dB _ - --:- -

I I I ' I 

' ' ' ' ' I l I I I 

-20 - - - -----~ - - - - - - - -:- --- - - - --:- - - - - --- ~- - - - - - - - - - - ----- ~ --- : : : aJ I I l 
't:J I j I I I 'E -30 - - - - - - --c- ----- --:- ---- ---c---- -___ ,_ ------- , --------~ --
s : : 2lf' "35.9401~8 : t =-3944~8 
~ ...w --------:...--------:--------~------ -~------- ~ -------~-a. 0 0 I I I I 

(JJ : : : : : 

.. -------- .. ·-------+--
' ' ' ' ' ' I ' I I 

I I I I I I 

-70 --------:---------:---------:---------)---------)--------+--
' I I I I 
I I I I 
I I I I 
I I I I 

40 60 80 

Frequency (Hz) 

I I I j/ 

m'Wn 4.4milnl9li'lJti1~~'\Jfl~ff'ww1w.m~11ff1'W 1~1lJ'W'Vll~fl11ll~fi'.i~flrnvfl~fl''W6 12% u u ~ 

I I ,, j/ 

4 d. Q.I 4 " t/Q.1 1 ~ 
!lJflf-lClfl1'.i'Vl~Clfl~'Vl'.i~~1J!f.lfl~iJ''Wtl'\Jfl~!!fl'W!'WCl1lJfll\9ltl'.i\9l~!l\9l 0 % ti~ 12 % 'Vl~Clfl~ 

t/ j/ I I 

~1'W1'W 5 fli'~~fl'.i~fl1J!Vfl~!J''W6 fl\9l'.i1ff1'W'\Jfl~ff!Ufl\9li'lJti1!:1~fifl11lJ~ (/,If, - /,) '\Jfl~fl'.i~!!ff 
I t/ I I 

Ia i'ifll!WlJ~'WU'.i~lJlW. 0.12 fl~\911'.il~fi 4.5 l!Cl~fl\9l'.i1ff1'W'\lfl~ff!Ufl\9li'lJfi1!:1'~'Ufl~fl'.i~!!ff Id fi 
' ' ,, ' 

f111lJ~ 2is 1(2is - J,) iifi11VilJ~'Wu'.i~mw. 0.12 1'lf'W1~t11n'W fl~\9l1'.i1~fi 4.6 
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B'vi11ii1u'UtHtntlnvi1't1il1~"m::mr Ia ~fl11ll~ (fs Ifs - fr) .. ti''" J v4 J 0% 2% 4% 6% 8% 10% 12% g 81ACUUV11::Vl'lUU8"tJUU 

1 0.284 0.294 0.319 0.370 0.364 0.403 0.419 

2 0.288 0.306 0.333 0.353 0.377 0.391 0.415 

" ' ... "" 'YlmHNfl'J '!'YI 3 0.291 0.308 0.313 0.345 0.376 0.404 0.402 

4 0.273 0.289 0.346 0.340 0.382 0.407 0.405 

5 0.285 0.312 0.330 0.346 0.369 0.410 0.418 

I d 
0.374 0.403 0.412 fll!'iH'W 0.284 0.302 0.328 0.351 

ovi11i:i1U'U8"tntlm11't1fi1~-:im::mr Id ~fl11ll~ 2fs /(2fs - f,.) 
.. ti''" J v4 J 0% 2% 4% 6% 8% 10% 12% g 81ACUUVl1::Vl'lUU8'1t]UU 

1 0.268 0.294 0.308 0.341 0.350 0.380 0.401 

2 0.266 0.293 0.302 0.321 0.353 0.369 0.381 

" ' ... "" 'YI \911:1 fl'! fl H'YI 3 0.262 0.285 0.303 0.334 0.360 0.395 0.381 

4 0.274 0.282 0.333 0.324 0.360 0.365 0.379 

5 0.264 0.289 0.302 0.337 0.348 0.379 0.387 

I d 
fll!lll:ltl 0.267 0.289 0.310 0.331 0.354 0.378 0.386 

Jtoj/ i d d cv<Vrl Q.IJ 
!lJfl'Ul'U fl\! 1:1m'i 'Yl\911:1 fl'! u ~ l'il'l'YI 4.5 m'Y'l l:lfl~ m1vJ 11ff\Pl'Ifl1111ffll'V'l'U1i'i ::\91 U!tlfl'I 

tJu6nm)m1ri1u'Ufl'lff1tln~~mhi:l-:i'Ufl-:im::1m Ia ~f11111~ (/,Ifs - fr) !!ff\91'1~-:im'V'I~ 4.5 (n) 

111:1:: u 1,j'fl111:1 m'i 'Yl\911:1fl-:iiu~1'J1-:i ~ 4.6 m'V'I~ fl~ffnvl 11ff\91-:ifl1111 ff'11~u £ 'i:: ~rnfifl-:iffu 6nu .. .. 
fl'~'i1ri1u'Ufl-:imtln~~11fi1i:l-:i'Ufl-:im::1m Id ~fl1111~ 21,,. 1(2fs - f,.) !!ff\91-:i~-:im'V'I~ 4.5 ('U) 
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o.5~-~-~-~--~-----, 

' ' 0.45 - - - - - - - - ~ - - - - - - - - - - - - - - ~ - - - - - - - - ~ - - - - - - - - -:- - - - - - - - - 0.45 - - - - - - --:----- -- ~ ---- -- --~---- -----~--------~--------

0.4 ________ [ _______ j ________ j _________ ~-----r'~:::~~;~: 
~ : : : : / ... ;,._-:_~, .. 
; 0.35 ________ , ____ ----~.-.~~::/~·::.::.~~:~:~: _ 1 _______ _ 

,, ·---- ' -·-· 'J ' ' ~ 0.3 ~~~~~~~~:-:=-~~~~----+-------,---------~::~-~~-
0.25 ________ ; ________ ~--------~---------~------ -·-3rd 

: : : ' * 4th 

---- 5th o.2L _ _;_ _ ___l_ _ __;_ __ _;____'==:::'.J : ---- 5th 
0 4 10 12 10 12 

percert misaligrmert (%) percert misaligrment (%) 

QIQlt/ I ~QI QJQ.lt/ I Jcv 
(fl) fl 11lJ fflJ'Vl'U n 1~1111n ~ tJ~ m·rn.ni.:i fl1J ( 'U) fl11lJfflJ'Vl'U 1i 1~ 1111.:i1 ~ tJ~ mrn.1t1'lfl1J 

fl\9111ff1'U'Ut1'lffli1fll9li'lln1ii.:i'Ut1'lm~uff I a fl'19111ri1'U'Ut1.:imiJfll9li'lln1ii.:i'Ut1'lm~t!ff Id 

~fl11lJ~ (ls I ls - /,) ~fl11lJ~ 2!, 1(2!, - /,) 

~ ~ 

fll'Wrl 4.5 fl11lJ fflJ~'U 11 'j~ '11 ll'l'J~ tl~fll'j !Vtl'ln1Jfl\91'j1ff1'U 'U tl'I m iJ fl\91 i' lJtllii' 'I 'U tl'lm~ u ff I a 

u'1~miJfll9li'lln1'1.:i"Ut1.:im~uff Id 

~ . 
'1'1~'1t1.:i1'Uu~'1~1~~rniit1.:i uff~.:i~.:im'VlYi 4.6 (fl) 

0.5·~---~-~--~--,--~ 

0.45 - - - - - - - -t---- ----~------- -+--------t- -- -----~- -- --- --
' ' ' ' ' ' ' 

I :: T _I--J:;:~:::: 
E : __ .... ---:_ • .q··· : : 

~ 0.3 -:::~::~~;:::~~~<-----:---------[- -------~--------
' ' ' 

0.25 ------- _; _ -- ---- - ~- - - ---- - -~- - - - - - __ ; _ --- - - - - ~- - - -----

' : : : -·- la FFT 
: : --0-- Id FFT 
' ' 
4 6 8 10 12 

percent misaligrment (%) 

1llflfll'j '1'1~'1tl'l1 'U ,r ti 4.1.2 'Vl1J lllJtl!\9lt1{..f .:i 3 \91' 1iifln I iJ~ tl'U u 11'1.:J'U'U l~ffUIUllW 
"" 

.d QI ~ ti dt '.d j}.ct QI ~ 0 31 .ct QI jld (ls I ls - f,.) '1'11~~1JWtl'li!J''Utl O %-12 % tlJt1m'l'l 1flmfltJ'lfl'U 11.:immrn'U1'Ut1lqj'1!Yltl'I 1 19111 'lftU'U 

j} "i QI i jl.d QI ~ "i ' ~ ~ 'JI rl Q.I .d ~ 
'UtllJ'1U'l'l'UlJtlt\9ltl'J'l'l'I 3 \911 ~'l'l'J~~1JWtl'lfl''UtJ lJ!fl'U 12% fll'J'l'l~'1tM!'1tlfl1'lflJtl!\9ltl'J\911'1'l'tt'U'I ~ ~ 

!!'1~i~ill1 fl 'jfl ti 'U l 'l'l 'J '1 m t11i 'U f11Hh'U1W '1'11'1 fl ill \91 fl'lff\91 { '11l'U'U1~ fftyty lW fl 'j ~ u ff Ua) ~ 
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(/,. / f,. - J,.)ihnrnJ~m.Jut1'1'11'VbJ~'U 0.1276 11'1~'lJ'U1~iY'tyty1run1~uffiu11u1unu (Id) ~ 
1 I SI I JI 

2fs /(2fs - f,.) iin111iJiitJuui1'1'1IVllJ~'U 0.1190 fll'!11m11iJ~t1u11iJ'1-:i'lJfl-:JiY'tyty1rul1-:imMiifi1 

'l n~1~ t1-:inuu "~iY"Vlu iin111~~11m11ri'B-:irru 6~1~" ~u ~ -:im'Vl~ 4.6 1rlml1,rfllJ'1iu1'1111-:i~ 4.5 .. .. 
d ' d 'l ' ~ rl gJ Cl rl QI ,: rl 

11'1~1'111 WYI 4.6 'lJ fl-:Jfllm" ti 'Ulll'l1 ~ tl~f111 Wfl-:Jff'U tllJ1ff11'1 fflJ f11111m 1~'111~~1J Wfl'1 ff'U ti .. .. 

$lo $1 'l d d I d 'l 1 ~ o' 'JI 
°l'll''Ul'lJfllJi'l 'Ul'l111'1'Yl 4.5 Ui'\~1'1111-:J'YI 4.6 'lJfl'1rl111HW 'Ulll'l1~tl~f111Wfl'1ff'Utlff1N .. .. 

v v 

fli'l nB1ii lJ 'l u m111ri 11~ 11' 1~~111Ufl'1ff'U 61 ~ t111im1ti~tiflm~-:i1 ~u 'Vll1 riru t! u1~um11<N;!111iJ1 .. . .. 
v • 

vff1~;!-:i11~fffl-:i;!1flflm~11ff'lmvJff A (IJ 1rn~m~1m'l u11u 111nu (Id) 1~flf111'Vlt11mwfi1'Ufl'1 
... <!I ... J o' ..,: "' 'l .J It) $1 "' o' J o' 

1'1111 iJrnllJflfl1~~1Jltlfl'1ff'U ti llff~-:Jl'VllJll'llJ 'Ufllfl H'U 1f1 fl CJ1'1 I~ fflJf11111fl11~'111~tl~Wfl'1fl''U ti .. .. . 
~'1fflJf111Vi (4.1) 

X = -0.1267+(0.2042)/a +(0.2574)/d (4.1) 

• • v 

1uflu 1ff:1Jm1Vi 4.1 'l ~n11tlJ1mriflu i Y11m'1B1'l un11Y1~'1fl-:iiiJ'iltl't11~~rnuB-:il!}'uv 
cld QI ~ o' d d 

'lJfl'1lJfl!l'lfl1 'Yl1~~1JWfl'1ff'Utl 0% - 12% lJH'1f111'Yl~'1fl'11'11lJl'l111'1'YI 4.7 .. 
• v v 

'il1ni::-1'1m1Y1~'1fl-:i1~11'111'il1'~Vi"ml'IB1iJn~ (1~~rnuB-:irru6 o %) Y1~'1B-:icif1~1u 1u .. 
JI JI I 9,/ 'JI 

5 fli''1 H'11~~1JIUfl'1ff'UVflU'lu'lf1-:i -0.1380 % a'1 0.517 % !UflU1H'1f111'Yl~'1fl'1l1'1 5 rii'-:i 111 .. .. 
I d $1 O 'l $1 "' o' "' J o'eJ. I $1 'l $1 ,J 

mm" t1 11'1111 ff ~-:i Hi'l 'il~ m 11H'1m111m1~111111~ ~1JWtM rrut111 mi 'Ul ni'\1 ~ tJ~'YI~ fffl1J mn'lJ'U .. 
'illm~~rnfiv-:irruvmn~ff~ 0.517 % '1~'1'1L~'W1~~rnfiv-:irru6 0.18 % ri1u 1 iJrnnrn1~w111'il1'~ .. . .. 

v • • 

1~~11m11uv-:irruv11ff~-:i 'l 'W 1~~11Vi 1 fltillml'lv1vu'l u ffm'VliJn~ 1m~-:i 'l 'Wfllri i::-i'W 1n n fll'VlVi n.2 .. .. 
v v v v 

H'1f111'Yl~'1fl'11~11'111'il1~1~~rnuv-:irru6 2 % Y1~'1ti-:icif1~1u1'U 5 rii'-:i mn~~rnuv-:i .. 
l!J''UVti~'lui1-:i 1.7660 % a-:i 4.0690 % 1rlvu1H'1f111'Yl~'1fl-:Ji-:i 5 rif-:i 111fi1m~t111~111ff~'1H'1'il~ 

0 'l gJ Cl r/ QI ~ t/d I 'JI 9J ~ QI el ti 
m 11H'1f11111m1~111111 ~~11 wv-:irru t111m1'lJ1 'l f1'11~tJ~'YI ~fffl1J mn'll'W 'illm~ ~u wv-:ifl''WtJmn .. .. 

• v v 

Vi"!~ 4.o69o % "~"-:i1~u1~~rnuv-:irru6 2.6920 % ri1'U 1iJrnmrn~1m1'il1'~1~~11m11uv-:irr'Wv .. .. 
'il~1m~-:i 'l u1~~11~ 1 flfllltimv1v~'l 'W m1rniJn~ 1rn~-:i 'l 'U.fllflH'W 1n n fll'Vl~ n.4 



,, .. 

J ~ QI QI .: d'd ..:9 
Pl11H't1 4.7 ~·li:lnl'j'Vl~Hltl'l!Hl\91'j'J';J1~'j~~'U!'-l~MFl''l.HJ'Vl 0 % tN 12 % ... 

.. 
I ... • fllfl11&£18"tJUU ... .., .., "" 1llflfl111YI fl1"'t1 

I 

fllfl11 
,, ... o! 1 2 3 

ma"tl'"" ,, 
<V I 

;:Jlflfl11Pl"fll 

'l!Yl't1Yl't'l8" 
% 'JJ'JJ. O/o ""· O/o ""· O/o 

0% (O.OOO'JJ'JJ.) 0.260 0.001 0.260 0.001 0.260 0.001 0.260 

2% (O.OlO'JJiJ.) 2.746 0.014 2.515 0.013 1.766 0.009 2.363 

4% (0.020iJiJ.) 5.228 0.026 5.446 0.027 5.297 0.026 3.767 

6% (0.030'JJ'JJ.) 6.659 0.030 6.590 0.030 6.511 0.030 6.091 

8% (0.040'JJiJ.) 7.729 0.039 7.194 0.036 8.166 0.041 8.252 

10% (O.OSOiJ'JJ.) 10.232 0.051 10.144 0.051 9.085 0.045 9.582 

12% (0.060iJ'JJ.) 12.470 0.062 12.282 0.061 12.421 0.062 11.235 

4 5 

""· O/o ""· 
0.001 0.260 0.001 

0.012 4.069 0.020 

0.019 3.859 0.019 

0.030 5.733 0.029 

0.041 7.718 0.039 

0.048 9.016 0.045 

0.056 10.571 0.053 

cl 
Hum 

im. 
% 

0.180 0.001 

2.692 0.013 

4.719 0.024 

6.317 0.032 

7.812 0.039 

9.612 0.048 

11.796 0.059 

. . . . 

.., Jt o! 
1::Yl1.HU8"tJUU 

(;:Jlflfl11lYI) 

'j~IPi11 1 iJn~ 

'j~IPi11 1 iJn~ 

'j~IPi1J 1 iJn~ 

'j~IPi11 2 111,1H~iJn~ . 
'j~IPi11 2 111,1H~iJn~ 

'j~IPi11 2 111,1H~iJn~ 
., 'j) 'j) <!! 

'j::~1J 3 \91tl'l!!';J'l!\91tl'U 

0\ 
0 
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Q,I Q,IJ ti :o i QIJ ti 
H"1fll':i'YJ~(lfl.:Jm1'il1~':i::~UWtl'lfl'l.1£1 4 % 'YJ~(lfl.:JC)11'illl.11l.I 5 m.:i Hm::~UWtl'lfl'l.1£1 

"' "' 
I 'JI 'JI I 

ml'lmh.:i 3.7670 % o.:i 5.4460 % djm.J1H"1fll':i'Yl~"1t1.:il1'.:i 5 fli'.:i 'ttlfllm~a u~1uff~.:iHm1dh 
"' 

'l 
'J) C\ rl Q.I ~ rid I 'J) 'l 'J) ,J QJ ~ rl d 

'tt H"1fll':i1im 1::'tt 'tt n ::~ uwti .:i fl'l.I tJlJ fl 1i 'U 1 f1"1 ':i:: a::'Yl ~ miu lJ 1n'U u 'il 1 n ':i ::~ u w ti .:i fl'l.I t.11.l 1n 'YI ff~ 
"' "' . 

~ Q.IJ ti I ~ CL1 Q.I J ti 
5.4460 % (1~(1.:JtulJ':i::~UWtl'lfl'l.1£1 3.7670 % ff1l.I hhummH1\9l':i1'il1~':i::~Ufll':iWtl'lfl'l.ltJ'il:: 

"' "' 
uff~.:i'lu':i::~u~ 1 ;itilJtl!\9lti{ml'luffflTVnJn~ irn~.:i'lumflHl.11f1 nm~~ n.6 

"' 
H"1fll':i'Yl~"1t1.:Jt~1\9l':i'l'ill~':i::~rnt't1.:iffuu 6 % 'illn H"1fll':i'Yl ~"1ti.:i 'Yl~"1ti.:J~':i::~rnt'ti.:i 

"' 
" 'J/ ,, ' 

fl'l.IU 6% 'Yl~"1t1.:ici11~1u1u 5 fli'.:i Hm::~rnvt1.:iffuut1v'lu'lf1.:i 5.7330 % o.:i 6.6590 % tijt1iJ1H"1 
"' "' "' 

i i I .d 'J) O 'l 'J) ~ rl Q.I J r/e:;t I 'J) 
fll':i'Yl~"1tN'Yl'I 5 fl H 'ttlfl mm £1 U"11U ff~.:) H"1 'il::'Yl1 'tt H"1fll':i1tm l::'tt'tt l':i:: ~U!tltl'lfl'l.I tllJfllt 'Ul 

"' 
'J) i, J Q,IJ rl d d Q,IJ ti 

'l nm::t.1::\9l'lfll'Yl~fftJUlJlf1'UlJ 'illm::~UWtl'lfl'l.1£11Jlf1'Ylff~ 6.6590 % (1~(1.:Jttll.I ':i::~UWtl'lfl'l.I £1 
"' . "' 

" ' 
5.7330 % ri1u hhumm~1\9l':i1'ill~':i::~um':itvti.:iffuu'il::trn~.:i 'l u ':i::~uYi 2 ;itilJtit\9ltif tiv'l u 

"' "' 

~ d Q,I J rl 'JI " " 

H"1fll':i'Yl~"1t1.:iti;.i1m1'il'Yl':i::~uwv.:iffut.1 8 % 'Yl~"1ti.:ici11~1u1u 5 fli'.:i Hm::~rniiv.:i 
"' 

' 'JI ,, ' 

ffuuvv'lu'lh.:i 7.1940 % o.:i 8.2520 % iijviJ1H"1fll':i'Yl~"1t1.:iTI'.:i 5 fli'.:i 'ttlfl1miia u~1uff~'IH"1'il~ 
"' "' 
0 ,, ~ ti Q,I J rid ' 'J) 'J) J Q,I J ti 
m 'l 'tt H"1fll':i 1im 1:: 'tt 'tt n::~u wv.:iffl.ltJlJfllt'U 1 'l f1"1':i::t.1:: 'Yl~ffvumn'Ul.I 'illm:: ~u wv.:iffuamn 

"' "' 
~ff~ 8.2520 % "1~"1.:iirlu':i::~rnt'ti.:iffuu 7.8120 % ri1u hJrnnrni~1m1'ili~':i::~um':itt'v.:iffuu . "' "' 

I 'J/ 'JI 'J/ J/ 

H"1fll':i'Yl~"1t1.:it~1\9l':i1'il1~l1':i::~rnvti.:ifl'l.IU 10 % 'Yl~"1ti.:ici11~1u1u 5 fli'.:i Hm::l'lrniiv.:i 
"' 

I 'J/ " 1 

ffuuvv'lu'lf1.:i 9.0160 % o.:il0.2320 % iijviJ1H"1fll':i'Yl~"1ti.:iTI'.:i 5 fli'.:i 'ttlfl1miit1 u~1uff~.:JH"1'il:: 
"' "' 

O 'J) C\ r/ Q.I ,: t/d, I 'J) 'J) J QI J ,/ 
m 'l 'tt H"1fll':i 1im1:: 'tt 'tt l':i ::~UWtl'lfl'l.I tllJfll!'U 1 'l f1"1 ':i:: t1::'YJ~fftJUlJ1f1'UlJ 'illm:: ~U!tltl'lfl'l.ltllJ1f1 

"' "' 
~ff~ 10.2320 % "1~"1.:iti'.lu':i::~rnt'v.:iffuu 9.6120%ri1u111rnml.lt~1\9l':i1'ill~':i::~um':itt'ti.:iffuu . "' "' 

'il::uff~.:i'lu':i::~u~ 2 ;ivlJm\9lv{vviuffm~i~miYt1 uff~.:iiumf!Hu1n nm~~ n.12 
"' 'J/ 'J/ 'J/ ,, 

H"1fll':i'Yl~"1v.:ii~1\9l':i1'ili~':i::~rniit1.:iffuu 12 % 'Yl~"1v.:ici11~1u1u 5 fli'.:i H"1':i::~rniiv.:i 
"' 

f!l.1Uti~'lu'lf1.:i 10.5710 % 0'112.4700 % irttitJ1H"1fll':i'Yl~"1ti'IJ.:i 5 flf.:i 'ttlfllm~tl U~1Uff~'IH"1'il:: 
0 'l 'J) C\ ,/ QI J rid I 'J) j} J Q.I J ,/ 

'Vil 'tt H"1f11':i1!fl':il::'tt'tt l':i ::~UWtl'lfl'l.lt.llJfll!'Ul 'l f1"1 ':i:: tJ::'Yl~ fftJUlJ 1f1'Ul.I 'il 1f1':i::~UWtl'lfl'l.1£11Jlf1 
"' "' 

' " " Yi~~ 12.4100 % "1~"1.:iirlu':i::~rniiv.:itruu 11.7960 % ri1u 111rnmlJt~1\9l':i1'ili~':i::~um':iivv.:i 
o' 'l "' d <!I o' ''l 'JI 'JI <!I 'l d 

t]'l.lt.l'il::trn~.:i l.l':i::~U'Yl 3 fltllJtl!\9ltl':itl~ l.l\9ltl'IU'il'l!\9ltll.I tiff~.:) l.lfllflHl.11f1 f1 fll~'YJ n.14 

C\ ti ~ Q,I Q,I J rl ! ' Q,I J 
fll':i 1im1::mrnnn'Yl~"1ti.:JtHl\9l':i 1'111~':i::~uwv.:iffut.1 'illf1'Yl~ "1ti.:i 5 flH\9lti':i::~uwv.:i 

"' 
t]'l.IU iJ 1H"1fll':i\9ln'il1~fi1u 1ru 'ttlfllm ~mvlvuvmi'.lu ':i::~rnt'v.:itruu i uflf .:i~ 6 1'11 'l M'~fll 
'ln~ifia.:inufl1'Yl~ffvumn~u im::l'11'l11'"1~fl1~~~m~ 'illf1\9l':i 1'il1m::~ rnt'ti.:iffu U"1~"1.:i ~.:iu ff~.:i 

"' 
'll.l\9ll':i1'1~ 4.8 
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' .:i ' .... .. • flll1HUJ fll~Yl't'UllYI 
"' ... 

1~Yl'lHf.IB.:itJ1.U.1 .. " • "' ... • "' ... 
1~Yl'lHf.IB.:it)'lltl 

(%) 
1~Yl'lHf.IB.:itJ'lltl c.v. 

(%) (%) 

0 0.1800 0.1800 1.4137 

2 2.6920 0.6920 0.3161 

4 4.7190 0.7190 0.1763 

6 6.3170 0.3170 0.0624 

8 7.8120 0.1880 0.0542 

10 9.6120 0.3880 0.0593 

12 11.7960 0.2040 0.0721 

JI I JI I JI 

'il 1n i:-ici m n1 ~ ci fl~ i u ~ 11-.11 ~tru Vi\9111'il 1~ '.i ~~'LI !Vfl~ rtu 61 ~vi ~flci n fl~Yi11Viff~1~~ u .. 
J/ J/ I I I JI 

u-a'1V11m1'Vl~Clfl~cif1 5 Ai' ~'illf1,j1fl11ci i1-.1191111~Vi 4.8 djfl'Vl~Clfl~\91'.i1'il1~Vi1~~rnvfl~f1WJ 0% nfi1 .. .. 
" ' " " " " tl'mh~iY'VliiH'umhmnViff~~fl 1.4137 i1-.11~~rnvfl~rt1-.16mn~mi~ul'i 6 %- 12 % fi1tl'11u1~iY'Vl1i . .. 

HU!! u '.i Cl~ Cl~ nfi 1 i n-a'1 ~ v~nu 1rl fl~ 'ill '.i w 1fi lfl11ll H~vrn 1~ 'illf1fi 1m ~£I'll fl~ f11 '.i 'Vl~ Cl fl~f11'.i\91'.i1'il1~ 

,, 
4.5.1 u ff~~1~~rnvfl~rt1-.16n11ihmn1-.1 iJciil1111911 .. 

., ,l "'?! o'd "' 
4.5.2 !!ff~~'.i~~'UWfl~tJ'Utu1JU!Ufl'.i!911-.l\91 

4.5.3 1w~11-.1ffm'Vi'llfl~llm\9lfl{i1mii1-.11~~'Ui~ .. 
I o' 0 I .i:!f O 

4.5.4 '.il£J~11-.111llfl!\9lfl'.i'Vll~l1-.lflt1'11'.ifl'11£J~'Vll~l1-.I .. . ,, 
., ~ ., a !"bl~, .I 

4.5.5 fflll1Hl'U1-.l'Vlf1i:-!Cl'llfl~'.iW~11-.li:-!Cl'.i~~'UWfl~f11-.IV I~ 1-.1'.iu!!'U'U'llfl~ Text File .. .. 



' .:t 
1.J'tl'tl 5 

iqtJf.num~~amiAau iA~ 

" " '11fHl'U1~ t1-U ~1 ~ti i~Vi lf1l'jflf1EJ11~ tl'J ~ 1J1J t~l \9l'j 1'111P1 'j ~ fl1J !UtM fl''U V:l.J tH\91 U{ .. .. 
mdt11tl1u1Jrn1m'11.:i11P1t1ii.:ittl'tJii'!:1.J lfl'JflU'U l 'Vl'Jmirn1t1'.ltJl9i11h~:1.J1rtHrt'\Ju.:i'J~1J1J i ~t'VlflUfl • 

"" o' "i l .c:. d ll]VQ.I ef f11'J1tfl'Jl~'tt '11nm~ufffft1'1t\9lfl'J 'U 1P1t:l.J'Ut'lf .:Jf111:1.Jt1ffl:l.Jl'Jt1ff'JU t1P11P1.:J'U • 
i 

~111 <;' <;' o' di ~, "" ... ... ... o' 
ffl:l.Jl'Jtl 'lf t:l.J tfl'JflU'U rnrntrtU'J'VI 'lf 'U.:Jl'U1'1tl 'ttlfl11:1.Jff:l.J'W'U1i'\JU.:J'\J'Ul\P1'\JU.:J 

t I 'J/ J/ I JI 
Q.I d. d. 'j/ Q.I QI .c!I ti I QI .oi:!I o'd. & O G) 3) 

ff\lJ\1jlWf1'J~Uff'Vlfl11:1.Jt1Utl1J'\Jl.:J f, ± f, f11J'J~\P11JWU.:Jl:J''Utl 'W1J11 'J~\P11JWU.:il:J''Utl'Vl:l.Jlf1'\J'U'Vll t'tt 
I I 'J/ I 'JI 

'\J'Ul\P1fl\9l'Jlri1'U'\JU.:Jfft1jt1J1Wfl11:1.J~ Is/(!, - f,) ihiitVi:1.J;i'U-viini\'tflt1.:Jn'Ui'U'lh.:i'J~fl1JtUU.:Jl:J''UV 
JI 'J/ I I I 

o % ii.:i 12 % '\JU.:J:l.Jut\9lu{..1.:i 3 \Pi1 ri1'U'J~f!rnuu.:ifl''Wv-vimnn-h 12 % ihii-viiiiuii'Wu'U iiiu.:i'11n .. 
1m.:iff!H'Ut1.:i:1.Jut\9lu{iu.:iij'\J'U11?1 i 'ttru n1 i -tt'iiiff1mrn'Vl1P1rtu.:i'J ~flrnfiu.:ifl''UV~tvi1n'U i~ i 'U 

u .. 

.:Jl'U 1~t1;.:iff1:1.J1'Jt1 i ~,rm.irt~1.:iv.:i i 'U mrn'J1'1fffl1J'J~flrnfiu.:il:J''UV~ iiitn'U 12 % 
' ' 

'ttl~l'\JU.:Jfft1jt1J1Wf1'J~Uff 1
0 

-vifl11:1.J~Utl1J,rl.:J /, /(/, - f,) Urt~~lfft1Jt1J1Wf1'J~Uff 
d .d 9) .d Q.I Q.I t/Q.1 Q.I ,: o' I I Q.I 

Id 'Vlfl11:1.Jt1Utl1J'\JH 2/, /(2/, - f,) 'Vlfl11:1.Jff:l.J'W'U1if11J'j~IP)1JWU.:Jl:J''Utl 'W1J1lfll'\JU.:Jfft1jt1J1W 

i d I ~ ~ -' .da.I ?I .C:. rj/ .d Q.I l o' I I 

m~Uff'Vl.:JffU.:J:l.Jfllt'W:l.J'\J'UlJ'J~:l.JlW 0.12 :1.Jrtf1EJW~tu'Ut'lf.:Jtff'U'Vl'J~\P11JWU.:Jfl''Utl 0 %-12 % U\9lfll .. 
' " " 

t1 :l.J ~ 'U '\Ju .:i ffillill lW -.1.:i ffU .:i iii rvi lfl'U ffl:l.J 1'J (l tl 1,r U:l.J{l'\J u .:i ff ill ill 1 w vl .:i ff U .:i m11:1.J fl'U ff! 1.:J 
u u c:u u u 

" < 

fl'rtnu1Yi:1.Jl'1'J1'1i1P1'J~~rnau.:iff'UVi~~1t11n MRA ijtY':l.JU'J ~il'Vlnm'Jl9i'IP1il'W i '1 ff .:iii.:i o.9928 .. .. 
QI QI l o' .c:..i::::.. Q,/ Q,I .c:. .c:. o' j)QI ~& 

i 'U f11'j \9l'j 1'11\P1'J ~\P11JWU.:Jfl''U ti Urt~ 1'U '1~W'J ~\P11Jfl 11:1.J H\P1U f1\91:1.J Ut\91U'J 1 \P) ti i 'lfu {If) m 'VI :l.J .. 
.d CJ} ~ I Q,I CL1 l tlo i I Q.I ,: o' .d Q.I ,: ti 

'Vlff'Jl.:J'\J'U 'W1J1lf1l'J\9l'J1'11\P1'J~\P11Jf11'JWU.:Ji:J''Utl'11'U1'U 5 flH\91U'J~\P11JWU.:Jl:J''Utl 'Vl'J~\P11JWU.:J~'Utl 

" < " 
\Pi.:iul'i o %- 4 % '1~ij~1f111:1.Jff:1.JU'J~il'Vlnfl11:1.J~'Uuurnrt~~1~1P1'Wrt11P1mnni1i'U'J~f!rn~u.:i~'Wv 

'JI I I 9/ 

\Pi.:iul'i 6 %- 12 % ul'id'.iutl1Hrtf11'J'Vl1P1rtu.:imm~1m~t1 Vi1i-tt'r:-1rtm'J\9l'J1'1l\P1'J~flrnuu.:ifl''UVijfl11:1.J .. 
.c:. I Q.I QI A o'll]V ~ 
H\P1'W1;'11\P1rt\P1rt.:J ff1'U 'J~1J1J'Jltl.:Jl'UHrtf1l'J\9l'J1'11\P1'J~\P11Jf1l'J WU.:Jfl''Utl t 'J fflt1U1J1Jt11;'11'1 'J .:J'1~ 'Jltl.:Jl'U .. 

.. &"" d _, 111~0.d 
Hrt'Y.]WJnm 3 .33 'U l'VI 9f .:Jtu'Ut1rtl'Vl'J~1J1Jffl:l.Jl'j(l1J'j~:l.J1{1 Hrt t\P1! 'J1'Vl"!IP1 'j~ 1J1Jffl:l.Jl'JtlU ff\P1.:JHrt 

QI l tld. I ='t .C:. .Cl. Q.I l ti ?I ti d ti QI 

f11'J fl'J 1 '11\P1'J~ ti~ WU.:Jfl''U tl:l.J'tt'U 1tltlJ'U :l.Jrtm:l.Jfl'J U ff\P1.:J'J ~\P11J WU.:Jfl''UtltlJ'UtUU'J t9f'U \91 'J~\P11Jfl11:1.J .. .. 
'J'U u 'J .:J'\JU.:Jf1l'J ifiu.:iff'UVU di 'U 'J~fl1J i1P1 :1.JUt\9lu{Vi1.:i1'U ua'tt1u'tt t11P1Vi1.:i l'U urt ~ffl:l.Jl'J t1 u'U Vin Hrt 
q cu cu cu q 

" '\JU.:J'Jltl.:Jl'UHrt'J~~rnau.:ifl''U6i~i'U'JUU1J1J'\JU.:J Text File .. .. 
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v v 

~ .:i U 'W '11m l'W 111t1m11tm 1:: 11fl11lJ H~ iJ n~1'tn:m.J flt~ ti{ '11nm1 tVfl.:J fl''W 6 ~ 1t1m1 .. 
oC\ ,/ Q.I ,/ oC\ .... t .c:t. ~ j) I d 
1tfl '.i 1::'tt '11nff ruumu m:: u ff ff!~ t~ fl '.i mm '.i ti~ '.i 1~fffl1Jfl11 lJ H~IJ n~'U fl .:i lJ flt~ fl 1 t ~fl rn .:i 11~ t 11 ., ., 

1~t11li~fl.:J'tt t1~m1v'i1.:i1'W'Ufl.:Jtfltfl.:i1lm v'i1 i M'mm1t111.:iuH'Wm11.J11 .:ii' nll11Jflt~fl1t~'W 1 iJmh.:i • • 

v 

~11~1~fl11lJH~iJn~'Ufl.:JlJut~fl1~1nm1tvfl.:ifl''WVL~~ .. 

5.2.1 tltlfUt1.J'lJ'lfVl~1l;'llVltftlltu1Wm::uiJ (Current Sensor) q ., ., 

L~flflntt1J1Jff~1.:i'lf~~11~1'~ff'ruru1tu m::uff~1'W1'W 3 'lf~ iJ1::nfl1J 1 iJ~1t11.:i~1 
q u u q 

Q.I Q.I ti Q.I Q.I Q.I .d, O I .d 
m 1~1~ ffruru 1 tum:: u ff mm~ m 1.:i ~'.i tJ m:: ~1J m .:i ~ 'W ffturu 1wu ri:: 1.:i ~ '.i m fl.:J fl 11lJ ti~ 1 Hl'W 'Vl u u u u 

fl11lJ~ 500 Hz rifl'W~~::~m,r1n1JtlJ 1mflfl'W 1'Vl1rimfl{ 

" Q.I ~.di: 5.2.2 nvit'lo-:mt'l::oomtm.JiJ1HOtlfltl1'tlti 

" ., ., ,l o'& ?f I do°' '!!ii 'I •""°''JI 'JI 
i 'W mrn11~1~1::~1JWfl.:Jfl''Wt1 'lM!lJ'W ffl'W 'Vlfflfltu i 'lfnm i u m1m1~t1flfl'W 'Ul.:J .. ., 

'j/ I r 'JI 

mn 'Vl~rifl.:i 'VI 11::~rnvti.:ifl''W6Yi fflJ~'W Ti' n1J ff'ruru1w m:: u ff ff mt~ fl{.YH'.i~ iJ n~'U fl .:i lJ flt~ ti 1-n.:i 3 ~ 1 .. ., ., 
'J} lit .. 'J} "'" 'JI'! !ii ., "".di ... ., ., ,l ~1tJ tlJ 1mflfl'W 1'V11mrifl'.i trn::'Vl~rlfl.:J'ttl'UfllJrl'Vl i'lf i'Wf11'.iff'.il.:Jflrlf1fl'.i'VllJt'Vrn~11~1~1::~1JWfl.:J .. 

~1.:i m1ri.:i-i'1J,rfll.Jrl~::i'* XBEE mlJm~'.i!l'W ZigBEE/IEEE 802.15.4 Vl'Wfl11lJ~ 2.4 GHz 

fflm'.i tii' mm:: ri ,:i,rfll.Jrl~lt1fl11rn ~ 1 9600 bps m1 fll'tt'W ~ i iJu 1J1Jf11'.i i' 1J-ri ,:i,rfll.JrlU 1J1Jff~ 1{ 

vu.Ji G 
5.2.4 tltlflUtJ'lJ 11huo1t1UiJVl'IN't'l~1l;'llVl1::Vlmt10'1tJUtl 

?I I .d Q.I ,: t/.J .d oC\ ti 
t lJ 'W ff 1 'W 'V1 t t ff~ .:J H '1'Ufl.:Jf11'.i'.i1tJ.:J1'W'.i::~1J W fl .:J fl''W tJ 9f .:J ~:: t t ff~ .:J H '1'V1flfllJ'V'l1 t ~fl '.i .. 

31 0 yd~ oC\ oC\ ti ~ d'.J.d,1 d 
~1tl 1 iJ1 unrn Lab VIEW 'V11'tt'Wl'VltH1~'.i1~f11'.iH~iJn~'Ufl.:JlJflt~fl'.i ~1f1f11'.iWfl.:Ji!J''Wtl G)f .:jlJ ffl'W 'Vl ~:: 

v v 

Uff~.:JHrl~.:JUtrn:::v'WVinHrl'Ufl.:Jf11'.i'.iW.:J1'W'.i::~rnvti.:ifl''WV'l'W'.ii1U1J1J'Ufl.:J Text File .. .. 

5.3 UflJ't'iltm::.Uo1iJUOUU:: ., 
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1
j/ .d1 j/ "" I j/ ,k'] •=><v']j/ 

5.3.2 fll':i 'lffllllJtH'!lJ'Utl'J.!'1 (Sampling Rate) 4096 Hz 11J'Wtlt11-:l'Wtltl CJf-:1 !'W-:ll'W11ltl !'lf 

.d. I 'J) 'j) d 4:f. .di 'J) O Q.J 0 I O 'j) Q.J 

fl 11lJ t1 fflJ 'UtllJ'i:'l'W titl'Vl ff fl ft ti 1024 Hz ! 'W ti-:! 1l 1f1'Ut11llf1fl 'U ti-:! 1ll'W l'W '11'W1t11l 1'U tllJ'i:'l'Utl-:1 \911 
q qJ q qJ 

LlJ 1mftt1'U1 'Vl':i'1rnt1{1t1-:i 

5.3.3 ,rtl~ltif!'Utl-:l!'VlffUft FFT 1'Wmrnili;i-:i lfl!lJ'W!dill!~'U lfl!lJ'WfilllJ~~~tl-:!l~ 

~l'W l'W ,rt1lJ'1lJ1Vi111':itu 11 ~m11mrn1mui;i~m':i~1 L 'l1'1'Ut1-:iff1ilnl'li'lJ .. 

'lj/ 1 j/ -1"'"'"' <ii ·1j/ "' I j/ -1 
!!'1~ !'lf-:ll'W 'W'l1tl-:IIJ{J1J\91f11':i 11-:l'Vll '11':i~tl~'V11-:lf11':i':i1J-ff-:J'Utl'J.!'1IJ':i~lJ1W 300 !lJ\91'.i 

" . . 
5 .3 .5 ,r ti~ 1tif!'U tl-:l<Jtfl'Vlfl '1t1-:ii1-r11m':i1~t1-:itr'W V'1:fit11 ~'Vlfl'i:'l ti-:! n1JlJ tl!\91 t11'Vi'U 'W lfl~nfl 

.a Q.J ,: t/ I \I) I Q.J e: "1 'j),d I 0 \I) 'j) 

7 .5 kW !lJt1iJ':i1J':i~tl~!tltl-:lfl''WtllJlf1f111 12 % tlJffllJ1':it1iJ':i1J':i~tl~!tlt1-:Jff'Wt1 '11lJfi11lJUlJ'Wt11 !fl .. .. 



.nitu·nnn 



.fllfl~'U1fl fl 

fH1 fll 'l 'YI ~urn~ 
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~ ~ ~ J4. t! 4.4. Q..I Q..I 4 t! 1'll' !'JJ ! fl1fHl'l.A ! 'Yl1iUtl811!fl11:::'t'll&tl:::1U;J'ilf.11:::~1Jfl111£1B·~HJUt.1 
~ ~ 

i t.Jfllfl Ht..! 1fl fl i u ri1t..1 ii 'il:::u ff~.:i Hrlfll'J 11m1:::1"1rn::: iiJ 'illl l'.l'J:::~rnfjti.:i eyu6 ffllll'J t1 

I JI JI 'JI JI 

t~\.JH'1fi1m ~l'.J'Utl'IH'1fll'J'Yl~'1t1'1Vl'I 5 fli' .:i~m:::l'.J:::tfjtl'lff\.J 6 iiH'1fll'J'V1~'1tl'l~'IU .. 

fll'j'Yl~'1tl'l\9l'J1'ili~'J:::~1Jfll'j 1fit1.:ifft..16~'il~\9l'j'J'ili~ l~l'.J H' LED H'1fll'J'V1~'1tl'I 
.. q 

~ . . 
'J:::~1Jfll'Jtfjt1.:irru6tidit..1'l':::~11-Yi 1 :1Jt11\9ltif tidiumnvnJfl~ ~.:im'V'l-Yi fl. I .. .. .. 

Monitoring System for D1agnos1s of the Induction Motor Shaft M1sal1gnment 
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I 9' 9' I 

'.ct QJ QJ.4 G !'I vet 
n.2 r11mt1t111Mvi11111vi1~vimmHtj'Ut1 2 % mrn-uuu r11~r1 6 

., ' 
fll'il1~~t1.:Jl'l'i11ll~'i~~Ufll'HVt1.:Jfl'l.!Vfi11~\Pl'i111i~ 1~tii°* LED H~fll'il1~~ti.:i .. . 

., ' ' 

'i~~um'i1ut1.:ifl'1...1vt1tii1...1'i~~ufi 1 :wml'ltifatiiw.YflTVfLifl~ ~.:im't'lfi n.3 .. .. .. 

"' .. - .• 
Monitoring System for D1agnos1s of the Induction Motor Shaft M1sal1gnment 
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J W 'V I 

' e::t. Q.I v 4 c !'I u .c:t 
tl.3 fllHUUJ'U6.:19111il1'11::'1mUa.:i 4 % tJUUIUJ'1.:JllJU flH'fl 6 

" . 
fll':imH'lfl.:1191':i1'ili'~'j::~1Jf11'Htifl\lrYt.!Vn'il~m"HJ1~ 1~£Ji6* LED i:-H'lfll'j'VJ~'1fl\I .. . 

" . . 
':i::~unn1at1\lrY'uvt1vl u 'j~~u-Yi 1 11ml91t11tivl m1m't'ltln~ ~\lml'lli n .s .. .. .. 

f I ' j/ 1 

.mTin n.6i:-m1tlrnmm~1\91':i1'ili'~m~tJli'j~~um11at1\lrYt.1vm~tJ 4 % .. 
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I W Y I 
, .ct u u 4 t! !'I v .ct. 

n.4 fll!iliUJ'll~l~vi11'i11~1:::~numNtJim 6 % mrn-31uu fl1'3'YI 6 
,, . 

fll'.i'Vl~HHFl\91'.i11l1~'.i:::~'im1'.i!VeJ.:Jfl"UVVi1l~\9t'j'HJ1~ 1~vi'* LED r-H'lfll'.i'Vl~i'lel.:J " . 
J/ I ' I 

'.i:::IPl'Um'.i 1vei.:irru6eitii u '.i:::IP!'UVi 2 llm\91eif eitii u '.i:::IPl'UVi1~1\9t'.i111 IPl.:im~Vi n. 1 
" " " 

31<; ~ ... ... .: " ., ... d " ''l 
i "ll' n_h Ufl'.ill!H1\91'.i11l1~'.i:::~'Ufll'.i Wtl.:Jfl''Utl1l:::Uff~.:Jtltl 'U '.i:::~'U'Vl 2 lltl!\91tl'.itltl 'U 

" " " 
ffm~'.i:::IP!'U~t~l\91'.i11l ~.:im~~ n.8 

Monitoring System for D1agnos1s of the Induction Motor Shaft M1sal1gnment 
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I W ¥ I 

' .c::l v QJ 4 J !'I v.:t n.s tllit:nm'Uo.:ivin;il~1~~muo.:iflim 8 % mrn·:n-uu tlH't1 6 ... 
,, ' 

f11'.i'Yl~H'ltl~\Pl'.i1'ill~'.i~~1Jf)THV~Nff'UVn'il~\Pl'.i1'ill~ lm.1 i '*LED ~Hlfn'.i'Yl~Cltl~ 
.. q 

,, 1 ' ' 

'j~~tJm'.i1vt1~ffu6t1viu'.i~~tJYi 2 lJt111P1t11t1viu'.i~~tJYi1~11P1'.i1'il ~~tnwYi n .9 .. .. .. 

" 
Monitoring System for D1agnos1s of the Induction Motor Shaft Misalignment 

I I f j/ f 

m't't-fl n.10r-rn11.humlJ1~11P1'.i1'il1'~m~t1n'.i~~tJm'.i1vt1~ffuvm~t1 s % .. 
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' .c:i QJ Q.I Ji .! ~· " J 0.6 ftlA'iH1f.111B.:jgJ'l1;'11Vl'l:::Vl1Jlf.IB.:jtjUf.l 10 % AUJVl.:j!UU fl-i.:j'fl 6 
,, ' 

fll'j'VJ~Clfl.:J\Pl'i11ll~'i:::~'Ufll'HVfl.:Jfl"WVYi11~m111i~ 1~vi4* LED HC!fll'i'Yl~Clfl.:J ., . 
'JI I I I 

1:::~um11tiei.:iffuveitihn:::~un 2 llm1P1ei{eitiiu1:::~un1~11P11111 ~.:iflTV'ln n.11 ., ., ., 
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r w w r 
1 cl v v 4 r! ='I ve:& 

fl.7 fll&UtUJ'UtHVl".ilillPi".i:::PimtiB'lff't.m 12 % mrn-:iiuu fl".i'l'fl 6 .. ,, . 
fll'j'VJ~Hlfl'119l'n'il1'fl'j:::~1Jfll'HVfl'lff'UaVi'il'flm 'Hli'fl lm.1, '*LED ~'1fll'j'VJ'fl'1fl'I "' . 

';i:::~1Jfll'j!fifl'lfl''Uaf1Vhn:::~1J~ 3 lJfl!l'lfl{flvi mY.fll'l•n:::~1Jl'i'fl'I!! ~'l!~fl'U~'lfll'V'l~ fl.13 
"' "' "' 

I I I JI I 

mnn n.13 ~'1m';i1~1\9l';i1'ili'flm~t1Vi'j:::~1Jm'j1ilfl-:ieyu6m~t1 12 % 



.fllflfl'U1fl 'U 

fll'Uft~eJ1111e>i!nlu11e>Ag)elfiW~lA'ttritnii1 
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v • 

m'.i in~ g1{11v-Um.;;f ~'.i~t1~1fi~;iu 'il1n'lfv~11~mmff1n~ m'.i nrnriuu tJ"~ ri ~ ~rn i ttifi~ 

fl1'.ilt1~t1'UUt1'1~'1Jfl'l~lUHlfl~fl'Wff'WlllUiim~fl'lifl'lfllfllff (Airgap Magnetomotive Force, MMF) 

U'1~ln~ g1{11viJmrl v-:i 'illflfl1'.ifl'.i~'illtl~1'1Jfl'l'IJ~'11~ 1 'WU~'1~'liv-:iffR'vl'I (Slot) i 'Wffll'lll'lfl{~ iii 

ff~llffllfl ri1u fll'.i ltl~ g1{11viJ m.;;f-:inmifi~ 'illflfl'.i~U ff i vJvh~ ~wt M nu'IJ~ '11~ffll'lll'lfl{'Ufl'l 
11 flll'I fl {1 tJ~ tl'W U tJ '1 'l l ~ tll'I H n U fll'.i l fi~ fll '.i l tJ~ tl'W U tJ '1 'l MMF i 'W 'lf v-:i ll'l fllfllff ~'I fll'.i 

... Id ... I I .& • I d 'J} .c:::t 
l1J'1tl'WU1J'1~ff'IH'1fl'lfl11ll'tt'U1U'W'Wff'W111Ulll'l1'1fl (Airgap flux density) ~1tl 'Wflfl'illfl MMF 'il~ll 

I d I Q.I I I I d Q.I Q.I o' 1 I 

ff'W 111 Ulll 'tt '1 fH 'lf'W fl'U fl lfl 11ll'tt'lJ1 U 'lJ 'lJ 'IJ fl'l ff'U 111Ulll'tt'1flffl111 '.i fl U ff~ 'I fl 1111fflJVI'lJ1i '.i ~ 'tt 11-:Jfl 1 

&cv •d Ji tdQ.I d 
C))'lJC))'U'Yl1'1Ulll'l1'1flU'.i 'llfl'1fl'U ff'U 111Ulll'l1'1fl ~'lffllfll'.i'Vl ('IJ .1) [8] 

µ0 A 1 () µ 0 (() ) B(B,t) = .-.F( ,t)= .F ,t 
o(B,t) A o(B,t) 

B(B,t) = A(B,t).F(B,t) 

B( B, t) = fl11ll'tt'W1UU'Wff'W111Uiim~fl (Wb I m2
) 

µ 0 = ~19111cifum-:iuiim~n 1 ummff (Wb I A) 

('U. l) 

v • 

A((), t) = ~19111cifum-:iuiim~fl'IJfl'lfl1fllff~v11ii1t1ViuVi (Wb I m2
) 

F( (), t) = UHlfl~fl'WUiim~fl'IJfl~fllfllff~fl'lffl i~ci (Amp - turn) 

o(B,t) = '.i~t1~'111-:i'lfv-:ii1-:immff (m) 

"" .! "" "" "I I I .! ,,.2 fll'HflfleJl'UIOUfU'U~l'Jtll &U'Utl~lHtllfllff,,fl~tll\ill\ilfl"j 

1rlvumi-:i~wm~uffirJVh~~witt'll~'11~ffll'lll'IV{iii1~u'.itJiC))'u~ff11u'.iw 'il~ff-:JH'1 .. .. 
t ttifi~ gl{ llviJ nff'fl'u ~ul'h-:ici fll'.i in~ g1{11viJ nff''llv-:i MMF t u'lfv-:immffi u llfl&l'lv{hJ.Yh 

m~t11'Ul ltl~'illflfl1'.ii!vum~1lffi'WU~'1~tvJff Uff~~ i~~'lffllfll'.i~ ('IJ.2) 

ivJff~ 1 Ia,k=lm,kcos(ko.Jl-</J) 



vhitt'tn\91 MMF 

vhitt'tn\91 MMF 

N 
m k =____E'.....fmk cos(km1)cos(pB) 

a, 2 , 

N 2ff 2ff 
m =____E'.....f cos(klil --)cos(pB--) 

a,k 2 m,k ~1 3 3 

2ff 
I k =1 k cos(kmit-</J+-) c, m, 3 

N 2ff 2ff 
m k =____E'.....fmk cos(km1 +-)cos(pB+-) 

c, 2 , 3 3 

3 NsJmk e k ) m k =m k+mhk+m k= - ' cos(p - mit 
m, a, , c, 2 2 

= m~uff~~iy\91 (A) 

= m~utYivJvh9it1nfo (A) 
J. I d I .. .I = UHlfH'lfl'WUl.Jl'ttrtfll'ltllTiff (Amp - turn) 

0 d ti = 1ll'W1'W"1\91rt1\91'Ylff!l'lll'ltl':i 

80 

("1.2) 

k = vu ~rnn11.Jt1Ufl"1t1~fll':i'l11.J'W tYurnulim~ fl i uml'Hl'lt1{1~~ • 

.c.i I I Q.I 

mrn'YllflU 1, 2, 3, ... 

p 
O Ii I Q .d ti = 1ll'W1'Wfl"11Ul.Jl'l1rtfl'Ylffll'lll'lfJ';i .. 

= m11.Jrl"1t1~fl111.11~11~~""ffml.Julim~fl ivJvh (Hz) • 

e .d,, Cl.d o' = t1~ff1'Yl11\91m~-eM'Ylml'lmm • 

111fl ffl.J fll ':i ~ ("1.2) t1ii m tJfll ':ii n\91 ~1 { 1.1 t1'11 fl"1 ti~ u Hi fl~ t1 u uli m ~fl~ ml'l tl'l t1{1 ~ w:-rn 

m111fl~1{1.Jt1um~~11ri1111flu 11~~~wm~1mi vJ~1ff11.JtvJff uri~r-.irim~'YlU 111flmrn':i~ ~w~1"1t1~ 
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, I .! 
'U.3 MMF U'lftH81tnff'UtH'JJ8!(;)81 

i 'W 6lf fl'l i1'I mmrY'll fl'lllfll~ fl{in~u 1 'llfl~fl'W uij1~ mnn H'1'j1:1.J 'IJ fl 'I u 'j 'I !fl~ fl'W uij 111 ~ n~ 
~ o' ~ • d .d oC:\ 1 d' lr)jlcv d 
!f)~'IJ~'11~ff!~!~flrn'1~UH!fl'1fl'WU1J!'tt'1f1'Yl!f1mllf1 'j!~fl'j !!'ff~'! t~~'l'ffl.Jfll'j'YJ ('IJ.3) 

F(B,t) = F,(B,t) + F,.(B,t) ('11.3) 

F( (}, t) = MMFi'W6lffl'lil'lfllfllff'llfl'l1Jfl!~fl{ (Amp - trun) 

Fs (B,t) = MMFiu6lfeM11'1fllfllff~!fl~'il1f1ffl~!~fl{ (Amp - trun) 

F, (B,t) = MMFiu6lffl'l11'1fllfllff~!n~'il1f1 hmfl{ (Amp - trun) 

t I JI JI 

1iifl:1.Jm~fl{hl.YhmiivTu1mmvJ'ffii1' P 1vi1ntJ~1tJ1u~"111vhntJ 2 "11u"~1ir q 
v v v v 

1vi1ntJ ~i'W 1'W 'ffK fl~l'i fl"11\>im vJ 'ff ~'It! u mm1f,)fl~mv1 ~~'Iii . 
... ... .! 

'\1.3.1 MMF 'YUfWl;Jlfltf!(;)!(;)81 

m11n~ MMF ~m~1~flf 1n~ 'il1nm1~wm~1m1 vJ.Yh i i1'ntJ'll~"1~'ff1~1~fl{u\>i"~ 

'IJ~ i 'Wl1"1UIPlf11'i1'1n'WVh ii1' MMF m~'illt.11fllJ'IJ~'11~ff!IPlmfl{ U'ff~'l~'l'ff1Jfl11~ ('11.4) 

00 " 

Fs(B,t) = LF:,vcos(vp8-a>if-<p1) ('11.4) 
v=I 

v=(6g1 +I)1~v~ 81 = 0,±1±2±3 

Fs,v 
d ~ I d = fl11lJ!11!'b''l1JlJ'IJfl'l'ff'U1lJU1J!'tt'1f1'111J'W (Hz) • • 

'P1 = lJll!'VJ'ff'YlN 1vJfJ1'11fl'l!!'ttri'l~lt.I (rad) 

N 
0 I QI 0 I ,/ = 'il1'U1'WU'Yl'l\01TW11Plfl Slot 'UeMff!\01!\0lfl'j 

= m~1m1vJVJ11>imvJ'ff (A) 



82 

v 
0 d = lfl'U'ill'WTU!\OllJ 

q 
" = ~l'W1'W'iifl~ Slot l'ifl.U1l'ifl1l°Jff'Ufl~ff!\Ol!\Olfl{ 

I .!t 0 QI "'i .d \I) 'JI d e::. .d ti lfl fj}QI 
\011~"1 !lJflmm1111mpm11 t..1fflJnwr1 ('U.4) i'1fl1llJ!11!'1$~l,jlJ<Ufl~ MMF 'Vlffl\Ol!\Olflrnff'1~ i'1'1~ 

' 
fflJf111Vi ('U.5) 

m = _m_1 = m1 
v vp (6g1 + l)p 

('U.5) 

ll1 v iifii11'luu1m'lfu v= 1,3,5,11,. .. 11mt1fl1rni1m1'ttl,j'W'Ufl~ MMF ~YJff'VlN 

1~t11fiuYlff'Vll~ff'WllJ!!li111~n11lJt..1~1n'1'illf1fl11lJ~'tt-an ll1 v~~111'Ju~u1'lfu • 
I .c:I .t:::I. QI g) QI 

v = -1, - 3, - 5, -11, ... 'ttlJltlfl11lJ11fl11'ttl,j'W'Ufl~ MMF lJ'Vlff'Vll~fll':i'ttl,j'W\011 ~f1'W'UllJf11Jf111 

I d .d -=:t. .d QI .d o' o' e::. .d.c:1 fl 
'tt lJ'W ff'W llJ!!lJ!'tt~f1'Vl!f1'1'illf1fl11lJ tl'tt~f1 'Vlff!\01!\0lflrnlrn flt.! f1'VllJ~~ 'illf1 Slot Harmonic !!~~ ~11 • 
lJfliJn~1n'1'il1nmmJ~t1u11tJ~~1vJffm~ 1 vJ.Yh !!fffl~ i~~~fflJm1~ (<U .6) 

('U.6) 

Qs 
0 r:'I i .. = 'ill'W1'Wff~fl\Ol 'Wff!\011\0lfl':i 

qs = ~l'W1'Wff~fl\Ol i 'Wff!\Ol!\Olflf l'ifl!l°Jff 

' -:s... ~ t! 
,,.3.2 MMF nm~HllfH'H~tl1 

' " ' 
n111n" MMF l11f1,,;iuiu h1\0lfl{ 1n'1'il1nm1mut11iJ111vi~~1iJ1iu h1\0lfl{~" 

QI I d .d j} ~ .!t I d .d o'e::t o' e::. I ,g/-=:. ti e::. .d 
nuffmlJ11lJm~n'Vlff11~<Uu !lJflff'WllJ!!lJm~n'Vlff!\011\0lfl':i !f1'1 ~lrnflu n ff~~~ i mn'1 ~l':ilJfl'W n'Vl h 

!\91fl{1'1fufiu 1rlflfi'il11Wlfl11!fl'1 MMF ~!flfl~h!\Olflfu1~f1fllJ~1tlfffl~ff1'W ~fl MMF ~!fl'1'illf1 
m~!!ff l vJ~l~fl11lJ~'tt-an Im~ MMF ~!fl'1 'illf1f11~!! ff ~11lJflUf1 ffllJl':itifliilJltJ ,~~~..r1'li'fl 
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00 A 

F,,1(B,t) = LF,,1 cos(µ1pB-mµ,tt-cpµ) ("ll.7) 
µ=I 

µ, =( g2 ~+I) l•o~ g2 = ±1,± 2,± 3, ... 

F,,1(B,t) = 

F,,1 = 

Q, = 

µ = 

= 

= 

= 

= 

(Amp-tum) 

MMF ff·HHl~!fl~\llfl h11P1u{1~U\11llflfl'i~UfftvJVh~ ... . 

'tt~fl(Amp-tum) 

~TU1'U Slot ~hmu{ 
QIQ/ o' ~.c:i. 

Uhl ~1HJnlJU'U fl!'lf \l'.i~tl~ 

lJlJ!~ff"tJU\lfl'i~Ufftvh~l (rad) • 
..I "' "" d'.di d' lJlJ!Tiff"llU\I MMF ~l'rnU'Uflff'YI '.i!\Plff:i (rad) • 

. ,, . 
fl 111J ! ~1!~ \Ill lJ"lJ U\I ff'U llJUl.im ~tin !fl~ '1 lfl h !\Pl u{ !fl~~'U \llflfl'i~ !! ff i ~vh-vi • 

f1111lrl'YI ~n ;lmrntJ1n"llu.:if111m~ 11:Jf .:illll i 111P1u{n1Jfl 111J1~1ffmm1lim~n~i111P1u{ 1~ eM'11nii • 

OJ, 
G "" i d' = fl111J!'.i1!'1f\11J1J '.i!\Plff:i (rad) • 

s = slip 



84 

00 A 

F,, 2(0,t) = LF,,2,µ cos(µ2pB-wµ,i-<pµ) ('11.9) 
µ=2 

FA = -(-I)µJ21 2'._;: 
r,2,µ rv ':>v µ 

F,,2 (0,t) = MMF ~tfl~'illf11'Hl9HJ{tdfl-:i'illf1m~ttfffl11lJ~~l1{ 

lJfltJf1 (Amp-tum) 

F = MMF ff-:Jff~~tfl~'illf1 ht\9lfl{1dtM'illf1ffi~UffmllJ~ 
r,2,µ "' • 

o' "' ~nrnm.m (Amp-tum) 

o'"' d ~cv31<; 
J rv = ~l'ilJfl'Uf1'\Jfl,:jffi~Uff'YllJl'illf11-:!!!l11'Ull~l'ITVJW !'.i 

fl11lJt~11~-:ilJl1'1Jfl-:J l '.i!\9lfl{ MMF ~1fi~m1mtirnih 1~£Jff'UllJttl.Jm~n~ffl\9lt\9lfl{~ 
q . ,, 

fl11l1t~1 m1 lvp l'i~nul'iTu1 ht\9lfl{l'U'IJW~nh1191fl{m,J'U~1£Jfl11l1t~1 w, Ip ~-:!U'Uf111rn~1 

1~-:i~11ff'U1m1l.Jm~n~m~£J1tl1ht\9lfl{1m~-:il'Uffl1f11'.i~ ('IJ.10) 

m2 = (m1 
- m, Jvp = m1 - v(l- s)w1 ('IJ.10) 

vp p 

d .q I d d .d O ,.. r/ 

= fl 11lJ! '.id!'H lJlJ ff'U llJ UlJ !YI Cl f1'YI! l'l 'U £J1'U 1 ! 'H\91 fl'.i 
q 

(rad/s) 

d "' • d = fl11lJ!'.i1t'lf-:!lJlJ'IJfl-:Jff'UllJUlJ!l1Clf1l1lJ'U (rad/s) q q 

m, d "' <; o' = fl11lJ!'.i1!'1f-:!~lJf11'rn~'U'IJfl-:! 1'.it\9lfl'.i (rad/s) 
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cl I Q .d "" J' , I I ..; ,/ "" ,. 

fl11lJ!11'UtMff'UllJUlJ!'H'1f1'Yl!f1~'\JlJ lJ'lHN11,Hllf11ff!lJ fl'Hllnm~u ff eJlrnfllJ f)'\Jfl~ ! 1 

t/L:;J QI ti QJ' d 
!\Plfl1!'Vltl1Jf11Jff!\9H\Plfl1 Uff~~~~ffllf111'Yl ('IJ.11) 

'IJ.3.2.2 111f1ffllf111~ ('U.4) - ('IJ.11) ffllJ11fl111Ji:-1'1'\Jfl~ MMF 1mrti~11~fllf11ff Uff~~ 
111~"' .d 
!~~~ffllf111'Yl ('ll.12) 

F(B,t) 
00 I\ co /\ 

= LF:,v cos(vp(} ± mif-tp1)+ LF,,µ cos(µp(} ± mi-'Pµ) 
V=I µ=I 

+ F; cos((6g1 + I)p(} ± m1t-<p1) lg
1
=0,1,2, ... 

+ F2 cos((6g1 +l)pB±mif-<p1)lg1
=0,-1,-2, ... 

+ f;cos((6g1 +l)pB±m1t-<p1)lg1
=0,1,2,. 

+ F4 cos((Q, + p)p(} ± m1t -tp1) lg
1
=0,1,2, . 

+ F; cos((Q, - p)(B ± mmt - soJi[)) 

+ p;cos((Qs + p)(B-mmt-smif)) 

('ll.12) 
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.fllflN'U1fl fl 
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Linear Regression Analysis, MRA) 

i 'J)'J/ d 'J) Q,I C\~ i ~ o' Q,I ~ o' 
'lf'WellJClfll'J 'Yl~l:Hl.:Jl'lllJl'l 111 ·:frl fl .1 ff'Jl.:J flClfHl'J 'YllJ 'lJ fll'J 1!fl11:: 'H 1:: ~ 'UWfl.:Jrl"lHJ 

~ ~ ,, ,, 
1 ~ t111i mH1~ a fl tu~ .:iiff'u w11~w u uiil u m1i~9i1uiJ1~ff1::9i.:iu~fffl.:i9i1~ Bm:: i u rt-l ff A (Ia) 

i o' I Q.I .. I e:!I Q.I ,: o' 'J) Q.I d 
UCl::m::uff 'UU'U1Utl'U (Id) WtllfnWfll'llfl.:Jl'l1Uu'Jl'lllJflfl'j::~'UWfl.:Ji!1''Wt1 'llfll.JCl~.:Jl'll'JN'YI fl.2 

Q.I el o' 
'J::~'UWfl.:Jfl''Wtl (mm,) = X 0.000 0.010 0.020 0.030 0.040 0.050 0.060 

~ 

m::im (I J = y, 0.2842 0.3018 0.3282 0.3508 0.3736 0.4030 0.4118 

m::uffiuunu (Id)= y2 0.2668 0.2886 0.3096 0.3314 0.3542 0.3776 0.3858 

' ct 0 

g)l'iH'YI fl.2 fll'jfll'lJ1W'HlfflJfll'Jtl~tlflf.IW'HflW . ~ 
x2 2 2 

n y, Y2 x y,x Y2X Y1Y2 y, Y2 
1 0.2842 0.2668 0.0000 0.0000 0.0000 0.0000 0.0758 0.0808 0.0712 

2 0.3018 0.2886 0.0100 0.0001 0.0030 0.0029 0.0871 0.0911 0.0833 

3 0.3282 0.3096 0.0200 0.0004 0.0066 0.0062 0.1016 0.1077 0.0959 

4 0.3508 0.3314 0.0300 0.0009 0.0105 0.0099 0.1163 0.1231 0.1098 

5 0.3736 0.3542 0.0400 0.0016 0.0149 0.0142 0.1323 0.1396 0.1255 

6 0.4030 0.3776 0.0500 0.0025 0.0202 0.0189 0.1522 0.1624 0.1426 

7 0.4118 0.3858 0.0600 0.0036 0.0247 0.0231 0.1589 0.1696 0.1488 

I 2.4534 2.3140 0.2100 0.0091 0.0799 0.0752 0.8242 0.8742 0.7770 

Ix =0.2100 Ix2 =0.0091 I y,x =0.0199 

LY1 = 2.4534 I/, =0.8742 I Y2X =0.0752 

LY2 =2.3140 Il2 =o.7710 I Y1Y2 =0.8242 



A= n:Ly,x - (LY1) (Lx) =(7)(0.0799)-(2.4534)(0.2100)=0.0441 

B = n LY22 - (LY2) (LY2) =(7)( 0.7770) -( 2.3140)( 2.3140) = 0.0844 

C = n LY1Y2 - (LY1) (LY2) =(7)( 0.8242) -( 2.4534)( 2.3140) = 0.0922 

D= n:Ly2x- (Ly2) (Lx) =(7)(0.0752)-(2.3140)( 0.2100) =0.0405 

E =n LY2
1 - (LY1) (LY1) = (7)(0.8742)-(2.4534)( 2.4534) = 0.1002 

F = EB-C 2 = (0.1002)( 0.0844) - (0.0922)( 0.0922) = -4.398x10·5 

111fi1fi11iJ1~iY'Vlf \l~iHJt1'\J-eNl911mhBm~ b0 h.1ir11m1~ (R 1) '111 b, hrn11m1~ 

(fl.2) !H'l~'\11 b2 ilJffllfll':i~ (fl.3) 

AB-CD 

F 

n 

((0.0441 )(0.0844)-(0.0922)(0.0405) 

0.2042 

DE-AC 

F 

-4.398xl0-5 

((0.0405)(0.1002)- (0.0441 )(0.0922) 

- 4.398xl0-5 

0.2574 

Ix-b,Iy,-h2LY2 

n 

88 

(fl.1) 

(fl.2) 

(fl.3) 

((0.2100)-(0.2268)(2.4534)- (0.2316)(2.3140)) 

7 

-0.1267 

Cl Cl ti cv,l ~Yrcv Jt 'GI d \1)3/1 
tlff':i~ff1lf11':i1!fl':il~l1':i~~1Htltl'ltJ''\.Jtl l~!'Vllf)'IJ -0.1267 !lltl!!'Vl'\.Jfll I '\.Jff1lf11':i'YI (fl.2) l~fll 

" fi11iJ1~ff'Vln'\Jti..:il911uiJ1Bff':i~fitim~uir (1
0

) 1vi1fi'IJ 0.2042 ff1'\.Jm~uir1 '\.J!!f1'\.J (Id) uwufi1 ilJ 
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x = -0.1260+(0.2268)yl +(0.2316)y2 (fl.4) 

fllff1J'Li1~ff'Ylf nnl'i~ff'U i ~ (Coefficient of Multiple Determinations) ti'.l'UfllHHlfl i 11' 

I ... .I "" iv ""' .I "Iv v "" i ~ i 'Yl11'U111'11UIJ1tlff1~'ff11JUf.'l 'Jl''VH.11flHUl'l1UIJ11'111J i~1Jlfl'Ufltl!'VHJ-:] ~ 9f-:] 'Uff1Jfll'jf.)~fltlf.J 

(fl.5) 

(ri.5) 

2 7[(-0.1260)(0.2100) + (0.2268)(0.0799) + (0.2316)(0.0752)]- (0.2100)2 
r = ~~~~-'-~~~-'--~~~~-'-~~~--'--~~-'--"-----'~~--'-

7 ( 0. 0091) - (0.2100)2 

r2 = 0.9928 

~1mH'lfl11l11fllff1J'Li1~ff'Ylim11'i~ff'Wi~ lifi1 r 2 = 0.9928 ~-:il11Jlt.Jf1111J':i11'11uiJ1 

flff1~m~uff (1
0

) tt'1~ m~uffi'Wtt'W1ttfl'W (Id) mmrn1tm1~M'l'l1uiJrn1:1Jlifi1ff':1JiJ1~ff'Vlim1 

l'i'~ff'U i ~'j~~'Uff-:]1Jlfl ., 
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¥ • 
, v 'LI .., .., <!! o! o! ct ..,. 

tll1 1f-:.11UA1J1Ufl1'1.JV111;)1Vl1~Vl1JIUB-:.lflUU'l.JBIVIB11't'IUU1U1.J1Jl1~1;)1-:.t .. 
irlmil~ 1 u'.ium11m111i~'.i~~rnfiti.:itrwv11ml'lti1m drnu 1111nm11~ .:i11~u'.i1nu~.:i 

11111mri'll 1 ~.:i 1urnmm11.:i1u (RUN) 

<!j I "' 

11111mri'll 2 mrn.:imw·lftilJl'lflf11J XBEE 

11111mri'IJ 3 t~tin Comport ium'.i9l~~tin1J.uifll.Jrltl1J XBEE 1urnnrnt11ttu~1~111'1'u 
11'.Ju COMl 

,, . 
"' .ct flH'YI 1-5 

. 
~ ,d IQI Qll'j/ 

'11lJ1tltrl'IJ 5 tlf1!rlf1f11'.i!'lffllJl'lflf11Jf11'j'j1J'ff .:J'IJfllJrl 
" !d. QI QI~ rl id. .d' .d QI 

'11lJW!rl'IJ 6 Uff~.:JflH'Yl'IJfl.:Jf11'.i9l'i1111~'.i~~1JWfl.:Jf!!''Wtl flH'YI 6 flflfllmrltl'Ufl.:Jl'l'.i1111~ 



~ ~ 

11im.ni'l'IJ 10 uff~.:J'j~~1Jm1l.IH~un~h11nnTHV~Ni!J"WVUff~.:iiiJ'U 4 'j~~1J~.:iil 

(Healthy) flm~~1JUfl~ 

(Incipient fault) flm~~rntl.IH~Ufl~ 

,,k,,.i 'JI .,,: 

9f 'l l.l'IJ'U l'Hl'U fll'j i 'lf 'll'U ~ 'l 'U 

t. n~illl11llwm'll 1 A'.:i iurnnrn.Yh.:i1u (RUN) • 
2. ~~1h1n!]11U'1~1.:i~.:im'Vl~ .:i.2 !~fl itt'iri~fl !vJrl',j'm.Ji'l 'llfl.:imnw.:i1m-mm'j 

92 

Q.I Q.I .l o'i Ji ~ tlo d 'JI a i 
\9l'j1~1~'j~~1J!tlfl'l~'Utl ~tl'lffl tWi'lfll'l1'U~!rnl'l'Uflfl motor shaft misalignment.txt Ui'l~ffll.llHll'l'l 

~fl ivlrl'imJi~ m1.111mrn'll 1 Ul;l~tiifln ivlm~fl{ium'jt~1Jivlrl'l'l1l.l11mmi'l'll 2 

Select a data file to write. [1J!RJ 
Save in: w monitoring_motor_shaft_misalignment 

My Recent 
Documents 

Desktop 

_i 
My Documents 

~ 
My Computer 

:~fn;c;~itr;;;-9 n;iJtr;~~~it~mi~119~n;~~t 
~. monitIJring motor shaft misalignment_update 
: 1:J motIJr shaft misalignment 
·~ motIJr shaft misalignment_lO 
~Project2 
·~Project 2.aliases 

Filename: 

My Network Save as type: All Files(".") 

OK 

v. Cancel 

~ . 
3. 11U'11 tlrnnrnl'l'j1~1~'j~~rnvfl.:i~uvl.lfltl'lfl{milt11u1Jrn1m~~ .:i~~U'jlfltJ~.:i 

m'Vl~ '11. l im~irtfl~fl.:inn11~~mnh.:i1'W'llfl.:i iurnml.ln~~"11mmi'l'll s 111fl11mml;l'IJ 1 
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!> motor shaft misalignment - Notepad ~~L8] 
File Edit Format View Hep 
i9/3/i555 16:06:41 1 o~ z9s o. z92 o. 009 i.isz4 

. ,, 
'j) cl cl Q.J .ct 

'IJfllHHllflflTVfYI \1.3 1Hl1llJ'l1lJ1£J~\l'U .. 
1. 'HlJW!Cl'IJ 1 i''W~ !~fl'U iJ ~1nu.UfllJ{lfll'j'jl£J\ll'UPH'1fll'H~llPl'i1'11~'i~~rnfifl\lff'UV .. .. 
2. t1:i.nmC1'll 2 11C11(i'11m :'W1Vi:1'W1Vi) ~1nu.UmJC1'llfl\lfll'i'i1v.:i1'U~C1m'i1~1 

o'a I GI .:!I d' O I QI 

3. '11lJ1£J!Cl'IJ 3 fftll'U~'IJfl\llJfl!IPlfl'i!lJfl!'Yllfl'U 0 flfllJfl!IPlfl'i'l1£J~'Yll\ll'U !!Cl~!'Vllfl'U 1 
q 

,/ 0 I 

lJ fl!IP'I fl 'j 'Yll\ll'U fl~ 

4. 

5. '11lJ1£J!Cl'IJ 5 ril'llfl\lfftytylW Ratio: fs /(fs - J,.) 
6. '11lJ1£J!Cl'IJ 6 ril'llfl\lfftytylW Ratio: 2fs /(2fs - fr) 

,, 
1. 'HlJWrn'll 1 'i~~mafl.:iff'UVijt1t11m~'WnC1il1lJm (mm) .. 

., ,J "='t <Id " 
8. '11lJ1£J!Cl'IJ 8 'i~~'UWfl\lff'U£J!lJ'U!1.JflWlf'UIP1 .. 
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ft i fl f·nn n il 
' ~ IJl91 91 

fll'HH>~l'i A'i~ltlA1tl XBEE 
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.,j ,v v 
m·nnrnT~ "HTU.l~"JU XBee 

i ""i31 .,ki31 Ji 
'U.:.11'U1iO'tl 'If XBee CJl'.:.I 'lfflll'r.Hlffl'.i\911lJlJ1\91':ij}l'UfflfH't'Ufl.:.I ZigBee Qf1fll'tt'U~ 

lllmjll'U mnci 1~t1 ZigBee Alliance ttl'U fll':i~flfflrn1J1J l f mt1 ~iifll'l':ilfl11i'1Jff .:.l~fllqJCIUCI~ i oN 

... ~ • I <Id Ji i 31 31 d cl I 11) 31 .k 
V'ICl.:.l.:.ll'U\911 ~~u':i~ff.:.lflf1!'V'lfl l1ffllJ1H'lff':iN':i~1J1J'Ylt':itlf111 Wireless Sensor Network !~ CJl'.:.I 

" cl 0 i I 31 .I i 31 ... I cl 
':i~1J1J'Ufflll1Hl'Yl1.:.11'U 'U':ilJ f1Cll.:.IU'iM 'Yl'UU~~ 'Yl'UH'U tl'llJl~fflJ 'lf.:.11'Uf11J Monitoring 1911.:.1 °1 lJ 

'YI H ~ 1'UllJ1fl1flfl'Ui'YI1 Cl tCI fl { ffl lJ 1 H1tJl'U1~ i <N~ ~~fl ~fl ffn UART 'U fl.:.! XBee ~flt~ 1 

fl1J UART 'Ufl.:.I llJ imflfl'U i'Yl':iCl!Clfl{i~i~t1\91H 
• I 

' ' ~"' \l.l fll'Hl1J..:iU1Ufl111JtU'tf..:ilU'Utl..:i ZigBee 
. " 

ZigBee firn'W~ti1'Ufl1111ai<N.:.11'Ul'lllJlJll'l':ij}l'U H 3 ti1'U~.:.ii1 
I d. d, I Q.I QI Q.I I j,) 

1. tll'Ufl111Jtl 2.4 GHz lJ 16 'lffl.:.lfftytylW fll'l':i1'.i1Jff.:.l'UfllqjCI 250 Kbps 

I d. d. I Q,I Q.I Q,I f CJ) 

2. tll'Ufl11lltl 915 GHz lJ 10 'lffl.:.lfftytylW fll'l':il'.i1Jff.:.l'UfllqjCI 40 Kbps 

. 
I d. d. I QI QI QlfgJ 

3. tll'Ufl11:1.Jtl 868 GHz lJ 1 'lffl.:.lfftytylW fl\9111'.i1Jff.:.i'UfllqjCI 20 Kbps 

\1.2 KmHl&~fllltlHlU'Utl-3 ZigBee 

d. j/.d gJ Jt Ji i Cl I I 

1. Coordinator lll'l'Ul'Ylff':il.:.lfll':iffflffl':i t'lffllJ tl.:.l!fl'jfl'Ultl ':i~l111.:.I End Device 

QI .a Q,I j/a.1.oi:!I (LI i 0 

f11J Router l'l':ifl Coordinator f11J Coordinator ~1tlf1'Ul1':ifl Coordinator f11J Router ~tlflll'l'U~ 

. " i 31 <V cl 'i Cl I 11) 'i 31 0 <V 

address l1f1UDevice'Ylfl~ 'U1.:.l!fl'jfl'lJ1tl 1:1.J l1CJl'lf1'U 

~ .I ".I .k ,31., 31 ct "' 
2. End Device tlJ'l.rnumtuuClltl'Yll.:.lff~ CJl'.:.I~~ 'lf':iU'UfllJCll'l':iflfftutulW 

q q qm u u 

" . .:i I GI di 31 
'U'U fl~f11J sensor 'YI 'lf 

I 

d iJ.dQ.I lj,/ i 'J,/ I .:!t I 

3. Router lll'l'Ul'YI ':iU-ff.:.l'UfllqjCI 'Utff'U'Yll.:.1\911.:.I "1 'Ufl.:.ltmfl'Ultl 

@ Coordination 

<3> Router 

[!] End Device ~ 
.cl, Q.I jJ 0 

.fll'vtfl \l.l Clf11'1W~tff'U'Yl1.:.lfll':i'Yl1.:.11'U'Ufl.:.I ZigBee 
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"I I o 

;J.3 lfl'Hl'UlUOl''l'tlHlU'UtH XBee 

.i:!I I c( ... I 'J) Jt ' 
11.3.1 !fl'Hl'llltlt!'U1Jffl911'l (Start Network) IJ'.i::::fHJ1JWJtl~11!'1HllJ191tl 

11''.i 1191fltiri XBee 1 ~111rn::::Q1'mw1'riwm-:i11mv"} 1mfl1t1'1l1vu1J1Jffl911{Q1'mw1'mmn:i 

i Ji Q.I cf.Ji I I ~ 'J) c( e! 'J) ~ Q.I ~ 
'Yl-:J'111111 'il:::: fftlffl'.i fl1J t11'm flH'lftllll91tll'Yll'U 'U f."l lt11'fl '.iW tJri W'Vll-:J'tt 'U-:J 191tl-:Jfll'.i11~ n ti ffl'.ifl1J tlfl • • 

... I ti 4 'J) _a ' c14 I I i Q.I d 
QIJ fl';j w Llri W'YI 1-:Jtl'U "} 'il:::: 191tl-:J ffflffl';j Hl'U QLI fl ';j W!'lftllll91 tll'YI l'U 'U 11-:J fll'V'l'YI 11.2(fl) 

c 
D 0 '"'"""~ 
A 0 Rouw 

"I I 9J "J 9J 
('ll) !fl'.itl'\IWU1J1Jl91'U tll 

<!I I 

(fl) !fl'.itl'\IWU1J1Jtll9f 

.fll'W~ ;i.2 i1'u1Jrnfl1t1'1lwmnh-:i1'U'\lt1-:i XBee 

" 4 I j) 1'I 'J) 1 <!I I "' 

11.3.2 !fl'.itl'\IWU1J1Jl91'U tll (Cluster Tree Network) 'U'.i::::1J1J!fl'.itl'llltlt!1J1J'U 

.I .. _, .,j '"1""' .Io'..\ I <!I ,._,,. 0 yd 
tlIJfl'.iWIJrllr.J'Vll-:JffllJ1'.i(l!'lffllll91tl t11 fl1JtlIJfl'.iW!'lftlll191tl'l1'.itl XBee rn'.i !191fltlrl Router 'Yll'tt'Ul'YI • • 
2 1''.i~!fl'Yl~ti 1~11~1'U1'U111'U11~mm'.if."lt~t1111'it1t1~1J'Utfl1t1'll1v uri~'llr.JW'll'U11l'llt1-:itfl1t1'1l1v 

t~t1-:i111n Router 11~..1111U'1~ri-:i'li't111ri 11'r'r-:it11'mwl'i1-:i., 'llt1-:Jtfl1t1'1l1v uff11-:i~-:iflTV'I~ 'il.2('ll) 
"' • I 

'il.3.3 m1t1'1l1mt1J1J!ll9f (Mesh Network) tfl1t1'll1mmrn119f'loMnrnfl1t1'1l1v 

' ' I 4 .:!I Q.I ..::::t 

'Ul!'Jffl(lfl'\ltl-:J'.i::::1J1J11-:Jfll'V'll1 'il.2( fl) 
,, 

i'Wl11'1i't1-:i1'Ui~vili~ XBee Pro 50mW RPSMA-Series 2(ZB) !~'Wt11'fl'.iW • 
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/***************************************************************************** 

Diagnose three phase induction motor shaft misalignment 

******************************************************************************/ 

#include <stdio.h> 

#include "lpcl 7xx.h" 

#include "type.h" 

#include "uart.h" 

#include "timer.h" 

#include "math.h" 

#define N 2048 

#define norm l/N 

char uart_buf150]; 

float data[N]; 

float Ia_max; 

float I_ max; 

float IA; 

float IB; 

float IC; 

float Id; 

float IA_rms; 

float IB_rms; 

float IC_rms; 

float I _phase_ A[ 40]; 

float I_phase_B[40]; 

float I_phase_C[40]; 

float phase_ A; 

float phase_ B; 

float phase_ C; 

float thetal; 



float data 1 [20]; 

float rsfft[N/2]; 

float isfft[N/2]; 

float absfft[N/2]; 

float psdfft[N/2]; 

float logfft[N/2]; 

float mean=O; 

float mean_A=O; 

float mean_ B=O; 

float mean_ C=O; 

float meanl =0; 

float vmax=O; 

float v _ data=O; 

float offset=O; 

long int i=Oj=O, n=O; 

double sumdata _A = O; 

double sumdata _ B = O; 

double sumdata _ C = O; 

double sumdata = O; 

double sumdatal = O; 

unsigned long nn = N; 

int isign = (int)l; 

int a,b,c,m,count_ data,nnn; 

int adcO _ 1,adcO _ 2,adcO _ 3; 

float d,t,ts,fs,wt,we,theta,wl,w2,pi = 3.141592653589793; 

float nor_FFT; 

float F max C IA; - -

float F_max_L_IA; 

float F_max_H_IA; 

float max_C_IA; 
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float max_L_IA; 

float max_H_IA; 

float nor_ FFT _Ia; 

float F _max_ C _Id; 

float F _max_L_Id; 

float F_max_H_Id; 

float max_C_Id; 

float max_L_Id; 

float max_H_Id; 

float nor_ FFT _Id; 

float percent_ misalignment; 

float misalignment; 

float mean _percent_ misalignment; 

float mean_ misalignment; 

float mean_nor_FFT_Ia; 

float mean_nor_FFT_Id; 

float aver _fft[256]; 

int data_ O=O; 

int data_l=O; 

int loop_fft=O,status=O; 

float max_ c,max _1,max _ h,max; 

float F _max_ c,F _max _l,F _max_ h; 

extern uint32 _ t timerO _counter; 

uint3 2 _ t counter = 0; 

int k = O,DQO_FFT=O; 

int adc _ch 1,adc _ ch2,adc _ ch3; 

int Ia_FFT_Id_FFT; 

11-----------------------------------------------------------------------------------------

const unsigned long led_graph[8] = { OxOI, Ox03, Ox07, OxOF, OxlF, Ox3F, Ox7F, OxFF }; 

//-----------------------------------------------------------------------------------------
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volatile uint32 _ t eintO _counter; 

void !nit_ ADC() 

{ 

} 

LPC_SC->PCONP I= (1<<12); 

LPC _PINCON->PINSELI &= -Ox003FCOOO; 

LPC_PINCON->PINSELI i= Ox00154000; 

LPC_ADC->ADCR = Ox052106FF; 

LPC_ADC->ADINTEN = OxlFF; 
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I* P0.23-26, A0.0-3, function 01 *I 

I* Enable all interrupts *I 

11-----------------------------------------------------------------------------------------

void TIMERO_IRQHandler (void) 

{ 

fs = 1024; 

ts= l/fs; 

we =2*pi*50; 

if(DQO_FFT ==1) 

{ 

} 

adc_chl = LPC_ADC->ADDRl; 

data[k] = ( adc_chl >> 4) & OxFFF; 

k = k+l; 

if(DQO_FFT =2) 

{ 

if(k<N+40) 

{ 

adc_chl = LPC_ADC->ADDRl; 

adc_ch2 = LPC_ADC->ADDR2; 

adc_ch3 = LPC_ADC->ADDR3; 

phase_A = ( adc_chl >> 4) & OxFFF; 

phase_B = ( adc_ch2 >> 4) & OxFFF; 



phase_C = ( adc_ch3 >> 4) & OxFFF; 

phase_A = ((phase_A-mean)*3.3)/4095; 

phase_B = ((phase_B-mean)*3.3)/4095; 

phase_C = ((phase_C-mean)*3.3)/4095; 

if(k<40) 

{ 

I _phase_ A[k]=phase _A; 

I _phase_ B [k]=phase _ B; 

I _phase_ C[k]=phase _ C; 

} 

if(k=23) 

{ 

max =-5.00; 

for(i=O;i<22;i++) 

{ 

if(I_phase_A[i]> max) 

{ 

max= I_phase_A[i]; 

I_ max= i; 

} 

} 

theta= (I_max+2)*2*pi/20.481 - pi/2; 

} 

if(k >= 40) 

{ 

i = k-40; 
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data[k-40] = (2.00/3.00)*(phase_ A *cos(we*ts*i-theta)+phase _ B*cos(we*ts*i

(2.00*pi)/3.00-theta)+ phase_ C*cos( we*ts*i+(2.00*pi)/3.00-theta)); 

} 

k =k+l; 



} } 

/ 1----------------------------------------------------------------------------------------------

if( k>=N+40) 

{ 

disable_timer( 0 ); 

} 

LPC_TIMO->IR = l; 

return; 

} 

/* clear interrupt flag *I 

//--------------------------------FFT ---------------------------------------------------

#undef SW AP 

void realft(float data[], unsigned long n, int isign) 

{ 

void fourl(float data[], unsigned long nn, int isign); 

unsigned long i,il,i2,i3,i4,np3; 

float cl =0.5,c2,hlr,hl i,h2r,h2i; 

double wr,wi,wpr,wpi,wtemp,theta; 

theta=3.141592653589793/(double) (n>> 1); 

if (isign== 1) 

{ 

} 

else 

{ 

} 

c2 =-0.5; 

fourl(data,n>> 1,1); 

c2=0.5; 

theta=-theta; 

wpr=cos( theta); 

wpi=sin(theta); 
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} 

wr=wpr; 

wi=wpi; 

np3=n+3; 

for (i=2; i<=(n>>2);i++) 

{ 

} 

i4=1+(i3=np3-(i2=1 +(il =i+i-1))); 

hlr=cl *(data[il]+data[i3]); 

hli=cl *(data[i2]-data[i4]); 

h2r=-c2 *( data[i2]+data[i4 ]); 

h2i= c2*(data[il]-data[i3]); 

data[i 1]=(float)(h1 r+wr*h2r-wi *h2i); 

data[i2]=(float)(hl i+wr*h2i+wi*h2r ); 

data[i3]=(float)(h1 r-wr*h2r+wi *h2i); 

data[i4 ]=(float)(-hl i+wr*h2i+wi*h2r); 

wr=( wtemp=wr )*wpr-wi *wpi; 

wi=wi*wpr+wtemp*wpi; 

if(isign== 1) 

{ 

} 

else 

{ 

} 

data[ 1]=(h1r=data[1])+data[2]; 

data[2]=hlr-data[2]; 

data[ l]=c 1 *( (hlr=data[ l])+data[2]); 

data[2]=cl *(hlr-data[2]); 

fourl (data,n>> 1,-1); 

#define SWAP(a,b) tempr=(a);(a)=(b);(b)=tempr 
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void fourl( float data[], unsigned long nn, int isign) 

{ 

unsigned long n, rnmax,mj,istep,i; 

double wtemp, wr,wpr,wpi,wi,theta; 

float tempr,tempi; 

n=nn << 1; 

j=l; 

for(i= 1 ;i<n;i+=2) 

{ 

} 

if(j>i) 

{ 

} 

SW AP(data[j],data[i]); 

SW AP(data[j+ l],data[i+ 1]); 

m=n>> 1; 

while(m>=2 && j>m) 

{ 

} 

j+=m; 

j-=m; 

m>>=l; 

rnmax=2; 

while(n>rnmax) 

istep=mmax < < 1; 

theta=isign*( 6.28318530717959/rnmax); 

wpr=cos( theta); 

wpi=sin(theta); 

wr=l.O; 

110 



} 

} 

wi=O.O; 

for(m= 1 ;m<mmax;m+=2) 

{ 

} 

for(i=m;i<=n;i+=istep) 

{ 

} 

j=i+mmax; 

tempr=(float)(wr*data[j]-wi*dataLi+ 1]); 

tempi=(float)( wr*dataLi+ 1 ]+wi *datau]); 

dataLi]=data[i]-tempr; 

dataLi+ l]=data[i+ 1]-tempi; 

data[i]+=tempr; 

data[i+ l]+=tempi; 

wr=( wtemp=wr )*wpr-wi *wpi; 

wi=wi *wpr+wtemp*wpi; 

mmax=istep; 

11-----------------------------------------------------------------------

void fft() 

{ 

realft(data-1,nn,isign); 

j = 0, n = O; 

for (i=O;i < N ;i++) 

{ 

if (i%2 == 0) 

{ 

II sort fft output 

rsfft[j] = data[i]*data[i]; 

j++; 

II real part 
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} 

else 

{ 

isfft[n] = data[i] *data[i]; 

isfft[O] = O; 

II imag part 

} 

} 

} 

absfft[n] = sqrt(rsfft[n] + isfft[n]) ; 

psdfft[n] = (absfft[n]*absfft[n])/N; 

logfft[n] = lO*loglO(psdfft[n]*norm); 

n++; 

11----------------------------------------------------------------------------------------

void delay(unsigned long int countl) 

{ 

while(countl > 0) {countl--;} II Loop Decrease Counter 

} 
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~***************************************************************************** 

void convert_ volt() 

{ 

sumdata =O; 

for(i=O;i<N ;i++) 

{ 

sumdata = sumdata+data[i]; 

} 

mean = sumdata/N; 

for(i=O;i<N ;i++) 

{ 

data[i] = data[i]-mean; 

data[i] = (data[i]*3.3)14095; 



} } 

//============ Sum average fft ============================ 

void sum_ fft() 

{ 

for(i = O;i<256;i++) 

{ 

} 

aver_ fft[i] += logfft[i]; 

//---------------------------------------------------------------------------

void aver_ sum_ fft_Ia() 

{ 

} 

for(i=O;i<256;i++) 

{ 

aver_ fft[i] = aver_ fft[i]/1 O; 

} 

//---------------------------------------------------------------------------

void aver_sum_fft_Id() 

{ 

} 

for(i=O;i<256;i++) 

{ 

aver_fft[i] = aver_fft[i]/10; 

} 

//------------- fine magnitude maximun and frequency ----------------

void fine_max_FFT_Ia() 

{ 

max_c = -100; 
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,, 

} 

max 1 = -100· 
- ' 

max h=-100· 
- ' 

F_max_c = O; 

F_max_l = O; 

F_max_h=O; 

for(i=O;i<l O;i++) 

{ 

if(aver_fft[i+95]> max_c) 

{ 

max_c = aver_fft[i+95]; 

F _max_c = i+95; 

} 

if(aver_fft[i+45]> max_l) 

{ 

max_l = aver_fft[i+45]; 

F_max_l = i+45; 

} 

if( aver_ fft[i+ 145]> max_ h) 

} 

{ 

max_h = aver_fft[i+ 145]; 

F_max_h = i+145; 

} 

F_max_c = F_max_c/2; 

F _max_l = F _max_l/2; 

F_max_h = F_max_h/2; 

nor_FFT = max_c/max_l; 

//------------------------------------------------------------------------------------------
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void fine_max_FFT_Id() 

{ 

max_c = -100; 

max_l = -100; 

max_h = -100; 

F_max_c=O; 

F_max_l = O; 

F_max_h=O; 

for(i=O;i<l O;i++) 

{ 

if(aver _ fft[i+ 195]> max_ c) 

{ 

max_c = aver_fft[i+l95]; 

F_max_c=i+195; 

} 

if(aver_fft[i+l45]> max_l) 

{ 

max_l = aver_fft[i+l45]; 

F _max_l = i+ 145; 

} 

if(aver_fft[i+245]> max_h) 

{ 

max_h = aver_fft[i+245]; 

F _max_h = i+245; 

} 

F _max_c = F _max_c/4; 

F _max_l = F _max_l/4; 

F _max_h = F _max_h/4; 
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nor_FFT = max_clmax_l;} 

11------------------------------------------------------------------------------------------

int main (void) 

{ 

Systemlnit(); 

LPC _ GPI02->FIODIR = OxFF; 

LPC _ GPI02->FIOPIN = OxFF; 

UARTinit(0,9600); 

delay(2000000); 

Init_ADC(); 

II P2[0 .. 7] defined as Outputs 

II OFF all LED 

//Initial UARTO = 9600 Baud 

while(l) 

{ 

for(Ia_FFT_Id_FFT = l;Ia_FFT_Id_FFT<6;Ia_FFT_Id_FFT++) 

{ 

for(i=O;i<N ;i++) 

{ 

data[i]=O; 

} 

delay(2000000); 

11-----------------------------------------------------------------------------------------------

for (i=O;i<256;i++) 

{ aver_ fft[i]=O; 

} 

init_timer( 0, TIME_INTERVAL ); 

DQO_FFT= 1; 

for(loop_fft = O;loop_fft<lO;loop_fft++) 

{ 

enable_timer( 0 ); 

while(k <N); 

disable_timer( 0 ); 
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} 

k=O; 

convert_volt(); 

fft(); 

sum_fft(); 

aver_ sum_ fft _Ia(); 

fine_ max_ FFT _Ia(); 

nor_FFT_Ia = nor_FFT; 

for (i=O;i<256;i++) 

{ aver_fft[i]=O; 

} 

1/-----------------------------------------------------------------------------------------------

for(i=O;i<N ;i++) 

{ 

} 

DQO_FFT=2; 

data[i]=O; 

for(Ioop_fft = O;loop_fft<lO;loop_fft++) 

{ 

enable_timer( 0 ); 

while(k <N+40); 

k=O; 

fft(); 

sum_fft(); 

} 

aver_ sum_ fft _Id(); 

fine_ max_ FFT _Id(); 

nor_FFT_Id = nor_FFT; 

for (i=O;i<256;i++) 
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{ aver_fft[i]=O; 

} 

//-----------------------------------------------------------------------------------------------

for(i=O;i<40;i++) 

{ 

IA_rms += I_phase_A[i]*I_phase_A[i]; 

IB_rms += I_phase_B[i]*I_phase_B[i]; 

IC_rms += I_phase_C[i]*I_phase_C[i]; 

} 

IA_rms = IA_rms/40.00; IA_rms = sqrt(IA_rms)*5; 

IB_rms = IB_rms/40.00; IB_rms = sqrt(IB_rms)*5; 

IC_rms = IC_rms/40.00; IC_rms = sqrt(IC_rms)*5; 

//-----------------------------------------------------------------------------------------------

mean_nor_FFT_Ia += nor_FFT_Ia; 

mean_nor_FFT_Id += nor_FFT_Id; 

misalignment= (-0.1260) + ((0.2268)*nor_FFT_Ia) + ((0.2316)*nor_FFT_Id); 

percent_ misalignment = ( 100.00/0.500 )*misalignment; 

if(IA _ rms> l .25&IB _rms> 1.25&IC _ rms> 1.25) 

{ 

status =1; 

} 

else 

{ 

status =O; 

} 

//-----------------------------------------------------------------------------------------------

sprintf(uart_buf,"%d\t%d\t%1.3f\t%1.3f\t%3.3f\t%2.3f\n",status,Ia_FFT_Id_FFT 

,nor_ FFT _ Ia,nor _ FFT _ Id,misalignment,percent_misalignment); 

printUARTO((unsigned int *)uart_buf); 
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} 

mean_nor_FFT_Ia = mean_nor_FFT_lal5.00; 

mean_nor_FFT_Id = mean_nor_FFT_Id 15.00; 

misalignment= (-0.1260) + ((0.2268)*mean_nor_FFT_Ia) + 

((0.2316)*mean_ nor _FFT _Id); 

percent_ misalignment = ( 100.00/0.500)*misalignment; 

delay(50000000); 

if(IA _ rms> 1.25&IB _ rms> 1.25&IC _ rms> 1.25) 

{nnn= 6; 

if(percent_ misalignment<5. 00) 

{ 
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LPC _ GPI02->FIOPIN = OxFE; 

} 

II display level degree misalignment 

if(percent_ misalignment>=5.00 & percent_ misalignment<l0.00) 

{ 

LPC _ GPI02->FIOPIN = OxFD; 

} 

11 display level degree misalignment 

if(percent_misalignment>=l0.00 & percent_misalignment<l5.00) 

{ 

LPC _ GPI02->FIOPIN = OxFB; 

} 

if(percent_ misalignment>= 15 .00) 

{ 

LPC_GPI02->FIOPIN = OxF7; 

} 

} 

else 

{ 

nnn= O; 

} 

II display level degree misalignment 

II display level degree misalignment 
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sprintf( uart _ buf, "%d\t%d\t% 1.3f\t% 1.3 f\t%3 .3f\t%2.3 f\n" ,status,nnn,mean _nor_ FFT _ Ia,mean _nor 

_ FFT _Id,misalignment,percent_ misalignment); 

print UAR TO(( unsigned int *)uart _ buf); 

} 

Ia_FFT_Id_FFT = 1; 

mean_ misalignment = O; 

mean_nor_FFT_Ia = O; 

mean_nor_FFT_Id = O; 

} 

////*******************End Of Program*****************************************/ 
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Microcontroller Based Diagnostic System 

For The Degree Of Motor Shaft Misalignment 

flf)1 05JLL?l11° lJ~fln ~"d!Jill1\J\J~ LLn::u~n'll '1"U!JU\Ji11 

111Ri'll1if'l1m1lJ1vHhLLn::iiL~n'Vlwun~ Rru::if'11m1lJf'l11'111l1 lJmi'Vlv1<iviiun11'!f51i'l 

E-mail: padung2513@yahoo.com 

\J'Vl~Mfiu 

\J'Vlm111ffi~ii1 L'1'Uv~1'UWm::uu1ii'1 UEJ'i::lilum'iLtv~f'l'UUlJCJ Ll'lvft vJw1LL \J\JCJCJ'U 1<n1zj~tb::mii f.ll1~1 EJ . 
w 1Fl'il'lv'U 1 mLiivi 32 ul'l 1'U'1m1::11iifh·rnl'l ~-im 'Vll'lUFliLl'l'i1::\1aqiqi1rum::LL'1'1Ll'lLl'lvi L ~vVl1flruii'm~ru:: 

aqiqi1rum::LL'1'V11~~1'ULl'1LlJ'Ul'l11lJITTl'lEJ1i5 (Fast Fourier Transform) FFT Vl1'1J'U11'1'llv~aqJ11.J1rul'l11lJ~LLfl1J 
'1!1~ fs ±fr zj~'IJ'U11'1'1Jv~aqir;y1rulil~n~11am~'w5tiu'i::l'iunrntv~~'Uu~L tl~EJ'ULL tlii~ 1m1'Ui'1EJ1'i!:1Jml'lvi 

LVl~EJ1U1 3 Lvl'1'1J'U11'1 10 HP i'UL~EJ1ti'U'li1'U1'U 3 Pl'lL~vH\iJ'U'llvl;jl1'V11~'1~~1'UnTi1U~EJ'i::l'i1Jn1'iLtv~~'UU 
lJCJLl'lvi '11nm'iWEJ~u11'11:1J1'iflV11Lnru'11'Um'i1ii'1ii'EJ'i::lilum'iLtv~~'Uu 3 'i::lilu LL'1::'i::1J\J'11:1J1'rniii'1ii'EJ'i::lilu 

nrntv~f'l'UU iil'l11:1Jr1ni;fo~ 88.33% . . 

Abstract 

This paper presents a diagnostic system to determine the degree of motor shaft 

misalignment. The 32-bit microcontrollers are employed as the central unit to analyze and 

determine such conditions carried under no-load test conditions. Stator current signal analysis 

techniques are primarily used with the current signal to the frequency domain method (Fast Fourier 

Transform) to determine the magnitude of the frequency sideband. (Is ±Ir ) The magnitude of the 

signal correlated with the degree of motor shaft misalignment. The researchers used the same three 

3-phase lOHP induction motors. These were used to gather statistical data to diagnose the degree 

of motor shaft misalignment. Research indicates that the criteria for the diagnosis of the three levels 

of motor shaft misalignment can be measured with an accuracy of 88.33%. 

Keywords: Misalignment, Microcontroller, Motor Current Signature Analysis 

u'Vlii1 

L~v~'11n:1Jml'lvft viw1L vi~EJ1ii1L U'U~UEJ:IJ 1 '5n'Uvci1~LL ~foii1EJ 1'U1 'i~~1'Ut)1'1'11V1n'iwui1~ 1 L 'l'l'll::L U'U 

Ll'l~Cl~~mnii~vi1VIU1~Ltl~EJ'U'itl~ii'~~1'U 1~mh~i'.itl'i::i;'V1Bf11~ 1'5~1'U~1EJ i'.il'l111JLL ~~LL 'i~ 'i1F11fln LLm~iiF111lJ . . 
~ Cl~n1'i1.h~ ~-$' n1~1~1 ~~ LUJl11Jtl Ll'l viL VI~ EJ'lU 1'1::'111J1'iflvi 1~1'U 1~ Cl V1~~ii1'11lJ L~B Lfil'l Fl'l 1 lJ i) ~tin~ Li'\ ~~'U .;~ f.ll1ulel 

'IJ\J'l'U n1'if-lii l'l~~Vllll'l vi~ei Fl11:1Ji) l'ltl n~ L fl EJ~ L~nuei EJ ii ei1'1ii n ii 1:1J L U'Ul'l11:1J L~ EJVI 1 EJ'IJ v ~11ei Ll'l ei i~'i'U LL 'i ~ 1~ lli~if 'Un 1 'i 
' ' 

\JClnL VIVj<b~viu1 l~ ii'11lJ1'ifl~11~LLf.J'U 1 'Um'i'!iei11i.i11~L ~vvi11l1L~m·h1 'li''11EJUCJEJ~~~ LL'1:: L U'Un1'i~~B1~ nl'i 1 'li'~1'U 

)JC) Ll'lvft i.1'U1'U;'U n1'il'l'i1\1'1Cl1J m1:1Ji) ~tin ~'IJB~lJB Ll'lvfa1m 'iflvi 1 lillt~ EJVI~ ~ n 1'ivi1~1'U'IJ B~lJ Cl Ll'l vi LLll1fltl~ 
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i1.J~1'\J'IJemrnL111aiLYlavi1m'ilil'i1~'1m.J'1i11'Yi'lll~ll'llll1JU1\~ iildiHim~vfiallia~'lll!jl'l'IJ'U1'Um'i~~lil,r1.J LL<i::nTi 

lil'i1~'1ll'Ufld11Jell'ltJn~tl'IEJ'IJru::1Jm111afli'~11.Jll~11lllia~111~l'l'IJ'U11.Jm'i~~111 '111J1'ifllll'i1~'1ll'Uliil111<11viil L'llu n1'i 

iLm1::'11~1nm'ii'ULL<1::acycy1ru'i'Un11.J L~EJ~ L~1.JLL 'i~LLilL 'lll~n LL 'l~~1.J LL'1l:n1'i1i'acycy1rum::LL'1'1LlllLllllli [1] 

11.Jm'i11'1'1cycy1rum::LL'1'1LlllLllllli'IJll~1JlJLllllli'IJru:: 1-u~11.Jlltj L Yla 1m1.Jm'ii Lfl'i1::°11fld11Jill'ltJn~'IJll~1JllLllllli 

L uuiilli.Jij~<l n 'il:'Vl'Uvi ll'il:'U 'Un 1 W ~Ill li.Jlli ll~~l'li;f ~'ltJ n 'iNL ~1J L~1J~IK11Jll Lill afl oif L 1<111 u n1'illl 'l1 ~<'lll'UUll El LL<!:: 

'111J1'ifl'Vl'i1'Ufl111Jill'ltJn~ riv1.J1J ll Lllllli~:: L~EJ'lll1 EJ~1'ULL 'i~ LI'! v Lti'Yi1::1'1111Jill'ltJn~~1 n n1'lLta~~1.JV'IJ a~ LLn1.JL 'Yi'11 

1Jm111ai vi1 WLiil'ILL 'i~~~ LLilL 'Ill~ n 11l'11JVj'1 ~~~" 1 i.11Jm111aiLiil'lm'lii.J01:: L Viai.J L uu011 L 'lll~'lll~~~vi11 i.1m~nT11-ii~11.J 

'IJa~111au<inui.J1Jm111aiii.J<i~LL<i::i-iflLU1.J 40 % 'IJll~m'i°ti1'll'l'IJll~1Jm111ai~~'lll1Jl'I [lJ ~1n'UY1fl111J%EJ~~1u1J1Yiu-l1 . ' 
'111J1'if1111'i1~01autl'IEJm'iiLfl'i1::°11fl111Jill'ltJn~'IJll~'IJ1.J1l'lacycy1rufl111J~LLfl'U'IJ1~ fs ±fr 'IJ'U11'1'1Jll~acyf1.!1ru~ 

fl111J~~~mh1nl'l111Ja1J~1.JBrl'U'il:EJl:'IJll~n1'iLtll~~1.JV (1- 7] LLvi~1nn1'l¥1m11'Yi'Ul1 v~11lnm'l1-ii 
11J Lfl'iflll1.J t 'Vl'i<l L'1lli1J11m1.Jm'ii Ll'l'i1::°11LL<i::iil~OEJ'il:~'Un1'iLtll~~1.JV LL 'U'Ullll1.J 1<itl L Yla111n~'1ll'U'il:~'Un1'i Ltll~ 
f'l1.J61Jm111ai1-WYl1 . 

1 u~1ui'ii' mitlii'i.J~ L U1.J ¥1 n~n m'i 1 i'l1J Lfl 'ifl '11.J t 'Vl'i<i L<i afl u n1'i'lll1 LnruVi LL<i::iil ~om:: ~'Un 1 'l Lda~ f'!'UV'IJll~ ' . 
1Jmi;rni1-WYl1L111~v1tl1 3 L ~'1LL uuaau 1'1tliLm1::'11~1nacycy1rum::LL'1'1LlilLlilllfl -iiL 'Vlflilfl 1 u Ll'IL1J'Ul'l111J~~1n m'i 

LLtJ<i~~Lvi FFT 1i'1Jm111ai~'IJ1.J1l'IL~v1ni.J'ii1u11.J 3 IK1 1i'Li'.Ju'llal;J<i'Vl1~01Ci~LYla'lll1Lnru'r11um'ilKl'liiunTi 

~1n~11.Ji'ii'EJ'lll<11v1~11.Ji'ii'vnu-l1n1'iLta~~1.J6Liil'l~1nm'i~~lilLL<i::tJ'i::nauiu~11.Jvi1~1 111~aLii1"1~1nn1'i 
~I'!~~ Lfl ~ll~'ii' n'i~linij;\1 LL 'lllU~~ M1.Jan<11~ill'I L ~EJ1.J 1 tJ~1 n ;\1LL'lllU~~n1'1111.Jl'l 11vi11 ~'i:: v::'>i1~~ 1 n LLn'U'lll1J'U li.J 1'1~~ 

' . ' 

L'lll<ll'l~vivn'U1JllLlillliL'lll~EJ1tl1LL1.J1LLnmn<11li.JLU1.JL~1.Jlll'i~(Shaft Misalignment) '111J1'iflLLu~1iil 3 iin~ru:: [6] 

Parallel 

Angular ~ ot 

'llll~LL~<i::LLn'UL 'Yi'11'IJ1.J1'\Jn1.J 

2. Angular misalignment LilvLL1.J1LLn1.JLn<t11JllLlilllivianut'lll<il'lllEJL1.JLL1.J1'i::u1uL~EJ1nuLLvif'lu6n<11~~1'1 
I '\I 'U ~ 

'111~1.Jvi1~1J~~rl1.JLL<i::n1.J 
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1.f1::'{v"iTF1nT1 VEJtJ. "i~e ,,~;t 5 f 1una11i1111du~il1nmn/1::vv (Proceeding) -

3. Combined Misalignment L~mL u1LLn1JLY1<111JtlLlll<Jil1it1n"u L '\.lnlil hfo~11JLL u11::u1rn~v1n1JLL<1:: 

~uvn<11~~lil'\.11juvi11j1J.;~nuLL<1::nu 

'1in.r n~ru:m11Ltt1~~uv'l'i1~iif u L i'.lu1:.mvh 1 '11Lnlilm11J hlaJ1Lft1Jt1'llt1~'1lt1~mf'l1::w)1~11L11rninumlll Llilt1i 

(Eccentricity) ft11J1'mLLtl~1~ 2 'j!Ulil 

1. n1'iLtil~f'l1JVLLtJtJ<'ILLlll~n (Static Eccentricity) Lfllil'11nLLn\JLYln11J<ILlllilinn\J~f'i'tJ 1mtl=8lil~11J1lil~11J . . 
'l-1U~'ll <1 ~lJBLlll <1 i ~~ L:Jn i;i <1 m 'i\11j1J'll <1~ 1 'i Liil t1i'1:: hi'l-11j1J 'iiltJ ~Iii~ u 6nn1 ~a u11J LL1l L 'l-1a n '1-11j1J LL l1i '1 ::\11j U'iil u ~Iii 

~uvn<11~lli1Lt1~ 

2. nrntt1~f'l1JVLLt1tJ1lilu1iin (Dynamic Eccentricity) Li'ilil'11nLLn1JLYln11J<ILlililinnu~f'i'u1'1-1'1tl~1u1lil~11J . . 
\1U~'llil~1Jil Llllili L~mnliln1'i'l-11j\J'1::vi11 '1111i1 LL mi~'llil~ L 'iLlilili~ nu~f'i'tJ'l-11j1J'iiltJ~lil~1J6nn1~'11J11JLL1l L '\.1an'l-11j1J 

~fonwVi 2 [3] 

Center Rotor 

Center Stator 
Normal Motor Static Eccentricity Dynamic Eccentricity 

... ., "' , , ... .:I 0 ..... 

\1ilnn1'ifl'i1'1'1\Jn1'iWiN'!JUf.l'tlil-311ilLflil'i'jj1JflL\11Jf.J11J1 3 Lnil 

..ii 0 .K .- .J ... 1 ... " • ~ ..J 
urn n 1'i'V11-311J'Vi1J!11J'lliN11il Liil tl'iL \11JV'lft11J L TI<'lf'lil n 1'ift'i1~'11J11J LLlJ L \1<1 n\11j\J'Vl'!Jliln'l lil'1 Liil Liil tl 'ilil'JV 

'i::uu 1 ~Vl1a11J L ~a au11JLL11L 'l-1an'l-11jUd'1::vi11 '11LnlilLL rnf'l~au 1~vhvtl1Llllt1fa<1::iinmLa1'l-1<11u11Lllltiizj~m:: LL a 

'1::a11~'11J11J LL1l L '\.lan~Ci'l'llil~ hLlllili ~il1JtlLlllili~Lnlilf11'iLtM~\JV vi11-Hm11J11la~1 L'11Jtl'llil~'liti~tl1f11f'I 'i::Wl1~ 

L 'iLllltiinumlll LllltiiL tl~vuLL tln-311l11Jlli'1LL wu~'llti~ L 'iLllltiiri1F1111Ju1LL1lman'llti~'liti~ti1mf'I (Airgap permeance) 

iu ti ...i U IV I ,,f I U J' .-
'1::~n Modulate numVf'l'l11JCl Is ±Ir LL<l::'ll'Ullil'llti~acycy1rulil~n<111'1::'ll'Uti~nu'i::v::m'iwti~~uv (l], [2], 

[4], [6] '111J1'iClilTIU1V1~~~a1Jn1'i 

fecc = Ifs ± lifr j = fs [I ± 2m(I - s) Ip] 

lecc 

Is 
fr 

k 

m 

s 
p 

f'l'l11J~~Liilil'11nf11'iLtil~~uvii'l-1u1mtluL~i'VI (Hz) 

1'1111J~'lltl~ LL 'l-1~~~1v 1 '111Jmlllt1iii'l-1i11m U'ULBi'VI (Hz) 
..I " < 

1'1111JCl'llil~f'1111JL 'i'llJtlLlllil'i (Hz) 

<i1~tJV1'fllJUl'liil'i1Lvi1nu 1, 2, 3 .. . 

<i1~uv1i11Juf'liil'i1Lvi1nu 1, 2, 3 .. . 

l'i1 slip 'llti~lJtlLllltii 

,jiu1u-ir1'llti~1Jmllltii 
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.J a tJ I 1. Lfl'Hl~lJilU.il::~ n'HU 

fl1'l'VllllilPJ~HilJmlllPJflvhh!!ulllLVl~V1i.h 3 Lyja imtiiv1ni.J'ii1i.n'U 3 i;i'1 'll'U1\Jl 7.5kW, 50Hz, 4poles, 

1440 rpm. 'l::EJ::-!iPJ~!J1fl11'1Lvi1n1J 0.5lJlJ. '!f\JlV1\Jlil!J~'11lJ1'Hl'lff1J1:m:m1'lLt!J~l'l'U6 U<l::llll'l::EJ::fl1'lLt!J~l'l\J6~1EJ . . . 
.J .. .J d ' .J " • u 1 .J tJu u 1 1 vv ~ < < 

Lfl'l!J~lJPJ'VlL':iVn11 Dial Indicators 'lf~Un\JLl'lil11JtlLlll!J'llll!JPJ~nu Vl<llllV1'11lJ1W 'i1J'l::\Jl1J Vl<l\Jl lll\Jl1VPJ\JL1r:l'lL\Jl!J':i 

3</J Source 380V Induction Motor 

Current ~~c==L...J, 

Sensor 

Analos sisnal 

condition 

Anti-alias 

Low pass Filter 

MisaUsnment adjust 

Microcontroller 

NW.7 

LPC1768 

LED Monitor'ns 

Load 

3</J Source 

380V 

1w11l'l~ 4 LU\J1~'il'lllll'1(\!C\!1t\Jn'l::U'1'i11n'U\Jl<l11ll'1L\JlLlll!J1 1 Lyja ~1VL'lf'UL'lfDim::m1'!fU\Jl Current 

Sensor LUPJ{ (LEN-HX-lONP), Accuracy± 1 %, Linearity± 1 %, DC to 50 kHz Frequency bandwidth, 

Input Current Ip ± 20 (A), Output voltage ± 4V i11'1'1J'IJ1ruL'li11~'ii'ltlfoui;i~.;'C\l'll1ruhh::~1JLL'l~~\J offset 

Lvi1nu t.65 b<ivl 'i11mr'Uu1'1qi1Y1ruL'li11~'il'lmD~m1lJ~~1~ijLL(l1Jf111lJ~ 500 Hz LL<i::ml'l~ s (n)'iJ::i;iei1~'iJ'li;i!) 

L'li1ti'ui;i'1tl'i::lJ1<i~<i'1C\!C\!1t\J~v1lJLfl'lflPJ'U1Vl'l<lL<lPJ{ ARM Cortex M3 Core LUPJ{ LPC1768 tl'i::lJ1<l~<i 32 tilll 

tl'i::lJ1'1~1Vfl11lJL~1 100 MHz VIU1Vfl11lJ'ii11tl'lUn'ilJLL1J1J Flash 'U'U1\Jl 512KB, Static RAM 'U\J1\Jl 64KB h.1 

fl1'lrilJli'l\jl\j1t\JPJ'U1<ir:lnLU'U~~lll!Ja 'll'U1\Jl 12 U\Jl ~1Vfl11lJ~rilJ 1024 kHz \i1'U1'l.l'!iPJlJ<l 2048 '!iPJlJ<i1'iiLV1flUfl , , " " 
iLfl'l1::\.\'lim;J<iV11~11llLlJ'l.lf111lJ~U uu FFT L)jr:l (frequency resolution) 6.f = (/, IN)= (l 024 I 2048 )= 0.5Hz 

vhfl1'lUU<l~ FFT 'ii1'1..11'1.J 10 fl~~u<\'1vi1f'i1Lil~V L~vvi1fl1'liLfl'l1::l-lvm::~1Jfl11lJ~llltln~'UEl~fl1'lLt!J~i:!'l.16l.JmlllPJ1 
~~fl1ViVi 5 ('U) 
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R c ........ ......,.. 

DC OFFSET t.uv 
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ll1Vi~ 5. (n) 1~'1'itli'ULu1i~«iy1111ruu.'1:: 1lJ Lfl'lf'lmJL 'Vl'i'1L'1fl'f ('ll) 'i::UU'q~Yl~'1eNiLf'l'i1::1'1l'l.rrn::LL'1::'i::~u 
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f"I -- ., ., .K ~ 2. n1"l'VlfliHl-il'lll1LnaJ'Vl L1Jn1"l'l1J;)ilfJ'i::fl\Jn11Lflil-ilfj1JfJ 

2.1 \Jfo'i:m::n1'iLVt1.:i~1JeJ 0.001J1J. 0.031J1J. 0.061J1J. 0.091J1J.0.121J1J.LL'1::0.l51J1J. '11lTJ::1i.Jij 

1111'1\ll 

1 ~ ., ., '.1 ~ ' ..I ..I ~ 
2.2 'IJL1JLf'l'if'ltl1JL'Vl'i'1L'1V'iu'i::1J1'1l:.m"1nm1J'IJ1rum::u.'1'1LlllLllltl'i'1111'!11J11ll'Vlf'l'l11J'1LLt1\J'!J1.:a fs ±fr 

2.3 1'!f'!l'U11llf'l11lJ~U.t1U'li1~ (/, f(f, - /,) vi1m'i Normalization LU'ULnru'V11'Un1'ilU"oa'i::~Un1'i 

LVtl~~'UeJ 

-- ., ., d ~ 3. 'Vlfl'1il-il'l1J;lilfJ"l::t1\Jn11Lflil-ilfj1Jfl 

1U"UE.J'i::~Un1'iLttl~i:J'UVU. \J\Jtltl1J 1'1'ULlllE.J 1'!f Lnru'V11 'U'liti~ 2.3 li1'1a 11J Lf'l'if'ltl'U '[ 'Vl"l'1L'1tl~ vhrm 

'Vllll'1t1~'111'111J'l'U 
::: I .K f' ._. A' f' V ...... 0 f' d f' V 

1 o m .:i lllt:J'i:: v:: n1'i wv.:i ~'U v U.'11ll.:i ~'1'i::lllu m'i LE.I t1.:ii:J'U Vlll'l v u.t1" t:Jlll f'l 1mru1111 L \Jt1'i L '!f'U lllf'l'l1ll ~ nlll t1.:i'lrn.:i m 'i 

1U"ua 

lll'1n1"l'Vlflail.:iu.a::1Lfl'i1::-Mlllan11'Vlflan.:i 

i. m1'Vlflan.:i'lll1Lnam1um11U;i5v1::fi'um1L~ei.:iflua "1n~'1n1'i'Vllll'1t1.:i~.:im'i1.:i~ 1 v 

' No Load 1JilLflil'i 
~..I 

fs-fr fs fs +fr Normalization .x ' Pl'l'Vl 1::V::n1'iLflil.:!fl'UfJ 
v 

(dB) (dB) (dB) (/, l(f, - /,) (lJlJ.) 

1 -54.3545 -13.7843 -57.9979 0.2536 0.000 

-53.7502 -13.6993 -54.5935 0.2549 0.030 

-50.7069 -14.0399 -51.0586 0.2769 0.060 

-51.6747 -14.1654 -56.5247 0.2741 0.090 

-44.2633 -13.3519 -46.6175 0.3016 0.120 

-39.3191 -13.6263 -41.6385 0.3466 0.150 

2 -54.312 -14.7924 -56.7931 0.2538 0.000 

-51.9004 -14.6734 -53.5873 0.2640 0.030 

-52.606 -14.5274 -54.9238 0.2669 0.060 

-47.8628 -14.1487 -48.8735 0.2960 0.090 

-46.2369 -14.0265 -48.7649 0.2888 0.120 

-40.9317 -13.4318 -43.9002 0.3329 0.150 

3 -54.9539 -14.2126 -58.0156 0.2508 0.000 

-52.8173 -14.1263 -55.9705 0.2594 0.030 

-51.1164 -14.1436 -56.0247 0.2747 0.060 

-46.8398 -13.8705 -53.6737 0.3024 0.090 

-41.7433 -13.8528 -44.4474 0.3199 0.120 

-38.115 -14.0218 -42.9519 0.3575 0.150 
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Signal from Q.nent sensor(LEN-HX-10NP) 

0.5 - - - - - - - - - - - - - - - - - - - - - - - - -

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
Time (sec) 

{n) 

Power spectNm density {dB) 

' ' ' 
-10 - - r - - ~ - - - - - -:- - _ :--L4.0$gdB. ~ __ ~ __ -: __ 

-20 - - - - - _._ - - _J - - _j _ - -

-JO - - ' - - - - - -I - - -I - - -

~ -40 

~ -507~8 ' i: : l 
-80 ~~~-~~-~· ~Jf--:--: 
-00 - I~~ -I I -I-

I I I I 

- - I - - T - - I - - -I - -

' __ L __ _J_ __ _j ___ 1 __ 

I -5~.~8 
-i---i--

__ c_ __ _L __ _j ___ I __ 

' 
' ' --,---1- ,-

-100'-~-"-~-"-~-'---~-'--~--'-~--'-~--'-~--'-~--'-~~ 
0 10 20 ~ ~ 00 00 ro M 00 10 

Frequency (Hz) 

('U) 

111\'I~ 6. 
U I U 1'4 ""' .r I' 

m'1En~'1'1Jl1J1rum::u.'1'1LVILV1Cl'lUJBLnl1lmmm~~'UV 0.06 1J1J. 

10 

m 
C!1. 
;; 

~ 
~ 
l 
"' I -70 
"-

-80 

-00 

-100 
0 

10 

iii' 
C!1. 

f 
§ 

i 
"' ~ -70 
"-

-80 

-90 

-100 
0 

(n) ~11J11J1rull1lL1J'UL1<t1 ('U) ~'1Jl1J1ru1l1lL1J'Uf1111J~ 

MOTOR1 

_____ ._ _____ ~ _____ ~ ______ I ____ _ 

0.03 0.06 0.09 
~(mm.) 

(n) 

MOTOR3 

' 

--e-- fs-fr 

--a-- fs 
-+-ts+fr 

0.12 0.1~ 

- - - - - I - - - - - -, - - - - - - I - - - - - : - - - - - -

_::_:_:_--s.=-~:_:_:_-~-=---=-=-~=-=---=-=ili=-=-=:_:_: 
,------------,-----~------

--&-- fs..fr 
--e-- fs 
-+- fs+fr 

0.03 0 06 009 0.12 
Misalignment(mm.) 

(f'I) 

iii' 
:!!. 
1!' 

] 
§ 

i 
"' 
~ 
"-

10 

-10 

-20 

-30 

-40 

-50 

-80 

-70 

-80 

-90 

-100 
0 

MOTOR2 

- - - - - -1 - - - - - - r - - - - - - i- - - - - - -, - - - - - -

' - -1 - - - - - - r - - - - - -1- - - - - - r - - - - - -
---------Et---------El----------i;r--------~---------

- - - - - -1 - - - - - - t- - - - - - -1- - - - - - -t - - - - - -

' - - - - - -· - - - - - - t- - - - - - -1- - - - - - -t - - - - - -

' ' ' 

=~====="=·-=========t======,,; ... =.=:<:;:_=~*=-=~======: 
- - - - - -I - - - - - - ..... - - - - - _,_ - - - - - r---~--

0.03 0.06 0.09 
Misalignment(mm.) 

('U) 

--e-- fs-fr 
--B-- fs 

-+- fs+fr 

0.12 

0.5,---------------------~ 

0.45 ' ' - - - - - I - - - - - - I- - - - - - - - - - - - - - -

0.4 - - - - - ~ - - - - - - 1- - - - - - I - - - - - -1- - - - - -

' I 

! :o~.~~ .... :.~~ .. :.~.;~~ .. :::=:~~:~~:;:~~~~~:~ 
1 0.2 - - - - - ~ - - - - - -:- - - - - - + - - - - - -:- -

0.15 - - - - - I - - - - - -1- - - - - - ~ - - - - - -:- - - - - -

' 0.1 -----~ ------:- -----~ ---1--·-· MOTOR1 

0.05 - - -- - ~ -- - - - -:- - - - - - ~ -- -1 ==~=-~~~~:! 
ol_~~--'~-~_J_-~~-'-~--==========~ 

0 0.03 0.06 0.09 0.12 0.1 
Misalignment(mm.) 

(~) 
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o.s~--------~-----~ 

0.45 - - - - - T - - - - - - - - - - - - - - - - - - - - - - - -

0.4 -----+--------- ----------------

0.35 ' 0.30 

! 0°2

3 i~~-~~:-~-~~-~-l--~~r-~-:--~-~-~~~-
1 0.2 - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.15 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.1 -----------------r-=-~--~~_., I -~- Mean Normalizat.., I 
0.05 - - - - - .,._ - - - - - ..... - - - - - - 1- - - - - - ,... - - - - -

0'-----'-----'---_.L __ __. __ __, 
0 0.03 0.06 0.09 0.12 0 .. 

Misaligrment{mm.) 

(;i) 

o.s~------------~--~ 

' 
0.45 - - - - - - - - - - - -----~------

' 0.4 - - - - - - - - - - - ------,------

' 0.30 
0·35 - - - - - - - - - - - -'-021s- - - - - - -rjf:_~~-=-;...;1 

,g 03 0.25 - - - , ' ---
~ '/' . ------- ' ----- , , High 
£ 0.2~ -~---~-~---'"- - - - - _f __ - - - - ' - - --- ..., - - -- - -
iJ Small' .Medium -!!.. Q.2 - - - - - -1- - - - - - -I - - - - - - >- - - - - - -t - - - - - -

Q.15 - - - - - - - - - - - -' - ·- - - - - L - - - - - J - - - - - -

0.1 I 
- - - - - -:- - - - - - - 1,- - - - -(--e-- Mean Normalization\ 

0.05 - - - - - - - - - - - -1- - - - - - r - - - - - I - - - - - -

0'-----'----'-----'---L---~ 
0 0.03 0.06 0.09 0.12 0 .. 

Misalignment(mm.) 

(ll) 

mwvl 7. (n) ('tl) (fl) m1l.J.;'l.J~Ul5'i:::-,,11~'i:::mmTiLttJ~~u6nu f. - fr, f,, f, + f,. (~) Normalization 

(/, /(/, - /,) m:i:::bJiTh1'1l1l'tltJ~l.Jm(;)tJi~~ 3 U'1::: (;i) rl1Lll~EJ Normalization'tltJ~l.JtJL(;)tJi~~ 3 

t um'iYl111'1tJtJmLnruvhi1uum:::!ii'um'iLtr:i~l'l1JV mv 1i;l'1ni-i::: bJffi ';IM'l fl11l.JL ~1'itltJl.JtJL(;)tJ'iL Y11ntJ . 
.J v v u 'v .K ' "' I' 50H: 1 0 0053 4 v ::; .J 1492 rpm fl11l.JClUCltJ'tl1~'1l.Jnuonum·mm~~1JEJLl.JtJ 1 s = z, m = , s = . , p = 11l~'U'Llm1l.JCl 

U'1u-ii1~ f, - f, = 25Hz u'1::: f, + J;. = 75Hz ;i1nm'i~1u%v1~tJ~uunULn'11l.JtJL(;)tJfl~tJ~Lu'11111::tln~bJi1 

nrntm~u!! 1111vtum'i1~vi 1 u'1111~f'i1L11~vvtl~;i1nm'itl"i:::l.JJ'11.J'1 10 fl~~ u'1:::'11m'i'1m'llu1111'tltJ~.;''l!'lJ1ru 
m1l.J~LL'1u'll1~ f, - f, l.Jm(;)r:iivi 1 Lvi1nu -54.3545 dB l.JtJL(;)vivi 2 Lvi1nu -54.312 dB l.JtJL(;)vivi 3 Lvi1nu -

54.9539 dB U'1::: !. + /,. l.JtJL(;)tJivi 1 Lvi1ntJ -57.9979 dB l.JtJL(;)tJivi 2 Lvi1ntJ -56.7931 dB l.JtJL\;\tJivi 3 Lvi1nu 
"' tJ"' ..... .x ~ .;,, ,,,3 .J .... ..,: .x ~ -58.0156 dB Ll.Jtl 'itJ'i:::111tJn1'iLEJtl~~mJLnl.J'tJ'U'tl1J111lfl11l.JClUCltJ'tJ1~ fs ±fr ;)::;L'Vjl.Jvl1l.J'J:::EJ:::n1'iLEJtJ~~'UEJ'lleN 

l.Jmvmi~~ 3 tii'1 LU'U1tlVil'IYl1~L~mnu!ii'~'llill;!'1U'1"1~(;)1'i1~vi 1 LL'1:::m'Vjvi 7(n) ('tl) (fl) LLii'1vi1m'i Normalization 

(f,l(f, - /,) 'fJtJ~l.Jmvrni~~ 3 lihhi' !ii'~mnvi 7(~) U'1:::ml'i1L11~EJ'tlil~f'i1-iilll;!'1 Normalization 'llv~l.JtJL\;\vi~~ 3 

lumnvi 7(;i) ~1uLnruvhi1u'Llm:::!ii'um'iLttJ~~'Llvlil~mnvi 7(o) u'1:::f'i1LnruVi,j°1LL'Um:::!ii'unrntv~~u6 !ii'~mrn 

vi 2 

I ,. _, .I , 
fl1LnW'rl;)1U.Un'i::lll\Jn1"iLEJtl~flUEJ .. 

tii'~ulll 0.25 ii~ 0.275 

tl1'Un'11~ 

l.J1n 

10 
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tf1::'{V?T1w11 vuu. ?vu ,,f~tt 5 f 1unl'l11i1u1ilu~v1nnmh::'{V (Proceeding) -

1:rnnT~1il'ilue 

" .f 
'i::~\Jn1'iL9£1~ 

fl'Ue 
" 

" '1.1£19 tl1'U 

10 10 0 0 0.000 100 

10 10 0 0 0.030 100 

10 4 6 0 0.060 60 

10 0 10 0 0.090 100 

10 0 3 7 0.120 1J1n 70 

10 0 0 10 0.150 100 

10 10 0 0 0.000 100 

10 10 0 0 0.030 100 

10 4 6 0 0.060 tlTumrn 60 
2 

10 0 10 0 0.090 100 

10 0 4 6 0.120 :i.nn 60 

10 0 0 10 0.150 1l1n 100 

10 10 0 0 0.000 100 

10 10 0 0 0.030 100 

10 3 7 0 0.060 70 
3 

10 0 10 0 0.090 tl1'l.lmrn 100 

10 0 3 7 0.120 :i.nn 70 

10 0 0 10 0.150 :i.nn 100 

88.33 

'il1nlll1"rn~ 3 n1"i'VlV1'1tl\JlU'ilOE.J"i::~\JnTHtt1~1'1'UB'!ltl~lJCJL9lt1{~~ 3 'ii1'Ll1'U 10 f')?~~tl"i::~\JnTiLttl~ 
" 

1'1'1.16 ~'1n1"ilU'ilOE.Jijf'l11lJ'1 niii't1~'1~ L 'Ll'li1~f'i1nT11tt1~1'1u6~1~'il1nf'i1 Lnrul1'ii1 LL unnT1LteMl'11JBl.J1 n LL'1:: Lrlt11'11 nTi 
v v v v v 

1tt1~1'1UB L off 1 tnaf'i11nrul1m"i'ii1 LL um::~um"i Ltt1~l'1u6~'1n1"ilil'iloE.Jijm1l.J11 niii't1~'1V1'1~ L ~t1~'il1nf'i1Lnrul1'ii1LL u n 
" " " 

L lluf'i 1 L~ E.11 nu n1 "i'VlV1'1 tl\J"i:: ~\Jn 1 "i Lt ti~ 1'11J 6 LL'1 ::off t1'ii 1 n V1 '!I tl~'l1 Vl'Vl V1'1tl\J~ ti fo'l:: EJ:: n 1"iLtti~1'1 U E.JL ~ij f'l11lJ LLllU ih 
" . " 

(f'l) 
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0
·
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0 e 
.. 0.325 
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0.3 -------

Misalignment(mm.) 

u • 

(fl) r.J'1lU'llOEl'rn~unT1LVB~i:]'LJUlJBLlllBi~1Vi 3 

0.15 

1um'iiLm1::llA11lJili;itlnPilJmllleiiL"1~EJTt11 3 LvMmlJLR'iflB'LJLY1'im<ieiilun1'1th::m<ir.J<iiLwn::ll 

~qiiy1rum::LLl'i.'ILlllLlllBi 1'ti''IJ'LJ11ll'IJB~A11lJ~LLCltJ'!l1~ fs ± f, L ~Bl11Lnru'1iu'IJOEJ'i::~un1'Htei~i:iuu'IJB~lJBLlllBi 
.Jr~ 3 ~1 Lnru~n1'ilU'llOEJiin1'1Ltl~fJ'LJLL tl<i~LL u11 UlJL ~lJ~mdeilJmllleiiLiii;inTntei~~'LJU~L~lJ~'LJ 1-ff L\'Jmnru'll 

'ii1LL'LJn'i::~Un1'iLtB~f'1'LJEJ1~ 3 'i::~u 1tJn1'ilU'IJOfJ'i::~Un1'iLtB~f'1'LJUiifl11lJCln~B~~BfJ'1:: 88.33 n1'i1'LJ'll\lfl . . . 
hi .,1lJ1'i'1 ~i;iauli11 mn ru'rivl'lf i;i L 'llu11i1 L ~ 'i1:: 'i:: ~um 'i Lt ei~i:iuuii n1 'i L tl~ vu LL tl<i~ 1 u'li1~ n11~ LL~1111nn1 'i 
Ltl~EJ'LJLLtl<i~n1'iLtei~f'1tJueiEi'tlwi'1"1tJlll11 '!t~m'IJ'IJ::LLflnBeinLtltJ'i::~u~1~'l~~d 'i::~u 1 iinrntei~f'1tJui!eiveiv1u 

\J " 'U '\I 

Mm::vlveiufo11i1 'i::~u 2 iim'iLtB~f'1'LJUtl1un<11~BfJL'LJ.,1111::vllli'ei~iin1'lL~B'LJ LLn::'i::~u 3 iim'lLtB~f'1'LJUlJ1nBEi 
" '\I \J 'U 

1uMm::~lli'B~1~fon1'iLLnl'IJvl'l'LJ ~~.,1lJ1W't11fJ 1~n1'ilU'llOfJ11i1~n~B~lJ1n~'LJ eiEi1~1 'inlll1lJn1'i~ mn1 'LJ~'LJ~B1 tl 

fiei n1'i 1-ff L YlflUA~'LJ 'l~'" 1 u n1'ilU'llOEJ'i::~um'iLtei~f'1'LJUlJBLll1BiL ~m ~lJm11mn~ei~ 1 um'ilU'llllv L 'liuiiim'l'IJB~ . . 
Park's vector 
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Current Transducer HX 05 .. 15-NP 
For the electronic measurement of currents: DC, AC, pulsed, mixed, 
with a galvanic isolation between the primary circuit (high power) and 
the secondary circuit (electronic circuit). 

(€ ~ COMPUllT 
2112/95/EC 

Electrical data 

Primary nominal Primary current, Primary conductor 
current rrns measuring range diameter x turns 

IPN (A) IPM (A) (mm) 

Serial Para Del Series Parallel 

±5 ± 10 ±15 ± 30 O.Bd x (6T +6T) 
± 10 ±20 ± 30 ± 60 1.0d x (3T +3T) 
±15 ±30 ±45 ± 90 1.2d x (2T+2T) 

Type RoHSsince 
date code 

HX05-NP planned 
HX10-NP planned 
HX 15-NP 46047 

VOUT Output voltage (Analog)@±!,,... R,_ = 10 kn, TA= 25°C ± 4 v 
ROUT Output internal resistance 

RL Load resistance 

Ve Supply voltage(± 5 %)1> 

IC Current consumption 

v. Rms voltage for AC isolation test, 50 Hz, 1 min 

Primary to secondary 

Primary 1 to primary 2 

v. Partial discharge extinction voltage rms @ 

vw Impulse withstand voltage, 1.2150 µs 

Accuracy-Dynamic performance data 

X Accuracy@ IPN' TA= 25°C (excluding offset) 

EL Linearity error (0 .. ± IPN) 

V0 E Electrical offset voltage@ TA= 25°C 

V GI Hysteresis offset voltage @ Ip= O; 

after an excursion of 1 x I"" 

Temperature coefficient of VOE 

10 pC 

TCVOE 

TCVOUT 

t, 
Temperature coefficient of VOE(% of reading) 

Response time to 90% of I"" step 

BW Frequency bandwidth (- 3 dB) 2> 

General data 

TA Ambient operating temperature 

Ts Ambient storage temperature 

m Mass 

dCp Creepage distance 

Isolation material group 

Standards 

< 50 n 

;:>: 10 kn 

± 15 v 
< ± 15 mA 

>3 kV 

> 1 kV 

;:>: 1 kV 
;:>: 6 kV 

<±1 °lo OflPN 
< ± 1 °lo 0flPN 
< ± 40 mV 

< ± 15 mV 

< ± 1.5 mV/K 

± 0.1 %/K 

:>3 µs 

50 kHz 

-25 .. + 85 ·c 
-25 .. +85 ·c 
8 g 

;:>: 5.5 mm 

I 

EN50178: 1997 

Notes :1> Also operate at ±12V power supplies, measuring range reduced to ±2.5x IPN 
2
> Small signal only to avoid excessive heating of the magnetic core 
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Features 

• Galvanic isolation between primary 
and secondary circuit 

• Hall effect measuring principle 
• Isolation voltage 3000V 
• 2 isolated primary windings 
• Low power consumption 
• Extended measuring range(3 x 1.") 
• Power supply from ±12V to ±15V 
• Isolated plastic case recognized 

according to UL94-VO. 

Advantages 

• Low insertion losses 
• Easy to mount with automatic 

handling system 
• Only one design for wide current 

ratings range 
• Small size and space saving 
• High immunityto external 

interference. 

Applications 

• Switched Mode Power Supplies 
(SMPS) 

• ACvariablespeeddrives 
• Uninterruptible Power Supplies 

(UPS) 
• Electrical appliances 
• Battery supplied applications 
• DC motor drives 

Application domain 

• Industrial 
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LPC 1769/68/67166/65/64/63 
32-bit ARM Cortex-M3 microcontroller; up to 512 kB flash and 
64 kB SRAM with Ethernet, USB 2.0 Host/Device/OTG, CAN 
Rev. 8 - 14 November 2011 Product data sheet 

1. General description 

The LPC1769/68/67/66/65/64/63 are ARM Cortex-M3 based microcontrollers for 
embedded applications featuring a high level of integration and low power consumption. 
The ARM Cortex-M3 is a next generation core that offers system enhancements such as 
enhanced debug features and a higher level of support block integration. 

The LPC1768/67/66/65/64/63 operate at CPU frequencies of up to 100 MHz. The 
LPC1769 operates at CPU frequencies of up to 120 MHz. The ARM Cortex-M3 CPU 
incorporates a 3-stage pipeline and uses a Harvard architecture with separate local 
instruction and data buses as well as a third bus for peripherals. The ARM Cortex-M3 
CPU also includes an internal prefetch unit that supports speculative branching. 

The peripheral complement of the LPC1769/68/67/66/65/64/63 includes up to 512 kB of 
flash memory, up to 64 kB of data memory, Ethernet MAC, USB Device/HosUOTG 
interface, 8-channel general purpose OMA controller, 4 UARTs, 2 CAN channels, 2 SSP 
controllers, SPI interface, 3 12c-bus interfaces, 2-input plus 2-output 12S-bus interface, 
8-channel 12-bit ADC, 10-bit DAC, motor control PWM, Quadrature Encoder interface, 
four general purpose timers, 6-output general purpose PWM, ultra-low power Real-Time 
Clock (RTC) with separate battery supply, and up to 70 general purpose 1/0 pins. 

The LPC1769/68/67/66/65/64/63 are pin-compatible to the 100-pin LPC236x 
ARM7-based microcontroller series. 

2. Features and benefits 

• ARM Cortex-M3 processor, running at frequencies of up to 100 MHz 
(LPC1768/67/66/65/64/63) or of up to 120 MHz (LPC1769). A Memory Protection Unit 
(MPU) supporting eight regions is included. 

• ARM Cortex-M3 built-in Nested Vectored Interrupt Controller (NVIC). 

• Up to 512 kB on-chip flash programming memory. Enhanced flash memory accelerator 
enables high-speed 120 MHz operation with zero wait states. 

• In-System Programming (ISP) and In-Application Programming (IAP) via on-chip 
bootloader software. 

• On-chip SRAM includes: 

+ 32/16 kB of SRAM on the CPU with local code/data bus for high-performance CPU 
access . 
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32-bit ARM Cortex-M3 microcontroller 

+ Two/one 16 kB SRAM blocks with separate access paths for higher throughput. 
These SRAM blocks may be used for Ethernet, USB, and DMA memory, as well as 
for general purpose CPU instruction and data storage. 

• Eight channel General Purpose DMA controller (GPDMA) on the AHB multilayer 
matrix that can be used with SSP, 12s-bus, UART, Analog-to-Digital and 
Digital-to-Analog converter peripherals, timer match signals, and for 
memory-to-memory transfers. 

• Multilayer AHB matrix interconnect provides a separate bus for each AHB master. 
AHB masters include the CPU, General Purpose DMA controller, Ethernet MAC, and 
the USB interface. This interconnect provides communication with no arbitration 
delays. 

• Split APB bus allows high throughput with few stalls between the CPU and DMA. 

• Serial interfaces: 

+ Ethernet MAC with RMll interface and dedicated DMA controller. (Not available on 
all parts, see Table 2.) 

+ USB 2.0 full-speed device/Host/OTG controller with dedicated DMA controller and 
on-chip PHY for device, Host, and OTG functions. (Not available on all parts, see 
Table 2.) 

+ Four UARTs with fractional baud rate generation, internal FIFO, and DMA support. 
One UART has modem control 1/0 and RS-485/EIA-485 support, and one UART 
has lrDA support. 

+ CAN 2.0B controller with two channels. (Not available on all parts, see Table 2.) 

+ SPI controller with synchronous, serial, full duplex communication and 
programmable data length. 

+ Two SSP controllers with FIFO and multi-protocol capabilities. The SSP interfaces 
can be used with the GPDMA controller. 

+ Three enhanced 12C bus interfaces, one with an open-drain output supporting full 
12c specification and Fast mode plus with data rates of 1 Mbit/s, two with standard 
port pins. Enhancements include multiple address recognition and monitor mode. 

+ 12S (Inter-IC Sound} interface for digital audio input or output, with fractional rate 
control. The 12s-bus interface can be used with the GPDMA. The 12s-bus interface 
supports 3-wire and 4-wire data transmit and receive as well as master clock 
input/output. (Not available on all parts, see Table 2.) 

• Other peripherals: 

+ 70 (100 pin package) General Purpose 1/0 (GPIO) pins with configurable 
pull-up/down resistors. All GPIOs support a new, configurable open-drain operating 
mode. The GPIO block is accessed through the AHB multilayer bus for fast access 
and located in memory such that it supports Cortex-M3 bit banding and use by the 
General Purpose DMA Controller. 

+ 12-bit Analog-to-Digital Converter (ADC) with input multiplexing among eight pins, 
conversion rates up to 200 kHz, and multiple result registers. The 12-bit ADC can 
be used with the GPDMA controller. 

+ 10-bit Digital-to-Analog Converter (DAC) with dedicated conversion timer and DMA 
support. (Not available on all parts, see Table 2) 

+ Four general purpose timers/counters, with a total of eight capture inputs and ten 
compare outputs. Each timer block has an external count input. Specific timer 
events can be selected to generate DMA requests. 

+ One motor control PWM with support for three-phase motor control. 

~~tion~~lh~-~~~~~~~-~~~· 
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32-bit ARM Cortex-M3 microcontroller 

+ Quadrature encoder interface that can monitor one external quadrature encoder. 

+ One standard PWM/timer block with external count input. 

+ RTC with a separate power domain and dedicated RTC oscillator. The RTC block 
includes 20 bytes of battery-powered backup registers. 

+ WatchDog Timer (WOT). The WDT can be clocked from the internal RC oscillator, 
the RTC oscillator, or the APB clock. 

+ ARM Cortex-M3 system tick timer, including an external clock input option. 

+ Repetitive interrupt timer provides programmable and repeating timed interrupts. 

+ Each peripheral has its own clock divider for further power savings. 

• Standard JTAG test/debug interface for compatibility with existing tools. Serial Wire 
Debug and Serial Wire Trace Port options. 

• Emulation trace module enables non-intrusive, high-speed real-time tracing of 
instruction execution. 

• Integrated PMU (Power Management Unit) automatically adjusts internal regulators to 
minimize power consumption during Sleep, Deep sleep, Power-down, and Deep 
power-down modes. 

• Four reduced power modes: Sleep, Deep-sleep, Power-down, and Deep power-down. 

• Single 3.3 V power supply (2.4 V to 3.6 V). 

• Four external interrupt inputs configurable as edge/level sensitive. All pins on Port 0 
and Port 2 can be used as edge sensitive interrupt sources. 

• Non-maskable Interrupt (NMI) input. 

• Clock output function that can reflect the main oscillator clock, IRC clock, RTC clock, 
CPU clock, and the USB clock. 

• The Wake-up Interrupt Controller (WIC) allows the CPU to automatically wake up from 
any priority interrupt that can occur while the clocks are stopped in deep sleep, 
Power-down, and Deep power-down modes. 

• Processor wake-up from Power-down mode via any interrupt able to operate during 
Power-down mode (includes external interrupts, RTC interrupt, USB activity, Ethernet 
wake-up interrupt, CAN bus activity, Port 0/2 pin interrupt, and NMI). 

• Brownout detect with separate threshold for interrupt and forced reset. 

• Power-On Reset (POR). 

• Crystal oscillator with an operating range of 1 MHz to 25 MHz. 

• 4 MHz internal RC oscillator trimmed to 1 % accuracy that can optionally be used as a 
system clock. 

• PLL allows CPU operation up to the maximum CPU rate without the need for a 
high-frequency crystal. May be run from the main oscillator, the internal RC oscillator, 
or the RTC oscillator. 

• USB PLL for added flexibility. 

• Code Read Protection (CRP) with different security levels. 

• Unique device serial number for identification purposes. 

• Available as LQFP100 (14 mm x 14 mm x 1.4 mm) and TFBGA1Q01 (9 mm x 9 mm x 
0.7 mm) package. 

-~~~-~-'"this-~~~.~~-~~~· 
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32-bit ARM Cortex-M3 microcontroller 

3. Applications 

• eMetering • Alarm systems 

• Lighting • White goods 

• Industrial networking • Motor control 

4. Ordering information 

Table 1. Ordering information 

Type number Package 

• Name ; Description 
············· ······· jv~.._~i~n 

LPC1769FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

SOT407-1 LPC1768FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm 

LPC1768FET100 TFBGA100 plastic thin fine-pitch ball grid array package; 100 balls; body 9 x 9 x 0.7 mm SOT926-1 

LPC1767FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

LPC1766FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

LPC1765FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

LPC1765FET100 

LPC1764FBD100 

TFBGA 100 plastic thin fine-pitch ball grid array package; 100 balls; body 9 x 9 x 0. 7 mm SOT926-1 

LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

LPC1763FBD100 LQFP100 plastic low profile quad flat package; 100 leads; body 14 x 14 x 1.4 mm SOT407-1 

4.1 Ordering options 

Table 2. Ordering options 

Type number Flash SRAM In kB 

CPU AHB AHB 
SRAMO SRAM1 

LPC1769FBD100 512 kB 32 16 16 

LPC1768FBD100 512 kB 32 16 

LPC1768FET100 512 kB 32 16 

LPC1767FBD100 512 kB 32 16 

LPC1766FBD100 256 kB 32 16 

LPC1765FBD100 256 kB 32 16 

LPC1765FET100 256 kB 32 16 

LPC1764FBD100 128 kB 16 16 

LPC1763FBD100 256 kB 32 16 

16 

16 

16 

16 

16 

16 

16 

Total 

64 

64 

64 

64 

64 

64 

64 

32 

64 

Ethernet use CAN 128 DAC Maximum 
CPU 
operating 
frequency 

yes 

yes 

yes 

yes 

yes 

no 

no 

yes 

no 

Device/Host/OTG 2 

Device/Host/OTG 2 

Device/Host/OTG 2 

no no 

Device/Host/OTG 2 

Device/Host/OTG 2 

Device/Host/OTG 2 

Device only 2 

no no 

yes yes 120 MHz 

yes yes 100 MHz 

yes yes 100 MHz 

yes yes 100 MHz 

yes yes 100 MHz 

yes yes 100 MHz 

yes yes 100 MHz 

no no 100 MHz 

yes yes 100 MHz 
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Product data sheet 
~~~~in~-~-~·~~-~di~-~·-

Rev. 8 - 14 November 2011 4 of 82 

140 



NXP Semiconductors 

5. Block diagram 

debug 
port 

w 
z -' 
01S 

JlAG 
interface 

TEST/DEBUG 
INTERFACE 

~ ~ 1-------~-l 
::)W 

al~ 
f-

ARM 
CORTEX-M3 

system 
bus 

LPC1769/68/67/66/65/64/63 

RMll pins 

LPC1769/68/67/ 
66165164/63 

OMA 
CONTROLLER 

ETHERNET 
CONTROLLER 
WITHDMA(1) 

32-bit ARM Cortex-M3 microcontroller 

USB pins 

USB PHY 

USB HOST/ 
DEVICE/OTG 

CONTROLLER 
WITHDMA(1) 

X1AL1 

X1AL2 RESET 

CLOCK 
GENERATION, 

POWER CONTROL, 
SYSTEM 

FUNCTIONS 

docks and 
controls 

ROM 

CLKOUT 

MULTILAYER AHB MATRIX 

PO to 
P4 

SCK1} SSEL1 
MIS01 
MOSl1 

RXDO/TXDO 
Bx UART1 

RD1/2 

TD1/2 

SCL0/1 
SDA0/1 

SCKISSEL 
MOSl/MISO 
2x MAT0/1 

2 x CAP0/1 

PWM1[7:0] 

PCAP1[1:0] 

AD0(7:0] 

PO, P2 

RTCX1 

RTCX2 

VBAT 

HIGH-SPEED 
slave 

GPIO 

APB slave group 0 

SSP1 

UART0/1 

CAN1/2(1) 

12C0/1 

SPIO 

TIMER0/1. 

WOT 

PWM1 

12-bltADC 

PIN CONNECT 

RTC POWER DOMAIN 

L-----------

(1) Not available on all parts. See Table 2. 

Fig 1. Block diagram 

slave slave 

SRAM 32/64 kB 

FLASH 
ACCELERATOR 

FLASH 
512/256/128 kB 

APB slave group 1 

SSPO { 
;~~~o 
MISOO 
MOSIO 

UART2/3 RXD2/3 
'-----------J---t- TXD2/3 

12S(1) 

12C2 

RI TIMER 

TIMER2/3 

EXTERNAL INTERRUPTS 

SYSTEM CONTROL 

MOTOR CONTROL PWM 

DAC(1) 

QUADRATURE ENCODER 

D =connected to OMA 

002aad944 

{

3x12SRX 
3x12STX 
TX_MCLK 
RX_MCLK 

SCL2 

SDA2 

{

4 x MAT2 
2 x MAT3 
2 x CAP2 
2 xCAP3 

EINT[3:0] 

(

MCOA[2:0] 
MCOB[2:0] 
MCl[2:0] 
MCABORT 

AOUT 

PHA,PHB 

INDEX 
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t{JNational Semiconductor 
February 1995 

LF353 Wide Bandwidth Dual 
JFET Input Operational Amplifier 

General Description 
These devices are low cost, high speed, dual JFET input 
operational amplifiers with an internally trimmed input offset 
voltage (Bl-FET II™ technology). They require low supply 
current yet maintain a large gain bandwidth product and fast 
slew rate. In addition, well matched high voltage JFET input 
devices provide very low input bias and offset currents. The 
LF353 is pin compatible with the standard LM 1558 allowing 
designers to immediately upgrade the overall performance 
of existing LM1558 and LM358 designs. 

These amplifiers may be used in applications such as high 
speed integrators, fast DI A converters, sample and hold 
circuits and many other circuits requiring low input offset 
voltage, low input bias current, high input impedance, high 
slew rate and wide bandwidth. The devices also exhibit low 
noise and offset voltage drift. 

Typical Connection 

•• 

Simplified Schematic 

1/2 Dual 

Vo 

©1995 Nalional Semiconductor Corporation n.JH/5649 

Features 
• Internally trimmed offset voltage 
• Low input bias current 
• Low input noise voltage 
• Low input noise current 
• Wide gain bandwidth 
• High slew rate 
• Low supply current 
• High input impedance 

10 mV 
50pA 

25 nV/JHz 
0.01 pA/JHz 

4 MHz 
13 V/p.s 
3.6 mA 
1012,n 

<0.02% • Low total harmonic distortion Av= 10, 
RL=10k, Vo=20Vp-p, BW=20 Hz-20 kHz 

• Low 1 If noise comer 
• Fast settling time to 0.01 % 

Connection Diagrams 

Metal Can Package (Top View) 

v• 

v· 

Order Number LF353H 
See NS Package Number HOBA 

Dual-In-Line Package (Top View) 

OUTPIT A v• 

.. VEllTlll IWUT A DUTPUTI 

NOll-lllYfRTllG ' llPUTA INYERTllll IJIPUT I 

v- • ..N-lllVfRTlllG 
INPUTI 

Order Number LF353M or LF353N 
See NS Package Number MOBA or NOBE 

50 Hz 
2 p.S 

Tl/H/5649-1 

RRD-B30M115/Prinled In U. S. A. 

r
'T1 
w 
c.n 
w 

~ 
a. 
Cl) 

m 
S» 
j 
a. 
!1. 
a. -j' 
c 
c: 
!. 
c.. 
'T1 m 
-I 
j ,, 
c: -0 ,, 
Cl) 
""I 
S» -s· 
j 

!. 
)> 

3 
"2. 
::!! 
Cl) 
""I 
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TL084 
TL084A - TL0848 

GENERAL PURPOSEJ-FET 
QUAD OPERATIONAL AMPLIFIERS 

• WIDE COMMON-MODE (UP TO Vee+) AND 
DIFFERENTIAL VOLTAGE RANGE 

• LOW INPUT BIAS AND OFFSET CURRENT 
• OUTPUT SHORT -CIRCUIT PROTECTION 
• HIGH INPUT IMPEDANCE J-FET INPUT 

STAGE 
• INTERNAL FREQUENCY COMPENSATION 
• LATCH UP FREE OPERATION 
• HIGH SLEW RATE: 16V/µs (typ) 

DESCRIPTION 

The TL084, TL084A and TL084B are high speed 
J-FET input quad operational amplifiers incorporating 
well matched, high voltageJ-FETand bipolar transis
tors in a monolithic integrated circuit. 

The devices feature high slew rates, low input bias and 
offset currents, and low offset voltage temperature 
coefficient. 

PIN CONNECTIONS (top view) 

Output 1 1 

Inverting Input 1 2 

Non-inverting Input 1 3 

Vee+ 4 

Non-inverting Input 2 5 

Inverting Input 2 6 

Output 2 7 

January 1999 

N D 
5014 DIP14 

(Plastic Package) (Plastic Micropackage) 

p 
TSSOP14 

(Thin Shrink Small Outline Package) 

ORDER CODES 

Part Number Temperature Package 
Range N D 

TL084M/AM/BM -55°C, +125°C • • 
TL0841/Al/BI -40°C, +105°C • • 
TL084C/AC/BC 0°C, +70°C • • 
Examples : TL084CN, TL084CD 

14 Output 4 

13 Inverting Input 4 

12 Non-inverting Input 4 

11 Vee-

10 Non-inverting Input 3 

9 Inverting Input 3 

8 Output 3 

p 

• 
• 
• 

1/11 

L 
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1. Overview 
This manual describes the operation of the XBee/XBee-PRO ZB RF module, which 
consists of ZigBee firmware loaded onto XBee S2 and S2B hardware, models: 
XBEE2, XBEEPR02 and PRO S2B. The XBee/XBee-PRO ZB RF Modules are 
designed to operate within the ZigBee protocol and support the unique needs of 
low-cost, low-power wireless sensor networks. The modules require minimal 
power and provide reliable delivery of data between remote devices. 

The modules operate within the ISM 2.4 GHz frequency band and are compatible 
with the following: 

•XBee RS-232 Adapter 

•XBee RS-485 Adapter 

•XBee Analog 1/0 Adapter 

•XBee Digital 1/0 Adapter 

•XBee Sensor 

•XBee USB Adapter 

•XStick 

•ConnectPort X Gateways 

•XBee Wall Router. 

The XBee/XBee-PRO ZB firmware release can be installed on XBee ZNet or ZB modules. The XBee ZB firmware is based 
on the EmberZNet 3.x ZigBee PRO Feature Set mesh networking stack, while the XBee ZNet 2.5 firmware is based on 
Ember's proprietary "designed for ZigBee" mesh stack (EmberZNet 2.5.x). ZB and ZNet 2.5 firmware are similar in 
nature, but not over-the-air compatible. Devices running ZNet 2.5 firmware cannot talk to devices running the ZB firm
ware. 

What's New in 2x7x 

Firmware 

XBee/XBee-PRO ZB firmware includes the following new features (compared with 2x6x): 

•Using Ember stack version 3.4.1. 

•Support for the PRO S2B with temperature compensation and an overvoltage check. Within 15 seconds of 
the supply voltage exceeding 3.9V, the API will emit a Ox08 modem status (Overvoltage) message, and 
then the AT/API versions will do a watchdog reset. 

•ZDO pass-through added. If A0=3, then ZDO requests which are not supported by the stack will be 
passed out the UART. 

•An attempt to send an oversized packet (256+ bytes) will result in a Tx Status message with a status code 
of Ox74. 

•End devices have two speed polling. 7.5 seconds is the slow rate, which switches to the fast rate to trans
act with its parent. When transactions are done, it switches back to the slow rate. 

•A new receive option bit (Ox40) indicates if the packet came from an end device. 

•Added extended timeout option since end devices need more time than routers to ack their packets. 

•An option bit (OxOl) was added to disable APS retries. 

•If an end device has not had its polls answered for 5 secs, it will leave and attempt to rejoin the network. 

•XBee S2B has a new TP command which returns the temperature compensation sensor reading in units of 
Celsius degrees. 

•The PP command returns the power dBm setting when PL4 is selected. 

•The PO command sets the slow polling rate on end devices. Range is 1-0x1770 in units of 10 msec (10 
msec to 60 sec). Default is O which invokes a 100 msec delay. 

•Rejoining now can proceed without a NR or NRO command after a Mgmt_Leave_req is processed. 

•Command ranges were changed for the SC, IR, and LT commands. 

•A PAN ID corruption problem was fixed. 

See the 2x7x release notes for a complete list of new features and bug fixes at www.digi.com/support. 
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Specifications 

Specifications of the XBee®/XBee-PRO® ZB RF Module 

Specification XBee XBee-PRO (52) XBee-PRO (528) 

Performance 

Indoor/Urban Range 

Outdoor RF line-of-sight 
Range 

Transmit Power Output 

RF Data Rate 

Data Throughput 

Serial Interface Data Rate 
(software selectable) 

Receiver Sensitivity 

Power Requirements 

Supply Voltage 

Operating Current 
(Transmit, max output 
power) 

Operating Current 
(Receive)) 

up to 133 fl (40 m) 

up to 400 fl (120 m) 

2mW (+3dBm), boost mode enabled 
1.25mW (+1dBm), boost mode 
disabled 

250,000 bps 

up to 35000 bps (see chapter 4) 

1200 bps - 1 Mbps 
(non-standard baud rates also 
supported) 

-96 dBm, boost mode enabled 
-95 dBm, boost mode disabled 

. 2.1-3.6 v 
· 40mA (@ 3.3 V, boost mode 

enabled) 
35mA (@ 3.3 V, boost mode 
disabled) 

40mA (@ 3.3 V, boost mode 
enabled) 
38mA (@ 3.3 V, boost mode 
disabled) 

Up to 300 ft. (90 m), up to 200 ft (60 m) : Up to 300 ft. (90 m), up to 200 ft (60 m) 
international variant international variant 

Up to 2 miles (3200 m), up to 5000 ft 
(1500 m) international variant 

50mW (+17 dBm) 
10mW (+10 dBm) for International 
variant 

250,000 bps 

up to 35000 bps (see chapter 4) 

1200 bps - 1 Mbps 
(non-standard baud rates also 
supported) 

-102 dBm 

3.0-3.4 v 

295mA (@3.3 V) 
170mA (@3.3 V) international variant 

45 mA (@3.3 V) 

Up to 2 miles (3200 m), up to 5000 ft (1500 
, m) international variant 

63mW (+18 dBm) 
10mW (+10 dBm) for International variant 

250,000 bps 

up to 35000 bps (see chapter 4) 

1200 bps -1 Mbps 
(non-standard baud rates also supported) 

-102 dBm 

2.7 -3.6 v 
205mA, up to 220 mA with programmable 

• variant (@3.3 V) 
117mA, up to 132 mA with programmable 
variant (@3.3 V), International variant 

· 47 mA, up to 62 mA with programmable 
variant (@3.3 V) 

Idle Current (Receiver off) 15mA 15mA 15mA 

Power-down Current 

General 

Operating Frequency 
Band 

Dimensions 

· <1 uA@25°C 3.5 µA typical @ 25°C 

ISM 2.4 GHz ISM2.4GHz 

, 0.960" x 1.087' (2.438cm x 2.761cm) 0.960x1.297 (2.438cm x 3.294cm) 

3.5 µA typical @ 25°C 

ISM 2.4 GHz 

0.960 x 1.297 (2.438cm x 3.294cm) 

Operating Temperature -40 to 85° C (industrial) -40 to 85° C (industrial) • -40 to 85° c (industrial) 

Antenna Options 

Networking & Security 

Sup ported Network 
Topologies 

Number of Channels 

Channels 

Addressing Options 

Agency Approvals 

United States (FCC Part 
15.247) 

Industry Canada (IC) 

Europe(CE) 

Integrated Whip, Chip, RPSMA, or 
, U.FL Connector 

Integrated Whip, Chip, RPSMA, or U.FL : Integrated Whip.PCB Embedded Trace, 
Connector • RPSMA, or U.FL Connector 

Point-to-point, Point-to-multipoint, 
Peer-to-peer, and Mesh 

Point-to-point, Point-to-multipoint, Peer-, Point-to-point, Point-to-multipoint, Peer-to-

16 Direct Sequence Channels 

11 to26 

to-peer, and Mesh ' peer, and Mesh 

11 to24 ' 11to25 

PAN ID and Addresses, Cluster IDs PAN ID and Addresses, Cluster IDs anQ:i PAN ID and Addresses, Cluster IDs and 
and Endpoints (optional) Endpoints (optional) Endpoints (optional) 

FCC ID: OUR-XBEE2 FCC ID: MCQ-XBEEPR02 • FCC ID: MCQ-PROS2B 

IC: 4214A-XBEE2 IC: 1846A-XBEEPR02 IC: 1846A-PROS2B 

ETSI ETSI (International variant) ETSI (10 mW max) 

9 
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Specifications of the XBee®/XBee-PRO® ZB RF Module 

llm!llllll!!! 

Japan , R201WW07215215 R201WW08215142 (international 
variant) i R201WW10215062 (international variant) 

Ro HS Compliant Compliant Compliant 

Hardware Specs for Programmable Variant 

The following specifications need to be added to the current measurement of the previous table if the module 
has the programmable secondary processor. For example, if the secondary processor is running and 
constantly collecting DIO samples at a rate while having the RF portion of the XBEE sleeping the new current 
will be I total = 1r2 + Is. Where 1r2 is the runtime current of the secondary processor and Is is the sleep current 

of the RF portion of the module of the XBEE-PRO (52B) listed in the table below. 

Specifications of the programmable secondary processor 

These numbers add to S2B specifications 
Optional Secondary Processor Specification (Add to RX, TX, and sleep currents depending on 

Runtime current for 32k 

Runtime current for 32k running at 1 MHz 

Sleep current 

For additional specifications see Freescale Datasheet and 
Manual 

Minimum Reset low pulse time for EM250 

VREFRange 

Mechanical Drawings 

mode of operation) 

+14mA 

+1mA 

+0.5uA typical 

MC9S08QE32 

+50 nS (additional resistor increases minimum time) 

1.BVDC to VCC 

Mechanical drawings of the XBee®/XBee-PRO® ZB RF Modules (antenna options not shown) 

XBee 
(top view) 

XBee-PRO 
(top view) 

XBee & XBee-PRO 
(tldev,._) 

.:ih.r'. "1 r , ;;.-::, 
,, ')8::)~ ;t -. -

..1'. >)'\l'~O :t ,J • 1 • 

' . , .. 

w 
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'VUY. 2529-2531 

iJ':i~mffuvu1P1':il'l!'1:}}~ (m'IJ1'111-:Jtit~n'Vlrnunft°) 

~.ff.2533-2535 
,, 

iJ ':i ~ mffu vu\PI ':i 1'lf1:}}~<Hu 1;!-:J ( m'll1'111-:J tii~n'VlrniJnff°) 

~.ff.2537-2539 

l'VltJlfflfflPl':iUWcVllPI (ffl'llll'l!'lt'Vlfl 1u fofjf!IPlffTttmrn • 

.Ct, QI QI clQI QI .c:::t 

lJ'l111'Vl tJlM':i l'l!'fl!j fJ1Hl':i 1'1!'1i lhl 1!-:J'H 1~ 'Q1J Cl':il'l!'1i lhl 

~.ff.2545-2547 

1ff1mrnfflfflPl':iUWcVi1P1 (ffl'llll'l!'llff1mrn!vl~1) 
-=:t. GJ' clG.1 QI .c:::t 

lJ'l111'Vl tJ1'1 tJ':il'l!'1i lhl 1)-:J '111~ 'Q1J '1':i1'l!'1ilhl 

~.ff.2552-2555 

e!l "" a' 
'Vlhl fll':i ff fl fl 11!1flfl':i~'Vl ':i1-:J 1'Vl tJlfflff\PI ':i U'1~ • 

., ., "" 
1!-:J'H 1~ fl1J'1':i1'1!'1i lhl • 

~.ff.2552-2554 

QI 0 .c::i. QI .c:t. rl 
'Vlhl ffhl 1J ffhl hi fll':i 'Vl 111! tJ1!1flfl':i~'Vl ':i 1-:J 1'Vl tJlffl ff \Pl ':i H'1~ • • 

~.ff.2536-2542 

I .c::i, d .c:t. r/ QI 

h!W'l!'1-:Jflt'1fl'V1Hlhlflff ':i~~1J 5 

ff TU fl l 'Vl tJ 1J ~ fll 'j lJ '111l'VltJ1irffe;j1J '1':i1 'l!'1i 1 i1 
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VUl'.2542-2552 

.i::::t. ti e:::i. Q.I cl 

flW~1fl'1fl'.i'alfl'Tftm lJl11TVH.11rltl'Q1Hl'.il'lf1il'U 

Vi. fl'.2552-ihi~lJ'U • 

. . 
,, cl lot:i 0 0 .i::::t. 0 

murn'IJ'Vl 118 lfl.J'Vl 5 9111Jrt1i11PJ mtfleJ11'.i'U'lf1'.i11J 

~~tt1~'Q1Jrt'.i1'lf1i1u 34190 t 'Vl'i.089-6252030 


