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The Design of Reconstruction Filter for Order Tracking
in Rotating Machinery
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ABSTRACT

In the study, the design method of reconstruction filter is studied for synchronized sampling

which is necessary for order tracking in rotating machinery. The original data sampled at constant

intervals, using fixed anti-aliasing filters, is reconstructed by digital reconstruction filter and 1s

resampled at new sampling times calculated by a suitable shaft angle encoder pulse arrival times

in order to synchronize with shaft velocity. In addition to eliminating the tracking synthesizer and

filters, this new method has no phase noise due to phase—locked loops.

1. M =

7|7 ],/] o]Abo 7 olglo] wbAEl= 2 E-e
55 0] w33} AR (super-harmonic) ot} £
g} o“[‘(SUb -harmonic) ¢ 2 vJep = A-$-7}
H-ol7] wfiol 3K 7))o A gs Fuhg A
o 4] s Agtel] gle] st~ EF Q] Ful 55 Hz
2 ] Beke & 3dg e o] Ab4r(order) 24
Lhehll= 7o) w9 fgskch ~HERE AlpRA
viebi 7] glsi e AlEE Ak & SASeet &
7] (syncronization) A Aok &h=d] o] HhHo B 3
Ao 3 A% ] Al (encoder)E H-zHsle] o
Frjol| 4] whAlE A AT E o]8slo] M
w2} 3% e (order tracking filter) S o]
45l wilo] i}, e} AHxte] wiHe WAk

fr

)

»

* ot alehatan oha el
* clajohsta gaohst 7| Agsst

71719 %ZJHVM 5 e*lﬂ?ﬁd §W—'~E7} 3743] ‘*‘
state Afole whe Tﬂr%ﬂlﬂ ) %ﬂ(ahasmg)cﬂl

% Ay o] ofr] F- XLHV} *"03}‘# 7%
Fabr (5 IAHEE )7 543 wskske 4$ PLL
(phase locked loop) el 4] % < x}7} Ay gt
ZLof] WEF =R AP oA A|7h7tH e
AMEHg diolHERNYH A3 s APz 3HF
o o} F7F HES A HEYHToRA AHE
Be] Fa5 IAAET Y AR A e = WE
PR o+ = A A L S | S B ) | 7 |
1 ¢ §F 2154 e (reconstruction filter) 2] AWk
ol disled A =gl dFo] glo] viut Aubs =
shodet. webq B =dellMde AHEd dE e AA
el thaled A Q) WS A XS =g 57
3 AZYe) A o 8] A thEte] waatg
. ez AHE od2A & AEEst F43] Wt

stEASXIEZEE|X| /A 2 d A 235, 19929/ 117



Art
2. MS2 g o|2“H
A&dql AR x (48 A 4 T2 A
E3 A& oaks}l A7 £ ()= dirac delta
7 S (1) 5 ol&sto] A ()3} zbo] Llehd 5= <)
c}.
.r'u):x(f)ki 5 (t—kT)
:hi 2 (k)8 (t—kT) (1)
A%3H (1) 2] Fourier Wigh418 X (/)e} &b
olAbst gk x”(#) 2l Fourier ¥gh2] X' (f)
X' (f)= X(f)** Z 6(f~f
ITk:Z_TwX(f~7) (2)

7} w74 Fi= gkl E-(convolution inter-
gral) & 2Ju]ghct.

weba] X ()M Mg e Fobg ARg fet
g o) AR Fub f(=1/T)7F fi=2f0] ww

Fabgr edodol 4] FH Al (aliasing) 7} dolu}#]
o=}t Fig. 12 X ()9 X7 (F)e] 2}o]d Al
oz vhepd Sglolrh. Fig lel4 % 4 o%o] of
Absl & 17 (#)2) Fourier W3he 78427} 5w

2 (O)EFE 2 ()F AR A 2 ()

w AL7PE Tola 3t diele]

| F1<f /29 o4

Aol FEf(ideal low pass filter) 2 E3}A]7]

X(f)=X"(t) H(t) (3)
x(t)=x"(t)*h(t) (4)
o™, o714

118 /3I=ASXSZ&3|X| /424 423, 19924

-fe fe

Fourier Transform of continuous function

(a)

JA AN

fe fs/2

(b)

Fourier Transform of sampled function

Fig. 1 Fourier transform of continuous and sampled

function
T <f./2
HO={G S )

olth. H(f)%& o Fourier W&l v}g Az} 72},

h{(t)=(sin nt/T)/(nt/T) (6)
wheba] 2 E 2 (f) =
2 B l sin 7t /T
x () lgx(kT)8(t kT)] “at/T
= sin{(z/t)(t-kT )}
= 2 ) S k) "
7} ¥}

Zej} o749
e 9] #7-¢543H (impulse response function) 4
(t)e] domo] AT &Hrr} o9 g]7] wol x)

Y AlARS glaw gl o)zie)

A7) SlshA e g
A whato & WEw Fu £Z Nyquist A=zl

E4 =]

Lo oAl Al 3}

T 20 AA Fera A g3} Ao

Ll %}ﬁ}*lﬂl ol A Fromx h(r)e] A
FR 5 whes g gl
el S ok foh

f=281. B> (8)



#0717 A5l A5 25

gk Mg Aefe] AA

o) A% A Helsl 2AL okt ek

L

T L Fl<f.
H (f)=1{arbitrary < F1 <A 9)
0 | f1 =/

o}7) 4 Bi= ol AEwl 9l (over sampling fac
tor)ejw,

3. XHEH EEe| HAY

A (94 wbsshs A el el olelr)
27} olont® AdAAle) A Aelskr] sla )
o3t gkee o) FASsH R s el st
o] suzkelv)w dhck.

[(1“+22a, cos 22&25 [t <MT

/Z(l‘):] (10)

0 Lt =MT

o} 71y Me- h ()7} A o) ¥t F-7ke vlehas ]
Gizal 2s ANEHAAL 2MNe] wlelelr) Al bl A}
£ 5, ;\/"ao— Fourier #-5=2] A5=is #2lxlch. o]
o Mol ZovE, w No| bR AT §
e el

AL (10)e) R (4)+ Fourier LH:‘S'L-S}K{j A
srou) o) 7le- ol ] - al
(rectungular window) '5{}" ] P()unex 1] 7 4] S
g8k Aajelrh

o X sin n (MTF—0)
HU)=2MT 2 a v~y

Al (L) el A S =2MTf 5

& Alo vl

A atsbe vhek 3

sm 7w (f —1)

H(f")=2: TZ '*7*' (12)

i=-N ﬂ(f

Ve zHé‘L/H leo] k]ﬁ]}f_ m (12)7], ;Hf‘;dué 3z
ele] #414 (9)F sk o s A

[l

2 e B el ¢ & ARl 2ol A
8 z#3} 9y (linear programming)-& ©]8-8+%]

t}. M. No| &l w 4 (95 xHas] whEsle
7o) Brlsal i chgw) gho] Evped ol 4] ¢}
53k Aekedelol el 2.3k 6.5 walste] o) 6,3t
8.7 Ha7)h ¥ 459 ek

Z, 185> (cost function)

]:Z{H(()\|+H'1(()\g (13)

HU )Y/ T<146, |F | <(—a)M
Hi)Y/T=1-6 |/ | =z(1l-a)M

H(/")/ ‘<8 L F ] <(l+a)M
H(f"))/T = LA =20 +a)M (14)
@, >0 [<(1+a)M

a, . free J>(1+a)M

G 1, 2, e N

o712 @=1-1/8°lr}.

o] uj, ukek §, 0] Folzlrhd B4

) R A R R d,-H‘ AlAxL 9t
Bl o] gabo] s AlghdelAs A9 A
Awis A8% AE dlojel ek wkiia] ol x)EFA| -
o LP o] L. WAl 7E = #] gd o} mkek ASE de]

EF g by *l °‘46P‘ % atelw g)e] R o

ofol vhath 4Ee- RS AHTRAI sk

N
h(0) :/1.,“#22]1(1,:1

N
hnT)=an+2Xacos(min/M)=0,

=1
n=1, 2, = , M (15)

Alzb kA TR *n wWxl dlo|elEsiy of

o -8 M T & Ak



A
A

A

A RAsE 15999 92 5% Tejshe] Yshe
7o) o] A7k Mzke).

dzriel 4] HYFE 15058 Ba 47} pal A
$ 71 HWIEES A 72 Wola] AAshrha
R AT g()E Bhest 2ol 2ap4 o e
9 % gk

7] 4 Aike] £olA-E el ¢(¢)= radiane] g
)2 FA8HA] ¢33 1/p 3 A (revolution) 2] o=
vepdch A (16) 9] A b, b, b5 T-317] 2 4]
= AR B w3k A)zke] Hese o] wak A7)

=ty bt 3w ohg Ae] i)

Q=1I1b (17)
o714,

1

Q:{Z} (18)
3
1# ¢

I = [1 t tﬁ} (19)
1 ¢ ¢
bo
b

9 Aol 4] AS HE b

b=I"0 (21)

by = %Eﬁta(l‘l_ts)+2t1t2(llz—t1):] (22)

b = %(t12+t32—2t22) (23)

by = 2t~ ti— 1) (24)

4 = (tr—t)(ts—t)(ts—1.) (25)
ojt}.

w2bA] Qsh= Zhmell o) A7) ¢ A (16) 0%

120 /322SR S28EX) /A 29 A 25, 19924

(A}

]

tv = Zibz[‘/b12+4b2(¢k_b0) _bl] (26)
olc}. ghef b,=04] 7§l

tk — (¢kl;b0) (27)
7} =}

5. TNEHd Eed ™A Huot

2 atellA V%3 W o 2 A Hes A
A Astolct, o] wf AL8-¥l detule|e e M=
5, N=7, 6:=0.0008°]= A= A deo] 3
553t Fig. 2, Fig. 3¢l vhe} oo}

Fig. 2+ %274 (15)9re waiste] A s
Ao R F3 el H) 9 xb= 0.08%0]3 A}ut
dAolA Hdl ex= oizk 104dBelct. o] HEej:=
equiripple 2] 54-8 7hi=t}. Fig. 38 4] (16)9] +
HEAE A 2eF P2 S o Mo] 3
2 2k= 0.0015% o]a zpet sdedell A o] #Ho) ¢ 3}
+ 80dBejtt. FAl= Mz} Sapcfodol o] ¢ 3}
= W Fout A gAelxe] eat= =zt F)x
A Aadhe A4S AER AAder 45
of vjmckw 3 4= glv}. Table 1ol 43274
(15)"ke- 3r2§3te] MAE AFA LEl9) ASzho)
vletal

SollA AAE A Fee adAe AR
23l Sweep sine A5l tiste] weo] AFe sk

Magnitude (dB)
g
AR R AR RN NN R R R RS

0 20 30
Normalized Frequency

Fig. 2 FRF of the reconstruction filter constrainted
by Eq.(14)



AH7)7] AFL 25 FFL A AGH e A
0 1.50
. —20F 1.00 +
% F
T 4wk 8 050
o c 2
T -60F = 0.00
ERR: 5,
c n s}
o —80 E = -0.50 -
D -
= _100F -1.00 F
_120:Allllllllllllllll i1 —1.50 1 1 | 1 t
0 10 20 30 0.0 0.1 0.2 . 0.3 0.4 0.5 0.6
Normalized Frequency Time (sec)
(a) Sweep sine signal
Fig. 3 FRF of the reconstruction filter constrainted
by Egs.(14), (15) 1.50
1.00
Table 1 The coefficients of reconstruction filter L 050
3
a 9. 99320277662825E-02 = 0.00
o
@ 1. 00069586451715E-01 EU —0.50
a» 1. 00000607371288E-01
a 9. 71577630135044E-02 -1.00 |
a: 7. 08046736884300E-02 —-1.50 L : L |
a 2. 75539258698557E-02 0-0 300 100 o0 200 250
a; 4. 06483414507760E-03 (b) Reconstructed signal
a; 9. 39273510572537E-05

t}. Sweep sine?] Als= 10Hzel|x 80Hz7}#
20Hz/sec® Fu}58 Z7pA 7o, el A7) 7}b
7.2- 0.002sec Zt F3b= 80Hze| th& Nyquist
W ot o 3 A A ol

olgtel s AT

olebrE] ATy BT 4
T 71 Fokael @ 771 12709 dlolehE A
Zalslgdr). Fig. 4(a)y 2% A)7F 7ddo 2 A=
2jak 74920 4152 HolFr Fig. 4(b)e AAEH
W A9l Aas welfa sk

6. ME EEE 0|BE X FE O
6.1 ZE{AHI2| 2 THA| &E
w6 A AA0 £1 A4 S48 & AF A
5 wslsh, 2 eRel A AR A VEE o8
o) & S5 we} Bo1A17 Aol oak ~HME &
X A7) Fig. 59 Fig. 6ol vhsh sleh.
Fig. 5+ oA A2t 7tAes $AF 459 A%
~ 3 E 3 (cascade spectrum)eo|m], Fig. 6& <UA

Fig. 4 Sweep sine signal and reconstructed signal

Ay
B9
2!

B woiFe Z%UOH ol5le] WA= AT AE =
Agy-glel @ SAHel Fohg JRg 7o ol
Falrl & 34t B owo{e] 7AAl A
o ojste] ARt wkek 8w 7iAA A
ol ZAHHE o] FupELS F ISR T
7] wFel & 3|AS&s o] WHrol & g o] FIt
F AEES E5A = v} AFAEE F
AL E o F71A]71W ofdd FAHE HAH 5 3l
ok YEel A Adle] sle & v o] x4t
EASXISEEEX| /4 29 A 235, 19921/121



~2.95E+00
P §
5 ~5. 0E+00
-
ps -7.59003?
) 4
@
= -1.0E+01
Q. QUE+QO 2.00E+02 4. COE+02 6. Q0E+02
Frequency (liz)
Fig. 5 Cascade spectrum of shaft displacement signal
—2.5E+007]
m —
el
= -5.0E+D0
+ =
& -7-5E+00|
K g
© -1.0E+01
0. 0DE+DD 5.00E+D0 1.00E+01 1.50E+01 2.00E+0D1
Order
Fig. 6 Order map of shaft displacement signal
A4 slste] Fig. 73 o] lofa) skt 7} 1.2 =
%5 5% Pk, AT AT AEE ol4e)
of $AE A8E & H%ue] 15 A F, o 14717191 A58 =gl slol B9 HEe
22 714 (HFRT : high frequency resonance  ®)gk 749 whe a9 z2ich wlef 713 Fuls(%
technique) & #}-8-3o} 324 (envelop) 5.5 A A& ) & F71d PAS §718 Bae gt
&%hu clAL $345 WS AP Fig 8 s 4 ARt A9 AL P2} s, PRT(s
ek 2dejA of 4 qlke] B3 kel o & DFT) &b dlelete] M45 7|5 Fabi=o] M 37|17}
slAdE o s 1.0 2p9) 141%9] A A3kl Fe% gt Relse /M arh ®ich =g
o 4.9 A5 Gite] AEHw gen, mab weld )% Foppe] Folsh AXHEG AEYabs] o
Bajol ojsto] 4.9250) % FHAEEA LOAS A 2 g4 5] F40l A5 AR a4 a9
o] HZE(modulation) Bl vrehvtal Qlch F, F 4 (power leakag yol whAlalA| ori=c}, re|ar A
s o) Mgl ofat dakel BaAgle] WE W A gl Aol AmEwRte wa) @ @is FFT
Froll 23t A 4.92kpel| 4] 3)=271 EAlgc) ‘ Al DFTE AR23F 5 9lo} 23l gk AlAbe g ol 4
ok e ®= A AH7t casualshA] o4 7]

122 /3= SSEEX| /A2 A2 %5, 19924



34707 A% A5 F5 AT AGA Belel 4

Ball Bearing Encoder Pulse
Sampled Signals Interval Time

P

Resampling by Digital
Reconstruction Filter

Synchronized Signals

Digital Band-pass Filter

Calculation of Envelop
by Digital Hilbert Filter

Envelop Signals

Zooming FFT

3

Calculation of
Power Spectrum

Fig. 7 Flow of signal processing

ol (52) Aol A FALETe ghel o] of
) WAL A2 wrbssrhs Aol ekt 9

71718} -4 H‘]LP TaA A A (ol 7
L ARE A 4 odg) ol w8k AR
HER 01%1%4 AF F71Ho R delehs o
He|sho] 2p4re] !i"iilﬁﬁ"j% EE DS EP PARERCE
£ AA sbefet = Qi

PoEdelMe ~H eSS TE Fubee] Ak F

o vehlizd] A4 el 5
9lo] =lqal g+ TlE]e]
ek A A AERe s A1) el

2wkt 4= gloun] Ll 4
o o2 Helhol el Yl Fust

£.84#] gzt

10
10_1[/l'0 4.9
310 %
210
§10"
=10 ")
o7 . . .
1079 8 16 24 32
Order

Fig. 8 Power spectrum of envelop of the bearing
with a fault on inner race at 1600rpm

ik

&

HO

a

(1) Bently, D. E., 1986, “Interpreting Vibration
Infromation from Rotating Machinery,” Sound
and Vibration, February, pp.14~23.

(2) Potter, Ron, 1990, “A New Order Tracking
Method for Rotating Machinery,” Sound and
Vibration, September, pp.30~34.

(3) Potter, Ron and Griber, Mike, 1989,
“Computer Order Tracking Obsoletes Order
Methods,” SAE Noise and Vibration Conference,
May 16-18, pp.63~67.

(4) Papoulis, A., 1966, “Error Analysis in
Sampling Theory,” Proc. IEEE, Vol. 54, No. 7, pp.
947 ~955.

(5) Jerri, A. J., 1966, “The Shannon Sampling
Theory Its Various Extensions and
Applications : A Tutorial Review,” Proc. IEEE,
Vol. 65, No. 11, pp.1565~1596.

(6) Burchill, R. F., Frarey, J. L., and Wilson,
D. S., 1973, “New Machinery Health Diagnostic
Techniques Using High Frequency Vibration,”
SAE paper 730930.

(7) Brigham, E. 0., 1988, The Fast Fourier
Transform and Its Applications, Prentice-Hall.

ERABTSZEEXI /A 2 W A 2 5, 19924d/123



