GOVP1199202614

UCE8801-19-5S

%o

IRENEFMTS Bt HmEFIR=
RAR] ZFERE E5E00 ¥t FEEAY EHRMAR

Experimental basic study of the abnormal vibration signal

generated in each cause of machine elements using
the vibration analysis
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SUMMARY

Title
Experimental basic study of the abnormal vibration signal
generated in each cause of machine elements using the vibra

tion analysis.

The Objectives of Study

o Collection of experimental basic data of the vibration
signal generated in each cause of machine elements of
gearbox being composed of shafts, gears and tapered roller
bearing.

o Establishment of the method of measurement and analysis

O Extension of the diagnostic techniques popularization and

the high-grade manufacturing of machine elements.

Contents of study

1) Setting of experimental apparatuses, and manufacturing of

test specimens.
2) Theoretical understanding about the vibration occuring
from the abnormal gears and tapered roller bearing.
o Computation of tooth meshing frequency.
o Computation of the frequency according to the geometrical

condition of tapered roller bearing, rotations of shaft

and position of faults.
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3) Study of the theoretical comprehensions and the
adaptation probability about the several methods of
vibration analysis.

. Adaptation of Spectrum analysis, Zoom analysis,
Cepstrum analysis, and the method of filtering

4) Experiments in condition of abnormality
0 Experiments in condition of uniform wear, crack,

bearing fault and non-lubrication.

5) Analysis of the experimental results and decision of

the adequate diagnostic methods.

IV. Results of study

1) Uniform wear

o The high-order harmonics of tooth meshing frequency
occuring by the pairs of uniform weared gear increase

o The same result is obtained in the noise frequency
analysis

o0 The same result is obtained in each rotational
frequency.

2) Local wear or crack

o Abnormal gears are found by computing the period of
the filtered signal in time channel which occurs by
the local weared or cracked gear

o In this case, sideband families which is equal to
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rotational frequency are formed about the tooth
meshing frequency, and that is clearly known by using

the zoom analysis

0o Eeah sideband family is separated by cepstrum analysis
in case that the local faults are occurred in two places
0 As the wear increases, the gamnitude of quefrency in
cepstrum increases.
3) The faults in the tapered roller bearing
0 In case that the tapered roller bearing has faults,
impulses make the local resonance regions and it 1s
capable of separating the ball, inner race, outer race
faults by analysing the time channel signal and
cepstrum in thils region.
4) Non-lubricant
o In case of non-lubricant, the amplitude of tooth
meshing frequency decreases and the vibration and

noise increase in the neighbering 650Hz and above 4KHz

region.

V. Recomnended application and expectant Effect.
o Data of plant supervision
o Application to the diagnostic technique of rotating
machineries.

o Application to the design of low-noise and low-vibration

cear and bearing. ~ g —
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7 2-2. Terminology of Cepstrum and Spectrum

Cepstrum from Spectrum |
Quefrency from Frequency
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Gamnlitude from Magnitude (amplitude)
Saphe from Phase
Lifter from Filter
Short-pass Lifter from Low-pass Filter
| Long-pass Lifter from High-pass Filter
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£ 3A Hao o #Hbke= EIR O OS % (Amplitude Modulation) a,
5 AP % (Frequency Modulation) b, & 9ozt o a,
3} b_-& Fourier series = FEHsH
N
am(t): 2 A s (2rNE T 4 @, ) rereerreereineniiiiiin (2-4-2)
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(s} Ettect of Tooth Detlecton {b! Ettect of Wear
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$70! 8e

Typical Gearmesh Wavelorm

a) due to deflection under load b) due to wear
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Tooth meshing frequency
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6. Tapered roller bearing & #R¥
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a8 3.7

Gear BoX
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= 3.1 Gear Meshing of Gearbox
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2 L (rpm) = =1
5 | 48945 | SR8AF | 1 |
|| 19 15 B C 4
2 35 9, : -
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4 . 370 374 |
5 240) 239 | B c
6 440 478 Ao B
| f| 900 982 B4 C
8 1,800 1,962
9 160 166 Be c
10 330 333 A -
r_11 620 684 B4 c
12 f 1,260 1,367 ‘
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Pre-Amplifier

Micro-phone
i — Tunable Hale &
Charge Amplifier
Band-pass
. Analyzer
Filterx
Accelerometer ,
I—Gear Box
r.p.m Jdetector
{ Osollloscope Plotter

e




# 3.2 Equipment List for Spectral Analysis
— _

No. Item Maker Model Remarks
ﬂ- | Sound level meter B & K 2230 |

2 Pre-Ampilfier 7/ 2635

3 | Accelerometer 7 4366

A Plotter 77 2319

5 | F.F.T analyser /' 2034 2 Ch

6 Tacho-meter Onosokki HT 446

7 | Micro-phone B &K 4166

8 | Band-pass filter Z 1621

—
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4.3 ~ 4.6 & ®HYST JAEH @EAAM HEHR TE RHA BT
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15 A L
a :
] Y:8.88U 1
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w21 AUTO SPEC CH, A [ ) INPLY MAIN Y: 74.6dB
Y: A30.0dB /771.0000 RMS 80dB X:  285Hz
X Oz + 800HzZ LIN

SETUP W21 BA: 200 TOTAL : 106. 4dB/YREF
13{}] B e i Y A L i i & . L i a i }i'__i . L s " L . .,_-_,_.L . 1 . . . - 1

120 - :
. t
:
| z
110 - t
Y:99.5dB [
X: 158HzZ ;
100 .
s
{
80 Y:84.64¢B i
X: aBH .
_ 77.6dB E
80 - 19142 l "
Al WWMWW ”Jih
y _ i
50 - | | r
i
B0 e s oo e e ————— -—w~l
0 100 200 200 $00 SO0 600 700 800

18] 4.3 [ FEEHEilA el Vibration Frequency Spectrum,

w2 UTO SPEC CH. A | { } INPUT MA I N Y s 119. 1dB
Y : . 0d 1. 1) RMS g280dB X 1208Hz
Xz OHz + S.4kHz LLIN
SETUP W21 HA: 200 TOTAL : 128. 0dB/YREF
90 [
140 - i
r
130 r
Y:8113. 1dB |
1 Xi11208H1=
120 +
Y: 111, 0auB
X1 2416H
110 ]
. Y:198. 3dB
100 X136 .
ac

o 4] 2Kk Jx 4k ok &k

4.4 FEHERREIA e Vibration Freguency Spectrum,
1
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W21 AUTO SPEC CH.A BEFElsg INPUT SIDB Y: 45.7dB
0dB

Y i 100. 0dB 720. 00U b 360H=Zz
X3 OHz + 800Hz LIN AX: 60.00000HZ
SETUP W19 H¥A: 100 TOTAL : &1.2dB/YREF
el i . i 2 2 i 4 k " A 2 - i o a _* . 3 a - o P T T Y L 2 . A i i i a i i f_
i
!
f
Y:48. 9dB
Yr45,.7dB X1 3524H2
Xt 360HZ
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4.5 [EE#HrE A9 Nolse Frequency Spectrum,
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SETUP W15 HA: 100 TOTAL : B87.5dB/YREF
100 “ . 1 PR - x X ‘ . - . 1 . o, —t . . . a i P——— N . r
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L . | . ey ¥ i ¥ L
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2. Uniform Wear 384 K
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Crowning ol © 3 % B 4 ol A
A de @R A" 4T H
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quency ¢ 1 Harmonicso] tha] ZEgstH

il

ZF= 4.1

Uniform wear

Harmonics of A

(@) Vibration

%

% ' 5t =

g L 2.5 ~ 8 9

# 4.1 3}

Uniform

a ot

-z Tooth meshing frequency %
EHERESY K

(t39]: dB ref 107°m/sec?)

2 /I3

Tooth meshing fre-

. ] |
Harmonics
RPM N e A & K 3 K RES
| NORMAL 95.9 108.06 92.2 87.5
620 _ ]
Uniform wear 90.0 112.2 109.5 95.0
NORMAIL 112.4 110.0 98.1 -
900 ]
| Uniform wear 110.2 119.0 08.7 - J
(b) Noise
Harmonics {
1 = 2 K 3 = 4 =X
RPM He HE
NORMAL 65.1 71.2 54.0 52 .0
620 )
Uniform wear 66-1 75.1 68.0 62.5
NORMAL 68.4 73.1 68.9 ~
900 _ —
Uniform wear 71.6 79.8 78.7 -
NORMAL 81.4 65.5 ~ =
11260 | 1
Uniform wear 80-.6 70.4 - ~
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0 AUTO SPEC CH. A [ } INPUT MAIN Y: 98, 1dB

2 120.0dB /1. 00pU RMS 40dB X 7 36H=
X: OHz + 3.2kHz LIN
SETUP W18 #HA: 200
120 & e L e J—*——A— A i N W 5 a L a x P S - 4 - - - i - — -
115
¥:108.6d8 F
110 s 1208HZ "
105 -
100 |
Y195, 9d |
X1 H04H= “ t
;
95 | Yi192.2dB
MN812H=z
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0
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'1'2{] % il e b - — | e '! R T N R SR A | T e LT S YD AU S N S
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238 4.7 Uniform wear 4 K {d %
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W1 UTO SPEC CH.B | [ ) INPUT MAIN Y: 83.4dB
Y 53.0d4d8 71.00u0 RmMsS godBe p SO2Hz
X s OHZ + 1.6k¥tz i I M
SETUP WA HA: 200 TOTAL : 111.2dB/YREF
1:]D PR PR NS PRI SN R :...*-4- PO TR T Y W NV SN W S R YA PR b e -
120 A .
110 -
: Y: 102. 8dB
1 x:15BHzZ '
10T ¥:973. 508 i
X 3BGH .
\
i
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(@) NORMAL
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Y 130, 0dB 71.00nu RMS BOdB ) & SO02HzZ
X : OHzZz + 1,.6kH2Z2 LIN
SETUP W21 HA: 100 TOTAL ¢ 112.14B/YREF
13G‘ A 4 - "*"‘"“"'—' g ——k = A -t b -~ - e - PN S— | ~ PR
5
120 ,_,l l-ean W
110
Y:101. 7dB
X1 158HzZ — b
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] b
90 A Y:B4. 4 i
1 X1 S502H
Ye BO. OdB
1 X} 1004H ;
EE'J '.
70 m‘
60
S0 —y — g S e A o A — e ———y —
0 0.2k 0. 4k 0.6k 0.8k 4.0k 1.2k 1. &%k 1. 6k
O ol Q. =
a3 4.8 T#hel weE #B&Eel US HH

Frequency Spectrum, 440 RPM
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w21 EEPSTRUM CH.A | MAG INPUT MAIN Y: 0©0.10dB
Y . X 2 8/7.64ms
X3 0.00ms + 125ms LONGPRASS
SETUP W21 HA: 100 W: 1024 ELEM #: 353
P S S N YV Ny U S S N N S Sy A W " S — N -_.4._*__..[___._._ I I T e e i U P
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O 10m 20m J0m 40m S0m eOm 7 Om B80m SOm 150m 110m 120m

(b) 900 R.P.M

23 4.9 T#he] &g ol

O

——

=

gigel A& A Cepstrum

_.56__



w1 ]!IME CH. A REAL INFPUT REF Y s 1. 01U
;: U.ﬂms . 1 x S;1.Ems
. s AX: B/76.9ms
SETUP W21 ELEM H:r 472
3'0 e — e B U S P WP TP SRR S S e b & ﬂ—A—A—A—A—M_A_A_*_.___.._t
A
2.9 4
E
1
1.5
+
4
1.0
|
| | AR T T
O TN T T/ Ui A | M m Fb ‘
ik | |
Wl | ’” ikt i
-0.9 H “ '
~q.0
~1.5
—2.0
—-2.3
-3.0 r - T ——————————— g -y
o 0. 1 0.2 0.3 0. 4 0.5 0.6 0.7 0.8

¥ 4.10 Filtered time signal, 620 RPM

W1 TIME CH. A REAL INPUT REF A i 1. 83U
Y2 J. 00U X 464. 84ms
X 3 O0.00ms + 13 AX: 452.14ms
SETUP W21 TOTAL : 98.9mU%s

&T €Y ms | “ i s
b= e

A
o

Le 911 Soms

~1.5

~-2.0

-2.3

2.0 T e Y e YT Y Y e Ty
0 0.1 0.2 0.3 0.4 .5 .6 Q.7 .8 0.5 1.0

a3l 4,11 F  dholl $EEgel UL =8 Filtered time signal ’
620 RPM
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31 EEﬁ%TRUH CH. A MAG INPUT MAIN Y: 1.29dB

: . X s 87.64ms
Xt 0.00ms + 125ms SHORTPASS
SETUP W21 #A: 100 wW: 1024 ELEM ¥: 2359

| W VA W N NS S T Ry N Y YU R R | _;_..__;_* [ SRR I S S N W R S

Y:1.23d8
X B87.64mzg
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120m

238 4.12 T #oll frigol Y& 1\iEe Cepstrum, 620 RPM
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W21 IME CH.B REAL INPUT REF Y: —1.26U

I » - U x: 244- 14"1'5

X: 0.00ms + 230ms AX: 202.63ms

SETUP W19 TOTAL : 21.4mU%s
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3
2
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Q ) 5 'Li r
-.-.1...
—:q
1
-1
o ;
| |
—-5-1'1-1-:"1—- e aanin d aunn anm san s i Bale aien Jait el an Sl Kot BEEE BEAR i ma St st Sei soam aumie e L e e i s S 2l ol nll sl Son indd i maie S S S S SN S S Su S L S B Sk
O 20m 40m 60m 80m 100m 120m 140m 160m 180m 200m 220m 240m
(@) 190 R.P.M
W21 IME CH.B REAL INPUT REF Y -3. 86U
Y . OU X 2 105.71ms
X1 0.00ms + 125ms AX: 98, 36ms
SETUP W19 TOTAL : 211mU%s
15 ._..adl-_.._.all___...._;_.....1--_._._1..-.,.,.1___._._,_..,..1.-.__‘“_1‘.-.I._‘._.lti'*.l.---_.__l___.___.h'_
10 - -

mw' 5

_' > ¥ ] ._1 ) v . PT—--—-—'—r-*T——' d-‘--.-r-—r-r-r—-'--.n..-r—'—-r--'—q_ y ¥ _. .y ‘_ .,. L A 1. . o .-!

O 10m 20m 30m 40m SOm &0m 7 Om 80m S0m 100m 110m 120m

(b) 440 R.P.M

1—'r—'-‘—+'v-

28 4.13 Tapered roller bearing ##&ol HiEe A& =8B
Filtered time signal
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W21 gﬁﬁéTRum CH. A MAG INPUT MAIN Y: 1.55dB

Y: . X 24.90ms
Xz 0.00ms + 290ms LONGPASS
SETUP W19 #A: 100 W: 1024 ELEM. #: S51
3.0 # *-IW“M%.nMALLLLJaiLlelill
4
2.5
.1
2.0

Y1 1.S55dB
Xt124,90ms

ﬂ Lamn o B - - * R | *- L N ol ol DR R R ot B bk shon SN B S sy i mak b

O 20m 40m B0m B80m 100m 120m 140m 160m 180m 200m

(a) 190 R.P.M

o e anll s shan al Tk

220m 240m

W21 EEP@TRUH CH.A | MAG INPUT MAIN Y: 3.86dB
Y: . dB X 2 10. 25ms
Xt 0.00ms + 250ms L OMGPASS
SETUP W19 #Az 122 Ws: 10724 ELEM #: 21
4. n . .*-....._...L_.._._..._.._l._ MU TS TP T EUI U R [P Y SR S (R S S b s+ a2 b.oa-2 a4 dehng
|
Yt Jd.86dBP -
X110. 25ms t
3.9
3.0 !
2.8
2.0
1.5 F
1.0 l

0.3

ﬂ T T e

] '- ¥ ey

(b) 440 R.P.M

138 4.14 Tapered roller bearing # # ol
Cepstrum

_.EH)__

- v ——r

0 20m 40m 60m 80m 100m 120m 14D0m 160m 180m 200m 220m 240m

R 5 ©|

-y T

—rr ey e




o. HEANRS HEE

O 4.15E Ml AR H 9o FEHEE Spectrum o g Hf # 3l

#{t.— Tooth meshing frequency & =7 EA4 2 660 Hz, 4KHzZ

FliES dRHERIC 24 2fae= & o MERZHoIU BFY

Bzt FEstA = € 9A HFRHAE EH, BT #BmE &9

itk ohE  mEmel HlHE HH2.14~ 169 ®RH ok



W2 UTO SPEC CH. A { } INPUT MAIN T: 115. 1dB

Y: 4 .0dB 71.00uU0 RrRMS 80cdB X 3 1208Hz
X OHz + &, 4kHz LI
SETUP W21 #A: 200 TOTAL : 128.0dB/YREF
150‘]’ - -* . : PR A — . L A em et a i - . - . A . - . - i .
¥
140 A
130 A
% ¥:119. 1dB
' % 1208BHZ
120 4
: Y:111.0dB
X12416Hz
110
100 +
950
80
iR
7ﬂ1 - L T T J * ™ e ] e T g = » w v —
o 1k 2k 3k 4k Sk 6k
(a) Lubricant
w11 A N SPEC CH. A MAIN Y: 108. 548
\ 150. 0B /1.00uU RMS 80dB X: 1208H=Z
Xz Hz + 6. 4kHz _IN
SETUP W21 #A: 200 TOTAL : 130.66dB/YREF
1350
140
130
120
Yi:108. 3dB
X: 640H=Z
110 Y:10J. 35dB
X:2416Hz2
100
30 b
’
'
‘ i
80 | d
] E
7ﬂ+—'—'—-—-—-————r—-—-J— > A e S S S G SR S — T u y * y T '——_'_'—"_‘l'
0 1% 2k ak 4K Sk &k

NON—-L.UB - UNLLOADING

(b) Non-lnbricant

1Y 4.15 @ FBe B8 Frequency Spectrum K #,
1,260 RPM



B6E KB R oW

oL Eel #wFeoAdx #HiEY Spur ggeEe Tapered roller bear-

ingo 2 o] folza Gear box #HioA Bearing Housing °f| 3 B

H2 &t Ripo] 9= gEU Bearing oA sa4dtE R #)

zgks  dlol Fist Filtering 3 Digital processing g 7

A mEGES RE MY BEHE kEste HrHF 2 AR

sialo] mpetdcoh we 1 mEko= EEIS EAAT

—ggo e wHEoAM BAET £ A BERERE BEHE &

o] (FZd <93 Uniform wear, g #H Wheeld A7]= H Lol

459 281 @Bold wUH 2L BEmY  Bigel Ax  Bea-

ring oA Kk, A, Ball So M= sy 2381 HENSB

ol & A Ut
X EolAM mEC o BECW wE B8] Mz Hall B

4 st= Unlform weare #RAN HEgmwez vegd o #EE

X (6] 4 ol ) Fst= Tooth meshing frequency ¢ 71 Harmo-

nics o4 Uniform wear HHik-& #Had <+ Ao EHE W<

s wmECE 0 JHARde & melAM EREVE =27l H &

Double-scalloped Hi#ro] A7 Toothmesh e 2 3% Harmonic

N =7 Ehmeslw EFEIE ®onstH EwE&ol HEAo HE

7 Toothmesh e ZHx Harmonics 7t RB5% Wminst= tHEe 9ok

ol gk Hike FHEEH EEMI REY olFHAAdxE ERE/F A

B EEY, K@EE &FE Z3d 522 g ydud w£d (6
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—3% gHAMNE o& [HEK K Z2x Harmonice RE), &

go] A UEui 620 RPM & Hlahi= o] &}

BRI Ry Eigo o3 ARAM RZol M #REElA

AL F e EHEHe B/HAE A A= a- 4.8 M K

$ol We Anm mEAM @il Ue @MEME —Hse Y
B Moz Peak b @AstE Aolth oA 5] JiE/HMK B

gold AU zEY #HE e el e el Ak wEkA

ol & sty AT FHEerR 1H 4.9 #& Cepstrum & {#Hf

stth. of Cepstrum & Spectrume @RS YEd FE Ao

£ Quefrency 97.90 ms+= 614 RPM o= [adgst= M aEol REEA

9lee wHET o= STIRPMIME pe HAEE o o

Cepstrum & o] gk KEol Aoy FAEE g HI 5 ¥t

asle] SN E o % etk deAd g oY HmEow 1

4.10 8 %2 Time Channel k9 {FHE FHSZIE ot o I

gl G AMES BEel Y= @ EEEger —xsch o

Time channel |9 {5482 Hme 28 4.11 3 o F  dhol [F

Lol Bgol YL B Oy oEH s Aol ol 2] gt A CFA]

%9 4.129 g Cepstrumg AT oA B 5 &l 9

ik BY <)

gt Sidebands #o| UAS5&E ¢ F Aok HLEFH #Zo

e S

Bigodls 2A~HE™ 44F, Cepstrum 4 #7, Filtering st Time

Signal 4f & FIAHs gEstd 43 Cepstrum & ffifis

o Sideband #e] @I WHES A& Aol s EH o

M= frskA] Fsko vt grEe]l @Aeol #AStH gtk Aol s




7 & Synchronous signal averaging HF¥< #HIA KB &

B h#m ERS Robull

Tapered roller bearinged] el U= Fi@Bd = Bearing

HEgol B am#Bmel LfrHolor v S HEHmel s 42 Kl

Bearing o] A F+5 HASS i, A £<= Ballol #rigel 3l
. |

W

o2 @mefo BHls 190 RPM o @ 25.32 ms &2 — B &} 1

440 RPM o 1285 9.93 ms= —H T o/ Hd¥ ERS A 9

shA 7Hd EEI AL Filtering ot 2 EHme w& A

#e] %@ Bearing o o EEol o2 EHF Hd FEES

L gRIEol sl BAES #Eol HrRLER H#iks dodles AR

m Mol NE Bty d&Eolth olg @AM EEkold ¥ ®

s o FHEgLS BT HHSA 7] ¥ Cepstrum 4537-5 I H

ghot, o MRS " 4.4 e Ao = Peak Quefrency<l

24.90 ms o 10.25 ms = A EEEIAS] EEBEM S stk A

Ballel s@el Helxe & HrolA fshal QFAAWL 2 #HR

g ¢ F Uvn A £ o

Mmoo 2 MEol Krd HB oo oI ERE 1Y 4.159

GEb sith ol EEEEA L B @EMAcl FRI mER Y

ZFR] g e Bikol vetdoh dvb= Tooth meshing frequency

o BAER I HEdie HERY #EEwmob sl Ateld fEFHIC o

o miEe RERERC He Aoz A4dod & YgE HRe W
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S8 HIERBREPRES dodle AHAo=Z, ol IHAA Hxol 600 ~T700

Hz S 2 4 EBA¥E #RA #ikS Lo HE Tooth
meshing frequency = @4 sAT 28 R#HEd= T #IL7]
=

AEe Z#reir BEEFRN ZR/HA srg BE Hal £8 &I

AT A O AEte #HEsEATE A7l mEEooF d A S

gRig BES RH HEo#Eee] FE® ol LEESY ot #

E OHREA &L WS € HFHEoE AgdAd
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g, Tapered roller bearing o =Z

LT

& #HARAdAe we @#ESY

BReY #H#3 Gearbox o Uniform wear, $§z, B, HBHHEALB

S odelsbA EEpkmEel o BASE E®HS MEd T o f§

se= sy s Filtering € #x Time domain, Frequency Jdo-

main, zoom, Cepstrums& AT BB HREES frstd Ow

I 2 fime AU

1. Unirform wear 7} 343> HHE#HL Tooth meshing Lrequ-

ency ¢ &% Harmonics & Az}

2. ey EEY $H{ZHol Y= gHEv= Tooth meshing frequen-

cy EEo] m#pel —%xsb= Sideband Bo] 47w of& Ce-

pstrum S ir& o= @3 ¢ T AL K& [OlE

of %3 Hoe=E ISTHI T AT

3. Time DomainojA] g Bearingel @Ea  gi#fo o3 &H

& 471 HAdMe= @y Filtering gfgo| 4L #Esho,

4 . Tapered roller bearingd] @#gel UJ= HHEH BHHELL BER

-

Ee o —%stH &3 FAE HEHEAANA B Hsith

5. R AR S8 HE Do s Tooth meshing frequency

= 9slel MAsts EEWN EselMe E®, HES H ek
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1. BHEMR RE

a) No backlash, Gear ¢ Shaft o intertia & Epist 58

Jpol #s J,o wEd g6, = gen zrh

T : J, o sz Torque

r : gear ratio

¢.: equivalent length 23 1. No Backlash, Inertia
2ol A ko)

G . M (REL Equivalent {&

) No backlash, Gear Inertia @&£3 B8

ol H#Bv ¥ 29 #€o a)9 Hmi#dd Gear wheelo] <

| -

ok MEEMEC M nd o




olgf 3 3-rotor fh= —HREIY

oz node friEet F K/

FE 7 U

a3 2. No Backlash, i1nertiayl Qv A% ®gEfY
Equivalent &

c) gHio] Backlash 7} d= 58

293¢ Tuplin of os] §fed @ deRel = Backlash
of wme #WH Fr adolth oA @7 Beld dolA t,
i ol CAAlAN oA wdth o Wty et grh

20

t, = —
2 oW

0 =1/2 angular backlash, rad

a—0—0, rad

0 =iz8 Torqueo] <93 HEH KA Wi, rad

w= Backlashsl ¢t EHEH HHEH, rad’




Torque

Torsional twist

Twist Half cycle
amplitude 6
Time
Velocity
Time

18 3. Back lask 7} U= wH

£ Cold D7xe B

t, =T,/4 (T, = 2x/w) 5 kel WA M *RE

g @ Cycle Hobe] i

T=2 (2t; + €;)
27T 20 __a(Jtcr+25)
:2(2T+?)“ aw -

Backlash & #&E3 [FHEESH w, o Phase HE =

i



AN

) ok A
F/L = 1+(215/M):(1+.f£.)"1
d Ae REBSHHE
£,/7£ =1 — -J%-Z[lJr(l i)§+(1 i_)z (-:-1--)2 + e ]

) 0
= ] — 0.6366( — )+ 0.2313 ( —) + =ee-es
4 a
o71A £, & Backlash & 7} w@#He KEER
f = Backlash 7} ¢+ ®&EY FEH

wet 7# Torques} ## Torqued] Kal =& #8 54

Torquee] o § @®@o| %@dol ©g Ko drh

- (14+0d0/a)+(B/d) (d/a)
b/t = (14+6/a) |

o714 g+ ZF#H Torque of g HEYHFHo|Ih o Xog ¥

/

Ker Wilson g = sl f#iEds= F¥ Torquerr gles o

Backlash ¢ g#o 7[1&A a9 £,/f9 K= #;E Torque 7}

i

g Torques] A fiEel 44 o g7} sz m§ Torque 9
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N

1 -

el

L -

RPM &

=il

iRt ¥y Torque 7}

g o

&% B o} 3 o,

o]

fi ol A

NEA ol

AR REA ALY EE F 5
HEIRREE TWesA e
FIRE HEH

#otd BEstAdth HEBRERS
B of 2

0.082 ~3.39 (ms™ %) &i@ol

o] 7

gAY 2
gl M el

st 4 o 4

O
AN

=g

L=l

L

mEpo|l SZTH

o]

o RS

] 48 4 &

O

Tty

.

A

i e I

ol

e

ot

ST

gk (LA 7] o

w—ra I

T
w21 AUTO SPEC CH.A ]l [ ) INPUT MATIM Y: 93.1dB
Y: 36.0d8 /9. Copd PMS 8O0OUB o s D402
X: OHz + 800HzZ L IN
SETUP W21 HKA: 200 TOTAL @ 102.0dB/YREF
100 +—— om0 ... a1 . & — e en
120 -
;
100 }
'
r
90 L
: r
* Y80, 2d8B t
: »} 331H Y:77.4dB {
80 4 ! X: 496 -
- L
1 I N
70 4 | 3
- :
] |
1 f
B0 4 "
: §
1
S0 4+ ——— —— ——y— — T ——T
0 100 200 200 400 SO0 600 700 800
e — o} A
1H2.1 EEmARREAAML mEmEE, 190 RPM

i B Jn o B

T L mmiiek aiieink Iienn S e e Atk s o

a3 2.1

020



%3 WUTO SPEC CH.A | [ ) INPUT MAIN Y: 102.2dB
b %75.3 dB /1.00p0U RMS 80dR X2 1S8HzZ
> 8 CHiz + 1.6kHZ LIN
SETUFP W19 BA: 200 L EM B 79
-—-l.-.p—-l-—.-h-—jlﬂ-*—l—*’--‘-‘l*Ll-—-—‘*Ji_-_-—ih-nﬁ.ipu—i-l-ll-*-“--li—l-—ul—---l—ql‘—l
110
Yi104. 2dB
X1 158H=z
100 |
Y1 85.8d08
20 : X 330H
80O e 1

70

60C

S0
.

4&1 ' - % 1 r w i T T e o r Y T T ——— . o T . . — ——— ¥ W - —— T ¥ Wiy
O 0.2k 0. 4k 0.6k 0.8k 1. 0k 1. 2k 1. #k

28 2.2 EFREAAMY EEmEE, 370 RPM

w21 utTo spgc CH { ] INPUT MAIN Y 3 112. 4dB
Y 3 30.048 /1. ﬁﬁ“ﬂ RMS 80dB X 3 8C4HZ
X OHzZz + 3.2kH= LIN
SETUP W21 HA: 194 TOTAL : 124.4dB/YREF
1430 i a " . L a A 2 *; | . PV a k i A 2 PR A P a MUy S S YN W WSS VNS —.
i
120 !
Y:112. 4dB I
Xt BE4H2 Y:110. 0dp [
' X2 17321z L
140 - -
|
100 -
]
a0
a0 [
70 .
| |
&0 - A -
1
SD j v il - r 4 l o hd b | r o b L | J v v v " ¥ — - na -

0 . Sk 1.0k 1.3k 2.0k 2.3k 3. Ok

2% 2.3 EERREAMY RBMEE, 900 RPM

_.76J_



W21 IAUTD SPEC CH. A [ ) INPUT MAIMN Y 122. 4¢B

Y : .0dB /1.00u) RMS 80dB X 2 17 28Hz
X OM= + 6. 4kHz L.IM
SETUP W21 #A: 200 TOTAL : 130.6dB/YREF
1501 R S S U Y G U W T
J' ]
! r
140 A !
130
Y:122. 4dB
X 1728HZ

4
b
o

o

Y :
XidfpodHz Xt 5192Hz '
b

1 r

-
L

-1
D
O
et et b i b b b e N R N e e

\0
S

- -—— —— a—ar

{
O

e, . o
=
=
"‘-%:____%-_

- T ¥ T T r - 4 r T T v v L)
0 1k 2K Jk 4k ok bk

aH 2.4 EREARREEAMe wmBMEE, 1,800 RPM

}. Uniform wear #ffge] EHEH &

g el Crowning 2 3$HX 25 FEHoM Eewe  EEl

L

o]jg] Uniform wear 7} #E4 3ok o 8 HEHI BT HESS

o FE¥H oS s R/ 2.5 ~80th, o fFRAAA R

52l HEL Tooth meshing frequency e F* Harmonics Eo]

g mettts Aol o
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W21 IAUTO SPEC CH., A

{ ] TP T MA TN Y 112 . 4ciB
Y 1306.0dB /1. 00ud RMS 8B0OdB BE4HZ
X OHz + 3. 2kH= L. ITH
SETUP W21 HA: 194 TOTAL. 124, 4dB/YREF
130 » P a - i - - . _*; i - - L [ R A - . i ._____T
120 ;
Yr142. 4dB i
X:8G4Hz T:110.0dB i
) X117 32Hz

110 -+

0-5“- 1. 0k

WJM«MR

@a) 1 W
w20 AUTO SPEC CH.A ] ] INPUT
Y: 130.0dB /7/1.00u0 RMS 8B0dB X 3
X3 OHz + 3. 2kHz L IN
SETUFP W21 #A: 100
1:]n " P R Y " e i L - N 1 & ,* - U T -
¥Y:119. 0dB
Xt 17 28Hz
120
Y:+110.2dB
X1 86442
110
100 A
80
80
70 4
Eﬂ]
5{} ¥ T ™~ ¥ ¥ ¥ ¥ - v L) _— * - T v Y e ——— g
0 0.5k 1. Ok 1. Sk 2.0k

<. Dk J. 0k

MAIN

TOTAL

Y. 119. 0dB
17 28H=2

124 . 3dB/YREF

- [ | & e o o Iy e

Y:+98.7dB
Xt 2396H2

(b) Uniform wear

H 2.5

- 78—

Vibration Frequency Spectrum, 900 RPM



W20 AUTO SPEC CHTBJ A—WE IGH STORED MAIN Y 568. 04B

Y: .08 /20.0pUu RMS 80dB X: 1808Hz2
X: OHz + 3. 2kH=z LIN
SETUP S21 kA: 200 TOTAL : 82.2dB/YREF

400 d——m b e e e b e e e b L " S S
"

-

4

30

i o " _'. b ' ' L4

80 Y:75.1d8
X1 1204H=
Y:168.0dB
70 ¥366. 1d8 Xt 1808Hz
X1 6041z
60
S0 - UJM
|
40
30
QD s ’ 1 ¥ T - - —— - — = T ¥ === r r — i -+ e e — —— T
C 0.5k 1.0k 1.5k 2. 0k 2.5k 3. 0k
@) I %
W21 AUTO SPEC CH.A A-WEIGH | INPUT MAIN  Y: 7. 2dB
Y2 100.0dB /20.0pJ RMS 80dB X s 1208Hz
X 1 OHz + 3. 2kH=zZ L.IM
SETUP W19 #A: 100 TOTAL : B0O. 3dB./YREF
1ﬂ0] A " & [l & & 5 i L i _'1' i i i i L N A X A i i A X " i i &
90 - L
. .
‘ B
ED] [
70 Y: 65, 148 L
X1 604H2 -
60
50 | ‘
. \
40 -
; I
ao - !
J i
Lo T 2 U — U 1
O 0. 5k 1, Dk 1. Sk 2. Dk 2.5k 3. Ok
(b) Uniform wear
138 2.6 Noise Frequency Spectrum, 620 RPM
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w1 UT) SPEC CH.B | A-WEIGH INPUT MA TN Y 2 £8. 948
Y : gﬁb. dB /20.0u0 RMS 80dB ¥ 2 2468Hz2
Xz OHz + 3. 2kH=z= [.IN
SETUP W21 HA: 200 TOTAL 8. /7dB8--"YREF
100 R SR S | e - i . - :.__L._'l‘.l " & A . i e . &
:
90 t
80
Y:73.1d8B
Xt 1600H=
Y:68. 4dB ¥:68.3dB
X B&8Hz X 24668Hz
70
!
60
S0
40
30
20 e ———rr— ey - v e e
0 0.5k 1.0k 1,5k 2.0k 2. Sk a3, Ok
(@) iF &
W20 quro SPEC CH.B | A-WEIGH STORED MAIN Y: 78.7dB
Y: 00.0d8 720.0uU0 RMS 80dB y & 2596Hz
X 3 OHz + 3.2kHz LIN
SETUP 8§21 H#A: 200 TOTAL : 8/7.3dB/YREF
1001 . -~ . - . e o s o ok e
90 -
Y:/79.8dB
Y:78.7dB
, X1 1728Hz X1 2596HZ
80 A
j ¥Y:71.6dB
. Xt B4z
701
60 A
T )
suj ‘
1
40 i
30
20 il v - T " el g ¥ T r v - 1 ¥ T T - r——y )
0 0.5k 1.0k 1. Sk 2.0k 2. 5k 3.0k
(b) Uniform wear
1% 2.7 Noise Frequency Spectrum, 900 RPM

_”80'-



W21 AUTO SPEC CH.A mweieg INPUT MAIN Y: 81.4dB
Y2 100.0dB 720.0pU MS OdB X 3 1208Hz2
X: OHz + 3.2kHz LUIN
SETUP W19 HA: 100 TOTAL : B87..dB. YREF
10ﬂ"" =i " A - 1 - » A ' i _'& . " L a - . i i — - 1 A i i A A — .
]
3D - -
j Y:81. 448
] W 1208H=
80 - -
) Y 70.4dB X
| Xt 736HZ ;
70 hﬁ i
60 | h J

0.5k 1.0k 1.5k 2. 0k 2.5k 3, Ok
re—— Jéj‘ﬁf
(a) 1 S
w21 AUTO SPEC CH.B | A-WEIGH INPUT MAIN Y: 80.6dB
Y: . 0dB /20. Dul RMS S80d4dB X2 1208H2Z
X e OHZz + 3.2kH=z L IN
SETUP W21 #A: 100 TAOUTAL : 87.9dB/YREF
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