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RESEARCH ON FAULT DIAGNOSIS METHOD OF
HARMONIC REDUCER FOR INDUSTRIAL
ROBOT BASED ON ENSEMBLE LEARNING

ABSTRACT

Harmonic reducer is the key component of industrial robot, and its
performance directly determines the accuracy of the robot. Fault diagnosis
of reducer based on current signal is a widely used method, but the reducer
fault will be interfered by the current FM frequency modulation in the
current signal, which will affect the accurate diagnosis of the fault. In order
to solve the above problems, this paper takes the harmonic reducer as the
research object, establishes the electromechanical coupling mathematical
model of the harmonic reducer-drive motor, and studies the
characterization characteristics of fault features in current signals, and
carry out further research. The details are as follows:

(1) The mathematical model of harmonic reducer-drive motor
electromechanical coupling system based on current signal is established,
the characteristic that the fault frequency of the reducer will be disturbed
by the frequency modulation of the motor current is revealed. It provides a
theoretical basis for the subsequent harmonic reducer fault feature
demodulation method based on current signal.

(2) A fault feature demodulation method is proposed. Under the

condition of constant speed, the current frequency domain signals under

III
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single and multiple frequency superposition faults are demodulated by
demodulation method, and the fault characteristics without modulation
interference are obtained, the frequency domain signals before and after
demodulation are transformed by inverse Fourier transform, and 15 kinds
of common time domain features are extracted and analyzed.

(3) A multi-strategy ensemble learning method based on Dempster-
Shafer evidence theory is proposed. For a single machine learning method,
it is difficult to meet the multi-condition and multi-fault type of reducer
fault diagnosis. By fusing four classical machine learning methods,
decision tree (DT) , Support vector machine (SVM) , Naive Bayes (NB)
and K-nearest neighbor (KNN) , an ensemble learning diagnosis model
based on D-S evidence combination theory is constructed, compared with
the fault diagnosis accuracy of the ensemble learning method based on
Stacking and dynamic voting. The results show that compared with the
single optimal machine learning method, the ensemble learning method
based on D-S evidence synthesis improves the accuracy of fault diagnosis
by 3.73%,compared with other ensemble learning methods, its accuracy is
increased by 1%-2% , and the accuracy of demodulated feature
classification is increased by 1.82% compared with that before
demodulation. The results show that the demodulated current signal can
effectively improve the accuracy of fault diagnosis, the multi-strategy
ensemble learning method based on D-S evidence combination theory has
better recognition effect in fault diagnosis of harmonic reducer.

(4) A harmonic reducer test bench is built to analyze the current
frequency domain characteristics of the harmonic reducer under flexspline
wear, wave generator wear and no fault. The correctness of the

electromechanical coupling model established in this paper is verified, the
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feature demodulation method is used to demodulate the fault features that
are not modulated by the current frequency modulation. After further
extracting the features, the multi-strategy ensemble learning method is
used for fault diagnosis. Compared with the ensemble learning method
based on Stacking and dynamic voting, the accuracy of the ensemble
learning method based on D-S evidence combination is improved by 1%-
3% . It provides theoretical guidance for fault diagnosis and condition
monitoring of industrial robots with harmonic reducer in practical

engineering applications.

Zhao Heng (Mechanical Engineering)
Supervised by Liu Yongming
KEY WORDS: harmonic reducer,ensemble learning,D-S evidence

combination,fault diagnosis, demodulation of fault feature
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iR ELAR T SRS AL IR R K SR R T, AT RE S| AL . AR
Wi Y g6 AR VL e S A P Ay, [RIINE B 8 325 A1 T LA N RO RS 1 S aa AT AR 1
TR A% R RO A T B SRR 07 R BOR AR AR DR A 5 RS
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RETHUEAE FEE, RSN ERG 5HE S8 EES TERSEE. K3
H LT R () ] Rom N
TO=T,O+Y T () cos[ [271,(dt+g, (t)} 2-1)

Horr: To(n)ZFom IR sh lblaan B AR LR, T(0), fu(t) R @a(0) 53 0 27 H VR Do 2% SF R
) B BE 5| AR B R . RN AR AL
WRIEALI I T(0) 5 0EE Tu() 2 FIHIR R, A:

T(@t) = Jd“;(t)+§ () +T. 1) 2-2)

Hrr: JRRNERBOESR LN E; o R AEE; RRARFME R
AR Q-D By, 1350:
f)=f, (t)+z:':lAn(t)sin[ [2r1,(t)dt+o, (t)} (2-3)

b £ RBN LS H SEBRFE AR s fro(0) SRSl B Ut B AR AR R s A (0) S
PR IE s B SRS Bl EE 51 IR BIEAE, AR

T.(t)
AO= s 4
IRAN AL EAR = A B LD I(OAT 1) A
1, (t)=1,(t)sin| [27 fc(t)dt}
| () =1, (t)sin| [2r fc(t)dt—gﬂ} (2-5)
()= |0(t)sin:j2ﬂfc(t)dt—g4
Forts £ N IREN AL IR s (1) 2 LT B«
WRPR IR AL R, HEHLE AR AR S B el 2 AR RN
fote (2-6)
P
Hrdr, POHEAUTE, [F—A LB ECh e E
IXE AL B S 5 Y TR A e oG &R, B
lo () ocT (1) f, (1) (2-7)

AT, RG] RE b RAE LR IEH R, 46K 02-1)~(2-3), Z0g
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GEH AT LV 5 s 5 pE B ar LU LA
1,0 =k (T, ) f, O+ T O A0 + T, ()T, (1)’ sin ( [27f,()dt+o, (t))) (2-8)
HE SR R (A SR LA 5 P ) AR BB R, H43R(2-8)HEAT ML,

A
L) =To(t)- . () (2-9)
1O = T,O°A 1)+ f, ©°T,0)° (2-10)

Hore 1 () VIR IR 1 () e g
e (2-8). (2-9). (2-10), FRATN(2-5) 7] 15 218 e Jalok #- K 3 A LA AR &

R E AR AR A ] R IR K

IJU:k(IJOSM(IZﬁf&OdQ+

zzlﬂna)ﬁn(IZﬁfADdt+¢%G»sm(IZﬂfADdQ)

(2-11)

MR F DR A FE AL et R v T 0, AEFER LR, BR f0 A IE 5 HIRITEAE ()Y
FEAE, a3 Q-3)MQ-6)T A, fEHE N BERASINE f WAEE, SXQe-11)i#T
faifh:

|aa)=|-+k(§:lﬁna)gn(jznnxodt+¢%a»sm(j2ﬂfgodt» (2-12)
Heh, | NEEL. BAARRIEAXN:
|=k(h¢05m(j2ﬂf4on) (2-13)

FH A5 21V VR 25 - IR Bl FE LA A & B A Bl e i A
222 IR RIR IR YA B IESBRES AT S

H2-13) T LA, B DENLEs ARV R 2% 5 IR 3 BRI EE 51 S 1) i B Her Ak
S ML IR R £ iR d], S5a Q-6 R Q-7) AT &1, L SRR By H R
AR 2= Bl 45 S R A T O, e BT — Wik, 78 3X(2-12) N SR s R A it i | (1) A Hoxt
I FRARAE, 5 2] W e o ) PRI AR | (t)

() =1,@sin([27f, @)t + g, (1) )sin( [ 27, (t)ct (2-14)

FH = ff1 R B 1B 2548 i sin(x) sin(y) =1/ 2[cos(x— y) —cos(x+y)] , AT AR 3
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1(t) =% In(t)[cos(IZﬁ( £ 1.0)dt+p,0))-cos([2z(f,0)+ fc(t))dtwn(t))] (2-15)

H b AT, g A M A 52 281 % Sl 1) T2 8 PR P A A (] PR A0 5 1 g e o 1
R EL, ARSI w5 AN s A 17 73 AN ()~ fu)y o), 38 %68 L ) L AL MR (AR
&, IR HPytE R iEE |, ) B SRR f(nEL I FR TR AR A ) S 45 2
X IR BRER fL(O)—(OM fu()Hf(r), HISEARSE, PIoylbs g e | () B —=+.
TEBLIE PRI S AT AE PRI, 733N fu( )R fu(O)+21c(0), FFRBBCILIRAE 70 3 8 1, ()
A (), 223 LU YA ARSI 2 1] i O 1) i 80 7P X B AR A A3 0 30l 9 ()~ fo(0) oA )
M [ OHe(O)~ fu(ty3fe(0), HERRTTLIGH, PR ] s FESRA fu(0tfe()AE HY
DUEEZ IO, AR EEE S | SR EE S 2 70508

() = 1, @sin( [ 27 f, @) dt +¢,, @) )sin( [ 27 T, (©)dt) (2-16)
1, (t) = |n2(t)sin(j27z(fn(t) +2fc(t))dt+¢n2(t))sin(j2ﬂfc(t)dt) (2-17)

Sk SR FH = A1 R U 5 A8 3 sin(x) sin(y) =1/ 2[cos (x — y ) —cos(x+ y)] JEHF, Al 15
I".(t) = % |y (®)[cos([27( f.0) - £.(0) ) dt+ (1)) —cos ([ 2z (£,(0) + ,(0) ) dt + ¢, (1)) | (2-18)

17, (t) =% o (®)[cos([27(f.(0)+ £.(0))dt+ (1)) —cos( [ 2z (£ ®) +3F.(1))dt +¢,0)]  (2-19)
— AT 1S
Il*2 (t) = I:l(t) + I:z (t)
1 (t)

- T[cos( [2z (1,0~ 1.0)dt+0,0) - ([27(f,0)+ 1.0t +¢m(t))]+ (2-20)

h‘ZTa)[cos(IZn( f)+f, (t))dt + ganz(t)) —COS(IZ”( f,(t) +3f1, (t))dt * %Z(t)ﬂ

H (o S AR T i, AE SR IBOISRR AL I AN FEINFA] ¢ FIAHAL A @ SN, T PAd b
HXATH, BINJE BERIEAE E 2 N =R 8, PN fu—fe N, X RIR LI
cos([27(f,0) - f.0))dt+g,@), FIEEA 1 O)/25 SN futfe B, SRR %I
cos([27(f,(0)+ £,(0))dt+ g, () Fl cos([ 2z (f,(0)+ £.0) ) dt+,,(0)) » FEMESE 533 A -1, () 1 2 0
|, (072, B E 1,0 12-1,0)/2 « A futdfe B, 4R B R 5% T2
cos([2z(f.0)+f.()dt+p, 1), HIEENI,E)/2.
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AN fin=3 200 Hz, f,0=5400Hz M f,3=7 780 Hz, F{Beise X I (98 0 735l ok AR f

HEEHER) 10% T,

Uib=

(UEE

i

15% T A1 12%

To JREM I YR 2L B Ll I LR IR~ 5 T S e 5
Fir CAASC R U R & J=1x107,

VBT PR A5 e T 0 rpm 46 PAINGE A 300 rpm/s #HAT N, 10s 5

TN % 3000 rpm, FFRFFEBEAT

BRI B2 R 2-5(a) s o
&W@@Ezwﬂm @ﬂ@%T

3000

5s, FLUINEE N-300 rpm/s JIE E 0 rpm, i T

I3 RN

~ TR AR O RS 5, 2Rl 3K

iEST 7% 11588
2500f 8o —
607 {1584
2000}
& Mg HE lis805
;1500— %
1000} \ 11576
sool 11572
0 . . . . -60 . . . . . 1568
0 5 10 15 20 25 5240 5245 5250 5255 5260 5265 5.270
I3 (5) It [ s)
(@) Fed LA (b) MLEB A T H
1007 ‘ ‘ ‘ ‘ s 3010 ‘ ‘ ‘ ‘ — o 11588
" %L:E 3006 1584
60| | | ]
f W% & M -
40 JJ R | R /1580
= | / \ =
%20 \ 5‘ \ f h’\ \ / "\, g b
o [ | [ | L[| {2008 [ {15763y
VoL IS & /
20 M‘X NJP‘ W \ﬂ 2994 ) 1572
40t (V M | M pj{fi
60t 1299 11568

12242 12246 12250 12254 12258
1] (5) F 1wl (s)
(c) TEIEELHE SR (d) VB R E S

P 2-5  AN[RVF S T 00 1 IR D e gt i e ) PR

ERUES

-60k
19.730 19. 735 19. 740 19. 745 19. 750 19. 755 19.760



AN N2 = VAT

el o 8 0 ph 2 g DR Rl 5 PR IR S TR R FIR BT, t it B IE R AR O I HLR
BV, WO EBPIE R DA 1, ORGSR & T I BIRE T RE, EAE
IR, FR R AT 52 i TR IR e, EL A 5 IR IR B o T B )R A T 50, 7
EFETT, BIRE S IIRERCR, FIUARR TR E G O, Hhumgr fe s ag.

D0 W S ROEE 2% SRR L F RS S IR B I A T 2K, SR A RIS o8 B e T 92
(STFT) X WA B IHH % Wb 1) FRLRAS 5 HEAT SR 20, 43 BIRH3SC R an &l 2-6 Bk

/7 fn3+fc

\ fnS-fc
fo+fc D
fn;-fc f - f
~ In1+Tc
\ fnl'fc

$1#%4(kHz)

10 15 20
ISFIE] (s)

B 2-6  IEBRGE AT HRRIRAS TR LIRS T IR AR
HIFE] 2-6 TN, PRARAMFAE 1 26 TR B A IR AR fo, BRI A A7 AE
3 iR AR, HAR ISR £ B DR R K TR IR R A D, B
RIS Ak, HLJAL R AU 5 A g 8 o A 3 O P 2 A8 4k
DN BB R AR St ) B I D i A o AT 5 W s ] ) AR 2 TR 9% B, AR R

FIRGE T FREMLIREN 6.54 s« 12.57 s F1 22.54 s it s A5 S8, BARWZE 2-1 Frx.
2.1 VEIR IO B HRIRAS T 2

WA WEH RAGR Bk MWW B AR A
Hfs';“ SR RO BEh I(jjwf EEE I(jjwz) D%
fo(Hz) (W) (H2) (H2) %(HZ) (Hz2) %(HZ) %(W)

3200 3035 63.61 165 3365 64.55 -165 0.94
6.54 165 90.89 5400 5235 68.40 165 5565 68.39 -165 0.01
7788 7615 66.14 165 7945 65.21 -165 0.93
3200 2950 67.83 250 3450 68.61 -250 0.78
12.57 250 9387 5400 5150 71.49 250 5650 71.38 -250 0.11
7788 7530 70.21 250 8030 69.43 -250 0.78
3200 3140 56.08 60 3260 55.10 -60 0.98
22.54 60 82.4 5400 5340 59.91 60 5460 59.91 -60 0
7788 7720 56.70 60 7840 57.67 -60 0.03
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HIE 2-1 RIR, e R i A 0 5 B e SR A 2 TR A S AR 225 e, B o P 1 1
R Z A ZAE I35 T 2 f, HIR R

DN TR R (5 LB BRI R B, AR SCCE IR AR i3k 2-2 i
o FEREE DA 3 000rpm TEE TOL N, MRYER 2-2 i e AR AT SR 4 HL I 2R 415 2|

FIFR B0 N bl H 55, Wi 2-7 Bos.
R 2-2 PIHBNMEDL N IAERRT RN BeE IPReR

AR 1 1R 2 1R 3 1% 4
B (Hz) 32003 37003 15900.2 16 400.2
MEAE(A) 6 8 12 10
50
X250
Y50
407
g 30j
2
e
207
"X2950.3] || X3950.3 )\%5650'2 /@
Y3 Jy4 .
J L 1
0 0.5 1 15 2 2.5 3
HiZE (Hz) x 10*

B 2-7 AHER ISR AR R
F L P A P 3 R {5 07 3 B R sl AR A ] LU RE S A5 Y, BEE b
T ZIRARZE 2 AR ARSI £, S2 R R T R A AR I R N
Ol BIMAEHIMEAE A, 112, ARSI TR 5 FRFE A S (B IR FEAl

2.4 KENE

A B TR R DR - B UL F RS 5 R U LB AR, B U I O A
F S AEHTUE 5 R, W7 s (S S RS 5 2 S B IR ISR T
WL, DU e st S 0 A7 A 22 NI A3 ) B AR RE DG 2R, i 7 L IRAIE | e ST AR A
FRIMERA T, I 70 B VR Yol 25 i PR AL - 55 HL IR 5 T S R A A e R 22 T A3 A
AR AR, Iy Ja Sl BRRrAE i T ST (LB 1R S
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%35 HARA RGNS SRE R RS 5

K Bah 7 ik e 2 A0 T A LS AR o 25 i B2 W 1) £k, IR
TR, DR S SRS RF AR 2 52 PR R, ™ B RS T O BN VA 1 R s e
RAAESR IR TS o MR —fe) R, $ b VAL a5 A I IR IR 5 i b B AL 21 7
%, R GE SRS S SRR AR O R, SRR AR MR RS 5 R, BRI
BT, R, SRBCRAEAR R TS I =R iU 0 15 N SRRAE, ORI SR AE
FEAR RIS AN [R) e 3 LA R AR R SN RIS R 1 1) A A o I B R AR S 7 A gk
BB AL 8] (ORI, N2k T MRS 5 1 P 5 S R AL vEE B 42 SR (I e S 4%
ARSI R BARRAE U 3-1 fos.

BCRE WA

v
| {55 i |
]
v
\ (G EL R (S %—4 SR L 2
R JHE
| memmReMRGE || B e
#ﬁ AEHEIR bﬁr AEHEIRL
HEEE A AR 45

K31 (FSHHiodre

3.1 HEEME REHRE SRR AR

Y 5% L R RHAE AR I, 7RO R T i it i, BUR K Yo T3

PEIRR PR BEAt, 58 BRIE 35 9 B A e ke iz zh, AR SR H B 5 el 2%
JreHe 1 L ELAEAR % o ARYEIRGE AR AL, Bt S N S A v, I Lo vy 2 URGE

wedn I e i O A, HORFE RNl 42 B AU AE, 2R AL s 30 i e A A O 2 9 1)

F B
_m0-fr
~180-v

RIS T T RN B R A RIS S, (H R A ] o B Bl 25 i
KRSz £, TERRIRAE S, T IR RS ATy £, RIS S R A A 26
BARBE A £, M= H R R o &

(3-1)
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TRUTAE R L2 A S

= f +f, (3-2)
K =ZA (3-3)

o AR EORRIMIER A R T R IR

WHEEOLN, BRE TR EEREE N TR, I BiRE S maukt, &
R WEAE X L R A 1 4 By B AR £, BT DA RS DAEE T B RS 5 900k b 1) e B 4 A
oL, BRI 5 T B IR ISR IR A, .

E S B B VR ol A% AP A B A 22 AL LIRS 5 A RE v, DA LT Ve ik 2 1K

FHAEH B S RE, RIRAE S PR B AR AR A IR SR f BT ] SR

FHE f,, IF HaX Sedie s B tEbE 1, £4 f VG N RIREAZ), (HE f Bk i) HiE
A BN, BT DU Seil X b AN [R e R 1Y) R AR Ik, o EL ] AN 52 L i iR
ﬁﬁ%ﬁ%?%%%ﬁ%%ﬁﬁﬁ%uﬁﬁ%Hﬁﬁﬁ%iﬂﬁuuﬂh%ﬁﬁﬁﬁﬁ
frageit, VAR AL B R SRR SR 1 B s RN, T 70 B IR HFIE, A
Reoxt AT TALEE, DL e SERF L A A R I R TR A AR IR U o A F SRR AR 73 3l
f M, & A7 ARSI AR 5 I 96 2 G 2% A

f,=f, (3-4)
f, =1, (3-5)
An> Ay > A (3-6)
Ay > A, > A, (3-7)

Hore fn f, 08 £ T O, A L Ay 008 fi B, RERIROIRMEL, AL AL 7Y

B Foy =28 A0 By + 2 X RINEAE, Agy~ Ay 20008 By — 48 A0 + 4 F 6 R R AR
(BB TSN 1500rpm A1 3000rpm B, HHF(2-6), 13 % R HLR AT f.

N 125Hz #1 250Hz, 43 MR P IISAFIERS 2, 40 3-1 B, ilid AR B 5 VA EAT

JRik, P EANE 3-2 FiR.
31 BB RIE AR
Jfooo fmdfe  fm2fe fao ft2fe futAfe forfe Sz Jort fe
L& 1(Hz) 125 7500 7750 8 000 8250 8 500 19750 20000 20250

TH.2Hz) 250 7000 7500 8000 8500 9000 19500 20000 20500
TEAE 6 1 2 4 2 1 2 0 2

24



SRR 2R A 183

6 6
X125.0 X250.0
Y6 Y6
5
X8000.0 X8000.0
Y4 Y4
— 4 =
=1 =
e, a
X 8250.0 X19750.0||X20250.0 X8500.0 X19500.0 |X20500.0
) Y2 Y2 Y2 Y2 Y2 Y2
X 8500.0 X9000.0
Y1 Y1
l ‘ X
0 05 1 15 25 3 0 05 1 15 2 25 3
Ai#R (Hz) x10* A% (Hz) 10"
(a) 1 500rpm FZEA) 573 AT (b) 3 000rpm AHZEAJj HA53 A1
7 T T T T T T T T T
6 6
X125.0 X250.0
Y6 Y6
5 1 5
X8000.0 X8000.0
Y4 Y4
= 4 1 = 4
=1 =
o o
=3 = 3
X19750.0|X20250.0 X19500.0 |X20500.0
Y2 Y2 Y2 Y2
2 1 2
1 1 1 H
0 ‘ ‘ ‘ | ‘ 0 ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3 0 05 1 15 2 25 3
i (Hz) x10* i (Hz) x10*

(c) 1 500rpm FHALHE f5 (d) 3 000rpm THALHE 5
3-2 TRALER TS AR 3 AR

B 5 AI7E 1 .500rpm AT 3 000rpm %53 T450 R AT X EE T DAS A2 L oA
ST R R JE B 1) P B RFALE I3 31 1A 80 25 6, T B2 A 61T R I RHAE AN B2 AT AT 5
M o
3.1.1 B—HIEnE BRI EMR

AR AT ST AR IR G F R AR f,, S F, f Bk 8% R AR £ B
REAE R AT, AT R (L 2 [ B 6 2 2 2%«

f=f"+2f, (3-8)

<A, (3-9)

A-A
b, A R PR R R ) fa YRR 2

B BEARIR S T, ASSCLL AR A RIS (B 1R ek e SR A i A £ i
RAE Ay :
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fo=f"+f (3-10)
A=A +A (3-11)

R AE VIR ol T - Bl LS S AL R R 5 0 AR AR, 7 L iR U3 3-2 oms,
FEHNLEL TR 3 000rpm T8 T 73 Jl 0 3 i iR e B B EAT R AR AR, 45 R AN 3-3

7N
32 (RRITIHIER N R
P F s Y kT 1 AR 2 R 3
B (Hz) 3200.6 13 700.1 19 200.8
& AE 6 8 10
50 T ; . .
X250
45 Y 50 . oh 7
4011 ] )\%3700.1 éigZOO.S
357 1 8 X3200.6
Y6
307 1 6
o
= 25| 1 %
=, |
201 f
X18950.8| [X19450.8 |
157 Y5 Y5 1 2
100 1
éé%oﬁ ¢§4SO.6 §i3450.1")\((13950‘1 , or
oI ] | N ]
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 25 3
Hi# (Hz) «1d" A2 (Hz) x 10"
(8) THE MBS SR () FARIR S E S A

3-3  RHIEAA R RIS

B 2R BRI A, 3 000rpm 3538 T, 78 HO R ) FEIARLAE 5 i B AR B R X I F)
AN 250Hz, BPEERRAIER |, Fo AR R S % e AT 5 AR 5 M A ) A e g {32k
ITXTLLREE AT, AZAFE AR VR RE NS A A DR R 2 EL A B WU AL
3.1.2 ZANHIENRBA L ERR

2 & FI R A 1) JR A AE AR AFAE 2 A, R L U303 2% Jor A5 1L AT 3 Ay A 3 8 ) J5 [ AR
@ﬁﬂ%ﬁﬁ%%%ﬁdﬁ&ﬁﬂﬁ%@ﬁ%ﬁ%ﬁﬁ%%%gﬁﬁﬁﬁﬂﬁ%,H
fﬁ®ﬁ%ﬁﬁ%ﬁ%ﬁﬁ%ﬂmmgﬁﬁﬁﬁ%ﬁﬁLwﬁ%:%%ﬁﬁﬁ,ﬁ@ﬁ
ATFEB IR, WITEREARG-8)MFIN, IR &I T 5%

f = fj*+2fc (3-12)
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<A, (3-13)

A-A

_Aj

Hep, AR ORI -
PG B R, A AR AT a3 G-10) I ED TR AT

fo=f+1, (3-14)
Au=A +(A-A) (3-15)
Ao =A+(A -A) (3-16)

R AE VIR ol T - Bl LS S AL R R 5 0 AR AR, 7 L R U3 3-3 Foms,
FEHHLFE DY 3 000rpm LR 73 50 4 A Fee s BEAT P A AR R, S5 RN 3-4 B

VAN
# 33 BRI SR

WRRE 1 iR 2 iR 3 1R 4
HiZ (Hz) 3200.3 3700.3 15 900.2 16 400.2
& AE 6 8 12 10
50 T T T T T 12 T T T
e o W
40 i i X3700.3
| vs
& 30 1 F%zoo.s
I @ |ve
= Lg 0]
20
At
10 X15650.2 X16650.2 ] |
s sa%0s  |ve |5 2
St W . S | R
0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
A% (Hz) x 1¢" i (Hz) x 10"
() TR E i (b) FEEVRIR R S S

K34 RHEARRRT S i
TP 3-4(b)RT %N, RIS USSR SRR SO AR R, 3 IHZ 5 1L R R
o e B AFAE B AT T R4
% P B 2 s A = AN SRR R A B S IR A B A e R, Bk £ A
(LI a0 O SR B ST e S d L 1507 ) IR B i1 I S Yo TS S PR NS
i f o G SRR, oy T A0 T IS SRR, ) abxt i
FIMEMEIAEB IR, MiZERH L ARG-8). ARG-12)Fan T 414
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f =f +f, (3-17)
-|A A< A, (3-18)

A +A

e, AR X R IEE
BEIN, B AR R C oy F oy 40 B R GB-10) 1SRG 14)iH 51D 151

LI
fo=f+1, (3-19)
Ar=A+(A+A-A) (3-20)
A, =|A - A]+A + A (3-21)
As=A+|A+A-A (3-22)

AR5 VA IR Yol T - SRl FE LS LA L R R 5 0 AR Y, 7 A iR 3k 3-4 Foms,
FEHNLEE DY 3 000rpm T8 T 73 Jll % 3 o iR i B B EAT R AR AR, &5 R AN &) 3-5 P

N
34 BRI SR

Wk 1 b 2 b 3 W 4 R 5 i 6
B (Hz) 3200.3 3700.3 4200.3 16 400.2 16 900.2 17 400.2
EYIED 6 8 12 10 8 6
S0 50T ‘ ‘ ‘ ‘ 1‘} x42003]
Y50 Y12
12
40| X16400.2
Y10
1n
X3700.3 X16900.2
- 30 4 &YS Y8
E o
= = X32003 X17400.2
X3450.3| | X3950.3 X16650.2] |X17150.2 ] \c()ﬁ . *
20 y1 Y2 Vi Y1
4
o 4450.3 X16150.2 1
X2950.3 | Y6 5 X17650.2 ’
vs | o| s
L | || R | R
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
A (Hz) x 10% iz (Hz) «10*
() THEAIHEEIRSNE A (b) fARIIHARER S A A

KI3-5 LA AT A A A
Xt LU AR R 5 R S5 BB BRI, R W27 iR REAT SR T 3 X WA AE & st T~
FRIRFALE o X T30 B B 28 DG AR5 P =R I 1 IR ELAF AE I B IS O, AR SE B TAE A H 3R
B, REAHBATHE.
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TRUTAE R L2 A S

3.2 HEEME R GRS SFHER I AN R

HLLAE 5V I IR 2B AT RAS M OCBESRAE, RS S e HE b i A IR A 2 A0 4
IR 1 AR ARRAE . DRI, X VB U8 ok i 48 W B AL A 5 AT R A AR AR AR L, AN ]
DA $E BB & IS ATIRAS T I R A, 38 R A DRk v A 12 W s 288 75 L 7 AR 4
B A
3.2.1 $FERBER A

AR SCE TS AS IR AN AN [ AP DAY, iy 3 A i P e AU 5 b, AN
BT EERDBUOVIRPIARZ S, 5 T IRERRFHIX AR E , SR AL R 55
THRAE AR, M RER P HRIRAE S TP BRSIL R, B PR iR A . Bl
RERRADL 10V I A% A P RIS 5 BEAT AR R AR I 10 P AU AR o B P g A
POk JFONI IS5, TR BUEBRIE & M2 Wik R 15 DMFIERET R L. B
PRRFIE QIR 3-5 o, 73 il 45 30 52 L A oA S00 =3 18 i1 FR) A s P I I a5 -5 RS B2 R i 14

PR R R T o I PR ECRE 2 ORRE, AT DA 4T S B HL AR 5 AR
#3515 MEHIRHERRO

A X T

S AUSUm B ECRA O  FR |m:§um»
TH4{iE/Mean SRR E B ST nm—UNzum
B At /Max FREAME SR | = MaX(x(n))
Be/ME/Min FTBAME SR ME | = min (x())
KT RIRMS AR R T LT 7 R s =L/ N Z(x())
W ft/Py % 5 1 B3 KRR 55 /ML 2 8 1) T 4425 1 o, =1/ 201, = 1]
VERUEATIP2P {5 B YEAS B R ML 2 18] i B KA A lozp = [l = 1]
FRHE/STD 785 AR TSP (0 3 (3T 'm:'ﬁfﬁwm |
77 % Var FoR G B BT 1 4 A -wxmm len)?)’
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232 (3-5)
FFIE B TE T

4

N Z(X(n) mean

)
(20m> mnﬂ

e FE£ /K ur FEATAE 5 BT BY A — AL Hik 115 5 h A Lo =

oy PRI 5 PRI LR 0 B R R *Zﬁm)nm

)
i FE£ 1Skw ) s lsw =
# (S mmj
UNHMMZ
FARSHUSE X GRITARS AR 7, T 5 R 5% I, = =
umxﬂm
o LH e 1 %4 DY i > 4 1/2[Imax _ mln]
sy EA T ORI BRI T IR AA 1 |, =
Z UNﬂMM|
I 1/2[Imax - mII‘I]
(8] BRZ%0/CLF RONE 5 UEE AT TP A 2L o
(ﬁgwm
— s e 1/2[Imax_|min]
T B SRR AE A G E e, Horp I A ler =

N mk F o N 2
IR TIC 2 A 1/N X(x(m)

Fodr, x(m)RR 5 n A KBE R HRTUR N

FEFET R IR A 5 I o &5 S 2 Wit 7e v, PR AT 15 DNSTHRME R St
WAL 1 FIRAS SRR B A0 o sl 9 T S i A 5507 T sl A& Re ik, Dbl ds o I
TR R 4R AE 2 (R4 1 B Ai I <% . IR B AR UE A N SR RS R AR AR
REfE AL IS SRR B A0 (M B UL i 5 o VI L B TR - R B 2805 IR

IE SR A Tt b el B2 IO SR AE I8 4 FRIR Y RAR A Rr I o« TR 28 T i
SRR BAE S OA R U AR TR, o A A IR ) B BN e T i
FE WA N mI gt i, ol id s 5 oA AR FRVERFE M IS B R, BERE ARURR
Wi B 5 R0 25 R B R AR R M AR R P o R BREE AT B R A0 AT, TR RLIX A B
FIHUBRAS 51 BRI IR A S R TH A0 AT 22 3 o AL SRt vl B P X (B AN SRR B B 4 ) 31 7
AR, HHSEEE. 7 2ESHINAERIEA S, ENEESE S INET RS SR R &AL
A% 23 R WU B HAME R, IR Ak K340 55 Y 7 o 4R 0E 22 1) o 70 P 25 P55 RS

30



SRR 2R A 183

3.2.2 B—HEMERT IR EL S 4

DN S A T J BRI SR A Jim S B2 Wy o DR e A i v A R, PRI, A SOR
7 FLREA R B RAE 5 AN I A A B, A DR 52 8 f) R R 52 U8 ] 0 e e A £ 5 2 W o
RIAERATE, B B — AR AR 3-6 Fra, R bR IC o s 1 JFEEAT I, (iR

DN PRFF G B S P AR A [, R RAEAR BN fi=60kHz, KA 405 600000,
K36 b L BRI SR

B (Hz) 3200.6 13700.1 19 200.8
#:53 (rpm) 1 200/1 800/2 400 1 200/1 800/2 400 1 200/1 800/2 400

BB b AR 5 AR R s 1 RIS 5 70 BT B AR e, 1539 5s 2
FLAL VA AU = 38 ] (14 L RIS 305 5 RSS2 8 1 ) FRLIRU IR 385 5, D S SRF IR AR AL
#, B 5s BIEEEE 0.5s fER—B, 1350 10 4R RES R s AE 4L, @il Bik 15 Fi
RS IOTIE AT RFAESR I, 45 R A 3-6 fios.

,x 10 SRAIAELY, % 107 B 42 10% AN P R /MEAEAL
5 RS  M  S )
I W H k= K =k Kk K kK K
1 ) 35 PSS Sssss=
= 0 = 0 & 3 & 25
= \ I 5 il Eé& o
1 \\\\’J [ %’ iy : 2.5 -3
4 ¥ b4 S
2 £ === 5
He K- e ke sk e K-k =k
e o i o e
3 -10 15 -4
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
IR At (5) IR EJt (S) IR} At (S) IR At (S)
552 10% B AR 4210 WAL g 10% W U AR 1 P bt AR
e e o e o e Ko K AR R R AR A A A A FE S TR ST
35 7
2 2
= m 3 L% 6 ﬁ
E & :ZZEL B
= 25 =
15 15
HE === = AE=======—=
L e e e e e e S e
1 15 3 1
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
i Tt () i TRt () IR ]t () I fElt (s)
62 10°® Ji AL 16 U AR 10 EEAEAL x10°  FERSHEH
o e e o e = o T e e . 2 | )
5 16 1
» 158 _ ® 0
= & 156 e
3 S
154l H A A= B
2 1.52 -3
HR— ek
1 15 El -4
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
i [t (5) i Tt (s) I Tt (5) I 1At (s)
17 M SEE 17 [ S HOE A 167 P T
1.65 1.65 o 1.66 —— 1200rpm kLR
B LN Attt ROV
16 = 16 M-1.65 — =%~ 1200rpmi L AR
T e T T = e i -
‘E L5 \% 158 % Lea ——+—— 1800rpmii LA
g B = — —t+ —  1800rpmif & LA i il
15 15 163
2400rpmiff LA 5
1.45 145 162 — e~ 2400rpmikBE LRI T
1.4 1.4 161
0 6 0 6 0 6

2 4 2 4
IR TE]t () IR [E]t ()

K36 IR RN NIRRT 16 NRHIEAFRRT A s A

2 4
B[]t (5)
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Hy b AT, B R AR AT S AR Y T AR | 7 E bR AR R E R,
BB R 738 R I g . BLBESE N (R AR AL, SKRA, ~FIME . R ATAR S HbE I,
(A7 B B Sy, B T O, B MES 2 2 BIA FIREE R FEme, a5
IR, FHAERI R A2 tH I/ NGE B3k, 380 S R AR A AT S X LL AT AR, R AT
FRIRFAE AR RS TR e S ARt i s K, a(2-6) M- 13) AT &N, 3 BOZ AR AL 1 R
PR — 77 THI A2 EH HLJAE VR A0 % MR BB el R AR A T 52, 3 ok, ARG A TR P PR R A
o BEAS [ e 3 1) R 1 T A

TEVE IR IR R T 12 T, A [RIRRAE R 8 I\ 2 AR FE IR B IR 5 5 1A, gt
HRFALE T 55 55 S B RO R P R AE R 12 T FL G F B S B I P 43 AT e — i B R A )
LR ARG ROTVE, TS W8 25 RS 5 BN RFIE 2 RN AR OGRS, 4
NEAHES W R T AR R

NT RGO T IX SRR AR A R 36 T 00 N IR, 2054 1200rpm. 1800rpm Al
2400rpm F23H TH0 T FIRFAEREAT RORIEMAH SRR 73T, 4 = A il 000 A AH SR A RE R 4
AT 1 20 3 BT B AR (R B 19 J5 282 B AREMH SR A A TR 2 k), fE B — b R,

73 15 2 _E SR AR AELE AR o AT AR BT A AR SRR RS, dnf&] 3-7 F01E] 3-8 PR . il I et
ROV R, T DLWk W 252 3] 5 ANRFAE 2 18] DA S AE A [ Tt ) 2t A G 1
JE T AR
20 2122120120122

-1 00-0.9 0.990.99 0.950.95
0.961.00
0 1.00 NS 1.00!

0.99-0.99
0.99-0.€
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XGRS 3-13 AN 3-14 RIKD, AR AT S IS5 A2 B NRFOEZ 18] AR G e — 3
BE AL (A4, I A SIS R R R e As, BEARRFAE (R R S P 5 B — e (R 45 SRR
Lo Zx EXTELRT LA, DR SRR & S P RN ARZR SR &R, SRR 5 Hp B IA] Bk
TR ANEAR I Bl PV IR 1 vl e R LB sl PR AR AL, AN Rt R T R e DA 7 B0 22 S At
K, BFREREA, SRA PIME. YO R. bRdEZEL T BRE. B RS H 1A
FEHUR R REE, EWE R TGRSR, EE2kT, FiT svM @il
1% PR BRI R S A E 2 SRR T o X 5 1 AR i AR o s R 2 R A PR RE AT o RIS
bR 7 SR gE TR ] DA B S B E e B A, AR S

3.3 KENE

B 2
Xr%-\t\ & <»

A B A S O T s A R AR ALE A LIRS 5 R 52 30 PRI TR AT A IR i T ) AL
SR T PSR AR R i, AR SR ] R AR AR 2 TR ARG &R, MR RS 204

5 FLIAL R B4 T PIU ) 1 0 Dl o A R RS A 5 R TR BT 45 5 JE 0 4 EE g AR
BAF RIS 5, A SR I 15 DMRAEHTRAESE R IFREAT ARG
et SR EaR, MBS FRAIE, AR R AT I BE AR A SR S S R,
TRAEAN AR NV R 2SR, BAEA RS o 2 5l 122 KR I B AT ],
DR AAN AR S 6 A - R iR B SR R NPT BE 1Y, 7 23k — 2Dl 5 FLAR AR AL, T8I
A2 28 A 7y Hetk R A o Dy R B 1Rt 2 i g VR R S i
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B 4T BT ZREENF IS RBURSZHEIDET /AR

EIR T RS, WA MEIZES TN A BON RIS 24 34 /L
RINEETB . MIEISRrER IR AR TR RS I S, JCH R AR J i 25 S A Lk &
Grrp, SRS T R PEAD S P O T T X R e A AT B S e I s 2
TP, A2 OdE AR AOE TSR e i, B RIRE, Hp—mpLass: )
T FAFAEAME LRI 2 P 2R i X, DR, SR 2 SRR AR R ) ik & 2 MY
AR, RS W TS W HER M E AN B . N 13RI — 5, AR OB IR IR el 5
WO RS, PR T — R T D-S UFHE & BRI 1 2 S R B ST RS W s, 4
BWRER (DT)  SCFFFENL (SVMD) AR DU (NB) K fHIT4T (KNND £8 4t

fRA, JEIE 2 PSR S AT L, BB R AR R I2 A .

4.1 FARBEIR)HE

HI AT SR B RYRFAESC R AT AR, A2 R, A SRR A B S35 A Rl
(SVMD 3 % PR BSOS HE) S R E 2 SIS T T, DA T 1 s 2R o i o A e =5 22 7 1) Al
ReRET . RIS, britEZE, J7 258 geit 2 n] AT Bl R S i i Sl 1, DA AR R 454
AR AR AR LNE R R, 1 SCRF AR AU e 2 18 B0 0 2R . 45 &K P 1Y)
DU AT AR o B8 )2 OB RFALE T S A R (v o DRI SO e i B3R b
JIERVE B A% AT W2
4.1.1 BT RRMIEBTUN 75 %8S B
() R SR

AP (Decision Tree) &Rl HI 73 J85 ML, HozO B BT R4S
R AT DRI o BRI SR 25 A S R LA AE BRI AR ZR MESC &R, RS AR AR L
AR fERENE, JFRENS H ShE £ 0 A HESE W AL . HE I RPARE M E T
B o) BR AR AL U AT B - AR A TR SR, X0 T B2 W U v L. RSB T &
HE R R A (A P AT AT R 2 AR LY, S DR SR BE W A AN R R R B R SN,
Kb PR 2% [ R SRA 5

FERL PR SRR IS, 5 FH 1) 20 v 445 2 48 23 (Information Gain) M1 JE 15 £ ( Gini
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Impurity) o {5 538 2 i & 2 RHERI 0 BR8£S, B (Entropy) [I/D&E, Bk AN
R

Information Gain = Entropy(D) —%% Entropy(D,) (4-1)
i, Entropy(D) #REUESE D (9, Entropy(D,) #F45 D; 135, % BT AR

Bl b B L

FERSEA B AR h, SE S T R A MR LS S48 o nl ik JE 4R 4, £
PEHIRFAEHEAT R 70, EL 2R 7R B2 TA 2 Pl AR B ale ) o008 B 2 o Alivg AR, ot
B AT VAT

(=) BRI 2R 5 T 25

AHIE FER G5 G VS IR IR 2 I SRR 15 FHRRAE, KRR 5 A 52 B IR A AR
A 1) R B A AL R B A, 32 FER R AR A R o v Bl 4R B, i A A A
100 O FEAFE] 900 NEEAS, XFHTSCATH 3 FANFARER T RS R 7 Oy 3 Al
FRAERRZE, 23 IR RL 3 ARt . SR 20 (RBENL > E AR 0 2R (630 FE4)
B 270 4D, #fRGIH AR MENE . A SRR AT NI ZR 5 T, 56
EFLAE N AR AR # d b2 Wy o i A A2

N T B SRS R BN ZRRAR A 2R UERA I, i N B HEAT 7 H— b, H
T BRAFAE 1) B T AN AN [8] I iy R (R 82

R Ry, BRRIE I ZRAE R AEFIARAS, G I 1 3 R 73 R R AL T 254
BN S B PP BT T BRI o R R, M PR e IR/ M B i B SR iR B
FROE, 386 H AT R 27

NEA R BRI 73 RVERE, ASCR A ZE (accuracy) 1E N FEZ WA 4EIR . #E
TR R TR TE A PO R A S SRR AR R L), A 20N

(T, =T,)
Accuracy = .le x100% 4-2)

Forr, AT, =T,) o8 A AT, 5 1R T AR, Wz BUE N 1, 1700 05
N NFEARBHL

I, 75 3R T DR SR BT (i 2 W 4 RN ] 4-1 P
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90 s 90—
S S 85t
= ¥ 1= 84.26% B
& &
= = 80F
75
NS BN TSN TOTE SN E D
IEAIREL AN/ €
(@) FEEEIRHE (b) AR

41 FETORIERRHIEREARTS ) 20 OIS ITEE R
B RS RIS AR A AN 4-1 P
RAL REEPEIL MEERAT A RSB IERR
AR ISR REMRRARHEI SR

SN 87.41% 87.04%
/IME 79.63% 77.78%
A 84.26% 83.63%

Ji% 3.99% 4.60%

RS R, AL AR R A ISR T S HE R R 5 07 Z I TR MR IR AR, 3R
W 28 T A A R i D R 2 AR S AR SRR 2 W B HE R R R B R B 1R R AL
&It

JRE PR AR AL Y B A5 A 12 W B R ) T AR, (Lo R s ik
AT 4R AL B BE 77 B R BRVE PR 1) 1 HAE R 2% Tl st N o MHEEZ TR, SERFIA]
ML (Support Vector Machine, SVM) i 1 5 KAk 73 F W] B AR bR KBRS WL AR, REAS A 2L
SEARARZAE T 2y e R TR AL AL fE
4.12 ETXFEENRBTN T ERIEHFEZ 1T
(—) RPN

SCREAIENUE Iy —Rh 2 M BB 22 ST B, T2 08 T VB IR Rl 4 Wl B 12 W 4k
HARKAE Tz AL e 758, BRI UG @I IE — A R T R AN RIS R A I3 T
MIMTSEIEAE 722K CHARAE DA AR 5T, RIUJTR

SVM 1) HFr e d 2 — > BT, S R AZ T T P i rd A B CRISZ R
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FURFIRTIRORE ) o M V10 o LA LA T U 1 AR
-1 2
min= | wl (4-3)

sty (W'x, +b)>1i=1...,N (4-4)

Hop, w BT RER R, b RME, RN, xR REARMRHE &, N2
ENIIPSE

BT % AR LR T 43 B AR IR AL BEX 2 (), SVML dlid 5 NAZ R, KA i
FITE A 25 (8], SEIAE 12725 ) o 4R 38— N R RT3 S 1

VA YR % LIRS S R A 1 23 A0 B B R IR ARG R R, DRI A S A v
RBF #1EA SVM (%R %0, RBF 1% A0S I F w5 i o A e K 50 e o 380 e 4 2
SIS ARSI 73 2K
() BRI 5 T £

SVM [l grid F ¥ e A~ £ A#E S5 B 51T (BoxConstraint) A% 5 41 R
J (KernelScale) o £ K T4l iR 70 RPEAR A L, ik s B RBE Vg T s =
IR . S EOE PR MR RE B OCE 2, AW BN IRt B R h 5
.

[V AF e R SR AR [ MR B AT U 5 S, JRREAT A — 1. W R ANRRHE 1 MH
FEARIRN R R SRR Y, A TR AR I SVM MRS K, A el grid fEmp R T4 X
WUETT ik . I PR AR X, 7R FE S R A RS ) A MRS BBl 9 AT S B A Ak
BRI KA B R RS R S . BRI RV I T

TESIAF (BoxConstraint) : {1072, 107, 10°, 10', 102}

B RJE (KernelScale) : {102,107, 10° 10', 10?}

I AE IR, ASCHE TR SVM 28, W TG IRHE, S im T
AL REE 73508 1.00 A1 0.25, X FRMEIFEARE, RESECN 0.10 A1 0.50, XS
PR ATAR IR 1 /> R RAE B T A RARTE . FIRER T R @4 FHERI 2 (accuracy) #
VEAAE R PR . 79 AR RO JS 10 245 R an &l 4-2 P (a)RI(b) AR o
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Sr—T—T——""TTTTTTTTT b7 T T
o4} 1 03t
93t . 92 1
5
@ 92r ’\a 91t g
< 51 > L I = 89.12%
£ 91 i 9
& 90000 = 90.08% > = 89 )
& got & 88F
E E
% 88 E 87 L
87t 86 f © -
o /IME = 86.30%
a5t B /ME = 86.67% | g5l " ’
85} 1 84t
) gl
R R R R R SR RN R T R O R SRR IO
IEARIREL BRI
() FEV I IRHIE (b) AV IRFE

42 FET SVM FHEMEARTIE 20 YOk Hai R
¥ R4 FHO MR MO 20122 4-2 7%
42 SVM AL MR R HEE O
R S IR AR R R RIS R

IEON} 92.22% 91.85%
H/IME 86.67% 86.30%
S 90.08% 89.12%

T2 2.78% 3.19%

HIE] 4-2 IR 4-2 Al 45, T SO A B LI R RO A T DR SR AR 2R A8 il 12 W (14 v
HR L2 T RUNIRTE, S AER RS ORGE 8% iR AR A SVM AR IRt
ERHER R L TR HARFIE, EU7ZEMK, 70 IRE AR AT .

B SVM EIEBIBIE S 2 W p R I, (BTG, RE y SEH
T C BIRUINE S AT RE T B0 RIERE L B . KA« X 27 (One-vs-Rest) MG =
T30 DA KR R A IRy, BRI RN (A2 B 2 4G, [ERSHOE (i
Hok$%) WUk, MELLEHEZ 38R MR R g iR X M 2R, BEXE T
K HAF SRR, i His s AR 2 R, 51N BN R R AR i e — ik
K o
4.1.3 ETAMRE DM ER BTN 75 AR =12 1

FhER DUH-Hr (Naive Bayes) f& Rk UUm-He BEAOHER 0 2R A%, etz
[P S VA o i\ UG T i U R s X 1 1 2 e i e B 3 & Y I e e
s RHBERARRETELE BHYRE, RN L A R, A R T SVMI

42



SRR 2R A 183

I B KA AL 45 49 240
B HE A S SR FE AR DU B0, o 4 o 7 8 7o e 7 2 5 4 s
ST RO A ST . MR T RGeS, B 2E BT R 22 UL M 4 L b
WS E I, SRR LI 2 T R ORI
() b Tt s
KN UL A7 29 0 T DL s M, O AR o 0 4% O (5
HLE AR PO 2 . X T e B8 O S 5 R, P22 DL SR 5 A
e A BB A0 A 2 B I 28 AR TR X = (%, %, .00 %) € RE(d =15 425
iF), 5o e bR HO T 27 o

P(x|y)P(y)

P(y|x) = P00

(4-5)

XPEELERHIE AT T /048 (Sbins) , BT MERH SR HONBUR ST E: BN TR A
T3 G A )
() AR I 255 T 45

[FIRER TSR I ZRER « MIRAE R 7 DA A — A7 58, LT 3 i 0P b 2
TR ZE 1) o A Bl e i 96 AR 2 S I B A 2 3, e 246 CAHE B 3R VT FR
20 RANST LSS5 AN K 4-3 PR

92— 9$@¥—¥+ """+
90} 88/
88 ) < 86
9 s
~ 44t = 85.489 B 31 =83.79%
% g6l J{H = 85.48% S I O U AV O AA=83.79% )
& L_ L O° =
= &
¥ “
= 847 E 82
= = G
82 80
O - BME = 79.26%
sot Be/ME=81.11% | - ]
MYDO RS 0ADIRIPIRDOL RSP R A R SRSV RN R
IEARIREL IEARIREL
(@) S R (b) ARAFFIRFHIE

P 4-3  FETAE UM TS 20 O HIEI2T2s R
B IR gk SRR IR AR R R AN R 4-3 T
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R A3 KR DU AR R R R

R RS HERfR RN
O] 89.26% 88.15%
/IME 81.11% 79.26%
A 85.48% 83.79%
Ji%E 3.69% 4.11%

SRR, EORNRAERE T DU ST f s SR v A S SR AL, A R A AR
J5 BB BRI A HORRRFAIE , R RE T AN R DU B (s e a2 by, iR R B T R &
FERATRY, BT BN, BRREA B
4.1.4 T K s PEETN 75 AR SRS T

EEX IR IR A R R 2%, B RHE [AAFAEARZR IR &, JF B 1. whsh 2
HOEARAH HFAELE A A BB N R I R E 25 R K Som A8 SR e Xf AR 2 s
MBS 2RRE 1R AIIL TS, AR A K il 0 S e Wi 4y SR il iad 73 47 F IR RRAIE
SRR EIFUE R, J01E KNN 7EIRZ B v A &tk IR LA S
2R IE 72 [ 1) 3 R
(—) K Filr4p iz

K fii4% (K-Nearest Neighbors, KNND & — i a7 5. H B W (I8 B 5 2 5k, iz v
T3 RN 5 o IZSVE MR A AR, @I EREAR Z RS, TR 258
A5 CHREARIAIE . X F 20284555, KNN HEid i B B A5 7 SR fGE 1 K
MNGREEAR, K 2 BREENUH E ZAEA RIS . KNN FIPEREAE TR & 4 1) K 8
L5 B B B 5

KNN & — i T 52 R 1 2 ST S0k, FL 3 2R R SRR T ARpALE 2 (8] Fh R A 1) =) 31
AR RE . X TRr A ¢, SRR SR D ={(x, y;) iy T E FEAHIBR IR
ERP

dMAF=%%—Mf (4-6)

PR RN & AR I BT SR
= argmax3l(y, =) @7
ceC =1
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(=) BRI SRS T 45
R P B3 S iR AT R 0 IR e o A% KININ X AR U SRR ) s
KL SEREY A 4K
X _ )

Xiﬁw = U)tmm (4-8)
O,

Horb 80 o) Sy RIRVIGREES j AERFAE I3 SARUEZE o 1A FEVE R T B e ==
TR, SRTHRASER R 1 X 7

KH 20 IRER 3 JZAESAE,  BEUGEEEYLIRI > 630 MIZRFEAL 270 AN
Ao I A IR R E A A=5, PR R IR S ALRE ST . 20 URAMSL S I 45 AR N

K 4-4 Firow:
BT
ool 92r
96 90r

@
—
(o]
[es]
T

Y= 85.39% |

L L
19

S
BRI (%)
2

IR AT (%)

84f\
82 sl
80 )
v F =N N 4
78 /M= 79.26% | 80 /M A=8037%
N R R ST L L T R sy
EARIR AR EL
(@) SRR (b) AfEAPHFIE

44 BT KNN FHIEEERTE K 20 YOk RS

B BB HRAEE R R 0K 4-4 PR
F A4 KNN ARG S s iR

fE fE MR AR RESFRIIINER R
HRIH 91.11% 90.74%
H/ME 79.26% 80.37%
SEHAE 85.39% 84.39%
T 9.97% 8.60%

HY_BIR S5 SRR, A 5 AR DS T I HERA R IE 85.39%, AR T 1T T FORr
AESRTT 1%, (H RN ] DA AR R K i ME/DN TR AT, HO7 28 9.97%, &
PERLZE o BB RFIE P BEARAE s B SRR, AR &5 RO ARe g, RIS
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2500 R RE 2 BB K .

gi Eprid, fERET 20 g UL SRR AT IR R A 2 W, TR MY B
(R PR, 0 fe 2 )t 45 SRR = A Bl I B AR LR R AN — M i, Bid 4
SBLES 2 S TE, SRE B AA L, ITRR —FrE Ui bLas 2 S Tkt B UV E

4.2 ETZRIEEF SIHNER IR SRS B 77 AR

I FIRZE M LSS 5 2] D VRAE AT WS BOROE A I TNy, AT DA H B — pL g o
SRS DR L A R PR A DA A THT RS A2 2% T3 S Kk iR o S 1) L B AE o 4 Ak
BAVNEAZ AP RIUR T, (XS HEUR H 2 5289 R R K T 43S B AR
JRRBARL AR S, 52 PRI 7S AU S T T SR YOS L SR AR AN B 3
FHIEIGEERE /1, (B WG B2 APERE TR AbaR DU B a2 Hod & SE 12
Wr, 8L GRRFAE I LA AR BAE SEFR 2 AR IR AR B AR R R XL RBR R, B4
RUAN BETE R 8 B0 70 AT B 5 N R FEAR S, A LA SN 14 U5 o % 5 e 12 B v e 75 41
FEAERHE TUR IREA A R I L5 A Bl o

AT B — A (A M RS, A R 38 3o W (7] 22 S8 1) L AML A B AT A R
o ORI, ANFEE RS TERUR A . THE R S AN e M A T T A E 35 72 57
PR P BE A Pl ST B, 0 DRSPS0 A A A TR R FIU 25 R, T AR Y o SR e 75
THRIS ORI HU R s HEB 24k (Stacking) 81T JORBE 2% >) FERIR i HH A JELR R &R,
HAEIRTH e A RHE ARl B8 0, AR S AR BEAINS INRE AR (R BURR R BR A1) T Toalbe s
ST SR B A I S B I 3 & COHL SR & R R, (DAY
Rf e PR 22 5 R A R] R B ESRTY B AS . BRI, AT et — M RE AR AL B
AHENE. ARG 2 UEIESE A RAESS, BOA TR IR e 2% 12 W e
AEBAPE R 0 ) 8
421 ERFEIFHIEREER

ST BRI, AR IIET D-S MERIIG I R B RT , F0 2 Tl
MRE T HHEAME S (BPA) ZhAWHEBBRAE, S ESHE MR, AR
EZT RO, ABF AT He T = v o

D-S iE#E ¥ i¢ (Dempster-Shafer Theory) i it & A< % 43 il ( Basic Probability
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Assignment, BPA) ##iid 2 A5 R b R A ) AN i 1, A% OAE T B3 i SRAIE 3
HIzh&m e . sl B R0 ={F,F, ... F}, B M 5HE BPA N m;:
2° >[0,1], 2 X m(A) =1. LR A RERT Dempster LU SZHL -

AcO

2 m(B)m,(C)
M., (A) = Bc= K (4-9)

K= % m(B)m,(C) (4-10)

Hr K R RAF, 1-K T H—1k.

D-S L I AAE T REME BHE R A R A X 8] (Ul m(©)>0) , FFrT LALRBE B 423555
TSRS BRI A E B, BERIRAIT RSB RRA. A1, D-S HibXS BPA
(P HA) Sl v AR S B0 R, R TR g sk v A R A ANV, RT RN A it AR 2=

H AT AR ) E I 7 B35 35T Stacking IS 1 J7i%, Stacking JE I I Zk T
B (Meta-Model) #-5 BEABI AL R0 25 5, HAZ O JEAR R 0 FEASE A (1) i o AR Dy o A Y
(R NIRFAE o SRR EE 5 N (MM, My IZREE Dyain $5X53°A D1, D2y ...y D
B M 75 Dy BRSBTS yye TGRS, Toyve. 9] Fith EL R
NEENRZE yjo Toh G IIZR H bR i/ ME A 2% ek 4

r@n%ﬁ(eqmj ..... 9, D.,) @-11)

Stacking I 3AAE T RE 0% 0 OB 2 ) BRI [B] I BLAN G &R, AE = 4ERFAE B4y
K815 RS AELR R OC R K R RE AR LS &, SR TSI IRhH 38 2 & W (XIS Wk
SR, Stacking X FEBLAY () 22 PRI ZLR By, A FEBAUA OGRS o, JoBE R afE USRI
BAE R

EHAS AP B2 308 1o [ 305 7 0 TR A L 7 o 5 2 A AR A, SELAR L 3 T 5 W
TR I . VAT M, AE I8 B I [T, )N FIAER R Au(e), LA wi(d) AT it

exp(@A (1) W)

szleXp(a A (1)

W, (t) =

Sorb o TR R, BRI TR R BRI A B BN,
9 =argmaxzw (1)1 (M, (x) = F) (4-13)
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ENAIBHE EIRAIE T IH AR R, EHEL W, AW, HRREE T
AT S AR R R, 2SI B PR [F) iR 2 b R R I, P BE S BUR
o oAb, BUESH BRI N E N AR, TEREA R AR 5 2R IR ZE R
M o

D-S UEHE BRI AE AN E VE QAR AN ph SAE Y A HE b B R, JCIE T
TR 2 AL IR BARATAE T JE 37 5¢ - Stacking Wi Jo A [ 3)) 27 S] A (8] 158 B R R,
i@ T s S A RHE R S 2 W ShA AR EE I DUV ST 4 SEEUR R A E 5 25 T
I B KIS AT I AR AR
422 GRS

BT 2 PUIHL AR 2] T VAT 1 R U 2R B AT IS TN, AR VR AT S R RAALE £E b 12
W R kA R 2 e, BRI, AR SORE R BT SCRTIR 1 4 RS 27 21 5 A B, ARR)
TET MR 2], £ SRS AR 8 S 50 T8 E S 0 R BRPE 1) R, DL i
Yo R, RV RTIS RFAE, 73BT D-S IFHEHL. Stacking MBI 5102 S
R R AT RS ISR, R EERRE 4-5 FioR, PR ERREREITERL 4-5

©
>

i KAl = 94.44%

©
®

Mt = 92.18%

©
N

H1H = 91.86%

PR R (%)

©
S

e/ ME = 90.37%

©
3

91 B/MiE =91.85% fi/ME = 87.41%

89
90 86
B 5 SN 500 00T o aEad U s At 9S00t 00t od S 7mh5ens980000000ess
HERUCH AU HEARIH
(a) D-SRHEMIA G (b) Stacking FFFfE I f5 () BIEHEERHEM MG
o
96 94
94
94
2 93 g
DTSR N < N (A o N G G - S 5 HJ{E = 91.46% &
;%92( 14ffi= 91.99% B 92 J § AN ANYANE £
Zoo = of % )9 b
= BN = 9074% | B
88 90
/M = 87.04% 89
86
NS5 LA 000N TP A AT T A S 9S00 T T IR EID NV S5 LN T SN IO TN EO
SR EAUH AU
(d)  D-S RHEfE AR (e)  Stacking 4 4iE fF i iy () FEH R AT

BI45 35T SRR 20 VOB SIT:
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LA TRER AR 22 18 5L

R A5 ST ARG )RR SRR

it iatiifi
D-SiFHEA K Stacking SIS D-SiEHEA K Stacking ISR
IZON:] 97.04% 92.96% 94.44% 94.44% 92.59% 92.22%
B/ME 91.85% 90.37% 87.41% 87.04% 90.74% 85.18%
PHAE 93.81% 92.18% 91.86% 91.99% 91.46% 90.01%

i 1.99% 0.60% 4.09% 3.07% 0.42% 4.69%

110 T T T 110

L Y 1 [
100 96.28%  9504% 100 9260%  93.51%

89.77%

90.11%

901

< 80f

&
= 40p
30r
201
100

ER £ 70

£ 601 £ 60f

b K

& 50 & 50f

= ,
30t

3 1

W@i%
(a) MRE (b) fEVARY
Kl 4-6 & BEIAIAE 20 UGEAT P HER 2

2
R SE5)

S

PR RFRI, T D-S UEE A IR VR I 2 SR AR R 2 7 VETE T RO B S
T e A B e A R, RS RARFALE A R 7 SR RSP S HER %R 93.81%, [R]IN 22 S HE
SERLRE NS A BRI R — SRR SR BRI, AR — m U A (SVM 90.08%) 271 3.73%:
TE W AR VA T )5 B HEAf 280 LU AT R, B i3 20 SR UE I 2R B AR HETE 90% LA b, i 5 19
RAE R A AR R AT IR T 1.82%, IR L IR =R s 5] ik, ATDVSH, %5 kKI5
KRR T o —F i 1%~2%, {AE:T Stacking BRI 2 BB il F 21 JTVEAE
FasE t BRI, B 2@ T SLhs TR

43 KRB

ARSI RAR . STRFIAEHL AR DU TR QR 4 P2 i AL A 7 21 T I0t i
TR Ja B REAFAE AT 2, 455K W], e i B AL SR 2 W v R ] R g v
B — Bl s S AT Bed A R 2, e L AR SERR RN T B 28 R HR K,
BEFR 1 —AhEE T D-S ESE G E R I 2 R R S U Ik, ST Bk 4 R S b g
EOVHAERY, FEN LUAE R EE T AR Stacking 1) 2 WA AR S 7k, A5 RERW,
BONERHER RS2 B AR R . B, BT D-S UEE & B 2 KIS i 2] T VAR
e 2 W ) S P R A 5 Y S R A E AN HE T AT S5t
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FSE SLIWINHE

AT T S i S e A - S UL RS & 1 B R RO R, R T
DBk 2 PR A P AR AL E L ATL FELARS o £ 52 381 LU T AL P e 1) RO R A2, AR AR 52 1
FRIRFIE 5 U AR 2 (B N AE R 2R, R 1 AR HSTE AR R 5, AR 45 211
Rl AN 52 FL R U T PO RO ARFAE s AR IR 0 A R0 1 i PO U8 D 2% ik e vl it Bt
Y REATRFAE SRS AR SN b, 33— 20 9B T4 SRSl A B #5053 B8 Hdle LA
B Jr I B A 3] D7 e TR B g ST I AERA 5, JFIE I 2 NS i SRR R AT
XFEE, 15 AR T D-S UEHE & BRI S S 2 T3 VAR W I R 5 B 12 W R ) R v A A B
Y, AN R I SEIG IR 4 SC PR AE AR I HERA 1

5.1 IERBIRSINIE S HVIEE

NI EAR SO HUCERR R 5 SRR T VR R I, AR AR, WS
B F A EEH AL RIS TR RN R R
WOE A AR, CFAERIR. R EEH RGHR, BALK G EER A
1800mmx750mmx500mm, EA&U1E 5-1 FiiR.

Bt e \
gashl g AL PR SR

Qw4 | |

5-1 IERIIE AL &
IKEh RS F i 1kW A8 EAL (220V 0-3 000rpm, HAHEL P oM 5) $RAEE) iR
No [RS8 VOB A A R 3 AL, TRl Ak, HEERARSHInE 5-
1 iz
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T TRER SR A AR S

# 51 AEHHENEARSE
HUE HE TR T VR A e R e AR
220V 1 000W JRIE LY =100:1 30rpm 239N.m
S N, B L R A T 2 R B S e L R A T B A7 T MO0 90 Dl TR 2% B N, e AR e S Bl 1) L
M. BREESE T RE S B, AT RNIKE VLR A B, B RS H kR 5-
2 iz

#£5-2 EREBISHEARSH

RGBS JLK-17
HIE N 10A
BE 5V
LN DC+12V
P 7 WL
W] S I [ <20us CERPEHIHD 5 <250ms CPEIE)
HERA 0.5%
AL 0.5%
BT 9 DC-5kHz

TR A B AR S BN R 5-3 Fron . R 4% (1 SR EE A R LA AT AT IS, 15
PSR EFC PE AN A 25 PE AP N IR D45 » PR 45 (RO A 5K 20301 4 B 5-2(a) A (b) 7
R 53 EEIERBASH

HE WUE fin tH FL R FVFF N B GL
100:1 158N.m 3 500rpm <20arcsec

R

(a) ZRFC A

Rl 5-2  RCEE B
KRR N IRZE A A /Y 3202N, HEARSH UK 5-4 Por.
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R 5-4 REFEARSH

Z2H PEREFE T

VA &S 16bits
SiBERA 8

27 £10V
KRFER 250kS/s (8 J@IEF5)
i N R BT 1GQ

FEARE I SESR TOL T, 43 AT VS I RO SR TE AR BRI . U R AR 3R BE L LA B IR AR
AN, BRI THNE 5-5 s, MRAEEIRE 047, BAL=" 1 R
SAFEABANR], AL R EFAR R . DRI, BEANSEIG AR, SR 1 OB /R 0
WU R IATEEAT SIS I N0 & 0 e R A BE R AR Y [ A B9 FUALAS 5 KRR 1 60k Hz,
FAL B R W ESHT 2.3 WATENMW 8, RS L E A IR HA R I s i i ok
%

*5-5 BAlRET R

i B T 5t (rpm) JIid EE (rpml/s)
N 1 200/1 800/2 400 0
T b
0~3000~0 +150/+200/+300
1 200/1 800/2 400 0
FHC B
0~3 000~0 +150/+200/%=300
o 1 200/1 800/2 400 0
PR A R A
0~3 000~0 +150/£200/£300

5.2 SEEGIGUF
5.2.1 IEEBIRE T EIMPE THERIES S

FH 3R S50 m SRR VR 0 DR 88 E 0 B L I R AR B BE BT IE IR AS TR (K FRUIALAS
o E SRR O E A B RS S, SR R R L AR VAT R AR BT N
CRAUE 7347 10 58 K T2 806 VR 5 V88V D 28 S 0 e 2 — JB) P9 BT 2 B T e R A 1 s,
ARSI AL BB R B L AR A 0 T ) TR A T D 2048, AR TR A AT 45 SR SR,
PR ER 2 ] 1) B B K P R B A B T 11 40% o S B I/ BT b 7 1550 s 8] aft) 324 X6 22 T 1)
KA B LA D3R 20% LA B ER 70 A0 988 75 34T JERR o 49 BIRFAE AR A H I A3
KAWE 5-3 fior.
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50

- 40

N

&

5

= 30
20
10
0

7 20 40 ) 60 80
@Hs'ﬁﬁﬁiﬁﬁgﬁﬁﬁiwﬁﬁ
Hi BRI HIAAE, 7E 8 000HZ FHEAFAE DR L BCRIAME S 5, IZRHESRAZ B
TR RS . BT NG ST REZNFBMILIRIMGILFEEM, S8R
HUEERR 2 AR R R Sh R dy R 890, SCE 8 000 Hz BB 5K (AR5 AE 2 i FL LA B 1) el
SRR RTETY, ELIZAREAE A IR R AT A 1k 22 205 ] B K B T R AR 22 £ 2f.
N 4f TS S, GBI A ST TRUA B 4 BT R A 1
3 R ELILAE 1 200rpm. 1 800rpm A1 2 400rpm 1H 3 T i [a] Bodk A7 I 04, 75
F W 5-4~F 5-6 Fioss

5 6 T
5
4
3 ‘ 4
3
2 2 2
1t =1 z
< < <
= =g =i
21 B, 2
-2|
-2 -2
-3| 3 4
-4 -4
5 5 -6
21.110 21.115 21.120 21.125 21.130 21.135 21.140 21.145 21.110 21.115 21.120 21.125 21.130 21.135 21.140 21.145 22.110 22.115 22.120 22.125 22.130 22.135 22.140 22.145

I} 171) () IR ] () [ (5)

(a) 1 200rpm FHJHUIAR KA (b) 1800rpm TR KA () 2 400rpm T HLIRIN
5-4 WERIROR AT TR T 1 LI RS

6 6 ]
40 n‘ 4
2 2 ,_\2

< < <

=0 Eo Eo

# Rece "

)
N

-4 i -4 ‘

I -6
21110 21115 21120 21.125 21.130 21135 21.140 21.145 21.110 21115 21.120 21125 21.130 21.135 21.140 21.145 21110 21.115 21.120 21 %215 21(51)30 21135 21.140 21.145
1] () 1 (5) 1

(a) 1 200rpm FHIHLUIT SR (b) 1800rpm FHIHLURIF R  (c) 2 400rpm Ty H UL S
55 R 28 A AT 0L B
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=
=)

~
~

~

2

L(A)

EBo

=)

} %‘iit(A)
HLIRL(A)

N

2F

)

-4t -4t -4

-6
21.110 21.115 21120 21.125 21.130 21.135 21.140 21.145 21 110 21. 115 21 120 21, 125 21. 130 21, 135 21, 140 21. 145 21 110 21.115 21120 21.125 21.130 21.135 21.140 21.145
151 (5) 51 (5) It [i)(5)

(@) 1 200rpm R AJEEIRIIRA  (b) 1 800rpm FAHLFRATHEE  (c) 2 400rpm K F) L I I 3k A
Bl 5-6 IR EGE AR I R A B B R R ) FE R S

H11& 5-4, 14 5-5 R 5-6 XFEERTRD, HOBRAE S AR S (S SRS I T RGBS 2 L,
WA 5 AT 126 v T IE 5 RS 5 (IR, IRl 3R TE 0 L L R AR 38 I
R S B I (R SR Bl FEUATL ) R IR I B8 A5 5 SR B O AR AL, PR ARl B FEARLE S AR EE T
W N RS S, HomE sl 2 W IR, R AR AR B IO AR LU SR BRI
PEAE LS 5 m R Oy, 546, Hi(a)s (b). (o) =B LA Al HR S S 1
KRG LR MR A . Rk, o = b A 2T () R R S0 5 A T Rk
EHE& ﬁ%@%ﬂ%ﬁﬁ&ﬁ%ﬁ?ﬁZ@%%ﬂ,ﬁ%@@s7ﬂ@58%mo

3 3 3
2.5 2.5 2.5
=2 =2 = 2
& & &
1.5 1.5 1.5
1 1 1]
0.5 0.5 0.5
0 . o I ok \ L | I 0 in H I
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
f (Hz) 10* f (Hz) 104 f (Hz) 104
(a) 1 200rpm (b) 1 800rpm (c) 2 400rpm

5-7  RECEBIUR I AL

2.5 2 2.5
2 2 2
15 _ 15 15
& g 5
1 1 1
0.5 0.5 0.5
ol n i ul uh m .d‘\. ul o sttt il lll \H\ wulliis \\‘\u IHI olssuiuiali ‘LL i W \H\\ Ll \J“\ u”\
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3 0 05 1 15 2 25 3
f(Hz) x10* f (Hz) 10 f (Hz) x10*
(a) 1 200rpm (b) 1 800rpm (c) 2 400rpm

5-8 PR AAR RS ) A
CEE A 2 P R R O PR LT, BOR A SR SBON RS, SR
o HHE 5-7 A1 5-8 XFLEAT RN, R LSS BBV EL T SRAC S, SR A 2

ﬁ
Ry
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", 500Hz 1 2000Hz Ff3x B B A7 7 500 B S ORI, (BAE B I B B R 2 5+
TR, A%, PR AR AR A T I IR 2 3 v T SR AR S 1, TE R (¥ 93
FAMEEFEAAZ MW, AAELERACAIRE A e 5 IR AR T 1%L 1
SRRV FE AT IERR,  DAE SE AT A TE BRSSP AR R R AR, A5 38R e I P AT
SUTE 5-9~F 5-11 for, FEBIRRES RS EK 5-6 1, DS SRS A ARG -

2.25 35
X 99.6
2.00 Y2.1880l 3% 996
175 Y 3.0989
25
1.50
c125 c 2
a . g
~ 100 X 7969.1 ~ 15
0.75 Y 10601 X 7969.1
1 Y 0.7758
0.50 1
095 } } | 05
NI O S A O P . ‘ ‘ I B
0 05 1 15 2 25 3 0 05 1 15 2 25 3
f(Hz) x10° f (Hz) x 10
(@) PeRADREE N I FL AT A (b) FEHCEEH T FRR A
K1 5-9  1200rpm U IRIE AR AN [F SR AL T (1) L AIE 5
3.0 ‘ ‘ ‘ ‘ 40 ‘ ‘ ‘
X149.4
2.5(1X149.4 350y 3.2407
Y 2.2266
3.0
2.0
= — 25
&15 X7969.1 E 2.0
Y 1.0669
10 15
’ X149.4
1.0 Y 0.7908
05 1
‘ 05
ol R TR \‘m I 0 ‘ ‘ |l ‘ L.
0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
f(Hz) *10* f (Hz) <10

(a) VR B EE T ) H Ak
K] 5-10  1800rpm 1 5 I 2% A [

(b) SRECHED T HLFAk ]

AT B SIS

2.50 ; 3.5( ‘
2.25 .
X199.2 3.0[1x 199.2
2,000 Y 2.2512 Y 3.1590
1.75 25
:1.50 Z20
=125 &
= , 15
1.00 X 7969.1 '
Y1.0574 X 7969.1
0.7 10 Y 0.7983
0.50 1
05
0.25 H ‘
. Ll 8 T [ 0 il R IR
0 05 1 15 2 25 3 0 05 1 15 2 25 3
f (Hz) x10* f (Hz) *10*

(a) BoRAAT ST I R

K 5-11

2400rprm 85 5 K 0 PR

(b) SRECHED T HLFR ]
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R 5-6 WEIHGE A3 AN R T OURIAN [ S R (1 HR AT 5 IR S B

‘ 1 200rpm / 99.6Hz 1 800rpm / 149.4Hz 2 400rpm / 199.2Hz
WS g M A g EEIED g ME{E
298.8 0.1731 488.2 0.1164 4216.1 0.1009
3653.5 0.1151 \ \ \ \
3852.7 0.1253 73715 0.1224 7172.3 0.1406
7769.9 0.1435 7670.3 0.1889 7570.7 0.2335
7969.1 1.0601 7969.1 1.0669 7969.1 1.0574
8 168.3 0.1034 8 268.0 0.1232 8 766.0 0.1236
120856  0.1526 120358  0.1432 \ \
122848  0.1588 123346  0.1463 \ \
N 15838.7  0.2311 157889 02869  15739.1  0.3195
160379 02825  16087.7 03727 161375  0.4430
\ \ 16386.5  0.1008 165359  0.1102
\ \ \ \ 193575 0.1032
201543  0.01681 198555  0.1051 197559  0.1273
\ \ 236086  0.1141 235090  0.1374
239074 04195 239074 03301 239074 02137
\ \ 242062  0.1050 243058  0.1414

28 023.9 0.1594 27 974.1 0.1767 27 9243 0.1807

28 223.1 0.1557 28 272.9 0.2249 283227 0.2403

\ \ \ \ 7570.7 0.1491

7969.1 0.7758 7969.1 0.7908 7 969.1 0.7983

15 838.7 0.2194 15 788.9 0.2894 15 739.1 0.3376

TR AR 16 037.9 0.2521 16 087.7 0.3428 16 137.5 0.4220
23907.4 0.2907 23907.4 0.2318 23907.4 0.1444

28 023.8 0.1743 27 974.1 0.1947 27 9243 0.1761

28223.0 0.1442 28 272.9 0.1436 283227 0.1512

H1 1] 5-9 & 5-11 J 3% 5-6 AIAN, FEIEBURGE 83 R BEHUIRAS . PR A GBI LL
ToR T, AR AL A CEMRAR SR R R AT foo VROR A 28 BE AR T e B
1, FIREAFAE RO AE S )2 9 EIRME S s, 3R 5-6 ol i, AN A il R b A2
ANFEFE R AR AAAE IR ZE 5, BEAh, MR IRHRHE AT LTS 2138 R AR 28 B 45 RN S A0 B 47
HRAFAEANZEA 23 907.4 Hz WIRFIE(S R, BRSZ R RATARER (5o, J8 12 ¢k BE A5+
7 21 WA, IIX R H Al — AR B2 51 e i Bl AR, HOA A —
RHAE,  FEAFAE AR R I ANEE X AR DL S AH 22 £ 21 AR AE AT /1, 7 969.1 Hz fiic
HORFAE R A AR o AT 36 31E i S S7. B IR IR - DX 1) R ATLATL RS A R P PR 1 12
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5.2.2 BT HHIE BT AR BUE 2S HUPESFIE H 12 BY

B S VB IR R A AN [R) G S2 FEL IR R AR - 0 1) 8, X6 3R 52 L3 1R AT
AR ) PR R A T R TR 15 2 52 B YA VR AU R 1) A PR DR DR 28 W U RS AR AE s A
[ % N PR 45 B0 A B 5-12~F 5-14 A FI(a) AT(b) T 7~ -

25 35
X99.6 3[x99.6
2y 2.188 Y3.0989
25
15 —
= < 2
- X7969.1 =
‘DH'_’ Y1.0601 &
& J | 15 X23907.4[ x28123.5
Y0.2907 ||Y0.3185
X3753.1 X12185.2| [y 15038.3 | X23907.4f [X28123.5 X7969.1
Y0.2882 Y0.3114 Y0513 Y0.4195 | [Yo0.3151 1 Y0.7758
05 - . X15938.3
: Y 0.4715
05 ’ .
L1 | 1 |
0 05 1 15 2 25 3 0 05 1 15 2 25 3
B (Hz) x10° B (Hz) <10

(2) PR EAR BT (1) AT AR
Kl 5-12  1200rpm 38 Jekask 2% A [F) i P A 70 (1) FE 3 AU R R i 1A

(b) SRECFESR N FL SRR AL 7 17

2.5 35
x 1404 3| Va2d0r
211y 2.188 :
2.5
1.5
= X7969.1 g’
= : =
= Y1.0574 a
. 15 X23907.4|| X28123.5
X12185.2 [X15938.3|[X23907.4] [X28123.5 X7969.1 Y02318 .
Yv0.2895 | |Y0.5738 ||Y0.3301 | [Y0.4016 1 Y0.7908 X15938.3 ]
05 T . Y0.6322
: X16237.1 .
. Y0.2016 { { 0.5 7
6 ] ‘ . ‘ ‘ ‘ R —
0 0.5 15 2 2.5 3 0 0.5 1 15 2 25 3
B (Hz) x10° i (Hz) *10*

(2) PR LR BB T (1) AT IR
@53 mmmm%&H@%Tﬂﬂ%%i?%%mﬁﬁ%ﬁ%ﬂ

(b) SRECFESR N HL SRR AL 7 17

2.5‘ 35
X199.2 31X199.4
2llv2.2512 Y3.1590
25
15
J— = 2
= X7969.1 g
E’ Y1.0574 a
& 15 X23907.4)| X28123.5
X15938.3 Y0.1444 |[Y0.4888
Yo o63g ||X12185.2|X 23907 4{1X 281235 X7969.1 %15938.3
: Y0.2305 {['Y0.2137 [[Y0.4210 1 Y0.7983 Y0.7596
05 X16237.1 T
Y¥0.2204 N 05 }
. I N I R B
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Az (Hz) x10* i (Hz) ©10°

(a) PR EST I) ALSRUIIECRFAL A R
K 5-14  2400rpm Rk & A R b S F) R AU AR A A
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Hy B A TR, AR R R 5 92 RN AT R 20 8 A LR TR AT R BT T L I b 1
HPRARNT, B0 1 A S i e e 8 7 3 A PR U 30 S P SR s R T AT R T )
HLATUEAS 5 Gl (] L A A BN 5 5, R HAT 5 15 AMRFAE, R a5
FEON i=100: 1 WA, DRUEJGE & fa tH I e WS e sl — B, (L RERE i & B fm s &, 2
D BRI 4% 1) IS AT I )3 S UTH 5

[ 800

\'
HH I TS0, JR03 AR LE 1200rpm LA _F IS, 5s BV AT {R0F 18 e ekt 28 52 i A\ it — Pl 1) e
e, ¥ 5 FPNIRFIE 2B A 10 Horm G- FriE AR i B 5-15 A1 5-16 B, B [El—i%
T (L 1200rpm NG R AR MR RRAE 2 (B fOFE S R oA, S5 SRl 5-17 A1 5-18 Fr

(-1

| x10° SRAAE x10%0 P x10° R X 10° HMEAE L
2t A ‘ Sk e
24+ gt I e R
05 ! x x
22 Mo X— ¥ =% * =X _15 3¢
-3 &0 fa o
b Ly 2 Z
® 0 £a = e
18 -2
-2
-05 16 - e ‘< x
-3 e R
1 4 1.4 < . 2.5 *%‘*‘ *%\*
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
[t (5) It (5) [t (5) it (5)
1o 20° B iRAE x40 WA 552 10° U VAR L, 192 10° b £
25 ek il *7 -
11} ¥Rk Tk % Tt S . 1l EEFEEEEEES
o K e K X B e
e 10 2 48] s e 10
S = g o
B 9 R F 4 = 9
8 15 W 3.5 8
7 3 X 7
6 1 25 6
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
IRt () it (s) it ) (HEO)]
PP s TI A 04 AR L 0 WAL G107 RSN
1ol EFEEEIEEE I .
10 2
]
6 -2
4] S A A S -4
2 2 -0.05 — -6
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
i)t (s) It () It 5) ISt (5)
a5 N SHAE )5 R 2 O i PN T
24 . ——k— 1200rpm A5
5% 23 . — =k —  1200rpm LbZE
& = ——+—— 1800rpm 4bH 5
%’ 2.2 ’% 2.3 — — — 1800rpm 4b FE {if
= = ) = X 2400rpm Ab 2 5
' ' 2.25 *’%%HW — o~ 2400rpm AT
2 X X ¥ = K= ¥ e X— % —X 20 Ko X— ¥ e K— ¥ =X ¥
19 1.9 2.2
0 2 4 6 0 2 4 6 0 2 4 6
i Tt (s) ] [t (s) I} [t (5)

K 5-15 RFAIEAR IR A JG R 2R AR IR A T BORF AR AR AL

58



TR RE R 224 18

12 10° SRR, x 1010 “FRMEAE 3 10° KA I 10° S/MEE
of I & 1 :
m 0 @ @ T
3 =
! = B 2
2 \ 2
i | ' -2.5 _
3 ! S i S
1 & X 4 1.5 /XK/* )
0 2 4 6 0 2 4 6 0 2 4 6 "0 2 4 6
i it (s) i [t (5) it (s) 17t (5)
L6k 10° PITRA 32 10 VA AR 55X 10° VI AR 1K 162 10° b2 AR 1
FESEEaE et Siiiiiﬁilii FEiEERTEE
14 v bl e o O o o 14
B 12 o w 12
1 2 35 1
08 I B - R e 0.8 T
06 19 Sk 25 06
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Tt (s) it () It (5) I EJt ()
%1010 7 EA, U JEAR AL 00 AR P 10° RS HE
L e B —— 19 o
F -k K o kK e e
) 1.85 DIV Y 004 R ) ,
=
a o 18 sy 0.02 Q
1.75 of ¥ % * =k g
1 17 -0.02 N 2 ‘
05 1.65 -0.04 -4 L
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
I At () it it () I [t (s) it )
MWEH SN S HCE 175 U R TR
2 y 2r x / - . X
1.95 ‘ * 1.95 - . 174 —k—  1200rpm AbFES
f 19 = 19 w — =k —  1200rpm 4bFE R
2 ) %173 —t—— 1800rpm b5
E 1.85 e 1.85 = ' ——t—  1800rpm AbFE R
BT 18 ’ e 2400rpm AR
172 Ro= % 2400rpm Kb BT
L75) stk dok o gk % RERE S E LB S L
1.7 17 1.71
0 2 4 6 0 2 4 6 0 2 4 6
5] [t (s) I} [t (s) 5} [Elt ()
l 5 16 ﬁﬁﬁ%’:ﬁ HJF&EE%&W‘L ?E’Jﬁfﬁﬂ%ﬂc

0.96 0.96

0.870.94 0
0.870.94

0.91
0.97 0.92 0.87 0.87
0.97 0.92 0.87 0.87|

0.91
0.98 0.94 088088-
0.98 0.94 0.88 0.88|
0.87 0.87

0.87

2-0.920.92 0.92 0.92 0.92 0.91-0.6:
-0.920.920.920.92 0.92 0.91-0.64

920.920.920.920.920.91-0.64
0‘20920‘42092092091 0.64

0.98-0.980.98 0.98 0.98 0.98 0.97-0.68}
; 0.94-0.940.94 0.94 0.94 0.94 0.94-0.6
R A 247 AR
R A
B R VA

0.880.88 0.88 0.88 0.87-0.62]

0.88 0.88 0.88 0.88 0.87-0.62

0.99-0.990.990.990.990.99 0. 0.930.93
1.00-1.001.00 1.001.00 1 0.92-0.924
0.880.88 0.88 0.88 0.87-0.62f 0.81 y

88
880 88 0.88 0.88 0.88 0.87-0.62 0.81-0.81

o

.001.00 1.00 1.00 1.00 1.00-0.6¢
00-1.00-1.00-1.00-1.00-1.000.69)
001.00 1.00 1.00 1.00 1.00-0.7
.001.00 1.00 1.00 1.00 1.00-0.69
.001.00 1.00 1.00 1.00 1.00-0.6!
0
.0

So

01.00 1.00 1.00 1.00 1.00-0.71,
01.00 1.00 1.00 1.00 1.00-0.7 1
69» 71-0.69-0.69-0.71-0.711.00

oo
S855888

o
©
_044

ISR B RRARBNNBBREREBBABRVBRABB RN BBRBBRS 2

. 0.90-0.8f

g i A i X 0.90-0.86)

Lk S .12:0.06-0.03-0.
) . & 2 )

&

&1 5-17  RFAEAR R i () — 23 AN [R] A SR A0 ) B AR AR 58 73 4 B

59



24 I N o Tk b 2 A 7088

x '\tﬂ
Tl
S bl 2

WRAERT
PR B
Lu//\’l 2“\7

KRB A AL 72 R O B 35
BN RFIER DA S AEAR 9 AH L,
LA B RRFOE Z TR AR SN S AR AR RF AR Z 8] AR SR VEAF AL R B 22 57, R 22 AR O ARFALE
FER] b N iR RAE . R/ME S BTTR

[FIFZE T,

00.991.001.00 0.99 0.98 0.96|
—0.991.001 00-0.99-0.9
91.000.990.991.00 1 00093
0.99 1.00 1.00 0.99 0.98 0.96
.000.991.001.00 0.99 0.98 0.96
91.000.990.991.00 1.00 0.93|
.981.00 0.98 0.98 1.00 1.00 0.91
096093096096093091100

790.680.780.78 0.68 0.67 0.82
.780.67 0.78 0.78 0.67 0.66 0.81
.890.89 0.89 0.89 0.89 0.88 0.85

90.96 0.99 0.99 0.96 0.95 0.97|
99-0.96.0.99-0.99-0.960.950.9
-0.970.97 0.97 0.97 0.97 0.950.97
0990990950990990‘36095097
.99-0.990.96 0.99 0.99 0.96 0.95 0.97
0.97-0.970.97 0.97 0.97 0.97 0.95 0.97|
0.98-0.980.98 0.98 0.98 0.98 0.96 0.97
09809F094098098094095094

01881.00 1.00|

O 790.780.78 0. 89
0.79-0.79-0.78-0.8
0.820.68 0.67 0.89]
0.790.78 0.78 0.89
0.790.78 0.78 0.89]
0.820.68 0.67 0.89]
0.800.67 0.66 0.88|
0.790.820.81 0.85

0.97-0.
1.00 073SHONDCHONDOMNE 0 .63.0 .6
.79-0.82-0.79-0.79-0.82-0.80-0.7910:88

00-0.50-0.49-0.944

0.99-0.990.97 0.99 0.99 0.97 0.98 0.98
0.990.99-0.97-0.99-0.99-0.97-0.98-0.9:
0.96-0.960.97 0.96 0.96 0.97 0.98 0.94;
0.99-0.990.97 0.99 0.99 0.97 0.98 0.98;
990.97 0.990.99 0.97 0.98 0.98;
6-0.960.97 0.96 0.96 0.97 0.98 0.94;
5-0.950.95 0.95 0.95 0.95 0.96 0.95;
-0.970.97 0.97 0.97 0.97 0.97 0.94;

0850500740850850}4075084
0.85-0.850.73 0.85 0.850.73 0.74 0.84;

940.67 0.66 1.00:0.38-0.380.89-0.890.88 0.89 0.89 0.88 0.89 0.88|

1501.00 1.00 0.67-
1491.00 1.00 0.66)

06 381.00 1.00

0630 51 $381.00 1.00]
0.780.850.85 0.89
0.78-0.85-0.85-0.8
0.830.74 0.73 0.88|
0.780.850.85 0.89]
0.780.85 0.85 0.89]
0.830.74 0.73 0.88|
0.830.750.74 0.89]
075084084088

.580.58-0.60-0.58-0.58-0.60-0.58-0. 60 53

74
0.82-0.830.74 0.820.820.740.76 0.78

.82-0.820.74 0.820.820.74 0.76 0.78;

0.58-0.580.75-0.750.74 0.750.750.74 0.73 0.74/

0.97-0.970.95 0.97 0.97 0.95 0.94 0.97
0.970.97-0.95-0.97-0.97-0.95-0.94-0.9
0.97-0.980.95 0.98 0.98 0.95 0.94 0.97|
0.97-0.970.95 0.97 0.97 0.95 0.94 0.97|
7-0.970.950.97 0.97 0.95 0.94 0.97 |
980.950.98 0.98 0.950.94 0.97
098098095098098095095097
0.670.67-0.66-0.67-0.67-0.66-0.65-0.6.

.930.610.610.96-0.59-0.590.77-0.770.74 0.77 0.77 0.75 0.75 0.76 0.54-0

0 790 810.800.88|
0.79-0.81-0.80-0.8!
0.790.810.80 0.88|
0.790.810.80 0.88|
0.790.810.80 0.88|
0.790.810.80 0.88|
0.790.810.80 0.88
0.55-0.54-0.53-0. 5
0. 0.950.9
0:880.99 0.99|

o 370, 740
540. 91091074-
540.910.910.73

oso

0.620.

00.96 1.00 1.00 0.96 0.97 0.99;
1.00-0.96-1.00-1.00-0.96-0.97-0.9!
-0.961.00 0.96 0.96 1.00 1.00 0.92:
-1.000.96 1.00 1.00 0.96 0.97 0.99;
-1.000.96 1.00 1.00 0.96 0.97 0.99,
-0.961.00 0.96 0.96 1.00 1.00 0.92:

97 1.00 1.00 0.94;
099099092099099092094100

0.580.58-0.63-0.58-0.58-0.63-0.63-0. 550

0.87-0.870.710.880.880.710.74 0.91
0.87-0.870.710.87 0.87 0.710.74 0.91

-0.980.96 0.98 0.98 0.96 0.97 0.97;
0.98-0.97-0.98-0.98-0.96-0.97-0.9
-0.980.96 0.98 0.98 0.96 0.97 0.97;
98-0.980.96 0.98 0.98 0.96 0.97 0.97;
98-0.980.96 0.98 0.98 0.96 0.97 0.97;

©
SBL83

°©
88
55
© o
88
33
oo
88
>3
o°©
88
oo
o
88
33
o0
88
23
oo
29
oo
o0
89

.670.67-0.68-0.67-0.67-0.68-0.68-0.6

50000060

0.600.74 0.74 0.74
0.580.76 0.76 0.73
060078078074

0.95-0.950.95 0.95 0.95 0.95 0.95-0.6
0.94-0.940.94 0.94 0.94 0.94 0.95-0.6!
0970970970970970 97 0.97-0.6!

0.97-0.970.97 0.97 0.97 0.97 0.98-0.6
058» 830.820.7 0.970.97-0.98-0.97-0.97-0.98-0.980.67|
0.600.74 0.74 0.74 0.95-0.950.95 0.95 0.95 0.95 0.95-0.6
0. 0.97-0.970.98 0.97 0.97 0.98 0.98-0.6'
058082082075 0.97-0.970.98 0.97 0.97 0.98 0.98-0.6'

037091091061
0:360.910.910.61
0?5074073096035035088-08808808808808808
0591 001 00
0591 001 00

058087087077
0.68-0.87-0.87-0.7°
0.630.710.710.74
0.580.88 0.87 0.77
0.580.88 0.87 0.77
0.630.710.710.75
0.630.740.740.75
055091091076

6391 001.000.67
0.381.001.00 0,661

980.98 0.98 0.98 0.98 0.98-0.6
0 980.98-0.98-0.98-0.98-0.98-0.980.67|
0.96-0.970.96 0.96 0.96 0.96 0.96-0.6
0.98-0.980.98 0.98 0.98 0.98 0.98-0.6'
0.98-0.980.98 0.98 0.98 0.98 0.98-0.6'
0.96-0.960.96 0.96 0.96 0.96 0.96-0.6:
0.97-0.970.97 0.97 0.97 0.97 0.97-0.6!
097 0.970.97 0.97 0.97 0.97 0.98-0.6.

590 59-0.59-0.59-0.59-0.59-0.5!

o7
0.81-0.810.810.810.810.810.

0.81-0.810.810.810.810.810.

20.67 0.66 1.00-0.59-0.590.75-0.760.750.750.750.75 0.

9
-0 591.00 1 oo
0.591.00 1 oo

00-
00
00-
00-
00-
00-
00-

-0.94-0.93-0.93-0.94-0.940.87
0. 94—0 930 30 ¢0 940.7

3 19
0930 3

1.00-1.001.001.00 1.00 1.00 1.00-0.6!
1.001.00-1.00-1.00-1.00-1.00-1.000.69
1.00-1.001.00 1.00 1.00 1.00 1.00-0.7 4
1.00-1.001.00 1.00 1.00 1.00 1.00-0.6! 3
il 1.001.00 1.00 1.00 1.00 1.00-0.6!

1 1.001.00 1.00 1.00 1.00 1.00-0.71 4
1 1.001.00 1.00 1.00 1.00 1.00-0.71 4
069069071069069071071100 .

1 5-18 AL AR R RRRAIE IR — ok S 7 ] B i 1) B /K
ERR I T MBEREE S SEBO IR BRI S, R — AN [
S P IAL PR AN [ S A1 B BT [ () AR R A R IRAS AN AR ], SR AN
, MHARFRAE IR TE I R . B T3 o Al — P iR AR A
Bl 5-17 W 5-18 AT LATRHH -

XTECE 5-15 I 5-16, ¢

T Z AR R ARG, SO e B RS AR A

P,

R RORAIL, FERR RS S

1B

F, 1B

I, 4

D X >
X \’&x\‘*x\‘*

B

SFRFAEFFAMS, X EAFIEAE AR {5 5 A AT DLAE DN X 20 MR

Berp iR A0l SO
5.2.3 BT EZREEMT S FHAERBIR R SRS

W R AT

Ha LR R AL

FAARR 100 43, BIEAFE] 900 HEHRFEA, FIZREAM KL
L 7: 3(NZRAE 630:IALE 270) AT X7 UIGR, AN LICHTIRH) 4 Pt s ppL &% 5 )
o FERFAS 3 B2 S SR I ] Jrikont e

60

FRA

«bzA\V\
v\{

AR AT ]

WEAR L URIRAE . ARAEZE. 1. IR,
PEME . AR EZ A AE 5 SR
UL B RO 23 R IE 2 18] AR DR ME 5 R 2 I RFE SR 8L, (B3 28
AT B 2 50 SR IR P W) S 1 TR R M R O RF I, 1T P2 AR 2 A i g
5 BT R RS

HRBEAT VY, 15245

FIE IR S

TR T RS
P RIARZ L
R EEMSE, HAF
PSS R RFIE 2 W) U ORIRAE L, 0 i 22 Bt SR Bl A AR AL 70 SR IR AE HEAT IR

0.¢

0.6

0.



SRR 2R A 183

K 5-19 F1E 5-20 s o

95 93
92

94 92 ).74%

9r o} 90

92t < =
g Soof S
3 o1 ® o8
e = b
=90k = )14 = 88.19% :
® Y R N R e 86 1t = 86.91%)
: 288 :
Zeot z z

=
o

/MY = 87.78% | [ i2/]ME = 86.67%

©
2

/M = 82.48%

@
>
©
o

©
a

3

®
©
S

NYO XS 0ADIRIPORTOLH9 NSRS 0ADIRIVOTO O LD NYB XS LA DIRIPVREEN TP
R B e
(a) D-SiEHEE K (b) Stacking (c) BNARE
Kl 5-19 RFEMER G FIRFIE3E T AR 22 SR WS AR 2 1 5 VA R0 B kst 24 i [ 12
92 92
91 91 94
90 (A1 90,002
gf zzc VaEEAVAE ) §
% 87 ) ]
= 86 g
w I = 84.810% a5 /M =85.93% |
83 84
82 83
NSNS 0N DRI Y OO DO D NYH XS LADTIJIPOTOOL RSP
B UKL BB
(@) D-S IFHE A B (b) Stacking (c) B
5-20  REFFAEMR R RFIE S T AN R 22 SEWE 8 R 2 S 07 1 IV TR G 23 U 12 1T
57 FETLHMEEERNE S AR S = O R
i 5 iZatEn)
D-S &K Stacking B D-SHFESA  Stacking  Bhaside
S YNEN 92.59% 90.37% 90.74% 90.00% 89.26% 92.22%
BIME 87.78% 86.67% 82.48% 84.81% 85.93% 84.07%
FE 89.82% 88.19% 86.91% 88.16% 87.87% 86.87%
Wik 2.37% 0.90% 3.97% 2.75% 0.82% 3.56%

By EIR S5 BT LIS, JE T D-S UEHE & L (1 22 S 8 1 2 =) 5 VA0 VS a4
S RE  HOVER  25 B,, MAS T3 T Stacking MZHASTEEL (K %2 SEMR 4L B 51 532, 1
BIMER R IRTE 1%~3%. M E A B w] LU il sRe A A 18 5 AR AR T R &
Pt 1.66%. [FIEF, J&T Stacking FIEERLE: ] A HER R A X A2 €, MBI R NI
REERZRAR, I ENREE R, AR Al S R R AT 2 E AR 15 3
ARERT: o ISR UE A ST B (A

5.3 KEINE
I 8 S % T U R BRI £ T I A S A [ B S M L

61



SRR 2R A 183

XFRTSCH R R AT IR AE, B0 SRR AR . A EA AT SR B S 2 I, 322D %)
BISWE ST IR, SR EE RIS L 7 A S B S FOHER P, I R R e R
fiE, I3 T D-S UEYE G BRI 2 HRMS B i 2] 07 AR TR YT s B R AR HERA 5 L
1330 7 ARAHAR T, Dy SERR AR o i TS A W ik 25 i i2 I B2 BT O B e

b EL
H~J o

62



SRR 2R A 183

FoE FLERE
6.1 5ig

ARSI IR A% BT TN G, A T R A% PR R AR PP RS T R
etk $RH T —FRMEMER T, JEEET D-S R G BRI K 2 SRS AR A 21 TV 47 )
XA JE FRAE AT SRi2 Wy, A SCEETAER 45 h

(1) 7 1 BRI 5 SR AL LA 5 R R BUE . B o, @A Tl A
PR YT A AL AR & B A Y, 7 1 R Dol 8 P W B R A L LR P = 52 B P
LRSI T PCRNLEE . R, AEEARE T, i E s 7 AR R,
I8 I & AR A A IR B T U A% £ SRR PSR R A A BE A I D0 ) LR
HAE AT o0, SR SRR B IR, Dy)a SEWT FURORR AR U5 AR (B 1 S A

(20 SRHL T AN B IAL R U =R 8 1) -0 A U T s kR I R o T 1 I8
PRI A R A5 5 AR P LS T TR S R IR SR AR T4, SR T R RS S
WL TR B, AR TOUN, XY RIS 5 A B AN 52 FL T R 00 1 i) ()
WP RPN AT PAL B o LR, X S R ] (0 A R U R A R D5 VAT R, IRl s e
WA VR RIHERATE . FeJa, WAERET S BN S S 52 R 15 MRFIEREAT b . yJa 2k
S HlE SR A LA 7 21 U 5 B E Sk

(3) SEPL 73T D-S UEHE A BRIE 1 2 SRS T IR B B A5 s . £
XF L Rl As 52 ST UNEAAAE H B R IR E, SR 7 —FhdE T D-S UEHE & BRI 2 Hns Ak
JREE STk e B ST R AT R FRFAE 70 90 3 1 R SR . SCRFIRE ML A DU AT K A
AR 4 Ahee B RIHLAS 5 > D5 R AT W RG2S B 2 Wy, SCEILE B AL (2 W £
o HK, K Lk 4 MhbLas 2 I JHEAF AR, 73| 5T D-S UEPE 5 L . Stacking
BT MRS S TPES R 2 AT R 12 Wy . 45 RR W], 26T D-S IEHE Gk
BRI S S AR T U — LS 5 1 iR AE HE I R B RT) 3.73%, MELTH
B R ST T EARTT 1%~2%,  fift R Ja fRF AL CE S Si2 i AR R B AT AR T4
Tt 1.82%. FFIEE LI RIGUE 1A R D9S2 B Tk B A ) Tk L 3 Ak
A R S W S (BT ) VR SR

63



SRR 2R A 183

6.2 RBE

AT I8 1o ST P A - SR S A LL R R 5 OB, s 1 IR A
PEARFAEAE LA 5 T 52 2 R AU IR SO P R 1 RO AL, 7 e SE A b B — PR AL A
D3RR VRO g8 R AR, BRI $E L T D-SUEYE & R ERE, AlE 2 M LS
) R BAT R 2, SEEUG B IR A% (1 2 W, i B s e 1 G A
Ko, UEASCHAR B A HERTE, S0 U IR N AR BE T IIA 5, AT
AFAE A T B — 2B R (1 75 1 -

(1) FEAHIFE 3R T 1 IR o i R A A LA 5 L 2 52 ) LA TR AL (14
T, PR 1 T S S R LA R 7 7k DU R 1 I 4% 52 8 o1 PR e By
ik, PRI BR G 8 L P D532 ek R A AR 00 T B L AR, DRI, i T ik AR kT
PESE eI 00 T A FRIALAS 5 HEAT R AR R, SBT3 & v )1 ik o T 00 2 A
WAL IR, AROR AT S A YA o L SR DO £ ) 5 VA5 2R 00 (1 B R R A%
PATRZR A LA S BB 2% 00N BRI U 45 o

(2) SERRUEEIRIE a3 B AT Lo 2%, Habs)r SRR A —Ff, d T3R5

Ak, SRR LG P B AN [ R P MR 7 5200, AR S 6 T oL B R Mg 7 (1 Bk it | ik
AT ORI B AR, IS EEIGAIE 1 TR AR PR Ry (IR b 52 PRI A ) S B B AR A A
BEAT SRR A2 WA TR AE L AR B 7 A RIRT T, (EAENERRME P 1 (R I RT BEAFLE E R B 20 RFAIE
RIRTRE, X5 R FC LS RA — € FNT o FF HASHIE FENT 1 I Bad 2% (1 Ry Mk e 1] B it P12
T AT A 2 I 2 A PR 45T DA S SR B AP, S Bon R S P R BRI IR ke i B 3(AF
FEZRENE, ASTHIBE XS BB AR 12 W 512 08 4 Ja i 78 3 B R R 2 R it 3

(3) 4 e th I 2 P o 21 U5 ik I B BR & 70 SRVR A 1 B 25 R HE TR 2%,
PRl BT B & MR B 21 J7 IR Tk AL As N R e a4 3E AT e b 12 W S 7y 2R S8 A
FOUMEAN TREE S b RO I HERA R A RGeS S B

64



SRR 2R A 183

B2 3CHR

[1] 5%, kIR, EFE, & RE TN RV BOES K RIVIRr[I]. U6
J¥£,2019, 41(6): 1486-1492.

[2] Wi, B, Ih—A, & RO — AN LR AR e 25 i A S b
[7]. LHUBHT 2B 2R, 2024, 38(6): 104-110.

[3] Gz, T, ZEFEA, 25 T ADAMS FIRMHIASHEAI S J1 5wt e []. 2Bk
2B AEAR, 2022, 36(6): 70-77.

[4] TEAERT, HLEZE. Las A F RS % s ds fon A i A1 IR K R IR 5 R B[], WL L
FEHIR, 2024, 53(10): 6-11.

[S] 2R HE, 5K A A, 56 RV I 2% F 42K 5 & o] 5 Seae st 78 [J/0L]. H E R 1.
&, 1-7[2025-03-23]. http://kns.cnki.net/kems/detail/42.1294.th.20240913.1052.005 html.

[6] WF), /R, TREHUME A8 M2 Wi B AR BT AL IUIR & R a5 43 e (7], BUARHI &
B 5348, 2020, 56(11): 162-163.

[7] TAMA B A, VANIA M, LEE S, et al. Recent advances in the application of deep learning

for fault diagnosis of rotating machinery using vibration signals[J]. Artificial Intelligence
Review, 2023, 56(5):4667-4709.

[8] EL BOUHARROUTI N, MORINIGO-SOTELO D, BELAHCEN A. Multi-rate vibration
signal analysis for bearing fault detection in induction machines using supervised learning
classifiers[J]. Machines, 2023, 12(1): 17.

[9] WA, FEIAR, MER, &, B2 T VMD BEME RV JRIE &SR], JbRiica K
22247, 2023, 37(3): 7-13.

[10] BhEARFE. AR O T IR R s B2 I 7 im0 (D). BLIR: B PRARHS SR, 2023.

[11] 4. Hetfr A AR RE G BOR IR SR R [)]. B 5818, 2024,(16): 68-70.

[12] 3§52, 3T 2 U5 R A 22 00 U ek &= dic i 12 Wik 72 [D]. 35 AR OR 27,
2023.

[13] BXE, fTF, Frkmke, 55 TP TSR EEUN RV o &S S i2 7k ).

65


http://kns.cnki.net/kcms/detail/42.1294.th.20240913.1052.005

TRUTAE R L2 A S

HLF ML T2, 2023, 39(04): 1-7.

[14] Z=fBFH. 25 TPA A1 EMD (1 TEALES NSRBI 47 5 SLRAT 7T [D]. R -3 K2,
2020.

[15] ke, ZER, FIE, & fbS EIPREEALH A A 4G 55 K TV LA A S8 B
2 B B2 W T VR 0], HUBC AR 2744k, 2022, 58(17): 116-124.

[16] ZHOU H, YAN P, YUAN Y, et al. Denoising the hob vibration signal using improved
complete ensemble empirical mode decomposition with adaptive noise and noise
quantization strategies[J]. ISA Transactions, 2022, 131: 715-735.

[17]1JIANGK S, ZHANG C S, Wei B L, et al. Fault diagnosis of RV reducer based on denoising
time—frequency attention neural network[J]. Expert Systems with Applications, 2024, 238:
121762

[18] EY K, LIU Z M,CHEN H Y, et al. Dynamic modeling and vibration analysis for fault
diagnosis of rotate vector reducers[J]. Mechanical Systems and Signal Processing, 2025,
224: 111965.

[19] KOMORSKA I, OLEJARCZYK K, PUCHALSKI A, et al. Fault diagnosing of cycloidal
gear reducer using statistical features of vibration signal and multifractal spectra[J].
Sensors, 2023; 23(3): 1645.

[20] X7k o, TR, MRETE, S5 BOGUR- R R TS BORGE aS PERE IR AL VRS (1],
M, 2024, 50(2): 59-65.

[21] 22, 226, 5k, Hlas N RV BUR S S K 0HE S A LR 73 i K se3a it 7t
[C1// 2020 5 A [ AL AR A 2 FE 1R SCER. 2020: 753-764.

[22] HiZRoR, TREDH, R, 5. 7 AR I AR AE 1 Fe W ba 12 W o O AT 72 5 B P BR
[J]. EHAE, 2023, 45(03): 29-34.

[23] YANG J W, LIU C, XU Q T, et al. Acoustic emission signal fault diagnosis based on
compressed sensing for rv reducer[J]. Sensors. 2022; 22(7): 2641.

[24] LIU L S, ZHI Z, YANG Y F, et al. Harmonic reducer fault detection with acoustic
emission[J]. IEEE Transactions on Instrumentation and Measurement. 2023. 72. 3522812.

[25]AN H B, LIANG W, ZHANG Y L, et al. Hidden Markov model based rotate vector reducer

66



TRUTAE R L2 A S

fault detection using acoustic emissions[J]. International Journal of Sensor Networks, 2020,
32(2): 116-125.

[26] ZHANGJ J, SHEN G T, SHEN Y N, et al. Research on the application of acoustic emission
technology in the health monitoring of the reducers on amusement devices[C]// ASME
2021 International Mechanical Engineering Congress and Exposition, 2021: VOO1TO1AO1.

[27] XEFE, mAE, HER, & AT B NS RG0S EUE 2 5 SER 7T
[J]. PHZea8 Il K544, 2022, 56(12): 174-183.

[28] KT, BR, 28, 5. AT ML E S 1E s BT 2 ik RS TR E
1), 53R, 2021, 42(10): 2268-2277.

[29] Fe0ib, Ji i, T, <5 DXURRALALH 40k 5 15 3 28 Ge sh A T RE Wi B 5 S 56
I, KBHAE2EAR, 2022, 43(1): 116-124.

[30] Fk/Nam, e, {5 E A, 5. Reliability Analysis of Filtering Reducers Considering
Temperature Correction and Shock Load of Space[J]. Journal of Shanghai Jiaotong
University(Science), 2018, 23(03): 456-464.

[31] GAN L, XIAO K, WANG J X, et al. A numerical method to investigate the temperature
behavior of spiral bevel gears under mixed lubrication condition[J]. Applied Thermal
Engineering. 2019, 147: 866-875.

[32] WANG S S, WANG S K, WANG J, et al. Temperature field simulation and experimental
study of anti-backlash single-roller enveloping hourglass worm gear[J]. Chinese Journal of
Mechanical Engineering, 2020, 33(4): 77-86.

[33] EF&. — Mk T B AL A IR 12 I 1 e DR 4 B ) A5 S R AR A EL[P). L A
71.202110447725.5, 2021-06-04.

[34] W4, T, s, 5. TOWHLER N P08 2% 145 207 228 IR g 2 W []. Hl
K5 WE, 2021, 49(17): 185-190.

[35] BRAZHE, TKBE, WI/AMAK, &5 Tl AR 5 IR EERRAE 27 > BV B0 A3 HER S 1R
AT, AR R, 2021, 42(7): 234-241.

[36] RAOUF I, LEE H, KIM H S. Mechanical fault detection based on machine learning for
robotic RV reducer using electrical current signature analysis: a data-driven approach[J].

67


https://www.inderscienceonline.com/journal/ijsnet

TRUTAE R L2 A S

Journal of Computational Design and Engineering, 2022, 9(2): 417-433.

[37] CHEN X W, FENG Z P. Induction motor Stator current analysis for planetary gearbox fault
diagnosis under time-varying speed conditions[J]. Mech Syst Signal Process, 2020, 140:
106691.

[38] ROHAN A, RAOUF I, KIM H S. Rotate vector (RV) reducer fault detection and diagnosis
system: towards component level prognostics and health management (PHM)[J]. Sensors
(Basel), 2020, 20(23): 6845.

[39] Mi#%. £=T SVM 5 PNN K LAVAL a5 A1 sl #34% 3l ik 2 PR g b 12 Wi [D].
[ T B, 2021.

[40] BARR, TR7KHT, ARAMW, 55, 5T 2 IEEEE R G B FEIRZE e &5 I 2 et 7E ).
BRIEIE(EE 5, 2025, 61(02): 6-13.

[41] RRSFoR, TR, LEEF, 55 FETE BRE 73808 N A R L0 W8 80HE & i
BEIZ W T[] AR AR, 2024, 45(03): 60-71.

[42] XIE W S, ZHOU J, LIU T, et al. Characteristic enhancement of RV reducer under non-
stationary condition based on WDT-IF-SS-VMD[J]. Measurement Science and Technology,
2023, 34: 105108.

[43] YE Q, LIU C H. A multichannel data fusion method based on multiple deep belief networks
for intelligent fault diagnosis of main reducer[J]. Symmetry, 2020, 12(3): 483.

[44] ZHANG K L,LI H K,CAO S X, et al. Trusted multi-source information fusion for fault
diagnosis of electromechanical system with modified graph convolution network[J].
Advanced Engineering Informatics, 2023, 57: 102088.

[45] KADKHODAEI H R, MOGHADAM A M E, DEHGHAN M.HBoost: A heterogeneous
ensemble classifier based on the Boosting method and entropy measurement[J]. Expert
Systems with Applications, 2020, 157: 113482.

[46] FEIEET, ML, BihE, 2. FT Evolutionary Bagging £ 2% =) () H8 50 W X o 2%
T[], ARALHL J1 R 22244, 2024, 44(05): 24-32+72.

[47] Bfewk, 43, #T Bagging SR I J7VER FH R R WAL 7 A0 FE[0]. BT
15, 2024, 31(03): 56-59.

68



TRUTAE R L2 A S

[48] G788, TNE, Wl R, %5 ETUEHA PR >IHL Bagging SERISER 3%
TR 57 R R AR (B AR R AR, 2025, 39(02): 263-271.

[49] Ngo G, Beard R, Chandra R. Evolutionary bagging for ensemble learning[J].
Neurocomputing, 2022, 510: 1-14.

[50] XU S B, HUANG S Y, YUAN Z G, et al. Prediction of the Dst index with bagging
ensemble-learning algorithm[J]. The Astrophysical Journal Supplement Series, 2020,
248(1): 14.

[51] LIU X L, TAN W N, TANG S.A Bagging-GBDT ensemble learning model for city air
pollutant concentration prediction[C]// IOP Conference Series: Earth and Environmental
Science. 2019: 237, 022027.

[52] ¥ 3K, s, skdlie. BT Boosting [R]JHH FL G870 7R B D). WOLS5OEH
TEHERE, 2022, 59(08): 215-227.

[53] ZRilEkE, wi/NAL, . T 00 /N Boosting B2 ] A 7 KT
I BREEAR SN, 2022, 37(02): 354-367.

[54] Jdok, DG, $8, 5. —FhEk TS SRS i 48 e 7 iR [J/OL]. iRl U
8 K% %R (E R B M), 1-7[2025-03-05]. https:/doi.org/10.16366/j.cnki.1000-

2367.2024.06.23.0001.

[55] KARTHIK M, MALLIKARJUNA R K. Application of boosting-based ensemble learning
method for the prediction of compression index[J]. Journal of The Institution of Engineers
(India), 2020, 101(3): 409-419.

[56] YANG S Y, WU J P, DU Y M, et al. Ensemble learning for short-term traftic prediction
based on gradient boosting machine[J]. Journal of Sensors, 2017: 7074243.

[571 ZAHOOR M M, QURESHI S A,BIBI S, et al. A new deep hybrid boosted and ensemble
learning-based brain tumor analysis using MRI[J]. Sensors, 2022, 22(7): 2726.

[58] A —ny, Z=RI, Z=7%, %% T Stacking HE 2= 31 1B AL 12 b 23 Y B FI0I 75 VR D).
B 18 B 15 (H B D), 2024, 44(11): 2233-2240.

[59] #h&E0m, KW, G, EAIMGIEES G Stacking BB 2] I BRBEHERE LA I T
FE[I]. ek 5064 HT, 2024, 44(10): 2932-2940.

69


https://doi.org/10.16366/j.cnki.1000-2367
https://doi.org/10.16366/j.cnki.1000-2367

TRUTAE R L2 A S

[60] 2&Ek%, BETH, 2R, % T VMD-Stacking £ 55 > BT BEVR K HL TR U
FERIT]. RS TRE, 2024, 40(09): 14-23.

[61] CULI S Z, YINY Q, WANG D J, et al. A stacking-based ensemble learning method for
earthquake casualty prediction[J]. Applied Soft Computing, 2021, 101: 107038.

[62] YANG Y F, WEI L, HU Y, et al. Classification of Parkinson's disease based on multi-modal
features and stacking ensemble learning[J]. Journal of Neuroscience Methods, 2021, 350:
109019.

[63] GUO X F, GAO Y, ZHENG D, et al. Study on short-term photovoltaic power prediction
model based on the Stacking ensemble learning[C]// 2020 7th International Conference on
Power and Energy Systems Engineering,2020,06(9): 1424-1431.

[64] £, 8473, iy, 5. HER AR & s > B & I8 AR GR35 7).
it 5 TR K22 224K, 2024, 3(06): 10-16.

[65] FRIVE, TKEF, Tk, 25 BTl Light GBM TG 45 AU Y 138 i 28 b 1 )
R[], EEIEFIAR, 2024, 50(12): 5289-5300.

[66] 52 K, XUHE, FBJJ. —HH THLEE NI R BT Sarsa sy =) TR & 8 T 1%

(F£3) [J]. Journal of Central South University, 2023, 30(11): 3867-3880.

[67] SIBINDI R, MWANGI R W, WAITITU A G. A boosting ensemble learning based hybrid
light gradient boosting machine and extreme gradient boosting model for predicting house
prices[J]. Engineering Reports, 2023, 05(4): 1-19.

[68] NAGASSOU M, MWANGI R W, NYARIGE E. A hybrid ensemble learning approach
utilizing light gradient boosting machine and category boosting model for lifestyle-based
prediction of type-II diabetes mellitus[J]. Journal of Data Analysis and Information
Processing, 2023, 11(4): 480-511.

[69] AGARWAL S, CHOWDARY C.R.A-Stacking and A-Bagging: Adaptive versions of
ensemble learning algorithms for spoof fingerprint detection[J]. Expert Systems with
Application, 2020, 146: 113160.

[70] Z=5E, WEr, TEPRAE. R AR MG I A FRTL I A A4 R 512 W o 1) 82 R I D).
HLHL T A%, 2018, 35(4): 402-406+413.

70



TRUTAE R L2 A S

Ozt FAHE R RFRR L EHMIE

— ERFRLX

[1] B—EE, TAHLEE ARSI 25 B B S 2 07 B R D). BB 2 B 2
1%, 2025, 39(02): 96-103.

—. BIFEF

[1] £—4EF, —METREFEK RV BOE SN 3 S [Pl S H .
CN222124733U, 2024 (E4ZHD .

[2] BB, R TAHLES A 5G9 V300 45 w5 2500 1AL BE 7V [P]. R BH B R
CN119681959A, 2025 (SZHiA) |

=, E50RHAmE

[1] 2023 SFREFGIAT “ AR 0t” BERBHEABUR TR H —— Tl AL RS % s 4=
IR A R 5% T R B4k (20232¢05) (I H EE 2R .

71



SRR 2R A 183

B

OTER, AFSCE, ORI A S ) R B, B
PREFHBORTE S, U SRRTT DI 8 5 8. KBRS, RS TRERM
RIS, TR BRI, FPEREE . RS SO A B L
.

B2, BRI, RENIT MK BB X AR T %, R
RAEF R FE . WIS AR, W SERr RO RILE BTt i,
ST LU S0 TR I 2 A BRI S A B2 7 R R AR I 7 1. S
HE T TR, T LS R TR B A A B R A, S WL 2145
3 FRAE AR B L TR RI A«

o, RS R G R A B BT, R R S VA R
MR (O BEAIAE A0 )R LU R R B SR, BT o 2 4
MR S A IR T . 7. XA BRFE I T B AR b i
TSEHRE, TR R S T B T 68 G HRAOVRE, LI — AN S MR A e T
BRI, ELR IR R AR B AT R S A e AR 7R i AR
FHREM, R R A B T R . SRS LR
AR, TR AR 5 RS, BRI LR R K e T
Lo

FIR, BRI R, SR A, QBRI LU S R SR A B B R S 1
o A TERE AR R 2 T B i W B, (B LU I A I, %
1 AP TR, LR TE S 2 I R

SR, BEIERS A R RSB R S S0 A RV, R
SRS T I T R R I AT SRR T RS AR L A PR
I BEAE Tl U MR R 5 TREE P R S, RN gt F G TR 0 L
GAEE SO, IERFZINIRE] “U0 LKA, MM EG" . AR
BHEATIE (2023 4EREREMITT “HRbE2 " EARHEHCE TRALSIH) —— “ TALbLE
S S5 B8 B I A A 2 TF R P AL (20232¢05) HIREBY, i EE5 1

72



SRR 2R A 183

FRp a3 LS v A v 2 AT 7T o

ieJr, BUUTTE TRAHE BEHiE SO AR AR o £ TAbHLas Nz O R T
RIREE T, RTEFAT SRR R A S A BB B RS, A SCie fit 1 Bkt
AEEARBER. ENTEEE, RIBUASONE R, R840 FH - pak 45 ol SEER T
WEger, il id om B g vT kR 2 7

NI R, IFRAT N o 8 LASCHRES AT (£ JR IS OV BRI AN——l i
2ig, MEEAIE, UIRRZ O] T —371hi.

73






