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RESEARCH ON FAULT DIAGNOSIS AND REMAINING
LIFE PREDICTION METHOD OF RV REDUCER

ABSTRACT

As a key component of industrial robots, the performance of Rotary
Vector (RV) reducer greatly affects the motion control accuracy and system
stability of robotic devices. In this paper, for the RV reducer in industrial
robots, firstly, considering the problem of low testing accuracy of the
existing RV reducer test platform, we designed a coaxiality adjustable RV
reducer test platform to carry out the fatigue test of the RV reducer, to
ensure the reliability of the collected data. Secondly, for the characteristics
of early failure of RV reducer, an early failure diagnosis model is
established accordingly. Finally, in view of the small sample nature of the
life test data, which is characterized by small data volume, unbalanced
sample structure and low information coverage, a life prediction model
based on the feature matching preprocessor-neural network is established
to predict the degradation trend of the RV reducer and its remaining life.
The specific work is as follows.

(1) Firstly, design an RV reducer testing platform that can adjust
coaxiality and collect fatigue test data for the reducer. Based on the
structural characteristics of RV reducers, a testing platform model for RV
reducers with adjustable coaxiality was established, and its measurement
and control system was designed. At the same time, the testing platform
was built. The coaxiality adjustment experiment and transmission
efficiency test experiment were carried out on the designed RV reducer test

bench. The results showed that the adjusted coaxiality error value was
11
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within 0.1 mm, and the transmission efficiency during steady-state
operation after adjustment could reach 32.94%. Referring to the data from
Emperor Corporation of Japan, this transmission efficiency value meets the
requirements. Conduct fatigue tests on the RV reducer testing platform and
collect data on the fault diagnosis and life prediction research of the RV
reducer.

(2) Secondly, the problem of early fault diagnosis of RV reducer is
studied. Aiming at the early failure stage of the RV reducer with weak fault
characteristics and a large number of harmonics and strong interference
source components, a combination of the improved Singular Spectrum
Decomposition (SSD) and Transient-Extracting Transform (TET) is
proposed as a fault diagnosis model. Fault diagnosis model. The
instantaneous frequency averaging method is introduced to eliminate the
defects of empirical setting of SSD modal parameters and realize the
automatic selection of the optimal number of components; the components
are screened according to the maximum cliff criterion for signal
reconstruction; the transient-extracting transform (TET) method is used to
extract features from the denoised signals; and the Hilbert envelope
spectral analysis is combined with the Hilbert envelope spectral analysis
method to identify the fault signals of the RV speed reducer. Simulation
analysis and experimental results show that the proposed method can more
accurately determine the fault frequency of the periodic shock and can
effectively identify the fault signal of the RV reducer.

(3) Finally, in response to the problem of a large demand for life
samples of existing RV reducers, a method of integrating failure time data
and performance degradation data was adopted to derive a standard model

for predicting remaining life based on failure rate and standard deviation.

\Y)
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On this basis, a small sample adaptive feature matching preprocessor GRU
lifespan prediction model is established by combining Gate Recurrent Unit
(GRU) neural network. Based on the small sample life data measured by
the RV reducer, the prediction results show that the overall life prediction
mean square error is 0.014, and the prediction error is small. The proposed
model can accurately predict the remaining life of the RV reducer.

Song Junyu (Mechanical Engineering)
Supervised by Zhao Zhuanzhe
KEY WORDS: RV reducer; High precision test bench; Fault diagnosis;

Life prediction; Small sample
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R RSB TR . PRSR A RV B S & 3T RV R B0 5 R0, R4
LT 5 7 i TR RIT 7 M0 000 R4 TAE
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3= HTFHIEN SSD 5 TET B RV B L &1fE 12 Wi 75 3

HI T RV IR S AT PR B ) ™85 1 ot 5 BOMS A5 5 B & R E RS 52 T30
X BLRRISBIE I 7 ISR AT 5 HE R - BUA RORF LS 2 M . Rl R feAeaE 5 00
i R A B 1 0 R SRS B 0 R RE D AT U SR B, e R Bk T PUME BOFRBUE A
U BB AE , 2 B DR B0 5 1 B B AR e A A PR A P S 1k i) B BT T 7 ) . E K
BRI I, SR R T RALRT SRR 1A R AR, JF B B R E R g
VERNSCRS, WA B RIFHZARE ), HIRBRR AR H ATek = B A i 3
SCHITRMTRRE . R, R g R SR G & T RV GE S R4t

FEROBRRFAE PR U, A% G007 5 D6 R 2% B T PRI MR AR RS 5 I PR REA
FERIRYE. SIEAHXE, SSD et A RNt s A= 1 5t ARLRVE AR TR ME = I Re i,
[ 3 N bR B a3 A A R B B BRE, SSD RS Bk 5 A5 5 v 2o HY B v
EHIVE. BEAh,  TET @58 (5 5 Ml SRrE, 371 T INBUE AR, Renlid &M+
RS 5 P ey e 7y, KA R R AR 4 HUT T 4 I i P PR AT A R

N T AT HERIL IR RV JRIE A SRR AL, A IZE & N 2 M2 iR, L
T RIS BARBIER A . 5 FES] SSD M TET % H A4S, AR T —Fif 41X
PR R RSB W 7% . Z07ik4 & 1 SSD f£ BN/ SR T-I0M5 5 S ARZ
AEPRafE S AL /I L K TET 3G 50 (5 5 W A Rr E AR 1 RE 0 05 T A% 1A
I, XFPEREINE RV IR a5 2 W 4t 1 — Mo A 305 Bl

3.1 BENTFIEDHHE

3.1.1 SSD R R IE

e G0 IR 35T V2 T SR W Unl i 2 20 b L SR o e R op 7 A B v R iR
IR L 28 i TR AR G B ARr A . SSD E AL BRI AR [AME S nF, @ i P IEAREA
REUEITA, HiEa Fikaa. SSD REMRLF IS5 T SSC AlikR =,
0y (SUR I

(DAERIBFERE . X T25E KB N K EFPH, R e iAYEE M, AR MXN
FIFERE X, FERE X BI5E i ATRAA:
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X = (X(i)s. o X(N), XD, X([ = 1)), (i =1,...,M) 3-1)

SINKAFEIERE, 8 TIREXIR SN0 AT, AT HAE I U2
MBI IR 2 P4 LAy, AR PS03 4, M=3, N=6IIBLEAERE, BT,

1

1 2 34 5 6 1 2
X=(2 3 45 6 1 - X=|1 2 34 5 6
3 4 56 1 2 2 3 45 6 *
3 4 56 * *

BPLAEREE SC, “EE” THRIERE X R RS, iR T 2R N, R
UIE T RFRIEAR BRI 2= RE &
(2) B3 N E IRANLERL Mo XFRF5E 3 B RN RS PR 36 R Fh 4 2 Al 70 P S 6 41

R A SR IREN .
a. LT YOI, BAH Ry
V() = X() = v, () 52)
V() = X()

Horpe j=2, Vi) N5 jUGERORE TR .
b AR A — R fon /R CURBESER) £ O/ N TR EEE (KEN

0.001), MHMBBA A U KIaHARRIETRZ, M=N/3, M >1 K, M=12xF/f, .

S j N &I FEH—KIEAT, IR IAAAEM 2 KEES I, 7R3 2
Xy =ouy] B, RUAEREE — A2 A RRAE A s N AP RS g (n) s >, AT
3R Ry 8 ) B SCRI I TR B, 51N gD (n) 2r &, b FR SR N 2 4R AR AR
[frax oo fom +a f] B o f BRI BT R T AU 2 B 0 B0 ) — o Plik th F2 06 g
EOERIR KAMARMERETRTARBE R ESMABENFMEL, 6 # 7%
(1 =i ) SIS £8P B4 X = Xy + Xip o4 X EAYTI] . 9T SR o B4
S TR H v T R Bk AR A & PSD RS, AR

(f-p)?

7(f.0)=2 Ae * (3-3)

=

Horbe AZOREEASm R BUNIEAE,  p AR, o AT
B RE— AT SSD #f & R HUIA 22 7 51 K iR > RE fEdk i, 1 H. SSD 7
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SR —OEAGRIER R B g (n) (5 =1, 1EERA KR 2 KEESA G O AT
BT WEHTH), XS S S — Jas AT iSRS g (n) EEAF AL
ﬁoﬁT%E%ﬁ@,%:&%ﬁﬁﬁ&%E:2b%m%m—$mww%ﬁﬁi&
RS A 7y B v (n) IBER/N TV (n) . eda, FIFRUERT a4, AR EVO ()5S
g (n) HIZEMH, sk

a = min|[v (n) ~ag" (n)|; (3-4)

Hrf: a=(g"v)/(@"9), ¢”(m=ag®n).

WL IS, RV AR ES oV I, RO ) =v0 () -9 )
LI 7%
VLR 5 IR 5 00— AL T

NMSE® = 2,0 (3-5)
> (x(i))?
4 NMSE /N T4 52 I BHE(BRA<1 %), AR TR Ik . SR R
x(n)= > g% (n) + v (n) (3-6)
k=1

He: m 2 SSCHENEE.

3.1.2 ETHERRREIEM SSD

E X J AR 5 IR 3o o455 5 P v AT 20 BEAT O 4B I, DR B R HEAf 2 0 M R B 10
JRRAE VLR IR S E G S . AR SSD 7EAR M7y 2 U7 T AR B L U RCR
(EAELE— S8, H AR S Bk e S BARRSE R, &L RZE LG
X R A R NI i o™ B . SSD RGN 8] 2 5B 7 i o 2 A7 e, ARJE R AL
B, HAERZERET, TRAAERLSZRIE-. Krhlk 980 £ 2 AL
VELS R B R AR o IV EESRE S B W] RE VA e Ak R IR AA (5 5 I T AR k. — A
EER BT AR b o i, REATREDR B AT UM o FESCERA, R IR 9E 7 5
R E X — R EES R X HEAG—E LM L BORIEAT A 3% .

W I 3 P A2 — BUIN [R) N BE S 05 5 AR I IR (P 294 .l T A5 52—
BRIS [6) P R I S0 9, T ASRASS 5 1 R SOMR V] B R A e 3 I e 1)
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LT — R (S BT, TTLAZEIREY . (5 B M RIS B 2 S i b
B SRR L. BN R S
(1) = () +dg(t) / dit (3-7)
27
B S 4 AT
1 t2
fag 0 =) * [ dg(0)/ (3-8)

AT IR S5CR I MEOR B € BEAS 20 B A5 5 AR, Al LGt R4 0 B A5 5 IR,
WERAT SIR I oAby, PUEX P ANFE SR A6, 4545 Hilbert 224, b
IS P 2 SRV SR AR 8 TR BRI AR A o XS 70 R 4 SR PR Al AR 7 ARy i, B 25

ERIER HAOMRISWIER 3-1 Bk
2 3-1 Wk Iy A S o D A

BRI SRR IS (E VA :
BN BIETH) X, R f5, KA RZH M
W HE
K=1
T K<M, N

5 SSD(K)

izt SSC [ Hilbert

4%

TH AR I A2 3

K=K +1
SE AR
IR 358 23 A R o it 2 4

5k AR AE TR AR v o] AR AR A A 0, BRI IX 0 A5 5 2 A AR R B,
FIHE I SSD st fE b st R, MRS DLE H, BN K=1 FF46,
HEANHRIEIREM, TR, SRR BRI SR A0, 0E B/ N AR 2 il )2
B KAE. HIERN SSD REWEKs S 5 HIER N Z S SSC 4r &, (HE A& MR L1
Iy ATE I o i o i
3.2 TET gE =R
3.2.1 TET |&38

Wi P R I RS AL, X SR AEAE R I TR) Y HS I IR A e i iR B A R
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RISy ARURFAE R W 28 B (A R T R . R I A ook, FE B RS 55 A&
f AU P ) 5 R IR 1) A ARREA T 40 o RV, X SR A T D T AE I AU Hh b [R]  RL
A ERESCRFIFER B, BILTERE IR A5 5 (ORI I SRS 1 7 TR BB A BR 5 502 %
TORE AR RS T, XL A I A0 B T BOE DUOKS 4l 4 FL B S R 1k
BRI, 7R AL BRI AR A I SRS S I, VR 30 A D7 ik B = IR 1 AR TGN R, 7
3R 07 I 5 Ak S DA TS 4 T P v O

RISy 2 e, @i 3-1() s BUE G5, R Brt38# (Short-Time
Fourier Transform, STFT) FI/NEARH: (Wavelet Transform, WT) A& & 1) 2 1 45 5 4 1]
3-1(b)Fl(c)Fi7n. YT STFT, FATEFEEMREA/EAENE L, WHKE N 100 M
Ao SHF WT, AR Morlet BEECR AL FLIX PR S5 5. FTLAEH, ERE 7 L,
I A1 T o ) M 25 70 B EU R A I e e ) B S 0 B B R . AR A N AR
AT LLSRAS I AR A0S 5, (L6 ZUATG A 0 7 I s A 1) i

1 T T T T T T T T
1 L L L L L L L
0

1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BT

(b) 2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
B} 1A (s)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NETS)

K 3-1 (a) 253 (b) STEFT 4R (¢) WT 4R
TET B4 M 7k 2L T STFT AEZR G TS m it AR, AHREY RIS
AMEEAE S . BHEIFW T STFT ] LAfE R~ A :
G(t.w) = g(n-t)-x(n)-e""dn (3-9)
Hr, g=(n-t) NEEE, x(n) NET
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IRLTCR S WA, P SR B A, N R AR AR
W) RIRY BB A o 2 bR B B AR BELDS TERR K, e oAt ity o8 %, HALAE
SE U N AR 73 B FIA 1o FLREIEAE 2 RRAE AN I (A1 ANTE — /N s R AEAE BRI
et IS E T EA T A, Roroy:

X;(t) = A-5(t—t,) (3-10)
Horp: ACHIRIE, R AMEEME; S(t—t,) Ttk v sk ) e Mg .
XA 2(3-10) i fE JL 5 445
X;(w) = A-e7% (3-11)
A3, BL 200 Hz f1 A=1, t,=0.5s yf, F+ 5 EMHL UL SR . Sk
55 IR N PR A ] 3-2 (a) AT (b) e AL Tefs SRRl _E RN
R SE N ZI I ARIEAS 5, T AT 2 00 A AT KR P o KL 515 5 B AR ) I AR AE B
AR PLTE AL ] RS A E LA BTz A . SR, AEF STFT AikAb ik
PSS, K RwE 3-2 (o) FrERIMIEE, A ve s 5 Em T L Ee sy
AR B E RIS . X PG TR AT e E AR, 58T
fE B K R TS 5, STFT tHVESEIU AR (RS AR . A T HARHIERE STFT 45
fIB A EE R A, B 3B-10)T AK(3-9), AT
Gtw)=[ g(n-1)-A-5(n—t,)-e™"dn

_ (3-12)
=A. g(to _t).e—lwto
~ _ 002
= B
w05 I 0.01
£ -
0 0 . . . .
0O 02 04 06 08 1 0 20 40 60 80 100
HIEGs) HI% (Ha)
(a)ty =0.5 s Ik v bR EU(E 5 (b) Hiits

M AEL (V)
o
o
&

@100 0.01 T T T
an 80

5 oos|

X 20

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
B (7] (s) B[R] (s)

o

o

(c) STFT i [&] (d) @, =50 Hz ALIRHE B U] A
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0.5

—

0.2 0.4 0.6 0.8

Hi% (Hz)
mbmooé
[eoleleolele
MEAEL(V)

o

0.2 0.4 0.6 0.8 1 0
i A (s) o [E (s)
(e) GD t,(t, ®) () @, =50 Hz It} ) GD ]

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
I 7] (s) IS TR (s)
(g) TEO (h) TET 45 %

3-2 SR AR U ]
STFT K pFEE T — RII B A IREIE (GD) WRE, B4 REUY GD 45 T it
AR Rt o AEIXFMELET, X TR ENREM S EOT TSROV RE, &R HER i

/_\? GDS; EI:I
0,G(t,w)=0,(A-g(t, —t)-e7)
=—it,A-g(t, —t)-e" (3-13)
= —it,G(t, )
X} b A A HAT 3
_i0,G(t,0) ]
t,(t, ®) = o) (3-14)

NT EIRA R, SHE 32 (o). B 32 (), BRI T, XFRmaHr
J1iE, B 5 HIREENAZAEFTE t BRE], A RAE— N R]E A R
NTREBEET EOILSR, RE t NZINE S Re R, ARSI T —M S ARy
W, MRONBESHREUE T (Transient Extraction Operator, TEQ), /Rl :
TEO(t, w) = 5(t —t,(t, )) (3-15)

t,telt, —At, +A], R*
t(t, )={° sl A Al we (3-16)

0, otherwise

SNJE, BATAT LIRS
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S(t—t,(t, ) = S(t—t,) (3-17)
&3 (3-14) FWRE TEO & —Fh 4k (KR, (NERTEt & (LE 3-2(g)

BN 1, BRI G(t, o) RN R 1 IS &R 5. B2 (3-12) HABER
AT M, 2Af STTF 45 R E MR, KA TEO WIHTI Ao 4T 77 758k Rl 25 S HUAR
(TET), HAXN
Te(t, ) = G(t, ) - TEO(t, w) (3-18)
T BRI TAEN R 7 7] B HAT E R ot RS B RE ), WO T DUKHE STFT
EAFEE, #ESH TET BFERMERA XA :
x(t) = (27g(0)) *- j_*:Te(t, ®)-e“"dw (3-19)

IKPLTEAE S TET 45 R W 3-2(h)fr. MEHar UBEER], F5H i i 4 &
KT ORI AR E S K e s S o B A R AR () B & 3-1(a) P I AUE
55 KM TET JHERHTAL . dnlEl 3-3 Flos, J&om 1 I3 M i 45 2R X L TBOR AL I
WSS, KM TET Ja NS B2 T RERETE, IFMMRE 1S
fit. BT SEUEISUEY R Y], MBCTAESLN STFT, TET (LA 5 05 1 L
T E AR TERE -

500

400
g 300
EZOO

100

01 02 03 04 05 06 07 08 09 1
i 8] (s)

300
<
T
250
h;‘,];?\’

200 ; ‘

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Iy [ (s)

3-3 75 510 TET RomiE R4
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3.2.2 TET AN B S BEWIE
N T B HVE A BT AR SR R A R, R EE AN R B AR SR B B A REAE

SINTHA R TRBAEE. E8MEN—FEEE ST BREEN TE, &

JE NI A DAVE 8 B s T e e A ISR R RS . R B R MBI AR R A AR R P e

AR T, TSR T RITR O VA SR S S SRR AE AR . R

NN EL o 18 e SCh

1 j j TFR(t, w)“dtdw

R =g % [[TFR(t, w)dtd e

(3-20)

FER S A e, 3l H 4 R S RS B B B O — MR e A, DLV I AR 19
PR ARE SRR R N 3 A 7 R g 7 AR O R R I N AR s, T S R v
b Z20 i AR SRR . O T RE— B IAIEIX — A, ABFRAER 3-1 BRI TS S
N TAEWEEEIEHIE 1 230 dB R sT EeA, JRR 1 2 M o #r 75 3% (A04E STFT.
WT. SST #l TET) RAHIXLEEMEEES . K 3-4 BIR T AR5 87 7 V5 A i) I
S E NIy e

18

—=—STFT 4}
e WT 4
16 —4—SST4E py
‘H—H_H_._._._H
151 4
g 147
]‘2
LR LS

12
M"r

10—.Ww+mwuﬁn

9

Kl 3-4 {50EEE DY 1-30 dB T ANF] TFA 75900 JE
ARy 3 dB IS S, NSRRI 3-5 Frfgon. MBI,
BRI E R MR], STFT f1 WT ¥R e IR R R . R R
(Synchro Squeezing Transform, SST) HIR B 1EI 5 55 W HI S5 5 (1IN AR RE 240,
{BAE AL FRANAHUE 5 5 X R amf R I K45 S I, a0 3-5(d)Fros, SST HAR I H
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HfeREFHAR. Wi, K 3-5b)F, M TET AL K45 F R BB AR5 7
WL MR ERFE, R T TET R 45t o A 5o

= 500
@ Z3008 .
5L 200 > = =
i 100
01 02 03 04 05 06 07 08 09 1

Fif I‘L-ﬂ (s)

< 500
T 400
(b) = 300
¥ 200
= 100
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1] (s)
= 500
N
© =4%
A 200
= 100
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
i ] (s)
(d)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
I TR (s)

Kl 3-5 (a) STET4ZHE (b) TETSHE (¢) WTHHE (d) SST4;

e JiZ FE VAR AR B &, DRI e A D e S RSB A 5 e S R AL ) R BB b . AEIX R,
WG JSE A8 FH SR DA 70 AT 5 SR o INF 070 A 05 92 F A A SRR U PR, i B R S T i e B e
ST HIRE TG

120 T
f
——— W B

100 —e— TET B4

i1 60

g

40t

201

0 EI> 1IO 1I5 2I0 2I5 30
B N\ (dB)
K 3-6 {50 N 1-30 dB N TET E 845 B 5 gk =55 LR E
T TET ] CLE @RSy, BIIHE T IRGE S TET WEME SR, W

K 3-6 flios. ATRAE Y, BEE SIS RN, JRUR1E 5 RWERE IR/, R EIRE B 2
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WG 5 BE S RHE . RS HESE R, TET 4R MEEAILECR, XUl 5 56

)IEI
S5, TET GeA ROohig B sy .

3.3 Bi&ERN SSD-TET & &4 5EMi

BEAYEIL SSD AR SEIE S S 85, SRAFY SSC 43 &Il W 5 5 AN 75 4 A7
AFE SSC eairhe WEBEAE N — PP AR % B M R BRI vk &, w2 N
TR IRENE S AT . AEA— DTN SH, IR TRl AR SR bE 1 A2 72 A
BRI REE, R EZ B ARSI S8 R, SRR B S R R S
TEASEFH S KU FEAE UK 7 5 (0 G TR M AT VP A B, 207V R A 80 977 14k HH & & 1 75
S /» & (Singular Spectrum Component, SSC), B S2I SSD KA R EM . FI/H TET
LB A BURYE, W EE S EATE T, 45 BRI, E P 0 b 2

AR 3-7 Fios.

v
TR X EIE 3T TET
| iﬁJ]\Jnﬁ | PNt
7J f2= 1 *
%Dﬁ%ﬁ? S B
v
BRI R 4 T WK T
v o=
SSD Lt 42 —
N S
A g
A A
L

¥ 3-7 H& R SSD-TET Vit 2 ]
NYAEPT R ERACR, MG — A vk rh T EUE 0T AR S, IEWI PR SRR K
Ph o MRIER B AR SR AT 5 A A R BRr e, L Py P P R AT R, B AR
LY
X(t) = s(t) +n(t) = 2 Ah(t=iT —z) +n(t)

A = AbCOS(Zﬂ'frt-f-¢)+1 (3-21)
h(t) = exp(-Ct)cos(27 f.t + @)
f.=1/T
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o x() WUTEME S, s@) MfdiRoy, n@) @SRy, o RoRAE i i
M REL A P IBE RS, CONERARL . f A RN SHRSE
P9 P T A A B, T Rk R A A

9T A0 P PR R AR 90 Hz HAIFEUE S, 4 C =700, RRHIE
fRERN 16 kHz , AN 0.5, BHIK 3-8 (IS SHBE, Efhdt+aE,
T LY SRS R R S R B S A, S SR IN-15 dB R R R, 45

B EMEAS S U 3-8(b).

T 4 T T — T T T
2 2 2
s LAALALLLRLALLLALLLL S
0 0
0 0.05 0.1 0.15 0.2 0.25 -40 0.05 0.1 0.15 0.2 0.25
B J|) (t/s) I 8] (t/s)
(2) 17 FAZ 5 A (b) Iy FAF 5 A

[ 3-8 i FAE 5
M A STFT #3215 5 IS AR5 an 18] 3-9. % LL &l 3-8 AT LA B b B sy D& 58 42T
BoEme g, A 3-9 WA R IR iRy fl, TR E pR i ), RS
PR AR, R B2 T T IROR

N

A (kHz)
(2] £

0 0.05 0.1 0.15 0.2 0.25
I i (t/s)

P 3-9 STFT i 45
RIFASCHHR 7, SHE ST, 2R BIER SSD 5 /il i K o il 2
o, B 3-10 B, M K=4 BIAFLERAS SSC BRI A2 B AHIT BRI £T 2845 H X 35, AT BLIA
NEKRIMRIZEG B, BT . RIL#E k=3, SREE 3 4 SSC &N
3-11 fios. SRIEXFEIH 3 4> SSC - &5 S REATHA,  Fa I fi AU B2 o DU 7 e 2
s, FIERRIE 53T TET &, RAEE) TSI EER SSD-TET I,
i 3-12(d). MWHTFTLAE H,  BERSIE A AR BIRFESR 90 Hz % B2 1] T,=0.011 m s
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FIAEBR 2T,=0.022 m s, wJ ATHERA A8 ) JYI PEavol (X R i, o i P e P SR A

8000 ——2 8000 —~— 8000 —~—2
6000 6000
6000
4000 4000
4000 2000 2000
1 15 2 1 2 3 1 2 3 4
K=5 K=6 K=7
=
E 5000 5000 5000
¥
B
0 0 0
0 5 0 5 0 5
K=8 K=9 K=10
5000 5000 5000
0 0 0
0 5 0 5 10 0 5 10
HRE

B 3-10 [ SR P vk

SSC1

SSC2

SSC3

0 0.05 0.1 0.15 0.2 0.25
I g (t/s)

K 3-11 HidE N SSD il 5

N T IRAERTSE H&E N SSD-TET J7 ikt 73 7#t47 EMD-TET. VMD-TET LA
JFuAt 45 SSD-TET i B SE 5 ELRHIE .

MK 3-12(a)(b)T LAE H, EMD #l VMD 5 TET Hik4E A HRERAHE, AGEE2
SR RIS R, AN RRHI e S 14, T 3-12(c) P& Sl SSD-TET J5 VAR AEHER
o I, MRS TIREBOR. MIEES RAEL HIERN SSD-TET 5 3 i 4 2
H T REER E R ST R . B 3-12(d) T LB H, e R 7E P R AR
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Z), MERED, DIEAEAS b i SR A T SIS, R B B[R] 2 R R LE
3-9, TET WHEIFARR Em T st s At 20, SR 3] 7 i), RA BRI
THLRE

~ 2
=
=4
3
& 6
8
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
it il (/s) I ik (t/s)
(a) EMD-TET (b) VMD-TET
<
s
=
5%
K
0 0.05 0.1 0.15 0.2 0.25 0 0.05 01 0.15 0.2 0.25
B} i (t/s) b il (t/s)
(c) %% SSD-TET (d) HI&R. SSD-TET

K 3-12 B SLI0 0T b 45 R

SR BAR S TR, IR U5 A A B IR S R BRI, BE S SR A E
s R TR R, FEOREAE S BURHIE R RN, S 1 dkbis e . HEFE Aok
FIE A3 R, AEE S T SR AT AR ISR . LW 1 Frié SSD-TET Hiki&

BRVESR, IR, A5 ST SR R

3.4 RV BUR S EIPEI2 B SLIE I E

I RV BEE A AT . BRI R SRS, B T RERERE, W
K] 3-13 Fm e 186 53 R bR g 7 4 Do 2% 1 Re A AR 1 R

N7 BRI A R P B, AR EE AT T 2R 8UERE . RN, &Y
R R A T E BRI SR AT VA LL T, S5 R 3-14 PR R XTI AT kI, AR
B A T, IR A ) R R R e R s . AR, ERMER TS, X
PRI R, OB 2 T UL . AR AR (LA RV Jdod B 12
WTHR A T AR, WoR T AENUR R GBS T O X 3T 6 T A A R
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P 3-13 RV JldpL e

— WA E
—— R

0.90

U

I

Xk

0.84

0 100 200 300 400 500 600 700 800 900 1000
INfa] (S)
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4.1 TEIR R LR JRIE

4.1.1 RNN 4% 5 LSTM W 4& R T8
YERN—F T B AT A N 2%, [HIA L 2% (Recurrent Neural Networks, RNN)

B ELAE 1990 R0, SALEG R 2 N 4 (IR 4% ) AHEL, RNN )%
K R AE T H NI s . B 4-1 Fios.
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I AT, f (x) FARERRZ A AR Ze M s s, W AU/ tanh B3, RNN
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K] 4-3 LSTM 2% 444 1]
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FRAFEIFEACAZ B ITIRES, W, FTb, A2 1212 5 7T AL EE A &
wa, T TveE 7 AC iz o iR E BT s mafa , fa T RIA O
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h, =0, xtanh(C,)

(4-3)

(4-4)

Hdr, o NI TR, W ATb, NEH TTRORCE AR E, 1 h, A& 280 % R
92 i HH
4.1.2 GRU MR JRIE
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NFREPIZ— A, Cho &8 A4 7 GRU B2, 5 LSTM AHEE, GRU K45 fiifk |45
), BOH TR ITANGIZ s, RORE TEEITMER . XM 7 Mg S,
BRAR 7 R 20, JFIRTT T8 30R . GRU SRS HIE 4-4 Fion, HELIK%
THE AR KR N G LSTM B4 528

HE] B
hr-J R Jl,
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 Z I T $;
» O o h~r
A A 4
» tanh
xr
] 4-4 GRU 45415

GRU 84 A iy 558 ] 48 5 I8 49 S HT S 2 b 5245 BAE A ariRAS i szmg Le ], HAE
HEMEREZ P PEHEE. EETTNER KRR, BRERBENIEEERESZ, XA
Bl 55 70 7E A PR S B0 40 e 5 0 b e B B (AR . 1% BT B R IR =T A E
D&/

rt = G(\A/r[r]t—l’xt]+br) (4_5)

He, rAREE], W RAEETWRERER, b RAAEE T EMRE =,
h_ %o~ -1 B ZI 0%, ¢ 2000 07 5205 BN

fE GRU A H, BT B4 B 2 0 2 R A5 S AE A AT 2R 1520 LA
R TRE BRI, BEURE ARG SX Y AR S S AR R . XRRHLH 5o
TR E b PR e 51 B0 s R b S Al D S (S S S R B B E . IR
pri WD By (1
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BCREFEFE AR B, 2 EE TR, o RonBna ik, Bl a, Whif
ROk Py S A5 B 5 BT AARSE &, A2 BRI 2 R IR S .

4.2 BETHHECE AL TR RS -GRU BY/MEZR B i& N R R 5 fp U iR B

4.2.1 1RBU D IFIESR

FEHAT RV I & 5 55 PR g i A v, ISR BRI KRG NAER
SE (PO S P9 R I e 5, T L R A R SRR IE RS ATIRES . Rk, Frakie
(R s I O Rt e — 7T, T A I R e 1 R G 2 A R A I ] A
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4.2.2 FaFHERRIER

RACR MR RV RIS ar R e bR 2 —, EA RO 7 F 5B R4
FERF € N 2 DL P i T e o A8 AR T dh R SEPE 0. AR am PG . XURS E A A
L HEAE S ) 1R € S5 7 T R B A o I, R R BCRAE N — A PPl A 2
FEH G

FER I TR D9 77 dr L B AAR U B P, SRR AT R 9 A 3 (4-8)5E 3= BRI

TAERF R ) R e Z )5, 77 A R S SIS TR P H 3R A R
Pt<T<t+At/T >t)

HO =l A (4-8)
Ve
Pt<T <t+At/T >t)= PEST St+AD _ FE+AD-F(H
P(T >t) R(t) wo
H) = lim FEFAD-FO® 1 _F'®) _ ()
At—0 At R(t) R() R(t)

BEAE RV I 25 10 77 A0 AT /R 0 AT, 38— i B T T S AR P R R AT
HAKTT S, RV Jkid 38 17 i nT 1Ry — S 808 /R o AR, (258 Y 78 A G 4tk
W) AN ZERER WA R@- 10007, R LURIR S HA L] 25
B, HERRRER RV Jod 25 75 FC A8 A 9 P9 1) 2R S8 2

f@)=(m/n)t/n)" " e-(t/n)">0t>0 (4-10)

FEZAX, F5mERTRSE, 1y WERER i 2R .

BEXT BT R 34T, AT RAE— 2 S ™ ) S 0 AR Rk K,
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FiO) =] f(tat
= [ min)tsmmie Ut (4-12)
—1—g Umm
NP & T TN
Ha):%%%=mwnxqulnzo (4-13)
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THEREPLIR N AN IEA a MEP,, R

_ 1
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