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FAULT MONITORING OF INDUSTRIAL ROBOT MOTOR
BASED ON DIGITAL TWIN

ABSTRACT

With the rapid development of robots and related technologies,
industrial robots have been widely used. In the manufacturing field,
industrial robots are an important part of the production system, and their
performance directly affects the efficiency and quality of product
production. As the power center of industrial robots, motors are responsible
for driving the movement of each joint of the robot through precision
transmission. The running state directly affects the reliability and stability
of the robot.

However, the structure of the motor itself is complex, and it is prone
to problems such as rotor imbalance or bearing system failure under
extreme conditions. Therefore, real-time fault diagnosis and online
condition monitoring of the robot motor are of great significance. Aiming
at the problems of insufficient real-time performance, low diagnostic
accuracy and difficult acquisition of fault data in traditional motor fault
monitoring methods, this paper studies the motor fault monitoring of
industrial robots based on digital twin technology as follows :

(1) Digital twin technology is used to model the industrial robot
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system. According to the five-dimensional model structure of digital twin,
the digital twin model of industrial robot system is constructed by using
tools such as Unity 3D wvirtual reality software. Then, the data
communication system between the robot and the entity is established, and
the robot condition monitoring system is built. The real-time state data
related to the motor in the robot system is collected by the sensor, which
lays a foundation for the visualization and fault diagnosis of the real-time
operating parameters and states of the motor.

(2) Verify the consistency of twin data and measured data. Based on
the MATLAB / Simulink function module, the high-fidelity digital twins
of the motor system are constructed, and the twin data corresponding to
different fault types in the twin system are collected. The consistency of
the twin data and the measured data is compared from the two dimensions
of time domain and probability density distribution, and the feasibility of
replacing the measured data with the twin data for motor fault diagnosis is
verified.

(3) A motor fault diagnosis model based on convolutional attention
temporal network ( CATN ) is constructed. In order to improve the
diagnostic accuracy of the model, firstly, the global features of the twin
data are extracted based on the convolutional layer combined with the
attention mechanism, and the weight of the important feature data is
increased. Then, the long short-term memory network is used to capture

IV
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the temporal characteristics of the data, and the running state and fault type
of the motor are evaluated accordingly. Finally, through experimental
verification and comparative analysis with CNN, LSTM and CNN-LSTM
models, the effectiveness of the proposed algorithm is proved.

KEY WORDS: industrial robot motor, CATN neural network, fault

diagnosis, digital twin, monitoring system
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TRAF IR BB e«
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N, —%[N (l—g—;cosa)+No(1+§—;cosa)] (3-5)
Z MR R T LA A
N, = D—m (Ni - N,) [1 — ﬁ)2 cos? a] (3-6)

R A BT LR, AR E AW, SMENINERIE SR
SR AL B kA R B AR T PR AR IR B, BT AT IR B AR B, R
RENRSITRELZ), WIE RS 2 TT AL ff

9 = g0 + wet + T2 (3-7)

Horb, oo NIRENKIIBIAETTRLA o NIRER IS AL
RNHRLER SIS, Wik S WA Z e AR AR s, AR E
QEZVAE
8 = xsing; +ycosp; — C, (3-8)
Hrb, CONRENARAR R R o
BIRBNFARAE SN A IR SRR — Kb R A SR B W, TR B AR B N i
SRR DI, AR A R A AR, AT
8 =xsing;j+ycosp; —C.—H (3-9)
Forr, HOWERBN AR N GRE X EE R (m) .
HAME A SR SRR, Hit 5 A 0y:

{0 ,cos(6; — ¢,) < cos (w")

FoJ(E) - (3) cos - 90 > cos (%)

Hrb, wABRMETERE, @, NIMNERNRAFMALE, o Fh Rl HR AT NI £ 582 o
2N A AE R BRI, HH A O

0 ,cos(6; — @,) < cos (w")
T T st 0 > on ()
Horb, wHBRKETERE, @ yNIBAN AT AALE, ;P ISR FE R S 58

RN AR E SRR I, 4500 5 FAR A 2R A e Rl 2k
RAGRILNIRG, PARAEFRF AL, A R B 5 Sl A R B s PR3 B A

(3-10)

(3-11)
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RV, ol PR AL A A B T SR 5l T
TR B 7 PN P PR R P A

fi =%mfn (1+%cosa) (3-12)
23 B Al 7 471 P A e R A R
fo =§mfn (1—%cosa) (3-13)

3R BN A ) TR R AR «
fv =%fn [1—(%0050{)2]% (3-14)
b, DARATIRER, dNENMEER, oM, mRENENE.

33 B AGHFEEER
3.3.1 ¥R AR

N T EI TG NN SEPREAT ToL, JFRAERSN 5 IR 2 IR 40
A BT E I 1A AU AR &, REAFNIRES T IHASE S, 5
U 3-4 Pron, GIEIRSENL. IRSVE . AR Wk shds . Bl shaR i
e BRI

ilshazes | wiksh =
il 4% % B L
S 4 I/ -2 1 L\ 0 ~
s ﬁ;"vvuin:— e

3-4 MR REIK RS &

W8 & HORE IR B A% A OB AR DN AR B8 b, A IR 12 07, R
i A NI U R, ARSI 3-3, R EdERE R GAT IR
TIREE . PR R & 50 6005-2RS SKF, Ffdid 2 U1#im) 77 253l
FESMERLE 0.2mm (YRR, ENEEANRE Imm 5 Smm K/ 2 Fiifs,
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WK 3-5 78, FHIEREN 1000rpm, FEEFEREAL. MBI 1mm R, N E
B Smm FEEUERELE HME R RS O T IREBCEAL SRS 5 S 5

% 33 RANE S
FAY SRR it SRR
LLRSy SAED0005 Hig 28

REPUE mV/g 100 FeAEA R NG

T ) RABUE % <5 JE HA R (GRS

BEVEH g 50 gyl By

7 HER mg rms 1 R 1EM%

B (1 1dB)Hz 0.5~6K “aZ il Q >10°
TARREC -20~120 iy 1 77 2K Tiidm L5

(a) b (b) PP 1mm il (¢) PIPE Smm il
& 3-5 R ks 4 s

3.3.2 £F Simulink ¥ B A FhAIEE 1R EY

MATLAB {ENHUE VA TR B, 3R 48 T s KM EUE TR I 5 3
I EAEA R . AR AR s @ e G 25 T Simulink KA 22 HEHL-fil
ARBCFER AR, DU L A RIS AT IR

SR & AL 2 2T PLIE T 28 (19 PMSM &, 54 m LLE £
i H Simulink HC AT PMSM B8k, AR LI E 7 HUBE. B sl Bt E S ons £
LZHNNHKE, A 3-6.
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Z TR A 22085

| [Pl misnegz pMsm X |
Permanent Magnet Synchronous Machine (mask) (link)

Implements a three-phase or a five-phase permanent magnet synchronocus machine. The stator windings are connected in
wye to an internal neutral point.

The three-phase machine can have sinuseidal or trapezoidal back EMF waveform. The rotor can be round or salient-
pole for the sinusoidal machine, it is round when the machine is trapezoidal. Preset models are available for the
Sinusoidal back EMF machine.

The five-phase machine has a sinusoidal back EMF waveform and round rotor.

Configuration Parameters
Machine parameters

Compute from standard manufacturer specifications.

Stator phase resistance Rs (0hm): 0.5

Inductances [ Ld(H) La(H) 1: [3.87e-3, 3. 27e-3]

Machine constant

Specify: Flux linkage established by magnets (V.s) d

Flux linkage: 0.44

Inertia, viscous damping, pole pairs, static friction [ J(kg.m'2) F(N.ms) p(O TfMmIl: [0.013 0.008 5

Initial conditions [ wm(rad/s) thetam(deg) ia, ib(A) 1: [0,0, 0,0]

Rotor flux position when theta = 0: Aligned with phase A axis (original Park)

i (0) i () T8 (1) R fi (a)

K 3-6 PMSM HLER S 55 E
SERUG, X HEMLSEEG AR R AN AR AR A TR, i anE 3-7 AT 3-8
FR o

el s X
Step
i R 7S
& FE5E%
R
2
HIAH{E -
0
#H:
1. 1950
PRI
10
@ SR — YR
@ FHREEE

TL

| wen

| aes

| ane

| aee

#i7E (0) 5t (c) B (1) FzH (4)

Kl 3-7 B8 I SRR E
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[Pa] miezg S X
Constant

BRA—UEmE TR, W
53 B (AT R O

TE  F5EME
W E{E:

1000
8 B ES RN E
PRELNIEE

inf

1000 p

B© || mB® | R ®

K 3-8 L S HN A
TS SEBCE )G, RS SEASIRRA, 15320015 3-9 Bros 5 ALK
B ap A i, AT R AR Y AR e R
Vq Ualphaf—>|Valpha

pulse

Vd  Ubeta Vbeta

Anti_Park SVPWM
Tm Te—— ’{:

e
A The Te
vdc m m b €
B labc Pn
s
C Wm ——‘

Alpha f—— Alpha ';

[0

iabc

Beta Beta C
Q Glark

3-9 Ha AL A AR B AR A A A

34 BHE—EBUE S

HARIET Simulink FTA4EE ) FEML S AR B 28 A R L o B 0L LKL 3 7R 7]
FEPE G RSF ik Ra, AR O 2R AR BB 5o AHUR FILIZR SEBR T E R 248,
AR R Z, R A AR A il 10 208 A 0 R S B8 2 TS A7 AE — RE 1)
ZESE, K MRS T i b A e 85 B2 23 A7 1 07 T B UE 2R AR AF 5 AN SNE 5
I — 2k
3.4.1 BHEXTEL o4

BT HE N 1000rpms FAECN 50%H) TAEMEE T, fl&ASZ IR S5 B
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5 A AR AR AR S AT R LA, Al 3-10 51 3-11 Fos

0 H 1I0 1‘5 20 0 5 10 15 20
6]/ s f i) /s
(a)fE FERAS ST RSN 15 5 I S T (M&%%*%E%ﬁ%ﬁﬁﬁ%%
| dlb '“.i_E
| ' ks ﬁ4
B 5 10 15 20
il /s HTIEJ/s
(c)F1 P ke SIS IR 3045 5 I 48 T (@%Eﬂ%?iﬁ%%vﬁﬁ&%
: : Y
B 0 1 m
‘ - 0 3
0 5 10 15 20
i a] /s Iﬁl/s
(€)M P8 1mm # R SR BN E = IS T2 (O B 1mm R AR BNE 5 B T
0.5 ‘ : :
= o0
=
-0.5

0 5 NF&T(j)/s 15 20 H“LIJ/q
(@) B8 Smm M ST PR G SIHEE A (h) N B Smm #E2R A IR BN(E 5 SRR

B 3-10 IR B ARSI 5 2R R RSN E 5 I 8O
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EAE/A
B/ A

o W,

[l
[l

0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
ffia] /s I TE] /s
(@) {8 FREIR 25 Sl HE A5 5 I s T (b) [ FREIRAS 2R AR LIRS 5 I Ik T
= = 0.5
fu =0
= = -0.5
0 1 2 3 U.‘5 1 1.15 2 2.5 3
B 1a] /s A ] /s
()Pl e e SN L YEAE 5 I Jap T ()4 Pl i 22 A L YA 5 B A
2 — 5 T
= =
e = 0
= L
. . ‘ -2 j | l L ‘
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
M fa) /s Hf1E) /s

(e)PIFE Imm ST RS Sy (DR Imm #RR R A S 5 I HY

2 - ‘ ) ‘ : : ‘ ‘
== =<
~ ~~
i =
_2 L _2 L L ' I L
0 1 2 3 0 0.5 1 1.5 2 2.5 3

] /s INFTE) /s
(2) [ Smm Sl Sl i i (E S ki ()R Smm SRR AR AR 5 I A0
] 3-11 SR R SE T 5 2R A HRAE 5 i s
MBI, o B LA R AR (S S RSG5 (R ) — B0, BRI AR SC
VBTG bR« BKTAEFR . 1 BT AR AT B FE AR 25 I 1 55 HFE AR 05 4T 2 W 36
Fix AL 3-4 o

# 3-4 WG THRME
BOVARR fik i EbR by UK B4R bR
1
Xrms Xmax Xmax =y x}
KXo = —— X = —— Xy = —— _n =1
s | X ! |X| M X Xk = X4
™ms

T Xy B1E SHITT, IXDRE SUNIIME, Xpax WIS S, X 9055 T RIE(E

8 S &1 =1k e S ERE RS % S (1 QUK (=8 79 I o v KSR i ol
FEERRRE, MR AR AT DS R B A A RO AR P, U BESR AR T USROS S [ e
RRAES2,

R P e (R S AN AR A A5 5 20 il BEHLECIR 10 BL, BT HR30E 5 5 HRE 51
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KAFMRAE D A S - B B R O 2000, $R8015E 58 B =K
FE 25600, X AELBEJS T RIREAHEAT I SUGE THRFAE 70 B RG2S
SN 5 AARAAE 5 IR GE T FE b B S AR 22 1038 3-5 53K 3-6 Jis.

R 3-5 PRBN I ANZEAAE 5 WG T AR A S HA (i 22

SRR HAY BIEARRR i1 QUL {=E A (VL% (=1 7 UF FZ b
S 1.034 0.548 5.341 3.333
1B R 1.068 0.545 5311 3.369
FES 22 (%) 3.29 0.54 0.56 1.08
SEN 1.146 1.78 18.15 3.504
4] e 1.186 1.765 18.204 3.512
FEXT I 22 (%) 3.49 0.84 0.3 0.23
S 1.08 1.096 10.412 3.4
M B 1mm i 1.061 1.105 10.507 3.425
FEXT 22 (%o) 1.76 0.82 0.91 0.74
S 1.193 4.384 42.969 4.777
P& Smm 2 1.185 4.591 42.547 4.558
FEXT I 22 (%) 0.67 4.72 0.989 4.58
# 3-6 LU FI AR A A5 5 HE Ge T H i bR T E SR 2 AR 22
R AL RKAY BOVARR Jik R bR EFRRR M TRAR
S 1.258 4.753 23.647 3.649
1B aEE 1.328 4.999 23.881 3.727
FHXT 22 (%o) 5.56 5.18 0.99 2.14
S 1.247 4.618 22349 3507
41 Bl kg 1.335 4.64 22.683 3.578
FET 22 (%o) 7.06 0.48 1.5 1.45
S 1.397 4.537 11.643 3.472
P B 1mm st 1.332 4.702 11.385 3.649
FEXT 22 (%o) 4.65 3.64 222 5.1
S 1.388 4.627 11.796 3.928
P18 Smm as A 1.335 4.836 11.414 3.663
FEOT 22 (%o) 3.82 4.52 3.24 6.75

I EAA W, BB VYRR G TR AR 2R A B AN Sl K 2 18] XA
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T ZERL/N, e AR ZE A A B 5 T 4R bR, 183 7.06%, AbT-& 211
ZEE ST, T Je AR A A R S I 5 ) A7 AR R 2 (R R R A B8 SRR
B AR PRSI R R G T B8 B R 58 4 TR AR BRI B Akt L B
WESHW TR, Ak L, ZBEESS5IES BA = EN— 8.
3.42 BEREEX LR

I T2 A A R 22, S B ALl R 1 2R A AE S AN S RS 5 AR 4y
AFIEERMA TS B A SCE M EE T2 E AT (KDE) RIMZ 51
MAERERAL, s (3-15) , XA SRl (s 5 MZRA (5 5 AR AN A6 FE Y
oAt oL, ZRAE AN SR BN 15 5 WE 2R 3 B oA an ] 3-12 BT

Plx<x(i)<x+Ax]

v (3-15)

e = A

X, x(OAIRINESIRE, HAEXAx + Ax[X 5]
2

2.5
1.5 2
i # 1.5
& b
fory g 1
0.5 0.5
0
-1.5 -1 -0.5 0 0.5 1 -2 -1 0 1 2
PR B . PR3Nl (b)
(a)fERFERAS 471 P g i
1.5 - - - 1.5 .
— S
— i
L g1
e &
= 0.5 g 0.5
0 0
-3 -2 -1 0 1 2 3 3 2 1 0 1 2 3
ml{la i YRBhE
() BB # & 1mm (d)PY BBl 5 Smm

B 3-12 IR Bl AR AEAN R BEIRAS T MR 5 B A I
M R AEAN [R] i BEIR S T B3 B A B T LA HY I AR R 2R A
AN S B AR DL RE AR sy, 10 Pl T B A SEEBaz AT R R P A7 AE 25 P BE AL A
=, BB RL A R R A ST B S AR M E R, (R AT AR
IS 5 347 Ja B2 Wit 7T
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3.5 REINGG

A% R S DAL 5N L2 T R T R A A HEAT AT, MR RS
B2 S A B AR AT SRS T RS AR L LR S 5O ] Simulink
H S LA AR () B 2R AR R, R RS R R B SR T T AR A S, R
S I 358, 5 M 2 5 43T ) A AR S S RS B HEAT — BOMERT b, BRI T AR A
ST PRI R R B A T R T S AR A T T EE B
P, TS T LOR IT R R S ST, eI KA RS e 4 2R 5
RS VA
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FAE ETEFER NI FREEE AR LA EEIS

FE 57 = 5 P S B e 2R AR odls mT DA S Bt 2E 4T Fo B A K ) BB 2 I
AN B TR R = A AR A AR AT SR S U R ORI . SRR X R
ERAERAT AR, ISR AR NRAE; L CATN M2 Wi ;
B, T AR AR SR AR AU AR BEAT SO W, I A T R £ A
AT R LE 70 7 o

4.1 BHBRTALTE

TEFE TP I 25 1 OIS WTAS B v, B33 19 A 35 R I S 38 2 A DR A L A
ROPERTHERAPE R SR IR . BRI, 8 2 75 20 R ALt R F I 5 IR 30 10 2 A 2
KA B et AN, AR A BT BN -BOR A — R B, R EE
Wt 0,125 A, a1l (4-1) -

x' = X—Xmin (4-1)

Xmax~Xmin

Horpe X' RSB S ME: 02 JBIRTE: X M 70 9902 SR 6 B 5 P (1
R/MESRKHE.

4.2 (S HIFEHFHIERREL

BT R RIS AU Tk i s RS R b B 2 B 2k s, Eid
PR 55 RIR, TTAIRSD . HIRSEIRIG(E 5 IR A 5 ARBURIB TR
FE, RIS MEERA SRR RS IR RHEERIREED , BERRICE
B Wi R TSR A Lk, T i ) BEAL B B R AR AE 5 X 7 g
i B AUAN R i P SR A AR AR 2 o S o X 2 b ARV TR R A e Ik
SelaEig) » KHIEH 5 WSR2, AN, Rrfbfe s Xk
WS USRS, WA R B sh . Rl AR TOLT I, $RTHS s A A
SR T Nz A& &%, BT RAERRT, RILRBYE 7Y
BSCAR 5 R AU R (B) A 48— SR AR, I B AR AL 5 2R AR S AR HE R
NHRESRAZ ARG AT AL . T IR I e SR, AT S B e PR AT L B - B A R
e R A BRI o
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B, HFIRNES T RRME TR R DL Uk e
RPN, RS FIREE 5+ F A5 5 R iR 5 % R AN R S O 7 o
4.2.1 P15 S HFEFHELRR B

(1) A /RAARFAZ

i IRAA AR BT — PG AR ERAT, B W] DU — A SEAE I (A5 5 e o e
KA JEXRHE S R B AR AL HEAT 7 B ), ana (4-2)

Hix(m)] == [*7 X2 gr (4-2)

-0 n-t

Horp, x(m) BN EIRE S, Hx@DEIE RN H1E S AR
EIN S S R SR, %155 € XON:

Alx(n)] = x(n) + iH[x(n)] = a(n)e’*™ i = -1 (4-3)
EEP’
a(n) = yx2(n) + H2[x(n)] (4-4)
F,
H[x(n)]

p(n) = arctan (4-5)

x(n)
a(m) Mg (n) 73552 B AT 185 Al (n) | A EEATAR AL
(2) i B2
G AR e (FT) R AN S [R] oR K sl B T (8] Fp 410 e 4 il — A R AR
BB A0, ez, il BT AR S nT S0 52 AR R e R K A1 A R A
IR A7 51, HIEAA WA AN, B DNESE S £ (0):

F(w) = FI[f(©)] = [ f(t)e I@tdt (4-6)
f@® = FHF(@)] = - [*7 f(w)e™tdw (4-7)
7 FHAd HEL AR 4 b 3 B EE 4%%\&@91\/5@%%%@\5%4\&@9%
WFES, FRNTHHEEREHEMNONY)ZR T O0(NlogN).
4.2.2 BRESHHERIG A
R T e L P A A TR o) A G A B AR A E AR MRS 5 o A R R R 12 42
O B A S A B T . AR G B AR AN BE SR B 5 1 A SR AR
HAF ARG T & A R, 10 STFT I8k i 3800 & (1) 73 Be AR BN L], Sl 1715
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T BB A b o FEBOR B R R T AT A 3h B A BRAS & B8 OS5 34T AL
KRS 5 BEHUL N E TR B, FERHEAN Fr BOh a7 S A8 B AR e . X b
AT SR B 17 I 18] T A AR BSARFALE 3 T 3 5 T o 300 A% A S I A
Yeor A, B EIE T B BE TRV AL I B R o H BB TR A B I AR
(RSP € op | S G U ERE 0] 28 S SV IW: G 421 [N = R = R E R OB R Y
PR YL 1) AT AR IR RARAE 5 9x(n), W STFT HIEU 7 A XERIE A
X(m, w)=3Zx(M) X w(n—m)e /" (4-8)
H, xMARBES, o —m)AERE, mANEEHORNRES], o WHE,
nAE PR BlX(m, o)RmHBm AR E DR o 4 KR AFALE B .
T RBEE Y VI, R 8 B AR e mT DA e pl Al L AR, A
on-m)e " =g, (1) (4-9)

AL (4-8) AJ#ALA:
X(m, w)=Y1Z5x(n) = guw(r) (4-10)
TSR N iz W, iR S IRV E AV EE R RE S, B
P RENS S AL N B TAE i fer 5 m s, Mk sh s Wt 1 ikt ia
BN RE TR AU S A ) B A e SRR . R 7 ZE 4R B RE 8 A AR AE R GUIRAS 1 I
FFAEE, DAgmiEmis W ui it ST st . SERUREIR I 5, 73l 45 2
WLR BN Rl AR AEAR R . AP S N Bl (1mm,  Smm) RS TR 10 H I 28 A 208
W B R AR 7] 0 B Ty 5 4R Bl 28 A B W B R R (R R RE T, , A0 (41D
HATRG, HRHRRE ) 2T,
T, = [T; T] (4-11)
SR G AL AR A RIS RS, WE RSN 1. 24 3. 4, 5l 5L
WA R g SRR, P 1lmm 5 Smm #fEIE 4 FpilESR RGN R,
TG S 2 W R B N

4.3 EFLEBE N FEMNLE (CATN) ZEMREE
4.3.1 MERBSEENERIEL

(1) BRI L W 25

LBRAMAE ML (CNND BT HARHER R ASRECRE 7 77 T I 5 3R, e
B A REGUR PR R, AR W 28 Rk BRI NS 5
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FRIRFAE, 1 H1 20 800 27 ST B RIRFAEEAT 70 2K1%00, sk n &l 4-1 s

BRE bR SRR | WHE

Conv MP FC | Output

PNG=
Input

#
&

|
I
1
|
|

h;

Bl 4-1 B R 22 I 2% 25 g ]
BRSPS E— B AR R X T E s R, 5 2
HIRFAE . BARZE T BRI ML Jo AR IE FEANBUE L =0, R e A G Z
RENCRNEGE - B R 1 i1 e e B R S 1T T I N TR
B, iR 7250 BUE I R R RSS20 Kk g —
AN, JEx e 2 S BRI, Wb T ARG R ENAALE,
KT AT . X FHNFRIEX € RCnX W HIBBUZW € RCoutCinxKixKw

NG Z € ROouH W B RLEH N A

Zk(L])—ZCm Z Wilc,uv) -X(i-s+u—p,j-s+v—p)+b, (4-12)
Hb, Z G ) AR IE RS B0 5 R AEAL B () E: Wy AR IR 28 I RCE
HibE, RS NCoue X Cin X Ky X Ky (Ky» Ky NERZKN ¢+ shbK, HT
FERIEE R, posETS, TR RS by J9 5 kA UE I 5 O LT

WO 2 0 E E T RE AL T — 2 A 2 o i ey H O O e B AT AR 2 Ve AR
S A5 22 I 2% RE 6 2 5 B SEIN B 2% RO SUATARRALE , S 38 19 0 17 R JBE A 2 R 2% 14
RALAETT o HAZOAERARDUE : R IR R Ak 22 (e BEAT AR LR PEE A, X 2% g
Ty R R AL BAR R . X4 HOT I 1 A e itk W 25 S5 1 1 [
JRi PR— B Al AR SE 2 VR AL & oIk RO AR I S T 57 o 5 3l A7 A 1) B A% AR R I B
IIATRRERE, MR 3R R 1 Fh 22 46 0 v 4 AR e o R B9 & RE
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-
/

ReLU % Sigmoid pF %4 14 Tanh pfi £ &%

Kl 4-2 W s UK SR

RIS BN ] 4-2 . e Sigmoid BBUE &%, HALH K
BEAXNREE R AT 0, 1 2. HXRBUFER ARG H—, SHA
HXHEIG R, SEGEIETF, &M, G EP R EE SRR
W T AR EE A, SIS ECE R AR . Tanh BRECESEI A H A0
1, AEEON[-1,1], HAFAES Sigmoid FRALIIHEEETH 2% A @6 T-. X T ReLU
BB, HMAERT 0 n, HSHEWREN 1, 8% 7 HEHRNIR K
A

WAL EAEGRZEZ G, HT SRR R AEIEAT T RAE, DLRRRRE
BIRIZEE, SCHLRELE. RBRIURME R RERHIE . BT R s A i &
PR AIZALRE 7o W LAV B BOR B (Pyp) FIERKAEIEAL (Pyp) o

BE A TR AL E N T B R EREIE, R E R i)
XA E AR B, FRIET

Pap (i) = e Ty T X (s + ) -5+ v) (4-13)

SRV AR B T JR RS DX R 0 SR X S R A T R

B R M A B B D PR I BRI, I R LA b I

IVAVA-RIbIL & =P e i

Ky Ky
Pyp(i,j) = max max X(i-s+u,j-s+v) (4-14)
u=1v=1

B RKAETBAL DR B 1 30 X ) i S 2 R 59 R i X3 ) 15 2.

G R R AN 2 T S B R I REAOAZ o K o £ IS R AL S S5 4 o
ERRAE I AL BR R M N AL B IE R o, B R SR8 2 4
A i 5 FSCRFALE 2% (8] 2128 1) 2% 8] A R SR PR Bl A o LB R S I AR AL 2 AN OG0
R HRR ORI B A R e 4R R AL T B AT AL AL B, R AR R R ALY
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s 4K A AR A N G S T R R AR R G, A S
BRI IR T BE .

(2) KF AL R 2%

KA HIICIZ M4 (Long Short-Term Memory, LSTM) 1E A7EFF 12 /£ 1)
BSOS, AL SN T TR ML I RARAS B v, A AR AR T 450 RNN 7EK PR S
TR A I P AR DORR B R ) AR A R BRI S B AL, TR T
LA H A R AE I 7 OGRS 4 07 T ) JR R, RSB AR T TR R K AR
R R I A R 10102, L 2 R in 1 4-3 FToR .

La] (o) (tanh) (o]
@GS 2 4 2 B @
K 4-3 LSTM W 45 &5 44 B

LSTM M2 FE BB ST MATIAE I THS, SNTPRETHEA
A (4-15) -Ax (4-20) T

fo = oWy, g0 + Wh,_ s he-1 + We,_, ,Coo1 + by,) (4-15)
i = 0(Wyy i, %0 + Why_i,he—1 + We,_,i,Co—1 + by,) (4-16)
g = 0(Wy, g, X + Wh,__ g.he-1 + We,_, 5,.Ce1 + by,) (4-17)
Co=fr O Cr_q +icge (4-18)

0r = 0(Wy,0,%¢ + Wy o,he-1 + Wey0,Cr + bo,) (4-19)

h; = o; - tanh(C;) (4-20)

/E\:EF'y xtﬁiﬁA$ﬁ1 ht%iﬁﬂjﬁﬁa ft%iﬁgl‘jqjﬁ;{&a lty‘jéﬁ)\l‘jﬁ%}a Oty\j
HHTTPIRES, CONAIMUIRES, g o NIEEAIIRES, WHBE R, bARE R,
o()REsigmoid R EL, W =Fw:
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sigmoid = (4-21)

1+e—*

sigmoid PR AP L 48 5 I IR s 8, KRB E] 0 55 1 2 18],
Tanh()fCEXUH IEVI &%, 4 3R

e¥—e

eX+e~X

OUHH TE D) BRSO IXRN-1,1), B AEFF DX ] (-1, 1) P9 & B 38 0 2 bR 4
(3) FEREIIHLH

TEM 2 W 28 BRI R vp AR RN R GE 00 3 RPN P o AR
SHHMEFRIERE 4L T E BB . AN E RS G B e, @)
HLHICY (Attention Mechanism, AM) SZHLE SRk : 06170415 5 1 F K 32k
REE BALHE, X R AR B IR L T 2%, RIZR TG B,
RGEEEE R UM I m e, ATBL AR VI 4 R Gl & )
N —FETH R BRI SZ RS AN, AL SR 2 FO B 0 A B AT S 38 R AR ) 8 7
B, M SEIL A RUE BN L.

FHECTAE 48 CNN (1 )55 30852 BY BRI AT LSTM (B /5 [ 1984, 3 = JIHLi]
ML F A AL E 2 ST S T AR 4 R RFAE @R AR ) VR R ML I B A AR A
RIRFAERLER, A 2 () B30 T8 A4 5 ) a0 N R AIE St I BB 28, DAL 3 A 6
SRS S X I RAE R 00 MLHIRE TR I 2% [ 2 ISR I S HOE R, 1R
AUE V] 4D B8 V)23 TR T AS L i, 3 T ST TGS AN R AR AE DX 3 22 S SR £
HAzoO e Tl vl S BCE R4 B E P BRAE & b & 5 7o i AL,
T B TR LT S BRI B o A HE A

TERJINUHDE R - RO O R R 2 T (R B S
%@&ﬁﬁ~ﬁ%AﬁﬁX=umexmxeR%“,ﬁ%ﬁ%%ﬁﬁ~¢%
B RE Ay, I LR R 2 RS A ) ) B q; € RPx*Y. [ Ek; € RO
AUE A, € RV, HJFEFNE 4-4 R,

—-X

tanhx = (4-22)
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D,

v
Kl 4-4 7= IHLE S50 B
CHLS I FR W

\

Q = WyX € RPN (4-23)

K = WX € RPN (4-24)

V = W,X € RPN (4-25)
W, € RPPx . W, € RPWDxFIW;, € RPvDx 43 HI 25 h) ) g 4t ) Bk AME
o v B2V WU R B S HOE I Q = [q0, 92, an] s K = [y ko, o ky] A
V = [vy, vy, -, vy |0 A E W [ g 5 ) Bk ORE ) oA BRI R R

TR SIWLENE FSESHE (K, V) = [(ky, v1), (kg v2), -+, (ky, va) RO RoR

BIONBHRE R, HAhgr BRI EER I fia,, ERRvHRITEREESE
B SHF—AMES MR BRI g, € QFF, EiIR (4-26) FER TR LT
LASR 1S40 tH 17) &by, -

h, = att((K, V),qn)

—_ N . .
= Lj=1n; Vj

= S, softmax (a(qu k) v (426)
Kb, n 55 BN RN RRIOR ] e, Hin A OR300

BAME, a()NiERIIVHL R

TR IHLH R P73 R BORAE Bt 22 50k LA [R] IR R AIE 2R 5 SRms, He Ao
P 5 i B R g PR SRt R . i ) B S B R R 4R AR S R, T
PERE R PPy R B R S B SRREA L  EBIL L B0 o N Ak, BRIy i i mT
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5 3 RS R R R AN [ 4 52 1) 1) B S B 8 — R s [|), AT S R S RS
RIBTHEL . ZHLHIEE W R RS A4 S H,  Bes ROT AR 2 4E R AR ) A
MR R, AR 2 B = IRE AT Hat B A=l (4-
27) PiR:

a(x,q) = v tanh(W, + Uy) (4-27)

Horr, wo URMv w028l aCnT R e By o 22 2 Bl e JE2e ik
Afe, TBIURIE, HHEER. R B AA] DL E A HI e, A2
e CIr R, AR A (4-28) FoR:
a(q, k) = kTq (4-28)
(EPEESE N2 2= I (/SR Ay STl iR & S VB Wt SN
MBS, BT fESoftmax e Bk BEAL /. RIGAE BB AL |, R & )
5 q A i e 2 TR REABA B T B SR G5 /N [ Dy R AR B T A BOS BURAY, JLA M
ARER T ERTTZERIR, AR A S (4-29) -
a(q, k) = % (4-29)

R AR R R E N I VR o R e, R TR R (4300 HE
SER

H =V softmax (%) (4-30)

4.3.2 BRUEB NI FRSKEEIEIS BTk B E

CNN 638 G AL S S b i R B2 (R AIE, & TR EUE 5 i =
A EUATE S, LSTM M T Ab B 8] 3 1) Kot 38 I ML 2 5 B i
2, BERFREEH R, ASOCELLE L EWENS, JFRAER N, 8
AL, FIE CATN P2Wr A, 1Y sf iR R B EURFIE N SGUE, A ROt
T HEEIZ W AR TE AR, 2R AE 2R N 1] 4-5 PR .
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CNN&Attention f T LSTM .75 o 1 12
CNN
n - LSTM
E2| Attentio
i o
i 7% CNN |---oy =
z;j§ H @ -f-{®| LSTM | | Eﬁ
1 t-- F@ --- L
H A8
= 1
ﬁij CNN
| LSTM
Attentio

B 4-5 G ARTE R TN 7 X 28 X 28 A R HE 22 1]
BN YRR R, YR Dy X € REXIPWXD Hdh BOydit B KD,
HOFFAERE R e B, WONRFIEAE R 98 5, D osm N IEE L.
AL A AR X i N AR A R R 4T =) 0 2 A RFALE S

Hctolr{vc = ReLU( Ik{:;é 1}:’:;3 Weonvlkn, ki, d, c] Xtitknthwd 4 bgonv) (4-31)
Hrf, Weony € REWEwXDXCOHGB RGN E, Ky, K, NEFZNEEMEE, C
NRTHGEESG beony € REN B o 0 A AELE T N H oy € REXHXW'XC, 22

ARt = -

Héﬁp = ﬁ Z{i’l 2%’1 Hctbi'r{{zc (4-32)
HLC, = max HELIe (4-33)

i a
Hpysion = Concat(Hgap, Hoyp) (4-34)

EF%?‘EE}?&UHquLon € RBXH”XW”XC%AE‘@E?_‘{%ﬁ*}%i«'—ﬁ,

e; = vt tanh(W, h; + Uy) (4-35)
_ __exp(ep)

L (4-36)

c=YI_,a,h, € REXH (4-37)

BINE] LSTM 3, Befabtion:
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Yorea = Softmax(Wye + by) (4-38)

I AE CNN-LSTM B o 5] NGV /) A0 (R = i), Y pe g 5
A AR UM FH A SRR A0, T B v Wl 2 W 0 Y 1k A 8 17

Attention AL 1) 5T AEAG LAY AE SCTE 3 51 i 2 25 S I HAT B sy (19 R 1k
AL o 385 AL [A) 7 5105 s R S T s A AHE mT e i B2 A B K
fIsZm, mifEge LSTM R ex Aot T 55 o0iE, FEE B 2MEITR.
Rk, fERE CATN BRI, B 5ER] G R 4\ I B a6 A s Bdle 2E 47 45
L3R A, WA ZANERZNHES, BREPCEAM BN RRE, JrsEdii )z
WD BARYERL . ARJE, RSO IRF IR A 2 Attention HLIH, BT 715
NEA IR T AR R, I8 55 55 Wb 12 WA R IR 15 2

FERFAE 38 UM A EL 7+ 5 58 B2 J5 , Attention AL 4 A DN AURR AE F D
LSTM MIZEHHA . BJa—1> LSTM B )= ffa iR i e w217 098, B
B € MV BL a8 AP AL (1 4 BREAR S B P S8 A

4.4 WIS WRAE

BEF CATN AR, BEXHR Bl A b 1 PERZ iR 4o B 4-6 FTR -

(DEHEIR I R R I BEAR I e 5 2R A e o R oxe 22 2 2l AN sl
s — AT X b b, Bs ik L TR A 280 AR Sl B AT AL I 5 5 iR 2 W

QEHEIAEEL . KA Hilbert AR {4 HLH-AR 4 73 42 MUk 3h 55 A i 22 AR 4L
Yo SO R BEAT R AL AL &, X R 0 O 2 R B 00 23 AN InbR 22, 45
e REIE. Ba, FEGEER D AN ZAEARRNHAFEA

G)MZMEM L . S MR ZH, IR, R HAC il 2 11 2k
FEAS A B 28 Rt AT ISR, RS8R IRAF IS 240

(A HfEiZ i, M RITAL A AR AT LA AR S 502 Wi B AT
DA, i ey 2 e 45
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i FAE Y R G HESH |

[FE Tl s ] B, JRsn SR |

[Feanti 2l | [l Bl |
[ A |
FFIESR U FF AL IO
IS IAR 25 il e
| R A |
PSS

BRI
LIl =
[V |—] CATNHEZ IR |

A A

K 4-6 Wi FE K

4.5 {RBIFHESXTLE
451 KWHARNEE
XHACERJE AR R AR, R R 4-1 FoR, AR, ShE. A
Imm 5 A &l Smm 3% 4 FhAS [F R SRR T RS 5 A0 5 SR S RN B (1 FR %
FH B B o I GREE S AR
K 4-1 IR SMAREA 53 A0
MR RARRE IIREEREAS MR AL

et 1 75 25
VAN 2 80 20
W 1mm 3 79 21
W B Smm 4 79 21

452 LIGIMERE
A SEEG BT B E AL B S8R 4-2 Fis .
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R 4-2 WIEIZ WL A6 A

75 TR 2 W 2% 1 lic & 24
1 b EE S (CPU) AMD Ryzen7 7735H
2 CPU F4ii 3.20 GHz
3 HIERS Windows 11 #:1F & 4¢
4 2% RTX 4060 Laptop GPU
5 ATt R AT MATLAB R2022a

4.5.3 MERESHIEIR
FEFE TP W 28 M2 W R, R . R 1 3 00 4 ] 3 DAl Y
VERE B B B . HERf R R P FEA R BOER 7 SRR AR, AR A 208

TP+TN
TP+TN+FP+FN

Horb, TP ACRMAR AN ISR MR A TN AR R I i T o 71 58 1
FEAE PNACRBARLE R I Y R IFEARL, FPACRA AL B R I D 2R 1
FEAHL

AR R GR AR AW O ISR IOREA R, SERRoN IESRAG L], I DL AR A 7y 38
11 TSR P B 7 /NS WA

Accuracy = (4-39)

TP
TP+FP

e A B R Ul AR R BE NS IR B U0 KRR FEAS, AT R R IR . (HAEAT
T ERAERITEOL T, RS AT RE oI A i S Wi L g Rtk DL R 2 5 LA
AR A A .

B R R R P S PRV IESE I REA R, IEm I o ISR A e, A DL
PR R A BRI RE T, HATH R A ZON:

TP
TP+FN

EREIEES S g Stk A0 oA BIE [ EEES DN 24 €. {8 £ NS s e B 4
PLEs N RS I EEL, ROk AT a2 20™ =1 % B M Tk,
RIE, KSR S A R B R AR RVl o (oG8 el A, AEAE R 2OEE F1AEK

ek, A

Precision = (4-40)

(4-41)

Recall =

F1 =2 x PrecisionXRecall (4_42)

Precision+Recall
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454 EREIFLL 74
KH CATN i W X AR R 3E4T B i 2 b, S T8 R AL RS2
WA %R K 97.0149%, K 4-7 Fis.

W AR HER %2 =97. 0149% :
2] 2
w5t 3
=4 #3
K ol
) fog 4
= 2
88. 2% 100. 0% 100. 0% 100. 0%
l L L L
10 20 30 40 50 60 1 2 3 4
FEAEL IES
(a) CATN WAFE A Wi 12 W e i 2 (b) CATN M Al 512 W VR v o

K 4-7 CATN SRR A b 12 W 2 55 TRVE AR 14
FEAHEFUH, D5k Fr s i AR 2 T 4 222 DX 2% PRl B 12 IR A Y X A 2, 3R
T CATN BERLRZ W 45 1 5 B 12 W7 3647 176 EE, B3 CNN.
LSTM A CNN-LSTM.

98 97.01
0 95.89
94.52
94
w92
i3
& 90 89.04
88
86
84
CNN LSTM CNN-LSTM CATN

P 4-8 AN [T v At 22 0] L ]
&l 4-8 RI A, ASCAE ) CATN W2 Wi Y (1 HER 255 21 T 97.05%,
FHEC B — 2 /2% CNN 5 LSTM, #EBZ 73705 7.97%H 2.49%; = Il
HIBIN, AR MER . CNN-LSTM Bl B S I A 2 1 1.12%, FH
PR . R, IS TR BRI F1 BT, i ANIE

48



i W N i e 2 DA TS

BAE SR R0 Th R I, 45 R ANEE 4-3 Fos.
2 4-3 AR REZ MO0 L

B R (%) HEZE (%) Fl
CNN 92.625 89.35 0.916
LSTM 91.675 92.675 0.922
CNN+LSTM 95.89 96.17 0.96
CATN 97.05 97.5 0.973
HZ 4-3 1550:

(1) X THR—HZE MR, CNN 5 LSTM MaefebrtHiz. {H CNN FHH
JREE SRR AL, HAREHIR N 92.625%, B&ET LSTM (1 91.675%; LSTM &
KA 4 R FREE, A B 92.675%, =T CNN 1 89.35%.

(2) 455 CNN B R BB ARSI S LSTM I Fr @ #iRe 77, #)8 CNN-
LSTM MZR 7, JRERIRIL S T 95.89%, AHEL CNN 5 LSTM #7843 5l #2 15
3.265%5 4.215%; BERGHIEE T 6.82%F 3.495%; F1 /330t T
0.044 1 0.038, KHIE—ERE E, SIEREIEIRIA TR

(3) ASCHTREE) CATN BZUTE CNN-LSTM FER it b Rls T iER )
B, S SR E R R AR AR A L A L, 2 MR R E S B R, @ T E
TEMRRE B RIG IR A, S YERRIR R 19 216 Bk = . CATN BLALKS i
FAHLE CNN-LSTM #5248, ¥, HAREYE F1 58000l 7 1.16%. 1.33%
F0.013. LA ESzae g AT H A AT BAIE 7 A SOE S A A hLH . ONN 5
LSTM Firi4 @) CATN il i2 AR, R A 385 P SIS FE L e 2 FC e 14 12 7

I

4.6 NE NG

ARPEAT CATN SBE12 Wi 2 I 25 AL R ) i 5 00 IE . B6 T35 = & rh AR
AR A ) AR A S, B R AL S S MR E R I S RS, RJE
i F CATN BRI AT SEG0UE, FFF CNN. LSTM. CNN-LSTM #1285 W 45 % Lt
SIAT, U BRSPS 19 7 R A L A R R 2 W T PR A R
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BSE REERE

5.1 B4

nnsN=

AL UL TNV N L AR TS G, THR A St B AL e M 0 ¥ A7 A S I
VAR 12 Wk FEAR S s s o DAIR S I 3, R 7 2R AR R IR %
>, BT DN A R G, ST DAL A LS TR T
WS R REISWT, AR AR T

(D) RABCFERAERARBAT TV N RGN 0 I A28 4 A
45K, ESeMA Unity 3D MEAIILSLE A4 TR TIHLEE N RGN EF22 4
AL ARG S Sk 2 (R AR B S RS, BEEARESEN RS, @
AL AR RN AN R G h 5 AU 1 SERRRASHE, A HBALSERE TS5
HURAS AT AL 55 W B2 W B 7 R4

(2) BOUFAR A HodE 5 S0 Al i) — 8tk . 54T MATLAB/Simulink D) Refs
Pt @ AL R G IR LB AR AR, SRR TR AR R G b AN [ i B S BT oz (g 28
AR, I AN SRR R 55 R 40 AT 1 4 S o 2R A B 5 S B AT — Sk
KL, BE A FH 2R AR s B AR S B AT H LS 2 T (R T AT 1

(3) M THPIER I TR (CATND [ bl 2 iR, iR
FHEE R RS WOR BE, o S 2k T AR 2 45 G A B ML I B A B0 1) 4 SR RRAE
I 184 R S AR O PO TR s SRS R FH R IO 0 5 4l B (R B P RRALE
P MEVE Al LA IS AT RS IR Y . 5l Seg030F, JF5 CNN. LSTM
S CNN-LSTM & BHEAT XS L4, UEBH T A SC BRI Rt

52 RS RE

% T AL AR p B SR, X FL IR AL i DR A M 0 A
W B W BB R SRR T o T AR R (3 L N LB e R
VA S E RO T TTRE, I 4 A R I IR 2 S B SR AR R
A5 S L B A A 0 s T 5 1

AT FE X WL 8% A BT 28 A BT ST () 5 T T A R, 4 BUASXE L
28N ARG S E LA T T . 7E FMLER I AR r LS R B8,
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BT Simulink BEATERL;  TOALES N R GRS KA B SR R m g, R
Unity 3D #EATEM. ¥ Takblas NBPLARGER 2%, Rkaillla s 4 8 e AN
TRy, 2R A e S S PR L0 T 3B AT Bl 2 RIE A AE — e 2, ARG 25t
T 6 i B AL AR A R 22 HEAT HE— R ARk

FEHERZ W5 T, AR SCMAL & N AL 5 G v il 7 g i B il o v A M
Ko FERCT AR AR IS, (ERXS L AR SER, Ak aAR R R
Fe BRI 5 T ot iR as,  HOR S8 BUAR SEIE I f BERES HE N o

ASCAERE N T AL AN BT R ARSI R GO Re v A g, E S
TR E . RS TR, R SER] P g SRt 2 T ALEE N R ge bk R
MR G, KBNS NETTAL, M ERPRZ IS At at .
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