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Motor Fault Diagnosis Based on Improved SDP Feature Fusion Images
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Abstract: Aiming at the weak anti-noise ability and low feature discrimination of traditional time-frequency analysis
methods in motor fault signal processing under complex working conditions, a motor fault diagnosis method based on im-
proved symmetric point mode feature fusion images is proposed. a variational mode decomposition is used to adaptively de-
compose fault signals, and a particle swarm optimization algorithm is used to dynamically adjust key parameters such as the
rotation angle @ of the symmetric plane of the symmetrized dot pattern (SDP) image, the time interval parameter /, and the
angle amplification factor & to generate the SDP image of multi-modal signal fusion. A lightweight convolutional neural net-
work model is constructed to study motor fault diagnosis. Taking the variable frequency three-phase asynchronous motor as
an experimental object, 1 200 sets of vibration signal samples are collected for verification under four working conditions:
normal, inter-turn short circuit, air gap eccentricity and rotor broken bar. The results show that the proposed method a-
chieves the accuracy of 100% in fault diagnosis, which is better than 97. 85% of the support vector machine and 95. 24 % of
the random forest. It still maintains the accuracy of 98. 76 % in a —6 dB strong noise environment, which verifies its robust-
ness. This method improves diagnostic reliability in noisy environment through parameter optimization and feature fusion.
and provides an effective solution for real-time monitoring and intelligent diagnosis of motors.

Keywords: motor fault diagnosis; SDP method; VMD; parameter PSO optimization; feature fusion; CNN model

s EH#I:2025-05-07; {EE EHHI:2025 - 06 - 23,

E T Py Tl B F AR F B B AR 2K BB H (2024 YKYB-001) .

EZERE N2 1992 ), L Wit YHi

SRR P ®. B BFLRBJE K. BT HERY SDP 0 BRRFAE flA R R s ALK B 2 W7 L) . - B LI 4 5 L 2025,
(11):149 - 157,

¥R MU www. jsjclykz. com



« 150 - TIN5

933 %

0 35

BEA Tl i &8 Be ik 5 S A LR B i AN 82 0 e
LA CInER AL, K. B0 RWLE KRR W R
SRR % Aiatt. EREMAEMEAEEZ X,
SR T OLRALE 11 2K 2 5 BOR HLEN R S 3. B AR
M. BT LR A RORE . AL B S SO T R
T, BRI REZ e, FHIL, XEYLIETT SR
WCRE S W, 5 I BV A (R) R SR BT f . &
Tl 45 B ) TR AT R

T8 (R B B4 A O s AN A8 3 L 28 B AR A A fif
) TEAL IR e O T A5 S R AFFE R PRV . FE AL P A
Ate. EVPRESHAFESREE )AL FRIE X 5
ik, BEASTH B AR AEBOR 6 R R, dmaE ok,
STRR S AE R, (SDP, symmetrized dot pattern) [ &% 4k
FRAIE T EREE M . XHE 2 30 A FrAE (1) 58 3 32 78
BN 3 S, SDP 1 Ry — Fh i Bl {5 5 Al ¢l 4k
HOR Gl — 45 5 et o e bR RS . B
Wl S WA 5 1 W R AR S I e AR AE 25 v . SCHR (8
B R ENPUIR SN (55 5l SDP B8, 455 & TR 48 19 4%
(CNN) 52U T 99. 1420 B2 Wi i 5 SCik [5] @il
SDP F& Rl & 20 G55 . W48 THAT B 0 56 48 Wb 70
KWEE. SCik (1] & Z B IEXFR R (MADP) ,
ZiEHIE N A A ESAREE M (CEEMDAN)
5 CNN, 7EsRMAAEREE (ML —6 dB) FSC Bl 1Al
R 93. 306 (1 4y NG HE s SCHk (6 K¢ SDP & &4 UL i
PR S  d F R o A AR SR IR, S B0 K
BLAR SR 52 W . tedh, SCilik (4] SR FRERE
(DBSCAN) f#) ASDP-DBSCAN 75 3, i i {I; fb SDP #%
e SR E R TR S IR T 2 W e . i — SDP [
BI7EMELL Al RAE ZBES AR SARIENT, SRR —
SRR SCIRMEA R s GRS BT i (2 g
BB BB E AT A M AR, BRI R s T
WA EEPE ;s TR A I BRI SRR AR &5
Bz s R RE

SDP J5 ¥k 1 B i BE KM 2 B0k £ 45 5 R 0 Bk
FHER A (O, BRI ESE (O MAERKETF
(. WA Z 202 KR E S =z
REMACHLG . FEERFRAE R L GE S Z R, BT
BEAEAL (PSO, particle swarm optimization) 1E & — Fif
AN AR R A B 1R S B ST R B B
#, 5l A SPO Bk A PR % SDP 24, nJ $2 4B 5 Xf
MR A R T B Ah . CONIN AT i R 3 U8
AU IR BEWS A 2l 4 R RHRIR 2 RR R O 52 B &
K REGy 26, SCik [17] 45820 (VMD, var-
iational mode decomposition) 5 SDP {4, F|H CNN

ST R GE MLECRE S B T 100 %0 By 12 W i B R SOk
[18] ik —#4% VMD-SDP-CNN J Ff F 2k i 56 0L, 10
WTZAFEEERTH TGS EE. K. AARZ
B ARG SDP &/ CNNIA . KRS FIES
BARAL R R IE R IA B 0, W e R MR T .

T ERAH, SRRSO R, AR —
Pl 5L T ki SDP A5 X FR R AE il BR 0 H BL 0 R 12 Y
Tk il VMD g3 fif {5 5. Al PSO 5k L1k
SDP Z4 (0, 1. &, ¥ VMD Jp fift i B {5 5 % ¥ hy
SDP &4 3 ER W B & W H#5% 5k CNN &
R, SEEUBCRRARAE A A SR B 2k
1 Bt SDP $51E fh & 8 FE 12 B 75 3%
1.1 VMD {5557

VMD T4 5 22 W 05 5 43 i 45 1A B A [l 4
BB, oA A B K% (IMFs, intrinsic
mode functions) , VMD 7 {5 5 43 fif i 2 1 G 92 {7 B8 JR
HES T MEZGE L, IR JCOC R o SO 7S, 43 i
g IMF 43 it o8 4 b S A 5 R . T VMDD Ak 3
EREA: RN Y NS BTSN NS = Wil R sPN e el
e s I T8 A SR A 24 B AR A3 R I S G R SE B S 4
fifet o XA w (O BT A RAARR AR . 3 EIES
AT A5 RS L A i AT A 5 TR LA — 4> 4 B

ey ﬂ”?ft
(6(z‘)+i>uk(z) D
Tt
0 t 0 o
51 = { f_ﬁ j s(d =1 )
[(8(I)+i>uk(1):|e (3
194

s e R L PR AE BT A AR - o S
WA S X E S AT O R R 7 L YR
T AR S A0 A B O BB ARAT 9. K VMID B A — A
EO S O s TP T S A S S LS R el |
HFEFHRAEES £ BRIz MR/, 24
FALGy [ R TR A -

min [ 312G +Lyunen | )

sote Dqu (D = f )

A o) JAKBLsE kP R KL, f R AR T w (0 N
G5 /A 20 kA IMF 4385w, A5 & A IMF 43 &
1L AR 5] A Lagrange & () FIESIRE o . ¥
LR 4y (0] AL e Ry AR AR 4y A9 Al A, Gl H AR RS
A SRAMPASES &, W3 S H bR ek BORT 29 ST 3G T
Lagrange £ik= .

Lu ) s{we}sd) =

¥R MU www. jsjclykz. com



%11 2 Hi,

8 Tk SDD s FR 45 AT Fill A P 15 0 e AL il 12 i - 151 -

a2 | a{(a(z)+Kit)uk<f>}efﬂ‘"‘ s+
| £ = Do |14 [A0 0 = D (0]
N E AR I3 O RE R IR AR . SIA T SRR
FREH wp (w) | wi™ FAT . SRR L A R
B3 LI AW

flw) = 37l (w) 4 0. 53 (w)

Skl
up (w) 1+ 2q(w— 1w, )?
J‘w| a(w) |?dw
wit (w) = L 0
J | u(w) |*dw
AT =2 () = Dul (w)) )

Kb, WG ) — D) (w) +0.5 WK
Y F(w) — D3, (w) +0.53(w) JfE 5o sk %
O3 f B 45 IMF 43 55 49 550 238 vt By 58 0 W B8 8, %
W 2R AR
Sl et (w) —ul (w) ||

2 (T T

Bl s XHE SR AR BB wf () i 17 300 (8 L
AR 45 VMD B 43 fif 19 25 IME 43 B A, 38 L i 4
KAGXF B iR {5 5 3 17 VMD 43 i, IR AR K E T 4%
IMF iy i, iR TE K 8 &35 R IMF A
PR EM. Y KEL/N, SHoEnfes &3t KA
SR, HD AN TUAR LS B, 40 i 3% 22 75 0 2
<10 TR ESR, #RAE S E B R IR
1.2 SDP {5 5%k

EIRNE S FRIE SR B, 145 ik F 25 T
W L BRSO R AR . a4k, BTG
IHEE AR E R, WMa%ERBERNE S TRk)E,
FIFH AR Ak BB AR 32 B B R A, TUAS T — @ R . I
i, FF X A (SDP, symmetrized dot pattern)
5 Ay — Bl B AR AR R AR, AR AR A SR
BB HCR P B — 2 B R B 0 S A A
FrRAEWRELREG™ ., ZhkEdHRESERHE
WL A G SRR . AR SIE 5 10 7T LAk 5 A1 32 B 42
PGB IR AR .

MIRES X = {x,,25s s o1, ) BT — 1L A
P, 38 6 FR SR B T OB B AR S A O AR A bR R
fl) S = (r(i), 00 . o()} . WE 1 FiR.

><€ (9

i=1

r(i) = (10)

0Ci) = 4 T g (1D
Lax — Lmin

(i) = g — Tl Loy (12)
X 71“\\!]

max

r(i)

r’/” Z
£\ (i)

J‘ o (i)

‘.
r(i)

[# 1 SDP # i J5 38

X A0 ~ A2 P xp AETHRKREE . 20 HIE
SR NIRAE o AR T L DREAS R L ORI ] JR) g 2
B 0 BB FR VT BE R L ¢ O MR . A
SDP J5ikH 0.0 Fl ¢ X 3 A SRR Py F 2, Jd i
KRELR LW, —B ENT O, B 20°~50" /M, {
HIMEAE 1~10 75 Bl N fE
1.3 PSO S#FL
ki T B4 (PSO, particle swarm optimization)
S — P TR BE M UL AL B e SRR AR T i A
PRl Bp VR 5 15 B Sk 52 L ok 4% 1) 8 A R . AE
PSO H, Bk FRFREY —AFREM, BAMNE
GHIBE 2 N VA A N (1 92 P2 ek AR S
— B MRS Iy 1 NS . A R TR
Ti = Tiy T Vi (13)
X, o FRoRRL T @ LEWNE] ¢ BALE, o, RANRL T @ E
I R] ¢ 30 32 o OB 30 2o A 28 30 R K 22 30 o ) 3%
CWAT R, NSRS ok 7 A 50 Py sk o L E
(Pu.) YE, BERZY d 8RR RS (G
EAE o R R I RE pRERPE A X BT AR R AR, SRR UL
BB FEACHHEERME, B ARMENR, TR
Y 38 3T 1R) B A ARG A% . PSO B9 A% O 7E TR0 T B B A
(AR5 ST 935 S T/ VSRS S A K74 SN A N
ZUG AR AR 20 o S 2 2 D) R 4 T 170 3 8
T AL . R AR
Vi = We U, T ¢ e rPr—0¢ or Gy (14)
BE XA [R) 48 2R 1) A, TR A R R R R R B
PSO 53 2 i T 52 By [a] . 4 3¢ SDP 24 PSO
SR RBRME 2 FrR.
PSO & N7 & pF ELE 3T 2 4 % B AR LA R AE + I
G BRI AR A i . SCIAE I 51 R
Febr E A B REHLFE . PSO S8k i SDP & 14 78
WP R AT PR AR s X0 B, e IR A% S8 SDP 2 K i 42 5
RER. AR REIZ W RS T B 1L hE
1.4 CNN & Z W 45
GRMAEMLgE (CNN) & —F L [ TH TAMAA
P A 25 R RO R R B A A B, sl B U L WAk )2 R
SRS AR BURR R IR AT A 2K KB LT

¥R MU www. jsjclykz. com



-+ 152 LI A5 o533 %
| P | O, = max  maxl. ..., (18)

PSS
TR T RE K (fMszzzggghmm+w, (19)
X A8 Ffpckifk. =L (19 ZFHtk. s 22 0@
[ emsoemsg — (stride) . P RRAALE 1K/, i A AIE B R < 45

= T
| DAY FER0 | [ S b H —p

H,, = [ A }4—1 (20)

| THE N EFitness | S
W@::[P“‘*P}+1 (2D

S
I R B EAAEA A2 B2 s Ak 2 0 i e S B A 2
- B AN el i T N XM AR i M g

| SE 50/ 1 S AL I, il O, m AT

SRR T AR O, = bias, + D1+ W,, (22)

iR, SR
K2 PSOSERRE

2 S R AR AN AL B R 2 R R s, AT SE 3
i A BUE 0 3R R 28 2T BRI .

CNNEHUMARERE 2, MAZEERE
HEMZEZE. &3 Z26HEMib 20HE, &
Wi eEEE, BRMERRAE s E 25, EHER
CNN .04y, 3 4 B A8 S A 50 B sh 2 BUm
FRERIE . BB A — AW EFCN Cin, & ¥ Hin,
TEJE N W, 10 C,, X H, XW,, ik &, & EEHELME
BFERDWE LR, RRH C, XKXK, fith 5%
A= Cou XHy  XW,,y B— N HBEC.s ®mEN
H,.. 5%ER W, Wik, SFREZMNHEE OB LT A
JARC

Oy = bias. + SIS S Lo« Ko (15)

K, TREAKE, KRG, bias. 254 ¢ HER
T, s JE R Cstride) s 7y j 4 AFAE A6 0, i iy
FEAE B A RT i AR 28 AR E

H. — [H,»,, +2+«p—K

S

}+1 (16)

W, = [551j12543§31§}4—1 (an
£ (16), (17) i, p BIEFH (padding) K/, K &%
FUEKR/AN, s, @0 j 2% B RAE A bR . B RFAE
B RSE d LR AR e

A6 2 T I RRAE B RS BRGSO B Ak
WG, WMA—ABERN C,, SERH,, GER
W, C, X H, XW, 5kiE, Wikt 0 PXP, Hh—
AN IEEL Cows RERN Houn BEEER W i C o X Hy, X
W k. A2 m BB AKX R

K @D A, TREARE, WREMERM. bias, &5
jMZIC R E . £ CNN b, 35 B2 50 o 76 5 A S0 -
T B0 2 AU R AR BUR FRARAE » AT A2 R AE 1B . k)2
FEAR T RRAE I s (R 4E B . AR TSR 2% . IR
TR E AR . W BT Ak A . CNN AJ DL B8
KPR R . RS LA R . 2 )2 4E
T o )2 R A e S 3] 5 28 1) iy 1h 2800

B i SDP FRAE @il A i 12 W7 7 38 i VMD 43 fig
ZHEES . VMD [ I I 5 i A 2505 B 50 R AE 5 g
7. SCEL SDP @A 4 R — R AEAE . R PSO Bk
1k SDP 24 (0, 1. &, HEREm XA ESE, ik
Tt WEREMA CNN (2 Z2ERD STHAKS R
+ U B A3 2 SEER R R RRAE Y B Sh BRI A2
2 HEHKWIEIE
2.1 BgtRY SDP $HERL & S RIS BT i 72

Mt SDP 5 % FR 45 A @l A % /Y A AL K B 2 ke
FTEMmBEME 3 PR

i R B AL A R AR LI T R . () J
B SBRRL . BT MIRSIES . PR E
TR .

1) 5 2o 5 56 4K B A ML L0 e s R 3 s 5. AT
WA b BEKG R SR {5 55 2F 4T SDP #4605

2) FIH VMD Xf 52 5 J5 b 5B A5 5 2817 40 g, IF
¥ o it 5 1 15 5 54T SDP #6465

3) X455 i) SDP BEUR AT b 25 HEAT i . 454 )R
WA {55/ SDP B4 [, I dE 47 U 4R AR 4 . sk & 1%
LR 4

O B JE L AT ONN 4y BB RN 25, IF 7
It P A A 0 AT i 32 W 43 28 00 3 56 T
2.2 HHIHERIE

PIFIS R YXVEOOL-2 f 728 45 = 0 57 2 s LA A 5

¥R MU www. jsjclykz. com



5 1139

T Wi, % ST Y SDP SO R R AE Rl A VR 0 HBL R 12 - 153 -

I

|

|

|

i

i B HK=6

| (R AU ST i )
| VMDA 5 4
|

|

|

|

|

|

|

|

|

IMF> i3 HL
(RZ<107)

S JRIR A 5 B A 2

| CNNZ5H4:

i HMNE: 256X256X3

| |BBUZ: 3X3X16-3X3X32
I WALE: 2X 285 K Hifk

: AEREE: 47 5 (50f tmax)
|

|

|

|

MAL2S: Adam
%% 0. 001N 2

PSOZ (T Fitness=0. 2. Uniformity+

IV BE PR

0. 2. Complexity+
0. 1. SymDev+

0. 3. Confidence+

0. 2. Separability

ZURRLA
1. Jif 4% 5 5DPIE
2. ALK S SDPREA
3. VMD-IMF 4} fSDPRili &

B3 E kRIS O A

Bt AT SLEG IR UE . LSRR E T 3 MR 5 E R
BARLOL, AARBRBIE LK 1,
#F 1 LR

TOURA | ARSE | BEESREAD |

IEHIRAS 1 1IEH N
2 [ [i1] 81 it SC

RN 3 SBRA L AE
4 ik RBB

EHEARE (N fE NI TR, H T iR S
HIHRAFE 25 5. [ 40 8% (SC) b F L84 5 o 4 % 5
B A AN, PR AE R B . ARG (AR
BT HEFRABRAYS . SRR AT, T
Wi% (RBB) R W7 E&MA B A N, ™~
A, LRI ERFERKN LB, REME RN
1. 024 kHz, XFHLHL 4 Fh T 00 4% K 4 300 21 592 56 50 9 #F
ARPEATHFE A, L4 Fh T2 Wi s S5 WA 4 fiR .

Bl A RTA, IEHCIR ST f L IR 30 15 5 400 fa e
T B SRRy, SCREEIFESHESHBE SR
TR AR 3 AH 5 (0 F5 90 o 4 [R) ISP i R R % A Bk B, AE
ARAS 52 BB 0 e B A 2R B 4. RBB RS 20 3
e FRAE
2.3 {E2 VMD &##

ik VMD X 4% Fh i 5 28 B R0 SE 50 15 5 1T A
TE IV A B AR R gk RO TR Y K (K R Y R R A
S E AR IMF 4y, SRR K B IMF (5 o
B EAT H D R B R E BB A i e e K (H
N6, HEFT IMF 4 {5 5. K=6 LIk N 554
Bl k4T VMD 43 f . S50 WE 5 piR.

P 5 AT HIERE N U6 (5 5 VMD 43 fig 15 31 19 B2
BRSBTS E A4S 14 IMF ot 4

0.2 0.4 0.6 0.8 1.0
RBB

t/s

K4 HALAE TR S W fES

oy 174. 805 Hz, #5754 IMF d0 4% % 7. 813 Hz, X}
NRE R, HERZE/NT 1077, HLAR KL B2 Wi rp ol 12 52
W2EN 20~3% . TR,
2.4 EIW{ES SDP #ia¥ 1k

SDP #4553 1% % FR - 180 € 5% £ 0 5% i AR B TE 43
i, —BAE 30~60"HUH . WIhR e EL 457, B ORI
T AN A . BUEHERETE 20°~50°, W) 1h 5% 4

¥R MU www. jsjclykz. com



. 154 - TIN5

%33 %

0.32f
0. 161

MF1

I

-0. 16}

-0. 32}
0.24

0. 121
)

#ﬁ‘\ | \[\NU'\ Wt J\ﬂ W ‘\ MW A u ﬂ

-0. 12}

-0. 24
0. 10}

Uﬁw AV nIA“ iﬂlmumw" le\NW'

IMF2
=)

IMF3
=

W\/\mrwwm'v.r'\j\v\/w«.r-v,N\N\)“f\ﬁ‘;'V\,r'm_mr'wvwwm_fwW‘\_N\A/\_w'v\f\r\/-M/\/'v’\/vw‘vvva\.
-0. 10}
-0.19
0.11f
0. 05 TR
W\ | J\ Ny \, N m P\/\J’W»MN'V\N"v./'v'n/ W
-0. 05} ' W
-0. 11}
0. 09f
A A AAALN AN AN A AASAAN AN
M J\/ \vpvm, \/\/N, \/ /f\/\ / /M A \/ V/
-0. 05} ’ ‘
-0. 09+
0. 09}
0. 05

/N \
_\//\/ \\J /\/\\// \\\v/ﬂ\v/\ v

IMF4
=)

MF5
=)

I

IMF6
=

—-0. 05F

-0. 09 " . . .

0 0.2 0.4 0.6 0.8 1.0
t/s

K5 K=6 LLEHW {55 HLIER TOUE 5 VMD 4

B 35°, B le) E) B2 A | RS A B, e 3~10 Hit
TH, W5, 58K SDP AGRTHS
CNN [ AR ST —8 ., LI N 2% 6 41 %038 18 500k JE G (S

T AT SDP W1 aa 56 e, SR AN 6 Frs .

0.50 =

1.50 %
Pl 6 N6 41l iE R R 5 SDP #edi

I 6 fT 7N AT AL SDP Jy i B # B Y — 4 s T i
B (% B 4 R W AR AT TP ) R B X RR S AR R, JF AT
T OS2 e FEL ML I A e R N A SR A5 k. SDP
B S G 1) 1L s 2l A A S AT R A, BN EEG S N
SDP —/~fif X, SDP Ji b 4 fift 2 3 38 B 5 5 DA N 2%
ES N, A RWE T R,

150w
7 NRZLREGIEIR (RS SDP M &

W 7 B o 2 A% A S A5 5 SDP Bk @l &
WA AT T 4R 20 0 oM AL I o 1. MR IREE 2. (LI 3 &L
%%ﬁ JEF M A AT VMD 4y i 1 IMF 43

HATRLE, REIRBEE SR E SRS B . DLN 2k
W S B AR B 1 RRRRAR 5 o B, 4T VMD S fig i 6 A
IMF {55 SDP ¥4l &, 25 RuE 8 Fim.

IMF2 0.50m

1.50m

K8 N2 VMD 7y IMF {5 %5 SDP # 4 il &

W 2 AR IR . 2R E RS

VMD 43 i 1) Z 8385 5 47 SDP BR et &, SE
B3 5 B AR AT Ay i — 25 AT RS T I 5
JRAGSE R PR RIS WOk B RO
3 i # SDP i
3.1 PSOB#HIMH

LLBEAZ 6 B T E R f 0 30°~60°. £ 3 ik A

F &7E 20°~507, Bf] PGS 4L L 7E 3~10 HhifktT PSO
ST R, @ SDP 1 43 8] B R J 7w iR {5 5 40
RHEE AL, PR ﬁ%ﬁﬁ%ﬁ,ETﬁﬁﬁh%
SRHE AT — B AR &2 W R . BN SC,
/E\M$E¥ﬁh%%@%lﬁ%%%ﬁWHﬁPw
T, RASHEEIULE 2,

¥R MU www. jsjclykz. com



5 1139

P Hi. % BT UGHER SDP GO FRAIE G R ) HHLECRR 12 + 155 -

*2 PSOZHTMER

TR 0/° &/” l
N 22.72 | 46.06 7

SC 33.09 | 14.14 3
AE 41.60 | 15.66 3
RBB 24.20 | 30.01 9

3.2 pitHY SDP &

it PSO J5 kit 4y SDP B iy 2831k, H
M i B A5 JH B SDP 28, AR R A IX 7y B2 # SDP
FIMg . T4 TH G 2 CNN S5 8RB 7 KM se . i
TRIOEA R L3 1 /N AR AR 1 e fis = o 6 i 590
ZHHAT SDP $efe 545 . J 7R 4 Fh L 40 Matlab 5K figt 5%
e SDP B %, WnlE 9 fros

Bl 10 AT PSO 28 3185 19 SDP &R A DY 2k i
R REZER . NREEEESL)E SDP K& m
Pl 10a 7, S BERL O] F) B0 S bR 0 R AE R, o X3
fi #5957, o) Ag . SC A4 R ME 10b frox, T €

ShortCircuit-Chl Raw SDP
90°

270°

(a) PSOZ $ T IRINZK A% 5-SDP#: e [ 44
AirGapEccentric—Chl Raw SDP
90°

0°
Angle:41.6°
Xi:15.7

150°
180°

210° ¥ > 330°

240°

270°
(c) PSOZ B F R IIAES AR 5 SDPHE e I #8

BONH VR, S & 2% B R oA, ol KIUAE A
AHLI] < B, Remh T AR G R WA R S
Wi . AE (B 100) ZEHBE Y 6 85 K5 BUH B X8
JE . ABIEIT R E i, JERL CERT B, XA
BN 5 | iy JE A P s O B 3l . RBB (] 10d) e e
R TN GRS N I RN RS U RS SRR gD
SRR A, RAEWT & BRI MBES R F S .

PSO ¥ T3 13 3h & VU it SDP 2 50 5§ i 5 5
etk 3 5 T RS 0 R AE 3R 38 B8 1 RN BT MR B
SDP g PSO Ak Jo B 52 BEAS [ e i 1) 9 28 B ) 22
5. A CNIN AU I 5 X 43 B2 i A58
4 WEEISH o
4.1 CNNMESHILE

5T B CNN W 2% 4 A 2 52 256 X 256 [ RGB
Efg, )21 H3X3 BRZ, 16 MR, EH)Z
2 3X3 B, 32 M IBH A . H—10)2 PRk |
ZRANER SRR E M, WG pREUZ AT ReLUL BTG pR %5

Normal-Chl Raw SDP
90°

. .60 Angle:22.7°
< Xi:46.1

150°
180°
210° \_ - e Gk 330°

270°

(b) PSOZ K TR I SCHAE 5 SDPHE: 1 [ 1%

RotorBrokenBar—-Chl Raw SDP
90°

60° Angle:24.2°
150°

180°

210° ) QAP e ', 330°

240°

270°
(d) PSOZ (-4 IFRBBI A 5 SDP#: ¥ 1%

K9 4 Fh T PSO TS %Ry SDP &

¥R MU www. jsjclykz. com



- 156

TS AL A 5 45

ANAELM., RARMLZ R 2 X2 mufbw 0, Sk k2,
SERE A4 AT S 4 R SRR, LR
0.001, CNN 2% #5278 H AR Z 4 0L 3% 3.,

# 3 CNN MR H k25

Eyie SR 15 B
LTINS [256, 256, 3] L NGRS N
HRZ 1 [3, 3] Esy
0.9 1 30 ¥ 3l ' S 5
==
#EH—% 0.000 05 B 1 B 2 /N 8
B2 ReLU1 2 M TS R B
[2, 2] AL RN
WAL 1
e 2 W K
R 4 Kb 4 Fop il e 2 AL
Adam A 38 b A A L A 2
200 B RINGE IR
E® Y
N2 52 R
38 A K 30 %0 B4 1 hy B8 i 4

4.2 WESH

AR 1.3 iR i) CNN LRI 54 53 4.1 1) CNN
SRORE . HRRT 2 3 USRI b 4 % R ML B 2 AT
WA . AR I 50 TIE 1 o B R % 0 2k R Rl 2k
WK 10 iR,

100 =
sy .7 —— P (T A Y%
L 60f.” o g
e - - - RE
g 40
@
20
0 L L L
0 50 100 150 200
40
30 |
;é 20
I (i TR AR PI%
10 %k
v - - RF
() H — ===
0 50 100 150 200
A M

Bl 10 YITZRAS BE 545 % ok 2 2k

HiPE 10 W, MR HGA S 50 fE LS . IZRIY
WEREE RS T 100% . 72 B oe i 19 SDP %5 e B % 45 &
CNIN [ 26 47805 1 H AL 119 55 5 12 T B ) W ME f B2
3 S R
4.3 FHEXTLE S

it — 2 B UESE T G 9 SDP 545 4 CNN KRS
it L AL IR 2 B8 10 S PR S R TR O 3k 2R AT L R 5 56
UE. B SVM, 5B HL AR ARAL KNN AR g %) b 7 125 4
T PEATIRAE . 2ek g SDP &1 45 5% e 1 A [) i b 2 0 ik
512 W7 25 L S A P 149 vt 2 DL SR AN T 1 B OR

%
2R

R
% %
%6%%! %%

KRR

.
SIS

LW /%
z
R
R
KRS
RIS
20%0%6%% %% % %%

'9¢
X5

=z
9%,
&

XS
9%
%S

I TIIT LT IILLIZLIZILITLLIN

¢
Cotoge
S

%
X5

RS
%5

.
S
tatatets!

R

2
3
X

%
oe%

[RRIRIRR
BRI
20RRRRKS

9598
%6%6%6%% %%

11 R[] Jy 2 452 70 ofe i %o L

[ 11 7] HI4E K VMD-SDP-CNN ()12 W #fE 8 B 5
#) 100% , VMD-SDP-KNN # % il VMD-SDP-RF ## %
2 W R AR X A . 4 B 97,85 %6 il 95. 24 %,
Hif 5 VMD {5 540 i 5 19 SDP &5 1912 B 23 28 i iff
W3k =5 T B — SDP EUR 55 #5112 B oy JE AL, R
VMD 43 it & PSO 25030t %l ALK s 15 55 43 it 45 B F
S WMERE B . PP U R O i e, 3
5 T B A 2 AR ) X LG S . R AR Y 1200 4
A RBIEE, ERILE 4,

F A ARG S L WM RE X

Sk T A % UlléﬂJ‘l‘Eﬂ *6‘ dB M
/% /min HEW R/ %
ResNet-50/ il {5 55 A | 96.32 48.2 82.15
LSTM/VMD 4 fif {555 A | 95.78 52.7 87.33
Inception-v3/ K4k SDP & 4| 97.85 63.5 89.42
KL 100 22.3 98.76

F 4 v, ResNet-50 F 4 4k i ML S5 56 7 46 ik sl 15
S KB 1024 4~ LSTM % A VMD 43 i 19 6 4>
IMF 4350, #4r& 1 024 445 Inception-v3 i A [# &
S SDP B4 . A SC7 R % 100% . % ResNet-50
T 3.68% , # Inception-v3 3T} 2. 15% . 43 #7 A AT
HIVMD 3 i A 8500 25 e 7 5 B AR AR, PSO 16 1
SDP K4 &} 2 B4 58 FRAE W] 431, SC by “ 8”7
JEA. AE#MER “ER” BAS%; £ —6 dBmgs
T ARSCHTHR R R AR 98.76%, T Res-
Net-50 B9 82. 15% , I&iF VMD-PSO-SDP 7 ¥: i Bt 4 $ip
WAL ) o
5 #RiE

A SCHR AL T et SDP g % R 5 AE Rl 5 R |
PLECBE 2 W7 5 1%, il VMD 53 i i Be£5 5. PSO Hik
e SDP 28, 454 ikl CNN AR R 52 3 i e i 218 Y
HIG R EE S 03 SRR3R, %05 i 8 v AL R s

¥R MU www. jsjclykz. com



5 1139

P Hi. % BT UGHER SDP GO FRAIE G R ) HHLECRR 12 - 157

W S B 100 %0 #E R, B G EAET 2.15%
~4.76%,

N B UE T B O Ik i e b, BT S TR A S ALY
X RSy, SRAHR 8 1 200 REA M Bdi 4. Rk
CNN #7 1. 2 MB %, 8.5 ms e FAE i, 3 2
ISV R MR, H—6 dB I R ik 98. 76 % #i
W, W R B

FEFE T ORI W5 AR # 3E— 25 1k PSO H i
TFERCE . BARS B N T2 50 Mt s 7] i 50 UE
TR 2SR . M R KB R S s R iz Ak

&b
HE ] o

L EPYE

[1] XIAOPING L, LIJIAN X, JIAN S, et al. Fault diagnosis
of rolling bearings based on the improved symmetrized dot
pattern enhanced convolutional neural networks [J]. Jour-
nal of Vibration Engineering & Technologies, 2023, 12
(2): 1897 —1908.

(2] F&F, & g, #fE%, % 4T EMD-SDP E{& R
A DenseNet %4 f] PMSM & iz i [J]. 3% T4,
2024, 46 (4). 703 -716.

[3] YONGJIAN S, SHAOHUI L, YALING W, et al. Fault
diagnosis of rolling bearing based on empirical mode decom-
position and improved Manhattan distance in symmetrized
dot pattern image [J]. Mechanical Systems and Signal Pro-
cessing, 2021, 159. 107817 - 107830.

[4] LI H, WANG W, HUANG P, et al. Fault diagnosis of
rolling bearing using symmetrized dot pattern and density-
based clustering [ J]. Measurement, 2020, 152: 107293
-107306.

(5] 52, ZBE, LW, % VA SDP &6 FR R 1L fl
ARG WA R R R RS [J]. MBS 5R 0.
2023, 43 (4). 82-87.

[6] XU X, QI M, LIU H. Real-time stall detection of centrifu-
gal fan based on symmetrized dot pattern analysis and image
matching [J]. Measurement, 2019, 146 437 — 446.

[7] ZHU X, HOU D, ZHOU P, et al. Rotor fault diagnosis
using a convolutional neural network with symmetrized dot
pattern images [J]. Measurement, 2019, 138;: 526 — 535.

(8] FigH, FHW. FT SDP K% Fig B BN 4 1 K 3
PLERS I [1]. WS SR8, 2023, 43 (5). 175
- 180.

[9] XU X, QI M, LIU H. Real-time stall detection of centrif-
ugal fan based on symmetrized dot pattern analysis and im-
age matching [J]. Measurement, 2019, 146 437 — 446.

[10] ZHU X, HOU D, ZHOU P, et al. Rotor fault diagnosis

using a convolutional neural network with symmetrized

dot pattern images [J]. Measurement, 2019, 138: 526

—530.

[11] XU G X, LIU X H, WANG L S, et al. Real-time stall
detection of centrifugal fan based on the analysis of sym-
metrized dot pattern and wavelet packet transform [J].
Journal of Journal of Vibroengineering, 2017, 19 (3):
1823 - 1832.

[12] SHUKLA J, PANIGRAHI K B, BANSAL C R. Imaging
time series technique with an adaptive particle swarm opti-
mized CNN model for classification of faults in transmis-
sion line [J]. Smart Grids and Sustainable Energy, 2025,
10 (1): 11 -11.

[13] SANEEP K, SUNDARESWARAN K, NAYAK R S P,
et al. State of charge estimation of lithiumion batteries u-
sing PSO optimized random forest algorithm and perform-
ance analysis [J]. Journal of Energy Storage, 2025, 114
(PB). 115879 - 115879.

[14] DENG L, ZHAO C, YAN X, et al. A novel approach for
bearing fault diagnosis in complex environments using
PSO-CWT and SA-FPN [J]. Measurement, 2025, 249
117027 —117050.

[15] WANG J, ZHANG C, JIAOF, et al. Parameters optimi-
zation for 2. 5D needled Cf/SiC in longitudinal torsional
ultrasonic-assisted laser milling on PSO-BP-PSO []].
CIRP Journal of Manufacturing Science and Technology.
2025, 58: 87 —106.

[16] MIN H T, LEE J J, CHEONG Y D, et al. CNN-based
fault classification using combination image of feature vec-
tors in rotor systems [J]. Journal of Mechanical Science
and Technology, 2024, (prepublish); 1 -11.

[17] Figug, FNHR. FT VMD-SDP @& B & H CNN 1§
EIEmALS W [T] WA SR #EH, 2023, 43
(4). 116 -121.

C18] R, WPKHE, ¥ b, 4. J&F VMD-SDP-CNN [
BREEEERIPL 2 W [J]. Journal of Measurement Sci-
ence and Instrumentation, 2024, 15 (1). 1-12.

(191 £, FARK, # Ji%. T EVMDLNMF &
friE s Bk L. ksh 5 e, 2019, 38 (16):
146 - 152.

[20] CHENG J, YU D, YANG Y. Research on the intrinsic
mode function (IMF) criterion in EMD method [J]. Me-
chanical Systems and Signal Processing, 2006, 20 (4):
817 - 824.

[21] MIN H T, LEE J J, CHEONG Y D, et al. CNN-based
fault classification using combination image of feature vec-
tors in rotor systems [J]. Journal of Mechanical Science
and Technology, 2024, (prepublish): 1 -11.

[22] ZHANG L, HU Y, CHEN T, et al. Novel freight train
image fault detection and classification models based on
CNN [J]. International Journal of Computational Science

and Engineering, 2023, 26 (5): 567 —578.

¥R MU www. jsjclykz. com



