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Demagnetization Analysisof Surface-mounted Permanent-magnet
Motorson Hybrid Model

LIU Shifeng', TIAN Wenjing ', HUANG Pengcheng’, MA Jien ', MAO Zhaoyu, FANG Youtong'
(1. College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China;

2. CRRC Zhuzhou Electric Company Limited, Zhuzhou Hunan 412000, China)

Abstract: The surface mounted permanent-magnet motors with demagnetization faults was studied. An electromagnetic hybrid
model combining the analytical method and magnetic network method was proposed. Permanent magnet with demagnetization
faults was simulated by changing the remanent magnetization in certain regions of the permanent magnet. A magnetic network
method was used to model the stator region where the saturation of ferromagnetic materials needs to be considered, and an ana-
lytical method was used to model the permanent magnets and the air gap region. The hybrid model of surface mounted perma-
nent-magnet motors with demagnetization faults was established. For the permanent magnet with health, uniform demagnetiza-
tion and partial demagnetization, the air gap flux density and torque were calculated under motor stator saturation. Then 2-D fi-
nite element model was established and the accuracy of the hybrid model on demagnetization faults was verified by comparing
the calculation results of the hybrid model and the finite element model, which provided a new method for analyzing the per-
formance of the surface mounted permanent-magnet motors with demagnetization faults.

Key words: surface mounted permanent-magnet motors; demagnetization faults; analytical method; magnetic network meth-

od; hybrid model
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Pole-frequency Vibration Suppression Methods for Surface-mounted
Permanent Magnet Synchronous Motors With Segmented Poles

DI Wei', ZHANG Lina', TAN Qiang’, WU Dongfu'
(1. Ningbo Dechang Technology Co., LTD., Ningbo Zhejiang 315400, China;

2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: This paper proposed a segmented pole design method for surface-mounted permanent magnet synchronous motors,
which can simultaneously suppress pole-frequency vibration and torque ripple. Based on the Maxwell stress tensor method, the
relationship between the amplitude and phase of permanent magnet flux density harmonics and the corresponding radial force
components was analyzed, establishing a design approach to weaken pole-frequency radial force by regulating the flux density
harmonics. On this basis, a segmented pole structure was designed, clarifying its mechanism for influencing flux density distri-
bution and suppressing radial force, and providing design guidelines for the pole parameters. Finite element simulation results
demonstrate that the segmented pole structure effectively reduces pole-frequency vibration and torque ripple without increasing
the usage of permanent magnet material.

Key words: surface-mounted permanent magnet synchronous motor; pole-frequency vibration; modulation effect; segmented

pole; finite element method
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Analysis of Back — EMF for Multiple Elements Winding of Coreless Motors

LIN Lijian
(Huizhou Loda Techonology Co., LTD., Huizhou Guangdong 516000, China)

Abstract; In the design of permanent magnet DC brushed coreless motors, the performance of the motor are typically inferred
by calculating the back electromotive force (back-EMF) generated by the winding. Under a given air gap magnetic flux densi-
ty, the back-EMF produced by the rotating winding is related to the winding configuration. The armature of a permanent magnet
DC brushed coreless motor mainly consists of a motor shaft, commutator, and coreless coil. The coreless coil is generally fixed
to the commutator by adhesive bonding, and its number of elements is usually set equal to the number of commutator segments.
Due to the presence of the commutator, the permanent magnets cannot fully cover the winding axially. Therefore, when per-
forming back-EMF analysis and calculation, other than considering the type, shape, and parameters of the winding, it is also
necessary to analyze the number of elements and the axial position of the winding relative to the permanent magnets. This paper
derived analytical expressions for back-EMF calculation for the common-used rhombus and hexagon coreless winding, taking in-
to account the number of elements and the relative position of winding to permanent magnet, meanwhile, for the micro-motors
using parallel-magnetized permanent magnets, a calculation method for determining the fundamental amplitude of the radial air-
gap magnetic flux density was presented.

Key words: coreless armature; back EMF; elements; relative position of winding to permanent magnet; parallel magnetiza-

tion
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Low-frequency Vibration Suppression Method of Dual-channel
Multi-pole Resolver Based on Fuzzy Controller

WANG Dewen', YIN Ronghui’
(1. State Grid Gansu Electric Power Company, Lanzhou 730030, China;

2. State Grid Gansu Province Electric Power Company Jinchang Power Supply Company, Jinchang Gansu 737100, China)

Abstract. Aiming at the problems of long response time and poor suppression effect of low-frequency vibration, a research on
low-frequency vibration suppression method for dual channel multi pole rotary transformer based on fuzzy controller was pro-
posed. Decoupling the dual channel signal of the rotary transformer and accurately extracting the amplitude, frequency, and
phase difference of the vibration signal. Designed a fuzzy controller consisting of a fuzzy interface, rule library, fuzzy inference,
and deblurring interface. Based on the vibration amplitude, frequency, and phase difference, a fuzzy controller was designed as
a tool to determine the low-frequency vibration suppression variables of the rotary transformer through input and output variable
fuzzification, membership function design, fuzzy rule library construction, and deblurring processing. The research objectives
can be achieved through the execution mechanism. The experimental results show that the design method suppresses the low-
frequency vibration amplitude to Opm within 18 seconds. After applying the design method, the vibration amplitude and fre-
quency decrease more significantly, with the minimum values reaching 1 um and 2Hz.

Key words: low frequency vibration suppression; dual-channel multi-pole resolver; input variable selection; fuzzy controller;
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Sensorless Control Strategy for DTP-PMSM Without Phase Shifting
Based on Complex-coefficient Extended State Observer

WANG Jiaxing', DAN Fengjuan®, DING Wen', LI Yaqgi', YANG Jun', ZENG Zhiyi'
(1. School of Electrical Engineering, Xi’ an Jiaotong University, Xi’ an 710049, China;

2. Xi’ an Aerospace Propulsion Institute, Xi’ an 710076, China)

Abstract; Dual-three-phase permanent magnet synchronous motors ( DTP-PMSMs) without phase shifting has attracted consid-
erable attention due to its high power density, wide speed range, and high efficiency. However, since there is no phase shift
between the two three-phase windings, the traditional vector space decoupling method cannot effectively separate the torque and
harmonic components, limiting the accuracy and robustness of sensorless control strategies. To address this issue, this paper
proposed an improved mathematical model of the DTP-PMSMs without phase shifting and, based on this model, designed a sen-
sorless control method using a complex-coefficient extended state observer (CCF-ESO) to enhance rotor position and speed esti-
mation accuracy. The proposed observer featured a frequency-adaptive band-pass characteristic, enabling accurate estimation of
back electromotive force without additional digital filters. Compared with conventional back-EMF observers, this method exhib-
its stronger suppression of back-EMF harmonics, significantly reducing position and speed estimation errors. Steady-state and
dynamic experiments demonstrate that the proposed CCF-ESO can effectively improve the performance of the sensorless control
system for DTP-PMSM without phase shifting, confirming the effectiveness of the method.

Key words: DTP-PMSM without phase shifting; vector space decomposition; sensorless control; CCF-ESO
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Abstract: As a crucial direction for green development in the automotive industry, new energy electric vehicles have shown
promising applications for switched reluctance motors due to their simple structure, wide speed regulation range, and high effi-
ciency. However, the unique dual salient pole design of these motors tends to generate significant torque pulsation, which hin-
ders their industrial adoption. To address this critical challenge, this paper proposed an optimized power converter topology and
improved control method to reduce torque pulsation during low-speed operation and starting phases. The research process in-
cludes; establishing a nonlinear physical model of the switched reluctance motor; designing a multi-level power conversion cir-
cuit based on existing studies; enhancing conventional current chopping control for multi-level output; proposing a simplified
chopper current compensation method; and developing a simulation model for current chopping control in switched reluctance
motor drive systems with low-speed verification experiments. Experimental results demonstrate that multi-level power converters
outperform three-level counterparts in suppressing torque pulsation at low speeds, while the proposed chopper current compen-
sation method further enhances torque pulsation control effectiveness.

Key words: switched reluctance machine; doubly salient structure; multilevel power converter; current chopping control;

chopper current compensation

0 3 KRB IEF . fEARZ BB, JF ¢/ BH g AL
( Switched Reluctance Machine, SRM) [&] 45 #4 {7 4L

A RRE IR B = MEREE IS gL m i, JRWE 2 BRI, AU 5 T SRR . AR TR A R
NI FRERT K, FREEBINREZBIEA T ERAR. W B RS S LG Sh AR R

T

Y EE: 202510 —24

HETH: 5 g KA 5L sH 75+ %) (2024)C - YBOQN —0753) 5 ST T &3 R B 447 P o i 3 4 43R 4 “ hL g
B REE R ARE AR 547 (SR A %5 . 2023 - ZM01J001 ) ,

EERN: ABRE986), 4, M, BIF TAIF, FFRF G4 SAIRS 4

"

A% R

!



.36 - @ 9%

NRURRAE, IR L B VR A4S S b k1A oA
HLICHERRHIE -] . 4R, T SRM REBR A9 30N 1)
gy, ECOLEA R R Dk sh Ry e, i
RIFEFERK SR K HBR ] T SRM 78 Tl v i i 1
) R, AT DU A T R A g S A5
DA R Bl ) 7 vk LA e bk sl

=PI AR e g 2 H RS AN B R Tz
MDA g, ARG F BT LUy Ry ASKEFR
Fpral, R, AFTFCA C-dump 20, LA
. pRERER A L HEEMIIE, TRMERER,
FER T B Z R B, B A +1, 0,
= 13X =AM SERAS, X SRM pyEsdl AR, JF
HAERI R H LT, Jo b T4 i i) 58
CH FAL A R 004 TRl s P P DA UG Tl W RO R
R LA B[], 2 A TR = 1 D A i g 1) il
EXPHIAT TS BN, A AR T —
Tofr P A R T DR AR A, G A TT P LA
SURHA T R A e 8% 1 b B AN TIT R, R
PWM 4t ot 2 21 B2 80 432 1) o HE A7 AT R 1
FNIAE S5 N TE AN X5 Bk 21 B 2 32 72 48 2% ( Asymmetric
Half-bridge Power Converter, AHBPC) py2Lal F %3t T
— P T H SRR R AR, B T v
%, A i LB T A SR R ALK 2 R L TR R
PR T AR R4S A 7E AHBPC ) 35l I,
Pt TR VE B RS, BEAT DU ARG, A RO
S T BB CREB ML R Ge s At e /1

TE% T = M D 3R AR e 8 R Fh A5 F ity |, ol
HIABAMY R, A, HBH . TR R & Ak
B, TR 2R R SR NG R, £
F - T 38R 4 85 10 el P i v 4 1 1) 2 TR PR Y [ I
BEINT RGEARRE M, TR B fof A5 H A T D R AR
AN, Pires S5 AFET T BIGERYHR T —Fhgr 1110
ZHOF- TR AR AR NG AL, LR SUR D T
GRS, BRI T A, RSP ME RS
Song & N TP A A2 2% A1 = H P T OGB4 HY
T— R LR A g8 Fernao Pires % A
$ 7 —Fh R T NPC B H AL N5 1Y T - ) %
s Pires AT AP RALE, #HT—
PR TR NGS5 P KU o — o 2 A
PR Z i P A PR AR F A A, JF ST H P =
PN B — A TP IR A5 it 5 Chauras-
iya ¢ NHRHY T —Fha] AL TF O F 0 22 vy - 2 08 4
RO TR RS AR el T = P Y
AT AP D A8 H R IR J K AC-DC-DC 2544 155

# SRM 3R M

WA N Z R s TR oo a2, &
By 1B o7, N9 ) A R T 1 9 AN 15 o
PR, TRt () A5 K i PR S 1 [a)
S DI RT Z H P DA e, () B0 e
15 a7 WL TR B/ i T AP RS NIV Ctiil L S A O
IR, ASCHR T AR AL P D AR AR
W, e % i B % il ( Current Chopper Control
CCC)PEYy SRM FREASE i SR, AT iz il sims
SRM FEatikafir =R A, IFEE Rz R ko 5

1 SRM FR& %4

TSR AT RN T AR H T 16 T 500 0 4
FIRSEN , 5 2 MO ESERT BE A AR R 225K, sy
SRM fZett . HELPERIAR R AERIAY , 2k M A Y
2 AL AR, il PR AR A R A 1 AR
ARCAES:, WO TR LAY Y B s ELE
BRERUER > 75 S8 1 L VAR 1 o i 220 Wk f) A M B 42
AT B IR IS BIASE R R AL 64 B FPLRE B AR I s AR
LR Rt R MERR B Y , BE T80 A K WS PR
SREGARLRPERA AL, W5 i (EAH B A4 R 52 2 B A BT
B, 2 R SRM ALK BE A, AR SO
FHAE Fe3E 57 T SRM BAEZR PR AL
1.1 SRM HEE4FHE

A SR A 2 AR R e, R
WEAFPERIR R W o . R RO AR AR R 2, anf&l 1
72N

0.15

03

w/Wb

0.05

0

0 5 10 15 20 25 30 35 40 45
01(%)

(a) WEHERFE 22

0.014
0.012
0.01
T 0.008
~
0.006
0.004

0.002

0
0 5 10 15 20 25 30 35 40 45

0/(°)
(b) HUBFPE I &



73] UPERZSE BT 7R 22 v 7 S A4 5 ) T O R B P L2 1 SRS AT 50 - 37 -

—ANHL R, A5 AR X 5L B LRGP A OE
TEXT S0 B LUJS 7= AR U, TR HE X 55067 8 AN
Xt FEA B A AR A8 R 05 53 A B TR s AR A
ISZIR, MIEE R IF R KB 5 i T 7 L &R
{EARFERE T B f e, AE X 57007 B LA AT IE A9 AR %
S P A I TR 0, AR X R B LA R R
I FEL 3T 48 A T S
0 5 10 15 20 25 30 35 40 45 1.2 SRM ZEMKE”E%'EE*E
01(°

<wm%m& HRAE SRM. {1 H 5 R 7 AL ML A AHAS (RS R 4
B 1 SRM R RE4s i 2k B2 i, Ho AR “R_ a”, “V_ a” fl*Posi-
B T DR S T R O E A ton " MR R A M GEALALREL . A R AL o 7
SCHAERRIE S O, FRRAXS S5O E, MAbFE 17 B f, HHHAYSL_ a” ., “Flux_ a” | “Current_ a” fI“T
000 H . PR OSE AT A ESE Y _ a  WARIFR A MR RE . REEE ., MR
TN, AN RS 9 =22.5°, W 1(a)  AHEEHE . IR A A R A AR A A BROC ST
FE L) ATUF L, M5 amiaent, maeps  M8dE, IR st Bt f s it s
B LN - T, T R R R e T R e P ARIBCY AT AR R AR R AR . AL AR P ARER T
VRl M, REEE R R AR AN o /N, FEXE S HEETAIE AT ESTIAESN, HAABARLY A AL
(B R FERXFFAEMIE, M mmfa R TAEAAIRR T, =41 12/8 ) SRM % HI ¥ 1

b, MIREFEAAR RS, RN 1 (c) iTIAE  PCEAZRKIAZE 15°,

T/Nm
o
I N N T O N N

IEH ’ T:E (3:) Tl
(D
R -
- _I Lfa
STy
] 1 D
®—> S
Voa +_I 3 Flux_a
gy L Te— *D
urren
Q:? Position Current_a
Position LR T SR B
urrent
. Torquef———* 2D
Position T a
R AR

B2 Ml ABEREER
L UNE 3 Pron BT ALE MRS, o EHRIFOR IR T O E A IR T O A TR R
BAST_ e AT L7 p 5l M R M sk AT EMIA, AL B C =HIZ AR K
i, Hih“Speed” F R G THEH, “Theta” WM MM BT SRM BYAREIRL,

1 .
3——{>»—%y < b D
Theta

J

X- "D

Speed

B3 HFAERITEER
. LR P AR L o 5 R~ 7 R £ I
2 —fhERRt T Ih RIS HASE  H 4
1ﬂ§ﬁm£%$ hE TR AR R R B ASCLE AT R AR AR T R
54

PR AR g SRR i T 1
MR BTN A, O T SR T U R A



.38 - @ 9%

2.1 —M#IBABFHERTHFLT

RGEARS R D AL e A5 SRM 3K R 48
PR Z B R 22—, BIRA X FRFHF 2
ARG A S5 T 5, TARVERELF . N HIVE )™
ZAEA, EH HA 1L 0 R -1 =R, Ak
PR, R TR R R A R R, S
HF /g i &1 A7 S e B3R )
Pires 2 NTEAUS R DR AR AR ERI L, it T —
P HL T D SR B N 2, T 4 R

[

4 Pires £ AT B F IR TRBEBMINE

B A TP AR LA AR, )
KM T ICrR ], BRAR T A, (Hizsifiy ok
SIEAHIASL BT, I, ASCTRR S 5Ll i
R EREIENVEA IR OV S A% XS e RV
fft2v, (U, .0, - U, M -2U, HFEE, XN
AA TR TR, BIPR sl R, R A =X
T i IR MR R R

+
[

1

mfi —{S. D, 2\

S,
¥
m%: TD; s_ﬂ
B 5 AT ARFEHRTHREBRINGN
MIFRARAE S, A0Sy FFEES, i i TE Se2H W v Y
HIEN2 U, , G4 TAEAE P g =X, AH H il
B, % ARSI A ARSI E 6 iR .

AV

6 REREENX THBRRE

MIF I S, A1 S, TR, il il 78 S8 2H W5 i 1

HER U, , SR W TAEFE R mee=, AH A i3
ELE8 o B e e i s TAERE 8, % TAERLUT
AHEE RS WA 7 Fw .
u2; _K& D, ZN\
B —
LI . S SR N

B7 BhEEEKXTHEERRS
YIFRARE S, T, S84 AH L It i i 5 38 F)
S, F1 Dy Hk A, SEH TAETE R i RSk A=,
RS T, % TARRE T A A ik s e 8
B

S
o+
Il

_{g‘ DiZX

AV

o

m%:
B8 FTHREZREXTHEBRKE
MACH TR ARAE S, TRy, h T 4 L A
1E, GRAfFEMRERZ D, | S, M D, BISRA I, %8
A P L o R R T - U, SR TARAEIR G
B, RHHL U T B EL T B R A % TR S i A
P, IZTARRECR H R ARSI 9 B

N
1%
)
B

)= £ piZS
D, S, L e |
D N2 -

m%: D &—H

B9 HREB#KENX THERRKE
B TR GEAR TR R AL Weds, Priseit iy
TR R AR AS BRI T T SEFRE A AR Y
B, (Fdsghn T il PR, BEAS S SRM i
feptE Z AR BE R, OB @ 1 R HIRG BE A A
JE o [FmdintR 1A AR SR AH R AR G AR, R
IR T IP AT MR, i T SRM K3 RETH T



7 SUBERE 24 TR0 25 P 20 A 9 FF S A Lo 1L 4 5 39 -

VERCR MBS TERE, AR TS ®l. 5551,
ARSI IR 10 1757 2P A5 A SE 4 -5 D) R A e v i 12
B, ST A AR MALEAT

L4 e L | ]
To 5]
—D’—¥ .
Udf::::—u_¥

| A O

B 10 AXPERRASHETHRB[ERZTR
2.2 SRM Z=#IRE&

BT AEAEAREARZS IS, 77 A 41 3l it 3 3
BUIN, fArSe e d S b AR AL B, O sl B DY 4%
LI R TR SRM ] A7 iy, A 500 A FiL AL 2
FrBRA, PR SO L T e 4% A D SRML ) 5
AFER T, A5 CCC R A 11 fros, Hrp
Ly WS, MEERAH, B BRI, = i,
+h/2, B FBR iy, = 1 - b2, h OBHEERTE 2
HTE, 0, A1 6, W53 50275 T8 £ M A3

i

A
- ANAAAY A2

09, O, 0

B 11 f&% CCC RE

XF TR T A SO BT B9 22 H - DR AR e AR 1Y
SRM UK 748, W Exifess CCC ghfrekit, FEu
EEF RO R A S 2 P CCC B
Hy: BEEERR A S WS S PR AR L 25 1A 4 -
i, RTEEET Ai i, FEINESEH M s L 2 U,
I SR TAEAE PR A I RS, AR H bR
B = 1, /NT Al HRTEEET Ai /2 1, TEM7ESE
MWL TR U, , W SEH TAETER R 2 i,
-1, /DT A2 HRTESET - A /2 i), SR TAE
TERRIRLRAR A Y i, i, /DT - Ai/2 HRT
W AET - AEE, RIS Wi R R - U, , Ze4
TARFEIR MR Yy — 1, /NT - A, JEANTESE

M IR -2 Uy, SR 2H ) T A 7 PR R A
o EHCZ HF AR PR P AR NP 12 PR

1
Ai/2 Ai i

B 12 M#fEmEsSE

PRIGFGEA IR [ =5A fE, ARYE SC50 I & Y
FEL i RS 42 ) B SR £ BT R 1 0 L/ 0 iR 43 5] n
B 13(a) FIE 13 (b) s, 780 -22. 5° Iy, Al
PIKE oL/90 thgksr —=A~XIk: /NoL/a0 X 9L/
0 ZAE X 9 L/00 FHXFEE X . Hrh/N aL/96 [X Ny
HALE I S5 Pl e A XL, R R R K
HEARRL, SH oL/ 06 EILE/N; 0L/060 RAEIX
R SR iR S X, HoE AT
S — g EE X, TEXAN XN, B A A
JEIAR A, FECIL/ 96 BIERIZIE N o L/06 FXTER
8 DRI AR R I A S A A X, I REL
He/NHIEAARAS N 9L/96 BIEARFEAINEEE .

0.014

0.012
0.01

= 0.008
~ 0.006

0.004

0.002

0 " n " " n n " n

0 5 10 15 20 25 30 35 40 45
0/(°)

(a) HLIREI=5 AR HJECIN 25

x10™

aLlId6
S

0 5 10 15 20 25 30 35 40 45
01(°)
(b) HLILI=5 AR L5 T 38 £ 1) fh 5 1th 2

13 Ef [ =5A XM EBEREHES L%



.40 - ik € L

59 %

SRM == L 75 A1 DX 0] 7= A2 5% S ik sl EL7E /I
OL/00 XN aL/00 AFIX, 1455 CCC HidE Bt 2 fiF-
() CCC ME DL S BRI L 40 RS, 75 B R B
BAMOAMEAE . A THE/N 9L/960 X1 aL/96 5878
X AEBE2H ) e FE B8 T8 BB (E, T AR IIZ
FHGHAE/N 9L/ 060 KIS IR, JEREAIGIZAH
LEHAE 0L/ 00 AKX S ZHRIEE, ik 6, J&/
OL/90 XH OL/960 &7 X B A, 6, & 9L/ 06 %
AFIXA 9L/ 0 XS REE X 4 Lo, At f B 5L
ko, e, , SEMAToL/96 fhRArIX, SR, il
T SR M L R 3k R AL
HLALIZE AT B AR 4R 2 7007 8 B Ao 8, A pR AR
AR A M FEL IR ) K0S, JF4 T35 A M L A EL
SEEH IR A S S R T AN . EE AL
RIS RAEARLR, 60, | 0, R AME L IR — s — 3R
PRI 5 B R I, T L M R 1
2 PREN LA T B 2 LI R, RE SR R A ],

L A

+ 7 yas AL,
' . AME
o Gyl prz o
i et +
wuc\ ___T
o

T3 AT L AME 1 B ¢ B R R FE kBl .
B, ASCHRE Y — RO [F) T A Tk 9 T Ak B ik H 3
*METT

TG, 76 SRM 3K 3l & 48 HF 4 T4F JIf 3k 24 e
Jo, RS E T — B[] N B RE S R (RS- E T,
PR A 5 PR L RERG AR T, 25 . 4 A IX i)
W, B FELZMEKT AT I, SMEHEFRME AP =
1.5 A; MEMHENFHET AT HRKFAT2 15, £4b
BERLE A = 14 MEME/NTHET AT2 HRT
- AT/2 B, & A" = 0A; M2/ T % T
—AT/2 HRTF - AT B}, 2 Ai" = - 1A ; HZHE/N
TR T - ATHF, 2 A" =-1.5A,

AR SRM FBEXERAR X 1] 7= AL G J ik 3, {H R
TR T, RS R R R A
— RSN, DRI R AR B B RN SR T B B A
B8R AT L A o AR BT 3 Y 1 1k B
HL L AME Y CCCAE BIANIA] 14 R

T o

oz A

HL AN

14 g EiRAMER) CCCIEE

3 {AESH

AT 38 A A7 L E T A R T A T D e
gy K H A H R A nl 174k, 78 Matlab/Simulink
B E T =M 12/8 H SRM HL I B I8 458 il 4 B
A, HrAi = 1A, AT = 0. INm , 5 TAHZEZH fa fH
R, = 0.22Q, ¥z J =0.00096kg - m*, ZhEEHE
ZH D =0.002Ns/m’, JFiE A 0, Wi 0,0 5351
R 5.4° F120.4°, FEHIIAS 100kHz, A T 5 iE
ARSCHTR T AR, 51 AR K 8h R BCRAE
SRR ZhAMEI R, I (R /)N 158 BH e i Jok sl 0 il 2 2R
B, FERENKEh REK, Kom N

Tmax - Tmin
Ky = o
AR, T, RN R RRER: T, WM I
s T, R TIPS

TES75 553800 2500/ min, $REFEHE D INm (9T
EAMET, 2 0lEfese CCC. &R 2 iy CCC 5

BB AMAR CCC =R Jr vk N AT IR f &
LIRS AR . AR S U R D 23 Sl

mE 15, E16, K17 s,
s |l il gl i
» bm.v,v.'.:\a'.’.’.'»‘-'me.w.'mﬂ"\“’ Nmm o M»M W
\
<47 ’ \
=l A \\
0 ‘ AR | 1
2k
1.5 t‘w
g 1 fmwmﬁ ﬁww """" rWMN
Zos}
&~ 9
0.5}
1.5 :
. 1kv Ty ST Sy S Mﬂ“ m
Z0.5} .
S
0.5F i —1
0.355 0.365 0.375 0.385 0.395
0.360 0.370 0.380 0.390 0.40

B 15 &% CCCEHIEREFE



74 MRS TR 2 o T B 0 FF KL B ) S 5 - 41 -

81 Ads A 7 %
<l b‘\ J kl‘i‘—
[
< 4 IS T R
2 \ ‘ f \
0 ‘ A W I | ‘ 1
2
ISP —F T .
Sosk t f / ‘
0 I A | I nt! |
0.5}
1.5
§ 1 ’-\.\.»ﬁ'7;\ \’»7."\‘\’»7'>;\.\’“—.>—\‘\'“_‘
S0.5f
0
0.5
0.355 0.365 0.375 0.385 0.395
0.360 0.370 0.380 0.390 0.40
B 16 EELHEFH CCCHEHERKELE
2 L 7 W 7 | W T A
| ' |
<4 \ ' ' 1
Qs s
0 | ] [l | I
-2
L5 T. T
g8 1h ot et pem=m=—
2 0 | | (1T 1
= ] \ ' f \
0 | S S LV | W E—
0.5
1.5
g 1 e p———————
Z0.5
~ 0
0.5
0.355 0.365 0.375 0.385 0.395
0.360 0.370 0.380 0.390 0.40

B 17 HiRBRAMER CCCIEHI L RiFFE

WAEIE 1S fios, 58 CCC Te et B Be, Dl
AR REIG I JE et 5 RO 7 A AL, IR REAR B
RS R R, S U R A AR S N R
AL, R BRI Ay W {5 R o /N A 5 T A B
MR BE, AR — VLB N B

WA 16 s, &R T 2 HF 8 CCC BARTE
BB B R A 2 7= A — A, (FOX(E ] b
4t CCC R AYIE(E/N, 53 AME A B B, &g
A AL S CCC R A B AR E .

MRIEIE 17 T LUE H, Bl oAb 2 )E 9 CCC
BRI T WA AR By Be il AR 2 5 L TR AEL, 2
THT B B A SE A 0 e AR, Y L RE R HE
W N RRTSHEHEG, XK TS SR
VRMRAE, (B B R A AR (L, AT
il R AR NI R R 7 2 14 B R A e R U A i
ANEIAHE, AN T AR R P B Bk Sl TR

IE AN Tl B B, A Ut AR o
® 14 TS CCC, B2 /Y CCC Fifr
P B AMEE R CCC PR R T30 T A5 4 Jok 5 22 %)
X, AREER 1 PRl ik — 2 e 7E R
FTAERE, MR RS CCC, dEREE Ay CCC (il
M T Z i F IRy, AR T SRM B AR Ik
3y, [A) i B A A CCC 7RSS B 2 /L P 1) CCC
Bt b — 2B TR kS o
®1 =ZFTERNREKRELLR

Wy ks 4t ERZ S ik A
(r/min) %i/Nm CCC (K,) H#JCCC (K,) #CCC (K,)

1 0.731 0.533 0.290
250

2 0. 808 0. 587 0. 409

1 0. 705 0. 484 0. 264
300

2 0.903 0. 604 0. 468

1 0. 679 0. 488 0. 266
400

2 1.030 0. 642 0. 455

1 0.705 0. 499 0. 270
500

2 1.050 0. 682 0. 466

1 0.774 0.503 0. 280
600

2 0.975 0. 740 0.475

1 0. 668 0.512 0.299
750

2 1. 330 0.819 0. 655

1 1.020 0.543 0. 439
1000

2 1. 380 0. 858 0.811
4 &

ARICLA=HH 12/8 1 SRM SAWFFERf G, 4% H
AR IR Sy bR 25 I 2 A Dk S B R B IR, X A% ¢
CCC AT, 4R T — Rl Y T ~F Zh A e g
o hATH RGP D53, SEBE T X SRM. ) e 4 fik
Zhimdl . Wi Py ERERM, ERECIRE T, M
T4 CCC, &R Z Py CCC AR FEMR T SRM
(AR k2, [R5 it W A2 CCC ATl il 22 Fe
i) CCC JERE it — 2B M T HeAibksh, Bk T2
FEL Y- S A g R A 2T 0 L AN £ CCC 7 0
TR bk 3l B A R

2% STk

(1] 2. EARTT OCRERE v AL A 2l A8 e g 22 ) R &8
WF5ELT]. PERRA, 2024(05) @ 98.

[2] Pires VF, Cordeiro A, Pires A J, et al. A multilevel to-
pology based on the t-type converter for SRM drives[ C].
16th Biennial Baltic Electronics Conference, 2018 8-10.

(N5 48 11)



BS9OE HTH
2026 4E T H

ik € L

MICROMOTORS

Jul. 2026

HF iR (E B AR B R BB RSk

Zwi', TR
(L M T, %R MM 2471005 2. ZROMHERS THEHLS 2 B (AN TR A0 , 2R JEH 241000)

T E: BRI AL PMSM) B AGIERER £5 . (B FIWT s, $2 s — MR b W R B AR W 2 ROE IR
JEEAT 43 B8 TR AR 9 2% ( PI-MSDSC-Net ) %771 R 22 RS (R BR B W] 23 B B FRARBUR IR 5 RS 5 A ARIE, 456
R AR AR B ML B AR BB AR AE R AT, I R B I i i AR 5 | AU 0 B LU AR TH2 W vl S, 900 W PMSM
SCEGZE R, 7E 300 r/min #5510 Nm GRS T T, Bt ke Wi 25 3] 97.23% , S8
0.6310 k, FRYKAEFRATLE A 0. 5785 ms,

KW KBEFIS WL, RIRERES; B2, BN, YIEE R4

hE 4 kS, TM351; TM341; TP272 XHEAARAERG: A XEHS: 1001-6848 (2026 )07-0042-07

Current Sensor Fault Diagnosis Based on Physics-informed Constraints

LI Yaru', WANG Chen®
(1. Chizhou Industrial School, Chizhou Anhui 247100, China; 2. School of Computer and

Information ( School of Artificial Intelligence) , Anhui Normal University, Wuhu Anhui 241000, China)

Abstract: To address gain, offset, and disconnection faults of current sensors in permanent magnet synchronous motors
(PMSMs) , a lightweight physics-informed multi-scale depthwise separable causal network, termed PI-MSDSC-Net, was pro-
posed. The proposed method employed multi-scale causal depthwise separable convolutions to extract both transient and periodic
features from current signals, incorporated a lightweight phase attention mechanism to enhance fault-related feature representa-
tion, and introduced Kirchhoff’ s current law into the training process to improve diagnostic reliability. Experimental results on
a 900 W PMSM platform demonstrate that under the steady-state condition of 300 r/min speed and 10 Nm load, the proposed
method achieves a diagnostic accuracy of 97.23% , with only 0. 6310 k parameters and an inference latency of 0. 5785 ms per
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iR E: 2026 —04 —07
E2TH: BRa&AFELERS, 5B (62541108)

IR Tr i . TR S B T7 3k DLk T 50s 98 3 i J7
R Horp, FE TR T 5 i RS E
FOEE TR B WL (SR 12 Wl e . SCRRL2 T4 10 1
—FhEET B 2 T R R O vk, TR
FEL P01 TR i PR IR A R 22 4 00 fL 3 AR R
SRR R, SRR L3 1R R 3 O S Al e 5 3 78
PR AL S S R U A o, ST SRR T B
B P 0 5 7 LK B L 1 et il e IS TR 1 PR TR
FXETE SR, SCRI4 TR T —FMEET o
AR ZR HL AL 05 5 b 35 3 ) T 114 R 2 W U
A b A 3 I L A = A e B BRI DR oA AL A
AT XoF B -5 22 M i I 3 531 SR P R K 2 R R R
TN v F AR T BE B E SE S LI A% AT

EERIN: FE3(1994), K, ME, BIREHFIF, FRH &4 AR ES B A IR 424,
I OE(1990), B, Hd, BRERIT, HRF @A EIEELE, b FEBH K,
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PR o SCHR LS 38 X LA O 8 e e v A LU
W I dg Hl R I SR o3 A I RS AR AR
DA B Aof 38 4 W00 B A g AT L S O T A = A g A9 L U
MR EZE S, AT SE BB RS R | AL S ARk i 42
TR o JRAE X LT 95 HA R 14 12 W i
HOAEREA I L 52 IR T L LS B Esf ik, 3 300
PR 2 B

UTAESR, B IR 3 J7 vk DR HAS AOONS i 49 B
TUR A SRR SR BURE J1, 7R B2 W SR 15 )2
KHE[6] o SCHRLT RN T AL M58 T PMSM
LG SRR T2k . IR I 25 iR W, SCRiRL 8-
O Jib—2BAuAk, Bt T = AR [R) A 22 I 4 2 Al
TGRS BRI 55, (HIZE AU i
SERIFRIAT LI FOFTATTE Bon, ZiliE 4
Je g R A A 2 I 45 10 LA R B T B L
KA M4 AR e SR A e T
TESWIRT L . SR, X LB T I ATE RO T R
AYIZREAE , IR RS R R B —E /R,
L A4 P A5 TR PR 5 AT R e 2 A B DR
32 BRAS) Tl ol il 4% L 19 3 B

FEXS LSRR, ASSCHE ) — M A P B S
YA 22 JE TR ] 73 25 PR SR R 2% ( PL-MSDSC-Net )
FHT PMSM HL A% e b £« i ¥ A BT fic R 2 T
T o b 2 RO DA R R T B s AR Bk
TEORUES e DR P ) Sl i BRI A 5 A I 25
IDRSYLE LSRR e R b= R VAR =Wk /I
RN SC SRS PR Rr AR A AL BE 15 () IR 5 T 52K
BERPIE R — BRI AUl 7, U
RIHZSWEE R RS S B, f)e, SRR
TARSCHT R Wi Rk A R & B

1 HRERSFYEERE

T, A SCIRBES R R AR TE A R RS
SR, IR i, e, 5 HEE 4, Z R A9 5C R 0] R
HLLT 3 o SR RS

@ HEATHORE . LR AL S REUE SR | RES
R . THOR L B 2 5 sl R Bis AT 5 R 2
BB T2

lymeas = ot 1, (1)
b, €, MR RE MR BRIk
EARIE AR TE, 2 aB AR AR T AR TP A
A R T A2

@ f B SRR JE R IR TR SRR R
. BRBORE AR . BIRSGI S R A H
HEELHL A o

by = 0 4 b (2)
S, bk . M2 O SO 2
(RS ARSI, FE ) RGP R PRI

@ Wkl . 2 di e an it h by, 55 4m

Jii . B A A R ORI TSR
Lumeas = 0 (3)
TR I S A5E E AR K, B T FOC 4]
PRAAMEAE T, AR DA P O 2 R A T
MR =AM &, IRt — LR R 4eis

fi5 .
2 FHEMSEIEI

B R R TR A0 v LR 2l 28 G Hh v DA RS il e
FEBUH i 25 5 72 55 Jo O P e A O A7 19 B2 Z
ARV T PI-MSDSC-Net, 32y 22 & PR IR
BERI B R | R AN L T LR A
H— BP9 SR 2 A
2.1 ZRERRREFVSEERER

PR UL A St B 15 5 108 BB 5% e e A A I A
JiREASAAL, WAL AL B afT i A e AR A
I WARRFAE o S FEA [7] A ) )BT ) 4 il ik
REST, ASCUET T 2 NEZ R Al 77 B 5 UL,
i B AN RS2 B R AT 00 5, W A S AT
EINEEGE(R 3

Sk I R A TR Y PR BRI TR
MPFERERIE, RIS AT w20 A9 fa A5 2580 L0
SRR DG, AR AE B W TR A
A =AHRL LI 81, B G oR P 0 A PR 2R BROx 4% A
FEL R EEA T R IR A, AR

y(m) = T (mrn-m @)

K, v (n) B ADEIBEERZ] 0 ARG,
w,(m) R ASEE XN SR SEL v (n) RS
AMMEE PGSR F A EBRERKE., RIESH
LR R IR R, BHICRHKE RN E-1 1
B AE ST
TESE N B R SR U, dE— R Z S &
RS [F] ROBERRAE Z [0 A5 B Rl , AT R R
F=WY+b (5)
Kb, Y RZ R 5 35 5 AR W, R E
SEFRGE, b MR EN; F RS RIERR
SEGAR ST b, TR T 53 58 6 VR A
A B B 308 3 R A R, A ARG S B0 A
BRI, ER AR R 2 e ). Ot
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FIAZRBEFATEN, BB RN [F] I AR W 2 ik
BES RS A 2 AR RRAE , DL e 34 25 0 i ke e 5 350 A
HAPIE AL, AT Ay i £ 5 e PR 531 2 14 B A 52 43 Y
FHIE S
2.2 BENMREEAIE

FEL L 2 e A A ) L AR 52 A9 ) 7 i
FEAEZES, RO A AL DX IS A A 35 S T A )l e 1)
A o A iR A TR XoF O B R 6 R AT B SRR BE
ARSCHI N ACARBIE B AR

AP S I 1) 4E X g AR AR 1 BE T 22 R
Ptk , AR AEIE e Rgita, HRAATY

R DNED (6)

A, Fo(o) 5 ¢ AN EETERZ) ¢ REm R T
K AERE ; 2 A5 ¢ AMEE 2R

BEJS . R P2 2 MW I 27 ) 4% 3 18 A AL E &R
B, HERRAh

a=oc(W,5(Wz)) (7)

A, 2 Rl s AR AR ) &5 W, AW, )R
LMW AE 25 6( ) ABOEREG o(-) N
Sigmoid FLIE PRET; o DA 38 AN TR W] &,

FFHACE ] X R R A T S bR, WA

F.'(t) = aF.(1) (8)

K, a, B ¢ MEIEWAEREG F () ARG
ANFHIE; F' () IR 5 13 R ik Jl i B R #L
i, BERY BRI T BRI SR ARAN T 58 H OB A 5G4 O
SAIOLAE R, AWHI TE G S FNTCARRHAE, T2 =
S H IO T X 55 B AR AE ) BRI BE T
2.3 IR — B IR SRR

2 B KGR 20 i HLTE I B s AT RO FR S5 T
IO AR R AR R L, B = A R AR
WRE, ASCHZY IS AN G, wEy
P — PR R R

AR = A i e R, E XY —
R

1 -(n -(n -(n
Lplly = NZ] <lil) +ll()) +L((: ))2 (9)
n=

A, NN, i i i Ak e A
BEASH LA = MIHLIAL s L, B BOPER K
S TR 2 R R BB A, 55 XU IR 4
B — A 2 R R A R
L=L,+ /\Lphy (10)
SR, LR L oSSk s A IR
BT RS, TR A F R, 47 2 S

RFAE B4 [R] BF - A 8% e I — A HRL O A ) B — b
M 2 12 W 2 2R 1) ] SR S AR
2.4 #AIGRiE

R T UL T R AT A I ZRad AR, R A
FRLRER, AL R

LRI/

Hot T TR B B 43

v

ZHIEH L

v

AR

v

% REHFAESRHL

v

HHLAFIEG 5%

v

MG IRIRL=L AL,

oA

'

Bl {4 5 240

PR SESE AR RIS SFE R IR T

=

R SH

25

B1 HERREE

B, XERAETBIAY A AR R G 5 2 T
—ALMIHE S E A5y, JFRI IR . A A
W B, RGeS, 22 ]UZ PR
TRIE AT 73 B 4 B R S B2 I () ROBERPAIE, P it
RO B s AR R, 2R
JRAFAE SR A S i e e 1

TEREIAR A AR ey, () 5 5 SUI 3 2% F )
B G, PSR R, S e
WOCS B . IR 72 4 & B R PERE BEAT
RERIEPE, HEIERR AR E S TR A MR T, 45
LRI ORAT R R R S 8. e, P e AL AE S
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FEORFEBARTH AR A R, 52 6T Fh U A2 B i
BRI A 257~ o

3 ZREERSH

3.1 XLBFAE

SRR T WA Rk, T AR TR
KRG ALY S B A & o SEH 0 R — B A
TENFH 900 W ARG AUK B[R] 2D L, HEEZ

B R M, A S S S Uk ) o3 B
. BT T S WEE AT 3 W TIIZ,
FAUWHTIEAUE, 255 WAE AL LE . R4
AR S RRE 16065 MFEA, Rl g 5
RS SR LBy 3111
3.3 MBEMEESIIESHILE

ABFFRIEE IS W R TE BT B 5 7% 8 T 4
fERIKAE S i A0R, AR MG EZREE S

B 1 iR, KL SRR 2 iR,
%1 SMPMSM $RFRS 51 *2 FMREENEHERESBSH
28 28 Bty 2 SR E
WEIR Py/W 900 JE G % R/ 512
BB /A 26 PRI IR BE 7] 43 g 45 R L. 15,7 f1 3
% E ny/ (1/min) 500 Bt AnER ) Fe4ii = r =4 Sigmoid
HiE G Ty/Nm 13 REET] 73 TR )2 B 35 K s=2
FETFHBE R/Q 0. 0957 EER G K A i ) AR AE 40 R LS R
SETFHUK L/mH 1 P — B R R YR PEAE A =0.3
SKREVRRERE W/ Wh 0.027 R ' AR ek
Bextep 12 TEN i R b, 3 SO 09 308 5% W o (1) L T
Wt J/ (kg - ') 0. 01015 AEN AT 052 HAR S WA g, A SC5—I
KiTERLE B 0.01 A=0.3, fEALBEERH Adam, WG4 Rixh

BEAL YN 25 5 HE BRI TR [F] — T H AL IR B T 58 K,
B2 55 S Windows 10, Python 3.11 FlI PyTorch
2.0, RPIEARIBALZ 8] LR R AP, e X L
Y YT AH () 58 5 B A R 58 T Se Il 2 5 0t
3.2 HEEMEEmALE

PEAL TSR AT 52 AR S A IR T 2 WM RE
AR TG 2 A TOR SRR 2. EEXT 3 AP
HAYHL R AR, AN T R SR S R, &R
GERMEIAUN 20 kHz, FAYCRFEN [FHFEE 1s, H
t, AR RECRE R 1,25, i R R
1.5 A,

TERAE AL B B, 8 el o B 25 bn v AL I
A S 20, 1]XE, PUHBRAF LT
WEEL 22 e RS RS BE WS S s, A0

X -,

xnorm = ( 1 1 )

Xmax ~ Xmin
AP, 2 IR RAE AL, v, B, 20K BT
LS ONIER 2N (=

befs, RHWhE OB ARIETEAD 3. BT
HAFEAS T 3 50 3 S5 5 R, R Kl 512
SRR, WK 128 g, 4B 20, 000 &
SRR P AN ) 53 A] P A 153 A,

0.001, Stk R/NBER 64, MINHILIG, 1EAERE
5P Dropout, EFEFEH 0.3, MR KA
YILFER I 500, I 45 4 U 4R PE g 1 B R 5
B, MIF ISR ESE 15 R AR T 11 I
%, LMEAF ARS8,
3.4 EAEXFLLAEE) AR

T AT TAL B S W R, ARk
WUT S A ELA AR 30 P 10 R B 2 o) HE v 80 06 A7 1 i
T L

G TR P 2 B 22 M 4% (WDCNN) 1 %20
AR AELE T 1 2 R IR R SH 5, B
ot B T B 432 DA T — A Bt A4 5 4 1 7
M 2 3 /N T T A R A R
PR AR IRGE R

KUK 112 W 4% (BILSTM) . & i 19
P A, S8 2o R AT 0 B 1 RIS 1) g 2 T
REBEI B, AEELR R AT TR
A R B S A RS, SN S
AT 1AL L R

—AELSE AR (VIT-1D) 1 SR 4l 3 H AL
IR, A — 4 RS RIS R AR
TFRAAERE, JEE 2 P S 0 S TR A 28 A
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BES. BOMmZLATEBEN SRR A, #
SEAR S BRI 4 SR R AR O R .

VRIS 22 W 4 M 4% (DRSN) U0 7 5% 2% 9 4% (1
LRl L, BIAT A G N RER AL . %2 i T
PIE T [ 25 [ 3l 2 I 50 bR RRAE b 9 G F g
FROY R, ORI FH AR 25 7 1 0 R TR B X 45 AR DI it A
FAR B AR

RAZE I BN L (CNN-LSTM) ' SR IR AT
GREREEY, R A o A R 4R U 5 1 JR R s [A)
BLASHRIE, JRB 5 A RRAE 4 A 5 ot LSTM )2 ik
AT I A S AR, S 4 P G A5 SRR AE 1 TR
A

AR AR EE B A, T A 6 AR R R
FRAR TR B P BRI AR . I 2 R o0 T =X B ik
A, IS ARG SCIRIEE S 5 E0E S0 2 )5 3T
Y5
3.5 BAEIATHISHBE

23 4T 300 r/min S5 R ASIR] B4R T 0%
HrzWigh R, rTLAAEH, 765 Nm Ml 10 Nm BRI
SHEEKMT, Wk mBas 7 &2 Wik e,
Hr, 765 Nm THUF, Al ik iig Wi R ik 2
96.88% ; 7F 10 Nm T-LLF, i2WiEHRiE—L 8T
%97.23% , FHNZI7EAT 3 FKi il A i e A

BAFRBUNRE S o
®3 BETIRTARISEEBEMHEREXTEE (300 r/min)
T4 Rl Accuracy/ %

PI-MSDSC-Net 96.88 = 0.15
CNN-LSTM 94.91 = 0.25
ViT-1D 93.82 + 0.31

5 Nm
DRSN 92.45 + 0.38
BiLSTM 91.12 = 0.44
WDCNN 89.06 + 0.52
PI-MSDSC-Net 97.23 + 0. 12
CNN-LSTM 95.42 + 0.22
ViT-1D 94.15 = 0.28

10 Nm
DRSN 92.88 =+ 0.35
BiLSTM 91.56 + 0.41
WDCNN 89.42 + (.48

3.6 BELRTHSERE

9T SRRSO S5 0 o 4
ABFGERE T PR B T0L: (i) FER B
GARHSE S S N, {UBLEEHEAE 100 ms B AL 150
/min BBRAE 350 o/min; (i) SRR B

S 300 r/min, #EFEFEM 5 Nm % 10 Nm,
4 LR R, PI-MSDSC-Net 78 W2 ) 847 5
THREFT 95% LA ERYISWOREEE , B W00 T HoAd )
FeAety . P B, A AR TR S e I AR T 1 M e
il i TR AR T oL, X EZRH T RENKT Ak
B4 P VA DR (LY 25 S BURAIE 25 [A) R AR R FLEE RS, DA
TN R Xo) A TR L N B AR AT 174 8 JBOUE B

F4 BEIRTARSEEE A RN

T s Accuracy /%
PI-MSDSC-Net 95.82 + 0.18
CNN-LSTM 93.12 = 0.29
150 - 350
ViT-1D 92.15 + 0.35
r/minwith
DRSN 90.76 = 0.42
5 Nm
BiLSTM 89.24 + 0.51
WDCNN 87.41 + 0.60
PI-MSDSC-Net 95.14 + 0.21
CNN-LSTM 92.46 = 0.33
5-10 Nm
ViT-1D 91.38 = 0.39
with 300
DRSN 90.04 = 0.47
r/min
BiLSTM 88.48 + 0.56
WDCNN 86.72 + 0.68

3.7 AREE LR THREESH

hE TEVPAl PI-MSDSC-Net 78 ™7 HL RGP 45 T 1Y
FROESE IR E P 52 W g ek, AWT 50 o 18 I 4G
HLU T 41 H & AN [A] 45 18 L ( Signal-to-Noise Ratio,
SNR) 14 e $97 1 MR PR R ABTHDL EL S T, A5 RSN () % LE
SIS ZE AN 2 fioR .

[ PI-MSDSC-Net VIT-1D @@ BILSTM
CNN-LSTME XXJ DRSN ESES! WDCNN

100.0
97.5 1
95.0 {95
92.5
90.0
87.5 1
85.0
82.5
80.0

Accuracy/%

SNR/dB

B2 AEERLEFHTEISEETEETRERI L

LERAE W], PI-MSDSC-Net £ A [7] M AEZ
R R TR . 7 40 dB AR R
FREET, MY ER R is 97. 08% 5 BEAE IR
W, 7R 20 dB gy T ALE ST, HADAE 4 Ry
93.75% WImAKFZWiks e, R F 2R LR
WL, AL Z R, £40H) CNN-LSTM, ViT-1D 4
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& DRSN 2545 #I7E 20 dB T80T B4 2805 B 43 901 ik
% 89.12% . 87.25% #FI1 85.64% . Ju bW E M=,
WDCNN 5 BiLSTM 4541404 9K sfi 48 b 78 5k M 5 3
BT RIZ PR RE B B, 4> 2O R E 84%
IR,
3.8 #HASRESHEEHEITMGE

R — A VA 45 A5 ()3l M, AR SN S
Hig (Params ) | 77 488 (FLOPs ) | SR AfE FILRE
it (Latency ) LA K WA 15 FH ( Memory ) 4 /> J5 T X AN [7]
BRI T HeAE, 450N 5 i

x5 SXESHEETHEMEREXLSITE

Y Params /K FLOPs /M
PI-MSDSC-Net 0. 6310 0. 0664
WDCNN 66. 7932 1. 6145
CNN-LSTM 251.1348 561. 1235
BiLSTM 1661. 4256 425.2418
ViT-1D 4132.5510 169. 3245
DRSN 6651. 8423 354. 1256
TBEAY Latency/ms Memory /MB
PI-MSDSC-Net 0. 5785 319.7578
WDCNN 1.2642 412.3521
CNN-LSTM 6.6184 486. 2054
BiLSTM 8. 4563 521. 6842
ViT-1D 14.7521 895. 1236
DRSN 12.3512 445. 6218

SPRKRY], PSR M s BT
SRR BT, HSBHEAA 0.6310 K, iF
MBI 0.0664 M, I KT H AR XS A AY A
I, Frde )5 ik A HEBFET O 0. 5785 ms, BART
BARIKY-, BB IZ M 28 T CR AP 5 R 2 WO JEE 1 [ I
BA BRI EAMN
3.9 ET SNE W4 ES A US4

HRAEIE 3 FF7R i 43 A BEAL SR R A (t-distribu-
ted Stochastic Neighbor Embedding, t-SNE) 1] fil 1k 2%
A, Y PI-MSDSC-Net #4336 9t i 35 (9 26 51 43
BvE, BAKWIE, MR R E R AR )
TEFFEZS B 2 I B B 0y oA R 2E, BILPIRA
FONE R E S, U2 RE O A R U X /0 A
[l B2 Y HRAE, BT B 2R B HERBE 1 o AH
FeZ T, o] BB i R AR 53 A5 D) 3R B — s
FEM S, JUHOR TR 25 Al B 2R Z 0], REBOX
SEARE YA b R SEA S I 1) X 3 MR 25 . PI-MSD-

SC-Net #RIERFAE > AT L AIPLFAIE e i, Bk T
HAERFRA2 WHE 55 (i 7 2R RE T AR E M

(c) VIT-1D

*

ol® o B

(e) BILSTM (f) WDCNN

(a) PI-MSDSC-Net (b) CNN-LSTM

& ®

L

(d) DRSN

Lo s o (WEMHIE o Wik

3 MHREEHESTRR -SNE TN LE
4 & IE

AT e A IR SR 2 TR S
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Linearized Rotor Position Resolution Method Using Three-phase Back
EMF Based on the Envelope Method

ZHANG Yishuo, XI Keqing, WANG Zhiye, BU Fan, WEI Pengyuan
(Xt’ an Aerospace Propulsion Testing Technology Research Institute, Xi’ an 710025, China)

Abstract: To address the step-out problem of the conventional three-step starting method for sensorless brushless DC motors
during startup, this paper proposed a rotor position estimation method based on a triangular wave synthesized from three-phase
back-EMFs. By linearly combining the three-phase back-EMFs, a triangular wave with the same frequency as the rotor electri-
cal frequency and an amplified amplitude was constructed, thereby eliminating the angle estimation dead zone caused by the
flat-top region of the trapezoidal back-EMF. The quadrant of the rotor position was uniquely determined by combining the inter-
phase potential differences, enabling a complete solution for the rotor electrical angle. To obtain the back-EMF amplitude re-
quired for the triangular wave solution, the envelope of the back-EMF was extracted by low-pass filtering the sum of the absolute
values of the three-phase back-EMFs, and a differential phase compensation was introduced to counteract the phase delay
caused by the filter. Simulation results demonstrate that the proposed method achieves high-precision position estimation even at

low back-EMF levels and exhibits good robustiness against measurement noise and filter delay, meeting the accuracy requirement
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for the startup phase.

Key words: brushless DC motor; rotor position estimation; back EMF' linearization; envelope method
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PMSM Speed Loop Control Strategy Based on Differential Feedback and
Feedforward Compensation

LI Biao', LI Peng', LI Yafang®, ZHOU Shihua', WANG Jingyu'

(1. Xi’ an Aerospace Precision Electromechanical Institute, Xi’an 710100, China;

2. Beijing Institute of Power Machinery, Beijing 100074, China)

Abstract: To address the issues of significant overshoot, high resonance peak, response lag, and poor disturbance rejection in
traditional PT control of the permanent magnet synchronous motor (PMSM) speed loop, a composite control strategy incorpora-
ting differential feedback and feedforward compensation was proposed. The introduction of differential feedback enhanced sys-
tem damping, which effectively suppressed overshoot and step-response oscillations, while also improving the system’ s resist-
ance to load disturbances. To further mitigate the reduction in system bandwidth and the decline in tracking accuracy for contin-
uous commands caused by differential feedback, feedforward compensation was introduced. This approach predicted the trend of
command variations and adjusted the current loop reference accordingly, thereby enhancing both the response speed and steady-
state tracking accuracy of the system. Analysis results indicated that, with the adoption of the differential feedback-feedforward
compensation composite control in the speed loop, the system not only exhibited improved dynamic performance but also a-
chieved a notably broader tracking bandwidth, reduced response delay, and lower resonance peak. A dual closed-loop speed-
current model of the PMSM was implemented in the Matlab/Simulink environment, and simulations verified the effectiveness of
the proposed control strategy.

Key words: speed loop; dynamic performance; tracking accuracy; derivative feedback; feedforward compensation
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Low-energy Consumption Intelligent Control of Overshoot Oscillation for
Air-cooled Fans Based on Switchable Instructions

ZHAN Baopo' , SHANG Yijun®, WANG Yu’

(1. Department of Provincial Government Security, Logistics Support Center of Provincial Government Agencies of Henan Province ,
Zhengzhou 450000, China; 2. Department of Information Engineering, Henan Vocational College of Agricultur,
Zhengzhou 451450, China; 3. Department of Provincial Government Security, Logistics Support Center of
Provincial Government Agencies of Henan Province, Zhengzhou 450000, China)

Abstract: In the operation control of air-cooled fans, the traditional control method leads to regulation lag and overshoot oscilla-
tion under dynamic conditions due to the single control mode, and the fixed parameter strategy is difficult to deal with the non-
linear time-varying characteristics, resulting in low steady-state accuracy and high energy consumption. To solve the above
problems, a multimodal intelligent voltage stabilization and energy saving control method for air cooling fan based on sliding
mode switching was proposed. By establishing the LS-SVR back pressure prediction model, the high-precision feedforward com-
pensation was realized, which provided the leading regulation signal for the control system and effectively overcomes the regula-
tion lag problem; Based on the predicted signal, the sliding mode switching function was designed, and the deviation between
the predicted value and the actual value of back pressure and its change rate were used as input variables to judge the system
operation status in real time and generate mode switching instructions, which breaked through the limitation of single control
mode and solves the problem of overshoot and oscillation; Based on the switching instruction, a multimodal control architecture
of neural PID and fuzzy PID coordination was constructed; when the system was in a stable working condition, the neural PID
was enabled for precise parameter setting, and when dynamic disturbance is detected, it is switched to fuzzy PID for rule com-
pensation, which overcomed the defects of fixed parameter strategy, significantly improved the steady-state accuracy and re-
duces the operation energy consumption. The experimental results show that the proposed LS-SVR back pressure prediction
model has high prediction accuracy (average relative error 0. 021, root mean square error 0. 38kpa, determination coefficient
R up to 0.974) , fast response in speed step response, small overshoot (about 2% ), and low 24-hour power consumption
(average about 405kw) .

Key words: sliding mode switching; multimodal control; back pressure prediction; LS-SVR; intelligent control; energy saving

optimization
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Intelligent Monitoring Method for Blade Structure Cracks of Wind Turbine
Based on Piezoelectric Impedance Technology

GU Hanfu, SU Jun
(State Power Investment Corporation Jiangsu New Energy Co., LTD., Nanjing 210000 China)

Abstract: The blade structure of wind turbines is subjected to various loads during operation, making it difficult to determine
the stress conditions. This results in the inability to grasp the vibration characteristics and changes in the mechanical impedance
of the structure under different working conditions, and to accurately monitor its crack state. Therefore, an intelligent monito-
ring method for structural cracks in wind turbine blades based on piezoelectric impedance technology was proposed. Firstly, es-
tablished an aerodynamic load model for the blades, clarifed the stress and strain characteristics of the structure, and obtained
the stress status of the blades; Then constructed the expression of blade dynamics, solved for the natural frequency and vibra-
tion mode changes of the blade, and analyzed the vibration characteristics of the blade under different conditions; Finally, a
one-dimensional piezoelectric impedance model was established to derive the relationship between the impedance of the piezoe-
lectric sheet and the mechanical impedance of the blade structure, to determine whether there were cracks in the blade structure
and achieve intelligent monitoring of its state. The experimental results show that the proposed method can achieve intelligent
monitoring of structural cracks in wind turbine blades, with high sensitivity and accuracy, and good application effects.
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ance

Ell

T

Vol. 59. No.7

THOLT, i S RS0 B H I E 28 A 32 e KL

TE N R IR AR SR B a8 i 4K, K ke
E N RIS > — L BB KU R AR
R, HOAR LA R MO R, KR O B, X
Xt AL BB il A s AT 4R i T
HRESR P g X TR KU & B LA T
HoM KR 8 T2 2R 0 B R EREE P, R AZ 5 KU
Ak NS, BERME L EERD . XM

Wi BEA. 202508 — 10
EETH: xhemME ) R ARG IRAA B (2021042659 )

REFN A7 i B B I 28 22— o T N T AG: I e 2 B
WAL, AR KA T BEAT R DU Al K
R, PRI, T fe) A7 50 0 X 2 Ha AILZE I ik
PRt W, I R R AR s A 4
[F Ny WSk AW oo SN E TR G T 2y Y € i)
H P,

HRT, RZ7E TGS, JF B 2B
%o 4 Pacheco-Cherrez J'* 45 A4 i T —FlFI g 17

EZE . BUXE (1988), 5, A, T4&)F, SLFT@A LA TRERL AL,
#O4R(1983), B, AH, HAIENT, MRS @A ATEEL G,



73] JBDU T A s BT BH T BOR Xy R LA S5 A R RE Iy vk <69 -

PRSI ASIN A e Ab i SR I Ty vk o %05 108
AL TA Iy B e 2 2R K i 3L 15 2R AT I Ik 3l 0D,
TEFE 30 AR AL EHEAT IR BERAE, 255 7RIS
Sy AR A, A R A b o A A v it
2, SERU R B T IR XS M S5k is
frid e sz 20 /) Z My 2EAT 0 b, 2 TR IFA
WIw, SRS NS AR S U O, X LA
LSO Y R AN JE . PN TE AR AR SR T
— PR DCH R S S B R 5 05 e T i, AR
() UG A5, el PR S A B I 2 46 AR e 3 3 Y
ARAL, AR R R RN A, B E M R AL E
KREEMIGERE , N7 W AR 15 5 ) 7 fe, St
Fr A5 e o {ELT2 75125 A3 e A e L O A i A
A AAR AR I T 10, 72 3 A, o 12 4 T R I
R TE 2Rl AT 255 ME TR 1Y SEBR R AE R O, XEL
HERA U e A ML LT A N A, 25 5 B
IR SRR A B R THRE S5 L) SMW KU ALKy
WEFERT 4, R TAERE 38, SR Jr 58 403 A
fiE, HNAL R BESSBAE LRI i, 455
R IREMES . BRESEUA R TAERE S Z I8
FE, KM LightGBM J5 3k 5 il 2480l . %07
BT RIEEG AR ME MR EUE B, HRB A Y
ZVIRAS, PRI I 00 R AE AN U8 A TH M HER, ok
RSB W AR A [a] AR 2540 T B 52 PR At A IR 28
HE T2 WE) RS - e 25 285 Wi 17 244 R0 235 449 BIL A BEL 470 22 A
PSR, WSS SRR, T B AR T —
T ) P AT At A R P P B HE S 1) I e L8 i 7
Hod i Alexnet 4 BURJZRHAE 5 7] i BEVESETTAFAE,
HGIATERZ IS, S Z IR, 4555
PRSI ER R G —Brsk &, FIH Grad-CAM 5%
TS TR R A A RS DX, 75 31 ) 2% mT {5
B, M3 B 09 Diversity Pick LIME ( DP-LIME)
RIS, BETRAE AL o3 A n] 1Al 25 0 4 ) ke 22 4 5
AEEEARE, ST BB T TR A R X
R S5 IS AT I 2 B 2R ET 2B gt AT i,
SRy 32 JPIRAEA W, HoR A W sk i ek se o 4
PGS sh S8 . ARLPERFAESE, R T AR
X R RBURIE ARG BRI, WA RA
RS, & T —MET B HT AR
3 A AL M 2540 SO BE MR I 7 3%, oo i
W K R HILER W 32 3 5 00 i AS - A FHHEA% B H
Ty R SR A [ A R AR B AR Ak, T i B BT 4
AR 0 B 3w 107 F0 AL AR BEL 40 A8 1k, 52 BRSO g

il 8

1 RAZRBHAM TSI

R TR A7 0 A vh 25 52 B & b 304 PR 3R 52,
s B s . mEd . ) HAb R AR
X e 23 R BT R AR B A I AN A, DA

S LGSR SE R o SR X 4 R AR 7 IR sk
FPRSHENI , 5 X L slofor SEAT G B 20 B, T
R EAN R TAR SR T2 IR0, BAR A an T

(1) Z S sh R & LA 2 sh
AU I 2l AT 2R SR AR TR 7 B R #T
JeoR Wi 2= sl 1Rkl

G. = LpW2LCm = %szL( C,cosB + C,sinB)

2
(1)
1 1

4y, = 7p117/2L(Jn = ?pWZL( C,sinB + C,cosB)
(2)

o, p AL WORRIRT R 5 LoA#EITL K ; B
RIS €, L C, Rk R I R A
C, . C, 9Tt A REL o MR IR, « Ly

HPAAFE T R o (2) /[fF, =)
VILIVIDIE 37 W)
Q. = fqmdr (3)
0, = [q.dr (4)
A, R AR EAE, r KTy K LA I 7 AR
SRS
RN BRI
N, = [ =g, dr (5)
N, = j(r' -r)q,dr (6)
A, v AR S,
SN RIR A

N, =- [f(xp - x,)q,dr + f(yp —yo)qmdr] (7)
K, N, 4 OZ Bhi i fi, p IBTHRIE S E L, o R
%EEF"EA\O

(2) 3 ff 254 R 7R 4R U7 1) b i B g,
#Bﬁﬁﬁ{jﬁﬁijﬁxﬂﬁﬁﬂﬁo {EYDL}XLPOF() = ijFj )
Hrp, | F 8RR %R, 0, p; | F, $804%
Wil B2 B . THIAR, H TR R Tk

qyw = - poFogcosd (8)



.70 - @ 9%

qry = — pokogsing 9)
Kb, 8 AN kAL R I i ffi, g I3 m
MR,

TR AR
Zny = - (}poFogdr’)sin(S (10)
TSk
Zy =- (}popogdrf)cosa (11)
ALY

Ny =- [j(r1 - r)p(,F(,gdr’]COSS (12)
TR
N = J’P()F()H(xp - xg)dr' (13)

K, H NI R B AL G .

(3) 1541 ) 2 e e i A 8 32 Sl e e A 31 11
AR AE AT 7 W T G X FR BT S R ) A
AREAE, A B2 BB RMER 1, B iTE
HWERNT LB . M e iRk

qgp, = P()@ZFOr (14)
q,, = POQDZFOG (15)
X, o WRIT KBS SR, G HshmntR,
AN OB ST W)

R
Pry = Joog For'dr’ (16)
W OB U] 1 Rk =R
R
0, = [p@’FiGdr’ (17)
BT B0 1A R IA
R R
N, = jpogozFOG(r)r’dr' - fp0¢2FOG(r')rdr'
(18)
R
N,y = [L6(r) = ¢ IpogFor'dr’ (19)
e B 1 Rk
R
N, = jpogozFOc(r’)[c(r) ~6(r,) ldr

R

= [p@’ PG [6(r) = 6 1dr (20

o, G(r) L GO7) L G ) SEBIRAE r Ly AbiY
S T

L5 b, SRR S T 2 S A

AT FVBE 1 B B TR AR o A, MERR AR T
FAEARTR TAR AT T Bk sz 938 Jr . 5 fiik
TEE S AT AL . X — 3BT 45 R e gt
PRENFFE M S 1L I S ) R Sk A B AR, A
BT S BUGH H R SEAA AT 07 EE R JEE (R VERf DA

2 RAOKBHEM KRS

SEIMANLI R 548 3y 23 B i, nl vt 2 42 it
R st B o RS2 BB o F RS O
EEHAT AR AE . LA R A, Sr 3 o
B, PAE— 28 58 OXUT e v LA M A B iR 3 e
o3A, LA S I e R g iR sh et e fl, S
AR AL P S WA, I S B 4 A 6
FIRESE AUERT PPAl o AR UK M R SR RO B 32, R
PR B H TR, Myt gl h e akak s

d T vV

=3 ) 5 o
b, Toahke, VRREE, o A AR ENE
M gz S S . B, RSy HA AT
HoaT R H

M=a( Q. +0Q," + YN,”+N,7)

+ Ny, +Zpy +Z 5y + Ny + Niy (22)

+B(Py, +0Q,, + /N, +N_*+N,)
R, a, B WAESE. W, HERE K LT
FryRshFikat h
Sy = (A1) + [BI((1) + [D](4(1))
(23)
A, [A] V[B] L [D] I, FHIEHRELL &

WL S B 5 fC0) SRt 7115 () L (o)
() NDNERETRR , EEOR R (ORI,
(23 RN RLTAS B, T AR B 44 08 o A
FikA N

K,(s) =f(t)p ([Als> + [B]s + [D])™" (24)
o, s J KU & FLALIT KSR

R R FLHLZL I R 30 SRR T L I BELJE B
%, £ikAH

[B] =x[A] +n[D] (25)

A,y o WHEI R, I EL AR SR G 1E 2 b
ERYvEEs|

M (21)

i

Diag(Aj) = [M]T[A][,u,]
Diag(B;) = [p]"[B][p] (26)
Diag(D;) [/.L]T[DJ (]



73] JBDU T A s BT BH T BOR Xy R LA S5 A R RE Iy vk - 71 -

K, (] HE— RS N 5w, ARSI FE, A,
NGk = 1,2,-,]) B, B WESHIE,
D, AN

R (23) AT LA 0 (25) falt™, IF ot — 215 5
137 T 1 96 RBSURE P e ik M

J T
Kio) = 2 Aj(sz(fg@j(gjs)+ PR

A, 9, j TBASE AR, 0, b j B BSEE .
X o SR, A AT R R B B R K (s) g RS R
ik

o : P Mo
K6 = 2 AT -0 2000
M (28) AL, ASE) fxF A B 3R 2 A TR
B, JFE A SR RLRE R AR B o XTIk, AR
IR, =FBECURINE S P& B2 R
P MRz AR, R R AR Sh A R A U
IR AR REL, RS BUR TR R A, AT
U R A A AR B B R 2 i R 45 DG B )
T EBR, RSB AL 2 5| B IR Bl e 1 A
TR, WIS | iR e S o SO S R 2 ey
S, LA R FER, S8 R S5 RSO R

3 ETERBRBARBMFERRIERE

B

YRSy, R R S R 2 R A
A, REUCHEARENRSIE T W Rk
Br, AT LAMERG RO i A [ A B BHLE e AR 2
PRISAESCHE S J1 7 28, XS 2 R RE RS 42 TH) S e it
FRRERE . R T IXSE SR L, RERSAT O
et Fr SR ISR AR, SO A B AR IR

ARRAEMER] 2 Fr R Sh Rk p Sk |, R4
M7 A A EE A AT E (S 5o [FRImE, 258 )%
HLUBHBTEAR T e it 45 4 S S e M T4 . ok
TR 5 X R AL 25 s — > 5
JE-FE-FJe MLAK (SMD) R &8, BB A7 1E K 452
BRI, R —4E i BHpTR B B Ttk , — 2k
LB EE M P 1 Bz o FADZRE Y, Jd i
A s LA A LT A ke S e it e S5 A AL AR BHLT 1) 22
o BT IRBIREIE 73 M 45 A B T BE AR R 45 R P
PREHDT S IR BN FrtE Z W 5 2, DR 2 s v, e A B
DU 9 22 T 0 B R iR 3 R 1 23 M 45 310 14 g sz B
PUERT, SEREEIE B i 45k I8, AT S 3R

BREM

L
A
""""""""""""""" (IS S
i3z P I —
5 PZT HE
FHLfe.
A4

Bl 1 —4Er AR
Mt R Ab T IEE B AT RS, R AR 3y
PEORFEAEX R, TR i 5 XU & LA 4544
SR B e - S -BHJE ALA (SMD ) R Gk T
FR KA. Y sz e, LN AR s e itk 25 &
R ELA, SEUCAEREERSES . YIE
Z J7 1A% R L R it N A8 A H R B, X R GEAE « 5[]
S RIREN M N o FERXFPIEOL T, He HL AR H B4
R —ie d, , WEEFRIAHN
D, = d,T, + ¢|E, (29)
S, =T, +d, (30)
A, S, AR AR, D, AR AL, T,
KRR N T, E ORI d, R RN AR
B, e L s) IR S 5AF T R Z A B E B A
FEEHEL
x IR H R A Z AR B IR sh # ik Xk

2 2D ooy 000 gar oy p g (31)
0x at

A, w R 2 J7 RS, o S T R B o 7 18]
W, o e B TH]
RIRN|
u(x,t) = ue” (32)
K, w Rz Ao, o AR,
it R S HULBBHST R Z, , JF B R e

T SMD Z 4t b, Wk Fr 4544 2 18] 5 S i P )8 2% 5k
AN
I NP
A Wyzphpgy

K, Lo FIER AR, wiy NIRRT TERE, Ay N
JeHL R
AUCKEA(33) R (31) L R A, W5 —
NAF RS RGN RIAA N
ul _,=0 (34)
FHAARIA(32), A2 B = 0, K:(30)



.72 - @ 9%

RARIA(32), RN AERK N
i

_ du siZsul, -
S =Pl —— g B, (35)

Wygrhpzr

ZEE T R AU BHL YT, 7EAMIMAZR Y B, =
E @ WERTR, "3RS HH A A fnf B R0l

=-Jjo

w, = bypd E; = lPZ'rdlElem (36)
Pk, B i S R0 2k 2
Fop = T(PZTuK‘él (37)

TERH A2 A AT, B Zg =0, KA
RS FRIKAN
d\ B\ Fyyy
Upzp = m
K, koA
BEit, A A AL BT RA

sin(kl ) e (38)

7 _ Koyt pyy 39
T jwttankl,,, (39)
K, Koy R R IR NI
KPZT _ 9! wlPZTh‘PZT (40)
X, of MR R Z A R,
Hit, 132 EE R PR AERIRACN
_ou _ Zppd,E cos(kx)
YT 9x Zuy + Zscos(kly,) (41)

B4 AR R R AT, wlig.

T sy - s, ()
AT FEC 7 vk B A T E ey EA T AR A, HERGA
HAH
Ipzr  pwpzr
U:j0 fo T.D,dxdy (43)
R A H i Rk =
i = iU (44)

BB @ = e, .

dlcfZPZT tan(klPZT) T F)
+ &,¢

Zopr + Zs bl yyy

(45)

i = wal wPZ’l'lPZ'I'(

M AR E = —, LA SR H0E E, =

al| =

o RS 0 = . e S S50 0

0 = jw wPZTlPZTi( dlcprZ,,‘ tan( kl,; )

T E
_d )
Ty + 25 Kl & T 4a

h’ PZT

(46)

Ak, BRI PTER A
. h PZT

_ Wpzrlpzy (47)
(aT - Zs d cE)
1 Lo + Zs o

A (47) I, AN S B FNE, Z J7 15
AR T KU A LA I R S5 A LT Z o il
T A R R RR S RO, 2 B
SERIBUMBET A A= A8, 1k T T F R Y BEL T {R 4
ApiAs . NI, R BT Zs 19 R/ S L B
ARl ARYEGERERT R DD R, R A A BT
Z (D L BHTIEL, WREWI X A LA M 7 4
PEREL, ISR R Z5 b, SEXT Rl
YL 85 BCE RE I BT, AR TR B BT 45
P AL B BB, ANDO R RCRSURAT = R A
JEREIAE Sy, i BEE i BT ) 322 6 M 00 ke 2 24 4
R A, L x R e R AU AT W

4 IR SRS RN

A UET T $2 7 YR AR W 235 A 0 M 0 T T 4 17
FZCR, ISR BT . AN UL 5 e B A 7F 52 X 2
niE 2 oo

1
:-.J§| o

B2 WHRK
RIS EAE B WNE 1 iR,
x1 IBBH

28 e
R RKEE/ m 5
PR/ GPa 80
W/ (g em™) 2.0

Khfh /- 10

HAHLALE S7 / Pa ~2000
HA4bFE Sy / Pa -500
M- F 13 7 / MPa 100
IR/ kW 500




73] PRI R 4 . T IR H R EOR B KU K LR I e 454 2L B0 R M T 1k <73 -

I TRy v R B S e W, AR Y
FnE 3 frs.

N, °® °® '
{ ] PZT2  pzT3 (

PZT1

F- @ rzri2

B3 KARBHAM R RN
WA 3 P, MR i B AT A R A bR
FRG, FFARE T 12 BRIEHL A
JS7FH B $5 075 0 At ZRSUR I 4 37) 7 A7 45 SR 4 1

4 R,

0.50
0.45 1
0.40
035
0.30 |
0.25 1
0.20 1
0.15 1
0.10
0.05 1

RMSD

PZT)F 5
(a) 18 1) 2 {7

030 EE® PZTI1
0.45 1 gy pzTIO
0.40  EPZTY9
035 | B PZTS
0.30
0.25 |
0.20 |
0.15 |

20.10 |

Z0.05 |

PZT)F%5
(b) Zh 1) %E Ak

B4 FEFEIIEAM

X 4 (a) F(b) 19 R GeME T T LS 2 1
WEEE], FERE RGN ERAS I, M43k $E PZT6 1E M
JRI PZT12 VR Az Ugnist, H RMSD #5453 & T
Hofth & AR SR AR A1 Gy WA AE G 1a) il B A% I
PZTA-PZT8 2l A 52 PR 1 e K9 RMSD M i {H . X
— R G 2 T 3K 1 A AR ) SR - M 2L 5 R A
PEEA RS R, T —%M, RATIE

LA ENITT 1, 4 PLT6-PZT12 B4 AR M b 1) i
WFEME, PZTA-PZTS % H2 26 AF S 9\ 1) ki I 36 o, 3l
1R 5 A RMSD (R 1) 3210 SE B T 460 405 1 A
TENL . XN ARG 3 i L e A
W4, TRZETLETE T2 0 TR EZ N X —&
T 58 3E AN AL FE 43 3E B T 3 T H B BT B R 1
RMSD 40 7 3 B9 A 50k, WAEl 7%k & 478
SERR T AR i ] S

I FH T4 O vk T R W, A5 3] S a0 e B B R
mE s s

15
14 S
HY Y W
ook sy L S LS
S TR M
: J W {3
B0} i &"35
9 F

...... Fﬁj’%ﬁﬂ%

EENEETIVE

T
— T

1 1 1 1 1 1 1 1 1
00 120 140 160 180 200
110 130 150 170 190
$ 2R /kHz

BS RyMEEENER

WL S ATLABE A Y, SR SCHE A8
BELC M 07 3k T 0 B P BEL B EL A e, T ik
REAS SN A 42 21 b T 7 2R 051 R B A5 R L
PREHPTAE AR o 75 R BUR R AR B B, L AT
(LA 3 5 S0 R AR 2 2 B o 9 A ) X 12 5
F, IXBRSRAH ST 2L T B B AR AR S T
R A b A BT B O 5t AN B A . R A T
B, 107 T i Xk s L B A 1 AR 5 00 R
Br, AR T REG1 R UM, i
BFERTET IR G R AR R RE . T
FEN B BER T, I Mol iel 2 502 A9 ARG I i A 75
R GRS R RS0 A B Bogt ek 1V, K
S RAHLA R TR PR g 4R 4 T S SIS Rl 0 S
R TE Il T %07 1k AR M R 45 R B A 0 R Y
RibERE, HA R MEa R 2L FA e, IR
o8 P BT 14 28 Al R A X 2 80 1 ™ B R B R AT
ST o R LAY DN RE ) 2 B A A TR LR
U G548 R W B2 A8 Al i g, LR AR SCH2
HH A A5 5 Ak LR 3 X (58 R 1 5 IO A BB B, A
LPRIBfTHEE R, ZONREII T REFRHTTILRE
JIFIRGSENE, BERE A ALK 73 iy 05 |k A BT L
FRERIE PR 2R 3 AP 15 S e

NFTEETT I A e nE v, B HOCCHRS | is AT R A
SR T3 RSCRR [ 6 ] SRl S I i A1 D X H T %



74 - e A 9

TFREXTH S 5, 45 3 2S00 P 5 22 A5 R A 6
B

10 A wi ik
9 [ --@-- BITHLS /T ik
8 [ —W— N ST

o T

Eof

R 4

/3
2 ° ‘..
18 A phn Aea, &
0 1 1 1 1 1 L 1 1

1 2 3 4 5 6 7 8 9
uehe /A4

Bo6 RguiailthEI L

WL 6 RIAL, as AT RS 3 A 7 A ADE AU
SPOTERIPI T 225K, X R X PR 5 5 A
MR SRR AT, Bl R, I R AR E
HANAIEE i P4 07 vk i U7 22 DR B0y, Ul
IR AEA R 2 BCRCRE N RS sh B/, Wil R 1
— BRI PR R o %7 1 T AR Y L B T
A TSI R, RERS AL HARE Mg
S B SR R RN B B A . AR RS I i A
e, RIS TR B B, 51 A9 M R 45 LK
FpTA ), dofig i i A BT (E Y 2 25 72 A A 4
FIAHSCAE R, AT By e R BLEL, sk b B ECTE AR
SAEMIE LT BE— LY R L8 BRTA, BT Ui ikm
W 2 R S0 DN OR B, REME AR A5 RS0 7
EIRREE, AT G SR i — 2D, AR

Wy S ML it 7 R B B T R A 5 i as 4y
WhErh, R E ZH M HAR, W) A 4
MRE, XA 2 B R R R, EXF s
GAARGEIB T E RIS, BT, AROFEE
A3 e B MILEE W e G 4 SR 0 M X AT, i o — o
T EBTEOR PR BRI T . Ik R T
- R B L TR B A I T S B T A
B R A ) A oy i, A g 8 T
o] T4 R HR . R X XU R A T LA S e s [
iR VAN IR A=A R R WA k= LN DA/ BE R
B TR, BT R AN [ AT 6 R Rz
TPRASBORG MR IR o AR SRR D7, R AL
R H 5 VR L 1 R i 3 e R, e SR A
SR AR | O SR R L A ) R (RIS, 3R
P T SR S5 AR AR 2 B [T A AR AR B 2 4 A

A R T R - RS AR SR S R
PUBLIRL, JE A A B i S s T R B BT S 4
FIHUBREH DT 18] ) 5 i RS e &, it T — & 58
AR TR L FRAE SR ORI S P Sk i i . %07
780 R T r R R 0L LR AR R, LABHL A
AR AR 05 I U R B, SEBE T X /N
ARSI o e o S A AR R B 7 R 2R
M N 2R T R e IR AT 4R R TR MR R 1 el
AR, WA B W U, KU K
VLR Z Anis T fe 7 T SE RO FOR PRI, 7R RE IR
AP W U A ) R AR RS

S 3Tk

(1] FER, MR, X158, %5 KepyLant ;6o
MEABFE SBR[ ]. P ERPLT R4, 2023, 43
(12): 4614-4631.

(2] SR, BUKE. N A AL R B 2L AP JE B AR
WF5ELI]. hEmE, 2023, 49(7): 35-40.

(3] mpEpd, #h3CH, T, 5 BEHOIRAET K1 &k bl
W T AR A I D7 RS LT ] AR BT i i
2023, (11). 164-168.

(4] fgse, #l, XER, % JET SW-YOLO £
fizs RS pL RO SEmE A I [T ). HEdERI A, 2024,
45(2) . 197-203.

[5] Pacheco-Cherrez J, Delgado-Gutierrez A, Probst O, et al.
Operational modal analysis for damage detection in a rota-
ting wind turbine blade in the presence of measurement
noise[ J]. Composite structures, 2023, 321, 1.1-1.12.

(6] #ME, BN, XI8IK, 55 JETOURER A
B RBLIE R B s e [T ], ot SOt 1 ik
J&, 2024, 61(9). 241-250.

(7] RTHE, sk, mg, 5 T TARBS 4T B X
HIBLA M R O e R 5 [T ], R T,
2023, 56(10) . 106-114.

(8] LAY, SR, Rik, . HT AR PR AN
HEZRAY B MBLIM R 2R G am Ok il [T, AU TR~
2, 2024, 60(12) . 183-193.

(9] tRatdr, BWAS, D, % 5T EWT-RiE kK
UK I R B [T ], s sy A, 2023, 38
(1). 23-31.

[10] MM, ERA, #EfaE T RSN L 2 I K
HL I 4 R f R M DN WF ST 23R [T ], HUAR AR~ 4,
2024, 60(7): 79-92.

(1] SREEST, BT, BT OGET G 22 s I ity AL it e
PO B U [T ], HUR S W R, 2024, 52(2):
209-215.



73] JBDU T A s BT BH T BOR Xy R LA S5 A R RE Iy vk <75 -

[12] ZEvk, Az, B9, 4. 3T HSCA-YOLOVT By,
ML 5 RISk [T ], hEE Ty, 2023, 56
(10) : 43-52.

[13] RME, R—2a. ETFTIRANMIA R kKB 3%
TR INEE IR [T]. GRS, 2024, 45(10)
1-25.

(L4556 20 30)
5% 30

(1] B, 55 B ALIM]. Jbat. b gyl s,
2015 205.

[2] D E Hesmondhalgh, D Tipping. Slotless construction for
small synchronous motors using samarium cobalt magnets
[J]. IEE Proceedings B ( Electric Power Applications ),
1982, 129(5) : 251-261.

(3] W%, MW E WK AR SHLIM].
#1, 2017 49-60.

(4] Z=gETh, SEWle, B%OGMR. R [W) SR 7 Ui X 5% K g

LA BheA R

(3555 53 10)

(5] BhAF, BB, X YR Bk 5o s v A9 B IE
[T]. e HL(AAEA) , 2006, (03): 106-109.

(61 Ty, BETim Aot id: AR e AL £5% i1 TG i) 0 i AL TG
A A MMTTEMFE D] I IR, 2023.

(7] ARG, B, VP, 4. Joh B LG AL B AR
EERER RO A S BT ] Bod L, 2019, 52(03) .

26-30, 36.
o o R i i e o e e o e o e e e e e A R R
PIS
@
o
%‘
L)
A i )
: CTRLEBALY (A #)

O ARE 120, B TEIMHIR TR, A TIRTRET . B0,
2 WM R WiDITHE RBHZFS &) 3

P E N 7l S
3 TELRIEREAEL: wdj. paperopen. com

CN61 -1126/TM

Nz
=3
=

s T X B ARAE I % 36 5 (710117)

(147 #RJedi, F3CHR, P0AE, 4F. 2T cdt YOLOv4 1
IR AR OGN T3k [T ], RBHRE#4R, 2024, 45
(7): 718-723.

(15 W59, 8JE, ERE, % ey FUm BT o7 o
F2[J]. BBHL, 2025, 58 (07): 26-31, 37.

AL BRRESATEREDT S [T ], DU i ( TRE R
i )2014, 46(1) . 140-146.

[5] Z Q Zhu, D Howe. Instantaneous magnetic field distribu-
tion in brushless permanent magnet DC motors. [I[. Effect
of stator slotting [ J].
1993, 29(1) ; 143-151.

[6] 7 Q Zhu, David Howe, C C Chan. Improved Analytical
Model for Predicting the Magnetic Field Distribution in

IEEE Transactions on Magnetics,

Brushless Permanent-Magnet Machines[ J|. TEEE Transac-
tions on Magnetics, 2002, 38(1) ; 228-238.

(8] &Ju¥r, WA, mik, % SPEAREAGRE L
HRHLEE 7O BRI 7L [T ], o [ B AL AR 2 4,
2014, 34(09) . 1376-1383.

[9] A AttarCAl, 2, J Bouchnaif, et al. Control of Brushless
DC motors using sensorless Back-EMF integration method
[J]. Materials Today: Proceedings, 2021, 45(8): 7438-
7443.

R, 52292 g
. 8 o/ uj
EAf 96 /AT ¢

SRR B E) 5 300 T/4F |
EFRF|S: ISSN 1001 —6848 )

FEiE: 029 —84276641 g



H59% HTH i € Vol.59. No.7
2026 45'5 7 ﬁ MICROMOTORS Jul. 2026

ETHHMHUNFZAON N ZBYNTERERE
SVD 4 3= Hll 5L R

x| 4k 7K
("W BHRERAF, TE 1 755000)

B OF: B RNV R KO TOLF Z B PR, SEE S RCR A RE R AL, 4R TR T
PSP 2 4= 37 57 B3 i ( SingularValueDecomposition, SVD) ##filH A g5l AP E, fid RIURE S 1
A, R PP Sl UL AR o K ARSI S 1 I AR IR 0 A RS B S W IerE e i DA T T B 4
Kkgo B SVD FREMMTHARTI ARSI, 35200 B0 13 o RO PR EAT A S (B0, RERE RS VAR IR £ %
PR G 23 [ AR, SEEZ I Eh IR T B ShAS AR5 R 0] . A SCEROTHEE TR BTRMERY PID JE 758, 454 SVD 4y
fip AR A A A S ) A EAMETT ), SEBUOG BHIRPU SR TR , SR TR R A SR S . RRUE PRSI AR R
W1, ZHEARSE G PHRIEEAE - 8Hz 2 8Hz U N B8, Fefln AR RIHOR,, AR KE N 0.5°, BEMgIAF| R
REAEHIROR , BCA T7 5 H A SR A 33 BRI o i 1) 22 e PR RE

KER: BHESIER; KO LRl AR %4 SVD 70 il Bk

FE %S TM351 XEFRERE: A XEHS: 1001-6848(2026)07-0076-05

SVD Decomposition Control Technology for Wind Turbine Pitch Safety
Based on Improved Disturbance Observer

LIU Jicheng
(Zhongwet New Energy, Zhongwei Ningxia 75500, China)

Abstract; A safety singular value decomposition (SVD) control technique based on an improved disturbance observer was pro-
posed to address the problem of unstable control performance caused by severe vibration of wind turbine pitch control under high
wind speed conditions. By introducing intermediate variables and integrating system state and control inputs, an improved dis-
turbance observer structure was constructed. This can enhance the estimation accuracy and convergence of slow time-varying os-
cillations, avoiding control instability caused by estimation divergence. Introducing SVD feature analysis technology into varia-
ble pitch control, by performing singular value decomposition on the pitch angle transfer function matrix, it is possible to accu-
rately extract the dominant frequency and spatial distribution characteristics of chattering, achieving dynamic decoupling and
targeted suppression under multiple disturbance sources. This article designed a PID control law based on feedforward compen-
sation, combined with the right singular vector provided by SVD decomposition to determine the compensation direction, to a-
chieve feedforward cancellation of chattering disturbances and improve the real-time and robustness of control. The stability ex-
periment results show that the vibration amplitude controlled by this technology fluctuates within the range of — 8Hz to 8Hz,
which is closest to the ideal control effect. The maximum pitch angle is 0. 5°, which can achieve the ideal control effect. Com-
pared with existing methods, it has a narrower fluctuation range and higher safety performance.

Key words: improved disturbance observer; wind power generator; variable pitch; secure SVD decomposition; control vibra-

tion
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