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Optimization Design and Parameter Characteristics Research of High-efficiency
Ferrite Permanent Magnet Assisted Synchronous Reluctance Motor

WANG Jiaxing', KANG Guangqing”, WANG Da', Hu Ruiming', DING Wen', ZHANG Wei’
(1. School of Electrical Engineering, Xi’ an Jiaotong University, Xi’ an 710049, China;

2. Xi’ an Aerospace Propulsion Institute, Xi’ an 710076, China;
3. National Technology Transfer Center, Xi’ an Jiaotong University, Xi’ an 710049, China)

Abstract: In recent years, due to the limited resources of rare earth materials and their continuous price increases, permanent
magnet-assisted synchronous reluctance motors using ferrite as rotor excitation have gained widespread attention for their advan-
tages such as high saliency ratio and efficiency. However, features like complex rotor structures and significant torque ripple
limit the broad application of permanent magnet-assisted synchronous reluctance motors. This paper focused on a three-layer
magnetic barrier ferrite-based permanent magnet-assisted synchronous reluctance motor. Using finite element software ANSYS
Maxwell, the rotor structure was designed, determining the basic shape and dimensions of the rotor magnetic barriers. By re-
ducing the width ratio of the end barriers and introducing auxiliary slots on the rotor while tapering the ends of the magnetic bar-
riers, the electromagnetic torque of the motor was optimized. Additionally, the saturation characteristics of the motor were ana-
lyzed. Based on the design, a prototype was manufactured and tested. The results show that the fabricated permanent magnet-
assisted synchronous reluctance motor prototype achieved an efficiency of up to 92. 6% , meeting the design requirements.

Key words: permanent magnet assisted synchronous reluctance motor; ferrite excitation; rotor design; saturation characteris-
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Eddy Current Loss in High-speed Permanent Magnet Synchronous
Motors Under PWM Supply

AN Zhongliang, ZHANG Xiaoge, YU Haoze, LIU Huitong

( National Engineering Research Center for Rare-earth Permanent Magnet Machines

Shenyang University of Technology, Shenyang 110870, China)

Abstract; High-speed permanent magnet synchronous motors (HSPMSMs) exhibit high current harmonic content under PWM
supply, leading to significant rotor eddy current losses and prominent temperature rise issues. To suppress harmonic-induced
eddy current effects, this study took a 200 kW, 30, 000 r/min HSPMSM as the research object and proposed a hybrid sleeve
structure with an inner titanium alloy layer and an outer carbon fiber layer to synergistically optimize eddy current suppression
and heat dissipation performance. Additionally, the method of adding a high-conductivity copper shielding layer between the
permanent magnets and the sleeve was explored. The influence of modulation index and carrier ratio on its shielding effective-
ness was investigated. Results show that the proposed hybrid sleeve structure reduces the total rotor eddy current loss by up to
39.7% . The effectiveness of the copper shielding layer is highly dependent on the supply method and inverter parameters,
demonstrating significant loss suppression under low carrier ratio PWM supply.

Key words: high-speed permanent magnet motor; PWM supply; rotor eddy current loss; hybrid sleeve; copper shielding layer
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Research on the Design of High Air-gap Magnetic Flux Density
Permanent Magnet Motor

LIN Xian, LIU Xian
( Guangdong Midea Kitchen Electric Manufacturing Co., LTD., Midea Group, Foshan Guangdong 528311, China)

Abstract: Based on the principle of magnetic aggregation effect, the topology of tangential magnetic field motors with high air-
gap magnetic flux density was studied. A near-slot pole matching scheme for permanent magnet motors, permanent magnet
shape design, magnetic isolation bridge structure, and stator slot ratio design techniques were proposed. Through parametric
simulation, the potential impacts of these design techniques on air-gap magnetic flux density, cogging torque, magnetic leak-
age, and current density were analyzed. Combining motor performance and material costs, the optimal motor parameters were
determined, and a prototype was manufactured and tested based on these parameters, verifying the accuracy of the analysis re-
sults. The designed motor achieved a 10. 05% increase in efficiency and a 16. 65% reduction in material usage, demonstrating
significant results.
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Oversampling-based Model Predictive Control Strategy for Current
Regulation in Permanent Magnet Synchronous Motors

SHI Xiaming', SHI Keran®
(1. Zhejiang Sanhe Technology Co., LTD., Shengzhou Zhejiang 312400, China;

2. School of Artificial Intelligence and Automation, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: To address the issue of insufficient dynamic response in traditional control algorithms for the current loop of perma-
nent magnet synchronous motors, a model predictive current control algorithm based on oversampling was proposed. The algo-
rithm utilized multiple sets of current information obtained through oversampling to perform feedback correction on the predictive
model and calculated the average current within a switching cycle using the oversampling method, thereby achieving precise
current control and rapid correction of prediction errors. Simulation and experimental results demonstrated that the algorithm ex-
hibited superior current tracking performance under both steady-state and dynamic conditions, significantly improving the dy-

namic response and disturbance rejection capability of the current loop. The findings indicate that the proposed oversampling-

based model predictive control strategy effectively enhances the overall performance of motor drive systems.

Key words: permanent magnet synchronous motor; model predictive control; oversampling
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A Charging and Discharging Control Method for Permanent Magnet
Synchronous Flywheel Motors Based on the SAPSO Algorithm
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(1. Guangzhou Hengyun Energy Storage Technology Co., LTD., Guangzhou 510000, China;

2. China Energy Engineering Group Guangdong Electric Power Design Institute Co., LTD., Guangzhou 510000, China;
3. Huachi Kinetie Energy( Beijing) Technology Co., LTD., Beijing 101111, China)

Abstract: Flywheel energy storage system (FESS) has also made rapid progress. The control technology of Permanent Magnet
Synchronous Flywheel Motors (PMSFM) has received greater attention. In order to achieve the goal of improving the accuracy
and stability of PMSFM, the manuscript proposed a method for optimizing the PID of the motor Charging-Discharging Control
(CDC) using Simulated Annealing Particle Swarm Optimization (SAPSO). The SAPSO method was established, and the PID
parameters were optimized based on the SAPSO algorithm, enabling rapid and accurate tracking of the rotational speed of PMS-
FM. Based on the simulation experiment platform, it shows that the method proposed in the manuscript has a faster convergence
speed and better speed control effect. This method provides engineering application experience for PMSFM’ s CDC of the FESS.
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Research on Performance Improvement of PMSM Speed Loop With
Optimal Active Damping Implementation

LI Biao, LI Xianli, WANG Jingyu, SHANG Junyun

(Xi’ an Aerospace Precision Electromechanical Institute, Xi’ an 710100, China)

Abstract: In view of the problems of large overshoot, long adjustment time, and high closed-loop resonance peak in the speed
loop PI control of Permanent Magnet Synchronous Motor (PMSM) , a control strategy incorporating active damping into the PT
control framework was proposed. Root locus analysis demonstrated the enhancement of system damping through the introduction
of active damping term. Additionally, the restructuring of the open-loop transfer function by active damping improved phase
margin and resonant mode suppression capability. The optimal active damping coefficients corresponding to different medium-
frequency bandwidths were determined using the ITAE optimal criterion. Then, an in-depth analysis was conducted on the im-
pact of introducing the optimal active damping on the system’ s step response overshoot, adjustment time, open-loop cutoff fre-
quency, phase margin, closed-loop cutoff frequency, resonance peak, and load disturbance resistance. Results indicate that
optimal active damping significantly enhances speed loop performance by reducing overshoot, shortening settling time, increas-
ing phase margin, and suppressing resonant peaks. The analytical results, presented with normalized parameters through graph-
ical and tabular formats, provide valuable references for PMSM speed loop design.

Key words: PMSM; speed loop; active damping; overshoot; resonant peak
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F) Pt 5725 6] 0 B K SE IR ] (SVPWM) HUSEIXAMEE M o B Je sy LC IR IR BOCA R, 7 W Ot S 2 it
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Dead Zone Compensation Strategy for Three-phase Two-level
Inverter With LC Output Filter

XIE Feng', LUO Pan', LIU Liu', WANG Yongqi', CHEN Kaixuan', ZHAO Junjie', LIU Yuan’
(1. Key Laboratory of Nuclear Reactor System Design Technology, Nuclear Power Insititute of China, Chengdu 610213, China;

2. Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: To address the performance degradation caused by dead zone effects in three-phase two-level inverter systems with
LC output filters, a dead zone compensation strategy based on constant voltage to frequency ratio (V/F) control and space vec-
tor pulse width modulation (SVPWM) was proposed. Firstly, established a mathematical model of the LC filter, analyzed its
frequency domain characteristics and parameter design methods, and combined the SVPWM modulation principle to derive the
mechanism of the dead zone effect on the output voltage and current. By detecting the polarity of the three-phase current and
calculating the compensation voltage value based on the volt second balance principle, the pulse width correction within the
dead zone time was achieved. Using simulink, simulation verification was conducted on a 7. 5 kW induction motor under light/
no-load conditions at 20 Hz and 30 Hz. The results showed that after compensation, the total harmonic distortion (THD) of the
stator current was significantly reduced. At 20Hz no-load, THD decreased from 84.6% to 3.96% , torque ripple was signifi-
cantly reduced, fundamental wave content was improved, and the system waveform quality and operational stability were effec-
tively improved.

Key words: three phase two-level inverter; LC output filter; dead zone effect; constant voltage frequency ratio (V/F) control
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Synchronous Al Identification Method for Primary and Secondary Electrical
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Abstract: Aiming at the high probability of electrical primary and secondary faults in comprehensive energy virtual synchronous
generators, a synchronous Al recognition method for generator electrical primary and secondary faults was proposed. Based on
the AT technology of multimodal spatiotemporal graph neural network ( MST-GNN) , a fault synchronization AI recognition mod-
el was constructed; Extracted the temporal and spatial features of multi-source electrical operation data and fault indicators,
fused them through attention weights, and used the Softmax function to solve the fault recognition results. The experimental results
show that after the application of the design method, the electrical primary and secondary fault identification results are consistent
with the experimental sample labeling results, and the minimum fault misidentification rate reaches 2. 5% , which improves the
accuracy of fault identification and is conducive to ensuring the stability of the operation of the comprehensive energy system.
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Fault Diagnosis of Open Circuit in Grid Connected Inverters Based on
Current Signal Visualization

YUAN Hang, XU Yang
(State Grid Jiangsu Electric Power Co., LTD., Yancheng Power Supply Branch, Yancheng Jiangsu 224000, China)

Abstract: A diagnostic method based on current signal visualization combined with convolutional neural network was proposed
to address the problem of open circuit faults in inverter switching tubes. Firstly, simulated various open circuit fault situations
that occur in the switching tubes of grid connected inverters, and collected time-series current data at the output end; Secondly,
using image-based modal transformation methods to convert time-series data into image data; Finally, used convolutional neural

networks to learn and train the data. The simulation results show that using this method to train the model for diagnosing open

circuit faults in inverter power supply has high accuracy and good robustness.

Key words: fault diagnosis; grid connected inverter; inverter switch tube; image conversion; CNN
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Vibration Suppression and Compliance Control of Joint Module of Power
Grid Live Working Aerial Robotic Arm Based on IADRC
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Abstract: The application of aerial robotic arms in live working on power grids has become an important means to enhance op-
erational efficiency and safety. However, the lightweight design of the robotic arm and the complex working environment tend to
cause vibration problems in the position control process of the joint modules, thereby affecting control accuracy and stability. In
this paper, an improved active disturbance rejection controller (TADRC) was introduced into the position loop based on the
mathematical model of the joint module as a vibration suppression algorithm to reduce the vibration impact on the joint module
during dynamic response. Furthermore, an admittance control strategy was proposed to improve the environmental adaptability
and interaction capability of the robotic arm joints, thereby ensuring the safety of both the robotic arm and the power grid lines
during operation. Simulation results demonstrate that the proposed method not only improves the position control accuracy of the
robotic arm but also significantly reduces the impact of vibration on system performance. The proposed admittance control strat-
egy enables the robotic arm to exhibit flexibility, which can protect both the power grid lines and the robotic arm itself.
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Optimization Control Technology for Real-time Imaging Robot Controller

DONG Zhichun, QI Guoliang, GAO Song, TAN Wenwei
(Zhongshan Power Supply Bureau of Guangdong Power Grid Co., LTD., Zhongshan Guangdong 528400, China)

Abstract: When the robot follows the scheduled trajectory for scheduling, if there are sudden obstacles that cannot be quickly
avoided, it will result in a decrease in control accuracy. Therefore, an optimization control technology for the active swing fol-
lowing controller of real-time imaging robots was proposed. Established constraint conditions based on the motion nodes of the
robot during movement and carried out calculation processing to clarify the latest swing position. Plan the trajectory using the
following control method, clarified the pose points of the current robot under active, swinging, and following control, and con-
nected them to form the controlled trajectory. Adjusted the outward displacement distance based on the azimuth vector as com-
pensation correction to achieve optimized control. The experimental results show that after optimization control, the actual posi-

tions and target position trajectories in the north and east directions are basically consistent, improving control accuracy and sta-

bility, and achieving superior comprehensive performance.

Key words: imaging robot; proactive; swing; follow up; controller optimization

0 51 5

LR P NARFE RS R 5 s A, L
e A R S SIS AR A A B, AR JERE Tk 37 5
e, AT LASE GE (AR A BB BB AT 55 (ER
—E R L2 R HUARES M NI | PRSI 5 55
MELL SR R s 28 00 T )R BEMR L 755K o 34k,
ek T —, ML ATER SRR, A1
HARE B H R S A A O, W S BEEHlRCR
RFRSCINRZ — MRS, R A
WAL, L5 BT X T S A IR

F A5 TSR e T A T 1) il L 3 AT 55 19 XU AL
YN b SRR E e e NS Y

i HEE: 2025 —05—17

X HERHAT 45 R IF A0 AN B o 3k A v 28 45 1 MR AL &
PR Z A Z BV B A B 25, e RESE Y H2 3l
IR 19 Ay A o A A TE R, TR R AR IR
SERCBAAE S AL B, SR 3 N B R T X H AR g
— o PERHEY, MRS SEUE R R B2
B, PR EEBAR TR ()5 S5 454 PID g,
TR [ filk % MPC A2 shpLas Al ik o it b
R AR A i [R) SR A AR, HI 55 5 Ak 1 22 AR A 58
XA Nz S s, S By X A B, H
3B B XA ) I 1 A — B B Y H A A R S
Hin, 255 0B 6 7 i AO80 2508 22 i 1S 0, =
BZEA T R A PR AR, K — RS TRy
PCle B2k FHLER A ZhhPEdl s diork™ . LU PCle

EEET: £24A(1979), 5, AFF, HRIEF, SAXF @AM LEETIE,
FER(1986), B, AH, PRIREIT, BT QAFRAE,
B om(191), B, Mit, PRAIRF, MRS @AM EERES, EXEMNEEEYS,
WLAR(1985), FB, AH, PRI, AT @AReRERKE,



3 4] EEAG SRRHLE AT R SO A <71 -

Bl N, M5 FPCA B0 A Hge . 7Rt
ORI R RLSE S A9 B Az A2 51 A S BRI 5
5, BRORIE SR AN I AR P HILAR 2% 5 R A
HEERYESE, SCBPEH B AR E o (2R S 1Y
MR EE AL, BT T 22 55 0 75 5K T8 i R 45
SCEL, B LA B U B0 4 RS EARCR . A
AlE R T REOL AL L, BRI AL AR A F5 5K
i R RPRCARR | 2 SRORI R BT 24 SR ST A
R, MR ) o5 R A7 2 25 e e R AR LR, A 2
PRIE T B P S i o A AR E Jen] g R IE R
WEE . AR, IR 5 B R 2
e AR ol P A

TS IO FH I 3 R e, A2 ol 45 1) 2 2 422 20 i
A, AL G HLAS N B BOR o e i
AR, J1uE RS s A AR LRI,
CR-PORT A — R R PR BRI AL, AR
R TR 2 P 58 B0 TG TR ) 80 80 38 46 T ) e D R W
I RE I 5 A IR 55 ST 48l fiE

1 RGN E 3RS R Ehiz FI R4
EHIRAR

1.1 B AR LR RE

AR HL AR NAERS BN, 5 255 BRI B A B
oo TPeal BiH U5 € St oo U MEA s [ E:8
L .

I305/0\(15) oL
Ol v(t)

2(1) = k(v(0) 0(1) = %in%)’o%@(t) v
Ll 0,1 =

K, 2 (1) RSB, k(v (1) () AR

A HR, cosB(1) L sing(1) Hg v |y WA f AR B,
v (1) I w(e) 42300 R0 . TEE 3128 W 2 7,
DL 2 (o) AR WHE I SRR s b T AL IS A% A
B 7 [ (AL BER , R AT S 2
2(1) e J,w(t) e R (2)
rf, S AR S BAHLAE NS B A JE A ) BB
S EAR S A F AR, DS F BRI AR
e, BLEBAREBD AR, HR B D A bRt 2 R
Ak, B B RE RS B, B % 23 I P
[ B AR B R T AR AL T 1 R
1 A bR AR SR AR A Wi, LI

B ARG ein R REE
O A AER 32 A2 T 25 0 S A B 0 A B e R

b, A s B Ak s
HZ(XI_X)(Y,i_Y)(ZI_Z)Xm (3)
z(t)
Lo o x BEWLR)

z2(t)1

Kb, H A BAPRMEEIEE, X | Y | Z Rl i A prmis
B, XY, 2 R REARARALE L, LR RS
Iz S AR BR L, « VTSRS, R shE e
HE AR A B AR AR A AR Bl N BRI Bz 2 i 26 1k i
BEE BUAR  oK Rl VE 0 A2 Ak, A B A bR T S5 I
B
1.2 fREAFRA E3hiR 3 B 3h 1% FI 25 ER BE BT 0 X

Plgs N Tamsh s |, ffE AL bR RS 3h A 52 R
il , S ECH R R 25 XL N 3 S Bl bl B
B AT BRBE LA s 1) A B A AR ML A B H)
IRERFEELIE AN 2 B

ELEEN D]

______ 7] WISERIRL
WEGEEE — ~wgd MR [T

B2 RRHLER AR ER BT
INZ s i g BB AR, A5 Bl P 2 T ) B B
B, i m asEpLEs s s ), s E5, 3
SRR B ) B G AL, O $ SR AL B oK
IUKENTEE Gho2L7 BT S

V(o) [sin(E) + 1)L 1] < i

Y

Vi(g+1) = {
O’ ‘fL ‘ sfiimit

(5)



72 - i € 9 »E

J = f(¢-—¢') X Z;ﬂ"l+lg(;n:1) (6)

K, V(g + 1) IBREEEHIBLE], p A HLE AN ShA B
AR R, V() NPt iREE A b, r WEREEEAE, £ A
Srimie TN R 257 5 DX ORI R B 5 X, T o
BRIE, @ R @" 205 oy ST BN £ AR HOM S I £ R
B, m s s Pul eg i LU ERAS TN 2 bR,
WG Nz Bl B i 5 A b i A2 Ak, it
T e R

O 3 WeeT, +$(t)l|:|
O
—A 2, 2 7
EE EI-W T, + v(t), |:| (7)
L, I:LWZeu +v(t)3
A, T LT, L wy AHEREGE T LS A 3R SR8

EwIAIX ], AT Al B bR, - W2 Ok ARG,
e WESHEEZML, v (1), vo (1), v (1), B ES
BEENRESPIRAR T B IE 2, PR XA, g
¥ EFh . 2. Bsh¥ESH ARk BT SCEK, i
A bR, WIREESN. Eah, ST A
%46—:—(!

Y1 =f[l'Lr]¢’VL(q+l) _I“Lr’?ZIVL
Y2 = Sl ¥y, (o) — My, (8)
Y3 =f1}Lr3¢vL(q+1> _DuJAs_l

ALy vy vy HESE 23 BESEH T A%
J W TR TN TS [ %=/ NI <) I U R K VA SN AN
I3, oy, Ay, oy DR SR TN 22 2 AL R
B, D OABUBHLRIGE R, w, ARG, EE
BN Il AR A AN 4% ) B B G, DU R I A
MES, 23, BEFEGT AL S AE XS, it
SR BRI, O R A R 4

0=A7"(1- Vila +1a) < | xe) xk(v(t),w(t))
(9)

Al
D_fL x V. (q)ip (10)

A, O WERFEFEHRIAE , o HEIEREEmE, ¢ 4
B NERBE R AL bR P i e A LS B B —
(shA S B X, MLas AE IR kiz s, i
P g I EE , SEBEERINE 3h H bR o
1.3 HuBiMERIVESIMRUL

BREEHUE AR, AR P N 24 IR BB i B

M RATHE, EJE 2 B R M AR Y, T RE S
PEATHEZ B, O PRI S S AOR 2
BERIEAMEDLH o eI Y AT LS AT LR
e

—(SD¢+D’)\ (n
K, a NIOIRE, a, WITRIRLRE R, D' ARKE
JAREBIE . LIJT Ao B A S B A M 1
PEATERBE IR QAL 3 frm o

a =1V (q) x ‘au

B3 HukRBEAME AL E
L5513 M IR, BROSUR BIL A N Y S
BATIEOLEAT AMEE AL 2R, DA RS ) 1 RN B AR,
DN HH B R TE A S

sz_(l)

xAlg (12)

X, o B EAMEIR R, o HE MR AR IR
fEBE Ry, WAL AN BIATHETT B I R TR R,
DRILAT LU 5 A PRty , S BRE L AL o

2 % W

& URIOe N3 BLHH B 200 7 &5, BliX
RoboMaster #1g% A 0988 14 & V5 Ay il 2 ief (1 3= 24
il 345 it AzureKinect $f AR HLEF AT & Z [H]
BT OCHK, SEI A B AR RS B A Al ST . IR
SRS 4 PR,

Mt HLE A

Tt A SR

4 MAHREHREHDEE
DA 4 1975 0B AR, OR824 T a3
B DG, TS ST A R RE A Ak B



34 E ik o R AN A RPN UK ) A U Es N <73 -

Hrr, UR10e #L#% A $5 i % B9 il B 2 2 1000 Hz,
RoboMaster -5 352851 Azure Kinect M55 B8 K AE
WIARBEE ) 30 Hz, FERSFHIUCE N HAR 20 em [ A
A, AL BRAE TR0 (R I ) A%

H T e A X AL A AT I 0 E 3h 1 S
BESHAS AL 3 A, B 5 S O I o R R,

BRI 1 s,
xR1 WAMBAXTREESH
G I PSat] 0/(°) d/mm a/mm o/ (°)
FTTA 0 125 0 90
XK B -90 0 -624.5 0
X5 C 0 0 —440.3 90
XTI D -90 185.2 0 0
XTI E 180 221.5 0 0
WA S s,
mEeEny
[ MRl i

N F AR
g e T

o 12 5 ik 1

v

I A B

Es5 #EAEsRBEESIRE
TENLER N AT RERE b, Tk sl ie &, XXt
TAZAL B AR MM EOR S, @ I E T A A AR N
FEENRE AL, TR RS AR SR I TE 6 iR

i, 50
EI:I.I:I-IS"
o| S0 040
B - L L
o015 PG REIETE
0020~ THIIER (I
(X151 ” : H.-‘_"‘.--,_ ;
033 6 & 10IF
) s

I el

0, B50F
g 0 04sf
£, 040}
B = 0. 035
i =0 osoShi s is

P YRR

0,025
0, 020]
o asE =
r—

4 [} X
e fia] s
L iy M A

ibk

0. 050F
gh 045k
Eo. 040
a2 0. D35E
=10, paopohhit 5 Eh it g

0 025F e S AT

0, 024K

aoisl M
U3 5 8§ 10 12
B s

(AR T A

|_.-_ o E:: v
Bl A TRy

6 MBAITHRMELITBEMBLER

HAEIE 6 A5 2R Hrnl Al =S kbR 2N, BLae
NS IR S A AE A, LA o B — e 9 22
5o MM =AERRBER, <y z = HRY
MR ZEBEHITE 0. 03 mm Z P, KEE R T X F
AR AL B, ARAE AL &R A 23 [8]5z 3) 5 A
AR R AR AL, AW HAR B A bR, BREE
I PR UEA A s 7 2 7R TR KB Y, e R JEE
RIR2E, SEMFERBOPEILTER], FEmPRs R R o

PLas NATRER, G I P il ae P i, &Y A 3
JEBRBEVERY,  HLOCH AN RN A 7 Bt 4 e A X
PR o 85 e — S A =1 a5, e ik
PEHR BN DL, I R BEAMEPUB A 7 Bs o

1.2

I.o

0.8

rmm

0.6 [

04 F

L L L L L L 1l 1 L 1 A Ad A '
24 6 BIO1214161R2022242628
o/

(o) o T 0 W AR

; .'||.'l:.1|."|."g.‘1.'
ph !
PR A B B

RLE

xiim+s )

246 BI10121416182022242628
t'm

i) il £ A
7 REEAMEPLE MK E R



74 - i € AL »E

BT S50 BREEIRAS T, A AR S
SEESER), MAEPOE T, WEIRME S 4
A D) REAT RTINS, 7EQ2) Y4 ~16s Z
], ¥ AT AL N 0 o507 BR Bt 8 4% KA IE, B AR
HAT R AT S8, B mESh il 18
PR X B 22 P, Xof AN ] ) B 050 ) AR AR 4 7% H
P HARIEH B B R, LART— Bedas il Bl 4 h
PRUERMEE, SCERAR AR, HA B i i e o

LA TT TF) % FL 255 O AT: 45 A XU AL 2 45 il 55 s |
PID & T H fil & MPC B sl as A 45 il Jr i AE 2 Xt
HREH ., DIBRBEAMEEVE A RS B, 78 LR HLER AT
hid AR, BERRIL AR AR R O ), X RE e
B4 = A B 1R 300 B 2038 R S o Ay R R X B 4
Br, BARZERE 8 FR.

Bim

AER i i im

&1

100 200 300 400 500
i ] £ 5 i) rs

den) P L A £ 0 LR A B LR

L ol A L
100 200 304 Ay 500

— R
"H R

B {2 T

AbE { im

i i i i i =10 o i 'l L A
100 200 306 400 500 100 2060 3060 AW S0

1 fil] /& e jin) £ 5
by PIDA i F Pl MPCEE 2 ELE A 803 ik

— KRR
—HETR

— kR

Hlw

L ... wJ_ E B S s
-4 F -8

=5 i 1 1 L i L i i i i
oo 200 300 400 S0 100 200 30 400 SO0

1] /s Ifia] £ =
() HLER A AT Al Bl S R e

B8 MB|AMUEFIRELERDN

MRIGIE 8 452 7M. P I ik A dE AT DL A4
Ze, LR ARE PR E . H AR E PR A
TREF—E, W2 7E nl PR Bl Z A, T SCHk A /9
FPOTIESEPR AL bR o7 BT 4 W 22 S ATh AR A
Ko XRUPBIRHE I, X T E B shBEsh i 8
IR S AR A S T, X O g 4 T 2 ) A A B
REIRHK, BEE E— 2D PR AEfa i &5 4 312 2 %% 3 19 £
B XKEFE REEE, SRR, ST

Him

Abi {2 im
WE

FEEEFE IR E T, LG ThReE ot .

VG TR T IR RS SR M, AR B N 2
RTINS b, #E— 5] AT ¥R % 2% (RMSE)
SnE2EAE NG e bR, IR, R gy ik dtim
{78 RMSE 4 0.012 m, FR#fEZHR0.009 m; R0
& RMSE 7 0.011 m, F7E240.008 m, i [ [ 4
LA CAT: 55 B RUE AL A A 42 0 SR & i Ik 1) RMSE 2k
0.038 m, PID H fih % MPC J7 3 i 4t /] RMSE X
0.045 m, XRUIPFEE T FA R S PRk 5 H bR
OB EE LS W G, RS T R  ERE
TRBR R 52 22 M IR AE I 3 o

3 & i&

ARSI RIS 5, RAEPLE A 1T
PERTIE N AL, LR, MRS
PERRMI AL bR AL, FEIT MRS AL B, LA oK A5 7E AL
AR EAAE, LIRS ST, s AR
FERIALRIBGE, B BIFERS, 7ER 1 R N SE1T,
I Alas N8, #2530, BEshfEs T~ AR A E
K, EREAIEE AT DUE ORI S BBk . AR 5
OB R 1 B R B IS B B SRS R RS, MBI
Pl B R 22, PRAIEAT HERR BT AR E, R
JRERPER AL S SE R B A

£ 7% Uk

(1] Ao, spamklh, B9, 5. 1mmilfLR AR5 1
W PLAS Al me [T]. 2 mER AR 50,
2025, 51(01): 85-95.

(2] f7sedd, DL, Z2FM, % 5T PID #ISM A ok
MPC BBl as Afshl ik [J]. i & TR%IR,
2024, 45(11); 236-242.

[3] 3k—%, H—¥, BRIGTD. 3T PCle BALMHLISAZL
ER AW [T]. MUR 5 W E, 2024, 52(21):
3542.

(4] E8F, SIEPL, VFR. B TR O AL B AL L
ARSI [ T]. ARALRFSE, 2025, 47(01):
205-209.

[5] skMEfr, JEBLLL, REH. TG SSA fifk PID 1y
FRREMLAE AT [T]. BB FHEA, 2024, 47
(13): 153-159.

(6] KM, &HMEME. TORVLENZ S PLTEM PID %
WAL S5 EAFFE[T]. P E TR AR, 2024, 22
(03): 321-325.

(7] IMEGE, BFR, B, & ETEERLMIES

Kt



3 4]

ARG SR AT S AR R EOR

.75 .

FIE R ALAR AR 2 il e it [T ] AL 5
Bk, 2023, 40(04) : 60-67.

ROBLBRE 22 fh IR A2 2l [ ], o AL, 2023, 56(2) -
61-65

[8] ZCAma&, WEAR, WIEAL TR FHEE LR PID [10] BRAS, SO, B BT %2 B A K m AL E
Pl & R A R BALES AFs il 7 it (1], BT BUE RATHLAs NAERILT]. PRSP8RS
MEFEA, 2023, 46(02); 67-72. 22025, 55(02); 138-149.

(9] MIEvk, Bk, #hiaWl, % BT EmE LR M

( 45 69 i)

[J]. IEEE transactions on Industrial Electronics, 2009, 56

SEXm (3) : 900-906.

[1] ®pH. KERAZS Hih 2R IR LR A5 M i 5 iRt [8] Meng Y B, Liu BY, Wang L. C. Speed control of PMSM
K ID]. BriE AW AWFR%, 2022. based on an optimized ADRC controller[ J]. Mathematical

(2] EJAME, Rk, B TR (S 1A B R I % B Problems in Engineering, 2019, 2019(1) : 1074702.

M FEI]. ML, 2023, 56(05); 3640. (9] &M, Z2HHE, KA. BB ESO Bk X HAE

(3] w#ml, HKXR, XIHA, 5. SMNBHJE & %K 34 PMSM = b g R LI ] B AL, 2022, 55(03):
PRGBS TR LT]. Pl TREAR, 2022, 47-51.

51(04) . 38-46. [10] Kemp C C, Edsinger A and Torres Jara E. Challenges for

(4] SBNIZR, WAL, Jrmise, 4. 3700 A =X 07 I i A 4% robot manipulation in human environments[ J]. IEEE Ro-
Tl T HERE SR KR 25 M S5 A R sl [T ], FAis botics and Automation Magazine, 2007, 14(1): 20.

2, 2022, 43(03) . 310-318. [11] N. Hogan. Impedance control; an approach to manipula-

[5] WA, @iEE, RWHE. 3T PID EHl 50 ik tion: part I—theory, implementation and applications[ J].
SRR T]. AL, 2024, 57(08): Journal of Dynamic Systems, Measurement, and Control,
26-30. 1985, 107(1) ; 1-24.

[6] Cychowski M., Szabat K., Orlowska-Kowalska T. Con- [12] BkEdk, FEupob. BMENLES A FNNE SR H 2Rk [T].
strained model predictive control of the drive system with AL %, 2019, (02): 66-73.
mechanical elasticity[ J]. IEEE Transactions on Industrial [13] £—JL, A—8, INEMR, 5. 5T SVPWM 1K #
Electronics, 2009, 56(6) : 1963-1973. 25 LR e O Ik R ge [T ], b, 2024, 57

[7] Han J. From PID to active disturbance rejection control (09): 14-21.

B e T S e e S g e S e e T T T e o e e o e e o o e R B i B e e o e e o e e o

T RmIER) WIlTE WiBTEr &) :

3

3

$ pan ‘

: (ALY (R4

G AAE12 W, EETESHURITR, ASTURATRET
3

% E & Fl 2. CN6l -1126/T™

Z?s TR\ ES: wdj. paperopen. com

2 Hh ke T _EARAE UK 36 5 (710117)
3

(_%

W fe 2 52 - 92 §
iTH: 8 T/ $
EH . 96 JU/AE ;
B . 1

Y AR (PR PR ) . 300 ﬁ/ﬁg
EERFIS. ISSN 1001 —6848 &

HiE. 029 — 84276641 o



%59 % 30 ¢ L Vol. 59. No.3
2026 45'5 3 H MICROMOTORS Mar. 2026

ETEBREREINEEREHEKRBHINFZ AR
9K Zh % Hi iF 45

kR, RS, EREFE, FoR, BnR’
(1. EMERE B IARAFRKEERAR, KFF 130000,
2. EREME R IAERAFGEREGEAR, K55 130000)
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VTR E E, PRI AR s i e AU BRI RS S ML A AR [R) 25 B AU, 1] Al b 2 48 S BHURS o 11 7
FEANGE AT A B AE TFAS shPLAs N ALK Sh A RS AR = RIS UL 25 A WL &5 5, 5I A48 b
B R B S AR A iR A, SR ATBIR GBI, SEELA B R MR AL s LA N LIRS T i ¥ o6, 3R T
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KR WIBEEN; &ERm; RSP BRI PuistsEl; nAR H B R AL
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Anti-slip Control of Metal Surface Magnetic Attraction Mobile Robot
Motor Drive Wheel Based on Super Spiral Sliding Mode Algorithm

ZHANG Yao', SHEN Guanye', LI Jingze', LI Xinwei', YANG Xiaoyu®
(1. State Grid Jilin Electric Power Co., LTD., Changchun Power Supply Company, Changchun 130000, China;

2. State Grid Jilin Electric Power Co., LTD., Information and Communication Company, Changchun 130000, China)

Abstract: Aiming at the problem of easy slippage of the motor drive wheel of magnetic attraction mobile robots on metal sur-
faces with different friction characteristics, this paper studied the anti-slip control method of the motor drive wheel of metal sur-
face magnetic attraction mobile robots based on the super spiral sliding mode algorithm. Calculated the magnetic attraction of
the mobile robot on the metal surface through Maxwell’ s equation, designed the adsorption device reasonably, and ensured the
stability of the robot’ s movement; Built a permanent magnet synchronous motor model for magnetic attraction mobile robots
and used coordinate transformation to achieve precise torque and speed control; Estimating the state variables of the driving
wheels of the mobile robot motor using a sliding mode observer; Based on the observation results of the sliding mode observer,
variable proportional coefficients and variable exponential switching functions were introduced, and the super spiral sliding
mode algorithm was adopted to achieve anti slip control of the motor drive wheel of the metal surface magnetic attraction mobile
robot, improve the dynamic response of the motor drive wheel, and ensure stable movement of the robot on the metal surface.
The pilot application was carried out at the Chuncheng 220kV substation of State Grid Changchun Power Supply Company. The
experimental results showed that using this method for anti slip control of the motor drive wheel of the magnetic suction mobile
robot, the motor drive wheel speed can accurately follow the expected value, the dynamic slip rate is low, and the robot’ s mo-
tion stability is effectively improved.

Key words: super spiral sliding mode; metal surface; magnetic mobile robot; motor driven wheel; anti slip control; variable

proportional coefficient
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