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Parameter-adaptive Recursive Least Squares Identification and
Optimization for Permanent Magnet Synchronous Motors

LONG Fengjie, GAO Jian , LIU Kun, ZHOU Linjun, GAO Shicheng
(Hunan University, Changsha 410082, China)

Abstract: Accurate parameter identification is fundamental to achieving high-performance motor control. The parameters of an
interior permanent magnet synchronous motor (IPMSM) vary during operation, yet they are not easily measured directly, thus
necessitating online identification. The use of fixed parameters may lead the maximum torque per ampere ( MTPA) control to
operate away from its optimal point. Traditional recursive least squares ( RLS) methods exhibit limitations in dynamic identifi-
cation performance for PMSM, including significant errors, large disturbances during identification, and high sensitivity to
noise. This paper investigated the parameter identification of permanent magnet synchronous motors. Based on the recursive
least squares method, a dynamically adjusted forgetting factor was introduced, along with smoothing processing of identification
errors and improvements to the gain matrix. Simulation results demonstrate that the improved algorithm offers enhanced disturb-

ance resistance, more accurate identification, and better dynamic performance. Furthermore, it reduces the current required for

Vol. 58. No. 12

MTPA control and improves motor efficiency.

Key words: permanent magnet synchronous motor; recursive least squares; forgetting factor; smoothing; gain matrix
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Improved Sliding Mode Based Maximum Torque Per Ampere Control for
Permanent Magnet Synchronous Motors

WU Youjie', WANG Bo', DAI Dali’, JIN Shi'
(1. School of Electrical Engineering, Shenyang University of Technology, Shenyang 110870, China;

2. Chongqing Dema High Speed Equipment Engineering Research Institute Co., LTD., Chongqging 402263, China)

Abstract: To enhance the dynamic and static performance of Interior Permanent Magnet Synchronous Motor (IPMSM) speed
control systems, this work addresses key challenges : the adverse impact of d-q axis current coupling on torque response, the in-
herent limitations of traditional PI controllers in achieving decoupling, and the parameter sensitivity of conventional cross-axis
current decoupling control strategies. A novel sliding mode current loop control strategy for IPMSM, based on deviation decou-
pling, was devised. This strategy integrated direct control with cross-coupling control to suppress decoupling errors arising from
feedback decoupling. Furthermore, a new sliding mode reaching law combining power and exponential functions was developed.
This design merges the advantages of both approaches, reducing controller parameter sensitivity, accelerating convergence
speed, and improving the system’ s dynamic response. Simulation results demonstrate that the proposed deviation decoupling
sliding mode control strategy significantly enhances system dynamic performance while exhibiting excellent robustness.

Key words: interior permanent magnet synchronous motor; novel reaching law; sliding mode controller; decoupled control
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Online Parameter Identification and Voltage Stabilization Control of
Permanent Magnet Synchronous Generator Based on Model
Reference Adaptive Control

LIU Zhouzhou', REN Hongxia', WANG Tong ', ZHAO Wenli', FU Qianrao’
(1. Xi’ an Micromotor Research Institute Co., LTD., Xi’ an 710077, China;

2. Xi’ an University of Architecture and Technology, Xi’ an 710055, China)

Abstract: Permanent magnet synchronous generators ( PMSGs) exhibit variations in electrical parameters due to temperature
changes and magnetic circuit saturation over a wide operating speed range, which consequently affects the control performance
of motor controllers designed with fixed parameters. This paper proposed a control strategy that integrates online parameter iden-
tification based on a model reference adaptive system ( MRAS) with the generator control model. The strategy employed maxi-
mum torque per ampere (MTPA) control in the low-speed region and dual-loop controllable field-weakening voltage stabilization
control in the high-speed region, while incorporating feed forward decoupling to suppress cross-coupling effects. Based on Pop-
ov’ s hyperstability theory, adaptive laws for online identification of motor inductance and permanent magnet flux linkage are de-
rived, enabling the controller parameters to adaptively adjust according to the actual operating state of the motor. Simulation re-
sults demonstrate that the proposed method can effectively achieve stable output of the DC-side voltage across a wide speed
range, with accurate parameter identification and improved controller performance.

Key words: permanent magnet synchronous generator; model reference adaptive system; parameter identification; vector con-

trol; field-weakening control; Popov’ s hyperstability
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Abstract : In order to solve the difficulty of installing the position sensor of the generator in the built-in aviation starting system,
a position sensor less starting control method of the generator was proposed. First, an effective flux observer based on voltage
current hybrid model was constructed to observe the rotor position at medium and high speeds. At the same time, a three-phase
terminal voltage sampling circuit was introduced to obtain the three-phase voltage of the motor to improve the low-speed perform-
ance of the effective flux observer. Secondly, an improved I/F control method was proposed for low-speed control, in which the
angular frequency command was a lower constant instead of increasing gradually, reducing the risk of out of step during I/F
control. At the same time, the effective flux observer was integrated with the I/F control by I/F control sharing an angle inte-
grator with the phase-locked loop. In addition, a fast smooth switching between the I/F control and the observer based closed-
loop control was achieved by limiting the minimum output of the PI controller in the phase-locked loop. Finally, the effective-

ness of the proposed generator position sensorless control method was verified on a 4 kW starter motor experimental platform.
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Power System Access to Distributed Photovoltaic Unit Output Automatic Control

DONG Shaoqgiao, ZHOU Yi, ZHANG Shiyi, YANG Min
( Economic and Technical Research Institute of State Grid Jibei Eleciric Power Co., LTD., Beijing100038, China)

Abstract; Large-scale grid-connected operation of distributed photovoltaic units greatly increases the difficulty of stable opera-
tion of power system, which affects the subsequent development and application of distributed photovoltaic units. Therefore, an
automatic control method of power system connected to distributed photovoltaic units was proposed. The evaluation parameters
of power system capacity adequacy were analyzed, the evaluation formula of capacity margin ratio was constructed, and the out-
put prediction model of photovoltaic units was constructed considering factors such as sun position and radiation. In order to
maximize the output utilization rate of distributed photovoltaic units, the objective function of automatic output control of distrib-
uted photovoltaic units was constructed, and the optimal output control value of distributed photovoltaic units can be obtained by
solving the construction model through genetic algorithm combined with various constraints, such as output constraints of distrib-
uted photovoltaic units, capacity constraints of power system and operation constraints of power system. The experimental re-
sults show that the evaluation results of power system capacity adequacy index-capacity margin ratio obtained by the proposed
method are the same as the actual results, the predicted output of distributed photovoltaic units at the next moment is closest to
the actual results, and the output control values of distributed photovoltaic units are highly coincident with the optimal output
control results, which fully proves that the proposed method has good application performance.

Key words: output control; electric power system; output monitoring; capacity adequacy assessment; distributed photovoltaic
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Transformer Excitation Inrush Current Protection Control Method
Based on Two-point Product Algorithm

CHEN Zhenyong
(State Grid Gansu Electric Power Company, Lanzhou 730030, China)

Abstract: Aiming at the problem of significant fluctuations in peak current and long operation time of transformer fault protec-
tion, a control method for transformer excitation inrush current protection based on two-point product algorithm was proposed.
Use the two-point product algorithm to obtain the sampling point current and determine whether there is a transformer excitation
inrush current phenomenon. If there was, variable closing angle was used for excitation inrush current protection control, and
Kirchhoff’ s law was used to determine the residual magnetization of the iron core and calculate the variable closing angle to en-
sure smooth operation of the transformer. Experiments have shown that after the generation of excitation inrush current, the
three-phase current of the transformer undergoes significant changes. The two-point product algorithm can effectively identify the
phenomenon of excitation inrush current based on the value of k; The protection control method of variable closing angle can
gradually stabilize the peak current and significantly reduce the fault protection action time of the transformer.

Key words: product of two points; excitation inrush current; transformer; residual magnetism of iron core; closing angle
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Preliminary Design of 2-D Cross-section of a New Type of Double
Stator Permanent Magnet Spherical Motor

CHEN Qing
( Guangzhou City Polytechnicy, Guangzhou 511370, China)

Abstract: A new type of double stator multi-DOF permanent magnet spherical motor (DS-PMSM) was proposed, which consis-
ted of two stators and a hollow rotor with PMs attached to its inner and outer surfaces. Through the joint action of the rotating
motor and six arc-shaped permanent magnet linear motor arrays, it can realize the helical motion of continuously changing the
direction of the rotating shaft, and can be applied to fields requiring multi-DOF motion such as industrial robots, aerospace,
satellite communication. Based on the preliminary design of 2D cross-section of motor in the last article, an ideal 3D structure
was designed. Due to the limitation of existing machining technology, it can not meet the machining requirements of ideal
spherical motor. Therefore, the structure was improved and the key parameters were optimized. Firstly, the improvement of the
ideal spherical motor structure was described in detail. Secondly, the parameters such as the best pole-slot fit and stator inner
diameter of the rotating part and the deflection part were optimized from the electromagnetic angle and the mechanical angle re-
spectively. Finally, the spherical motor was modeled in 3D, and the prototype was manufactured and tested. The experimental
results are basically consistent with the results of 3D FEM analysis. The research results lay a foundation for the accurate calcu-
lation of the following 3D model of the motor.

Key words: 2D cross-section; spherical motor; electromagnetic aspect; mechanical aspect; parameter optimization
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Research on the Mechanical Properties of High-speed Motors for
Flywheel Energy Storage
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(1.

Abstract: In the context of global renewable energy development and the improvement of grid stability, this study focused on
the mechanical performance bottleneck of the high-speed motor rotor in flywheel energy storage systems operating at tens of
thousands of revolutions per minute. Firstly, the operational characteristics of the flywheel energy storage system with varying
speeds were analyzed. Then, using the finite element analysis method and taking the surface-mounted permanent magnet motor
rotor as the research object, the influence mechanisms of speed, interference fit, sleeve thickness, and material on the mechan-
ical performance of the rotor were systematically explored. Subsequently, through multi-objective optimization design, a struc-
tural optimization scheme was proposed. The research results show that the centrifugal force significantly increases the stress
levels of the shaft and the sleeve, while the interference fit can effectively achieve torque transmission. Although increasing the
sleeve thickness enhances the constraint on the rotor, it also aggravates the stress burden on the shaft. High-temperature alloy
sleeves are more suitable for applications with strict air gap requirements. Based on the full factorial experimental design, the
optimal parameter combination was selected using the constraint satisfaction method. This study provides a theoretical basis and
engineering reference for the design and optimization of high-power-density flywheel energy storage motors.

Key words: flywheel energy storage; operational characteristics; motor rotor; mechanical performance; optimization method
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Dynamic Characteristics Analysis of Gas Foil Bearing High-speed Motor
Rotor System Based on Magnetic Fluid Solid Coupling

GONG Zuo, LIU Jie, BU Chan, LI Ji, ZHAO Youkun
(Xi’ an Micromotor Research Institute Co., LTD., Xi’an 710077, China)

Abstract: Foil manufacturing errors, adaptive deformation of foil bearings, and misalignment between the bearing sleeve and
stator cavity during assembly can all cause unbalanced magnetic pull in high-speed permanent magnet rotors. To investigate the
influence mechanism of unbalanced magnetic pull on the sub-synchronous vibration of the gas foil bearing-rotor system, this
study established a dynamic model of the gas foil bearing-high-speed motor rotor system based on magnetic-fluid-structure cou-
pling. The trajectory method was employed to solve the journal center orbit, and the effects of unbalanced magnetic pull, rota-
tional speed, and unbalanced mass force on the system’ s dynamic behavior were analyzed. The computational results show that
in an aligned bearing-rotor system, the journal-sleeve eccentricity caused by rotor whirling generates an unbalanced magnetic
pull equivalent to 13% of the rotor’ s weight. This unbalanced magnetic pull can eliminate sub-synchronous vibration and en-
hance system stability. In a misaligned system (with rotor-stator eccentricity) , the influence of unbalanced magnetic pull on
sub-synchronous vibration depends on the misalignment magnitude and misalignment azimuth angle. Introducing an initial mis-
alignment to generate unbalanced magnetic pull can adjust the load on the gas foil bearing, thereby achieving suppression of
sub-synchronous vibration.

Key words: gas foil bearing; unbalanced magnetic pull; magnetic fluid solid coupling; eccentric
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Research on Dual-mode Ultrasonic Motor Based on Shape Memory Alloy

HE Lujinyun, CHEN Qi, LI Huafeng, YANG Lin
(School of Aviation Academy, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: In response to the growing technical requirements for isolating micro-vibrations generated by spacecraft components
such as flywheels and control moment gyroscopes in the aerospace field, this study proposed and developed a dual-mode ulira-
sonic motor based on shape memory alloy (SMA) wires. By incorporating a rotor lifting mechanism driven by SMA wires, dy-
namic regulation of the pre-pressure between the stator and rotor in a Traveling Wave Ultrasonic Motor is achieved. Through the
selection of SMA wire specifications and their corresponding driving power supplies, the ultrasonic motor’ s rotor was effectively
pulled away from the stator in vibration isolation mode. First, the working principle of the SMA wire-driven rotor lifting mecha-
nism was validated using the finite element method (FEM), and its geometric dimensions were optimized. Subsequently, a
prototype of the SMA wire-driven lifting mechanism was fabricated to test the optimal loading configuration and driving stability
of the SMA wires. Finally, a functional prototype of the dual-mode ultrasonic motor was assembled, and its operational charac-
teristics were experimentally verified. Experimental results indicate that when the SMA wires were electrically activated, the ro-
tor within the prototype was pulled away from the stator during operation, entering vibration isolation mode with the pre-pressure
reduced to zero. Upon deactivation of the SMA wires, the rotor gradually re-engages with the stator, returning to normal opera-
tion mode, and the pre-pressure recovers to its original value, thereby confirming the design’s validity. This study adopted a
systematic research aproach-combining theoretical modeling, simulation optimization, and prototype validation-providing signifi-
cant insights for the design of high-performance vibration isolation mechanisms in aerospace payload applications.

Key words: traveling wave ultrasonic motor; pre-pressure regulation; shape memory alloy; micro-vibration isolation
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Design Method and Simulation of Composite Mode Shape Ultrasonic Motor

MENG Xianghan'”, LAN Yongting', ZHANG Jiaxin’, LONG Zhili*, ZHANG Jinhao’, YANG Zhangliang’
(1. School of Mechanical and Automotive Engineering, Guangxi University of Science and Technology,

Liuzhou Guangxi 545616, China; 2. School of Mechatronics Engineering, Harbin Institute of
Technology ( Shenzhen) , Shenzhen Guangdong 518055, China; 3. Shenzhen Hanno Precision
Technology Co., LTD., Shenzhen Guangdong 518110, China. )

Abstract: The output performance of ultrasonic motors is usually reduced due to the significant difference between the longitu-
dinal vibration frequency and the bending vibration frequency. To minimize the modal frequency difference between the two
phases of the ceramic motor, the sensitivity of the piezoelectric ceramic structural parameters was analyzed to identify the di-
mension group that has a major impact on the ceramic operating frequency, namely ( I,a,h ), and a second-order response
surface mathematical model was established using this dimension group as the design variable. A multi-objective genetic algo-
rithm was employed for iterative optimization. The optimized simulation results show that the frequency difference between the
longitudinal and bending vibrations of the ceramic decreased from 2136 Hz before optimization to 311 Hz after optimization (an
85.44% reduction). Accordingly, an experimental test platform for the ultrasonic motor was constructed. The test results indi-
cate that when the excitation frequency is 50. 375 kHz, the excitation voltage is 10 Vp-p, and the phase difference is 90°, the
motor achieves a maximum stroke of 50 mm, a maximum speed of 47. 98 mm/s, and a maximum thrust of 5. 438 N. This motor
can achieve stable linear motion and has broad application prospects in the field of precision positioning.

Key words: ultrasonic motor; composite mode shape; structural design; dimension optimization; performance test
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A Comprehensive Review of Motor Technology for Electric Spindle in
CNC Machine Tools
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Abstract: The electric spindle motor serves as power source and core execution unit of CNC machine tools, wherein complex
control instructions and precision machining operations are ultimately realized through its rotational motion. This paper first
presented an overview of the global development trends and industrial landscape of the electric spindle industry, classified elec-
tric spindle motors, and forecasted their future growth based on industry data. Secondly, it focused on key technical aspects in
the design of electric spindle motors, including the collaborative optimization of electromagnetic performance and structural to-
pology, loss characteristic analysis coupled with thermal management system design, as well as rotor strength and dynamic be-
havior evaluation. Furthermore, the paper examined core research areas in electric spindle motor drive control, such as wide-
speed-range fast response control, harmonic suppression and energy-efficient driving strategies, along with vibration mitigation
for precision retention. Finally, it summarized the critical technologies and engineering implementation approaches involved in
the design of electric spindle test platforms.

Key words: CNC machine tools; electric spindle motor; motor design; motor drive; electric spindle testing

WFS HEA: 2025 —09 —10

HEETH: 55 542 % 48 T 85 E8% 7T k4 (2025KFYJB007 ) ; LA 4 5 AF L% (£ XA A 4 8)
(2021CXGCO10208) ; L A B MAS bt WAHLR AL & 45 F & 55 F FF30RA4 (HLZDSY2025011)

EER A R4 (1987), B, HEARAE, A F A RBOIGEIT AR ZERE AR, &2 e Pkt R EHHE AR,
HiEF(1973), B, W, AR, HLEAFH, HRAFT@ACL I L FEREL KB EIIER K,
M k(1964), B, HE, HATEIF, FFRF @A LiukRit S H SRR,
2 R/ (1993), B, WMEHRAE, R @ AR E RS RHE K,
FHRT(1987), B, Mid, SRIAEINT, BT wAw Eih%it R R,
JA m5(1990), B, AL A, FFRG @A REEEIIES IR FE AR,



12 44 RS B AURIT i B LR BT e 2k -83 -

0 3

—UKET . DA RATE . AR, kA
TR H 45 1) A R AR Ty 1) R,
VAW 5 A A Ty ) G . B ALK 7l
IEIEE SR RE RS . IR iR s
20, NENLESA . KHUifEE. AT HZERETRLL K 6G
WG ARG LR B Rl G, I I P Im] A e
M RGFSH, Xk R W E T T B
R G N T RE ) AR A PR B LR Y 755K
Sy EEEENUR S 3 B R B8 5 7k Ak v
BIIE T HITAA 1B HLIE

TR ALK FEAR 5L 8 1)K B2 75 o L DA S ok 9 52
BURIEBARRFF 2 ERUE AL, W E R CHIRON,
78535 A ¥l DMG MORI, #5 B HERMLE | i@ Pkt
TRUMPF | #% 57 1df GROB, & &5 EMAG, 7§[]F
SIEMENS | 7f3{#3% HEIDENHAIN %5, Hit -+ HLR 75 %
KGN K RS 5 26 15 B2 v i 7 M B v o i
ANARACAO R, QI GF Machining Solutions ( 2K 55 B
MIKRON | #3545 LIECHTI), #73k$ii#% STARRAG
(535 BUMOTEC . i Bl4 Heckert, P33 SIP), Bt
£ 4E | UNITED GRINDING (STUDER . Walter)
B - SRR /R Willemin-Macodel , 3443 TOR-
NOS 45, B ARFMMLARAEE R 4T i DL S =
5731 0 AN I ) | B Wy T T 0 I 1] 2 B2
PAMA | (%€ INNSE, $i4L4& LAZAATI, Jii% 550
PROMAC ., Jz%: <443 Pietro Carnaghi, M /K WA 3
Parpas . #f%fifl Breton 55, He[EHLRITIIE B T LAKE
BN 5 RPN oA A0 R LR B Bl kA% Ry,
TE RENISHAW | /R % 15 Holroyd . BRI
#5 Colchester, Churchill, MATRIX %, £ EHHLIK ™
b AR 25 A R 5 45 T2 48 i s 1 v i BCHE LR B
REALHIE R N & e E il , B & B HOR 5 i e
J1, WG A% MAG, 5 Hr HAAS, M5 HARDINGE,
438 DRAKE, #% BLAR Gleason 55, H AMLIK LA
RO L MNP R 22 LA L R H AL RE
FEVRA . B B i 32 b r, ol iy B L e
MAZAK, %k A8 # FANUC, = z%, 5 TSUNEZO
MAKINO, k=44t K H AMADA, K[t OKUMA,
W TSUGAMI, =3} MITSUI SEIKI, X7 Okamoto,
YASDA 45 sl EHURNITEF ARG 4 0 7s mA ]
15 DA S AR 55 1 T 150 A% 400l Jre 30 i iR 1 52 4
fnid BALER DN Solutions (3}-111) , = AHLIK Samsung,
PP, Hyundai WIA £

i1

HR IR LR 7l T b TR 20 Y A e T A 3
ferf, BB EEHIX, K=M53 =M =KX
PIRRI S48, PR e B v ot s s DX i S | R
KB ZCAE FAE R WL EIR . IRBMN . =
MEZR. LM, ME K IR EK, #LAR
R — R A0 o TR 75 1 3 LS e o kB
IEEBAIE . EBORHRE Sl A B0 RETI A
Wrd THA XU KBl T, AL R e 7o 0 R 3 g 7
T 1 132 2 46 /N A5 T B 8 5 7K 22 T8) B8 B AR 22 B
et AT HILIR A Ml 38 o FBE A5 Tl 5 4 R S s T 4 09 4
WHTRE ), R AME T 54 Sy, i 4L
AR AEEHURT . JE—HLR . JE ALK Ffi
[ 2 AN w527 SN W V1 W7 SN 2 Bt /[N 8 € £
RIEHUR . RUERPLR., PR, 7L,
EXGHLR ., BUIPLR, FERHLR, 5t FHE I HLIR |
K=t PR RE X1 5
TR YR, ARFTTR R M AL | 5L
PR BT LA B e 45 Ja IR 55 1A 2, S IR M e
IR HES =l e BT 2 i B2 G| B, )T oM R
PHERE . BRI . dlprs . JERORME, 1 Rk
B RS R ARARENL, IOR T
HAAGHL, #iigfds . 70Nk, JF 2 80s. At
2, MRS AR, YU sl Rk
oo LR ARAREEE L BORE T IR
AN S A € SIS ST S € ol S

F Al LR B MLR A A% O 3 1, K
AR F LB e R s e oiae. K
TEREH | KERE . WIRE ROl P2 BE 25 7 ThT B B TR AR
FAE R ALURAE VT EIBE T . I TR 538473
RGN ML A YERE . BEH -5 s B HUR
Pl FRSEPE, A ALEOR IE H AR SO R
TP BB P B A AT s 1 TR, B R
Pl S R R AR A BRI 7 1]

1 BEHITWAREES

PR =Rl E R TR JE3E K H
ARSEG M A TR H X, AR RN M X, ) 1 A
GMN, P[] SIEMENS, SYCOTEC, IMT, P§Z7s
CYTEC, KLUFER, 9L#7 & Kessler, iff fi ¢ HEI-
DENHAIN, 4:if# FAG, HULLER %5, %1l 5 7
4 3% 4 FISCHER PRECISE, fft Il #% IBAG, MCT,
ABB Hi F: %}, STEP-TEC, GEPY %%, 2% il vs i
Mg b FAEMAT, % 55 #f Reckerth, CAMFIOR,
OMLAT, FAMUP %§; 3t Hil & B A PR
WESTWIND, ABL %, HhdE[E WESTWIND L+



.84 - ¥ AU 86

IBAG {2 AR DI AR %5 T S50 sk Ak~ 2L 401 5 1l
fii, %t FISCHER 57E[E GMN 7e A% % B2 m T H
WL R b B A B E BRI, TEE Kessler 7F
PCB LA 3 i & 5 il SRR 82T R IR i 4
AT o b5 Hb XA Ay AT 25 0 DR AR e Iz FH 88K 1 iy
H Al & AR R, 35 B A Celera Mo-
tion, INGERSOLL, SETCO, PRECISE £:, HAYEH
e S I A 2 i A R S T 36 T TR R T s
R R L A 7 B T, Tl A =28 Mit-
subishi, NAKANISHI, NSK, #AF Panasonic, MSIY,
% )I| Yaskawa 55, (e Ah [ 5 KT ECAE AL IR A M 35 ik
B2 B F 0t i =R ae T, PR 44 Bl i Ry
WL 2y v /i H e

TR L F ATl AL R 2 R 5 B S8 A )
JF e B 6 W 1) DX B AR SRR AR . F2 o s R AR P 4y
MTHEEH X MEZRE I, P 2B ROYAL,
- Parfaite , AR Tl AR KS %5 35l POSA | fi
FERHYE WLT, sbf i &P . TR %M. H 4
KA U RHL. PHERE S K=MK AR
i, FHOGKEML . DUERME . TCE TR . FEAENLE |
SRS Bl . RiEAE . Ak
LRI, HEPR S, BRI AR AR
HL, 2R R, ZIURHE S . BERH . BKER
BL. TRIEHL 405 P 2 O e an s g . b
SORME. deaUE 2R FUECER . AR T Sk
B RLUFVRBEEE ;b X g B A AT

ferh g IR IS FAMURENLIE . RS TR
oo PSR, R WEEHAN . H
TS S 5

FEEPR L, W3 E B B LR T B A% O
BeE MR ™ 5, mAEE N, PLAE R 5 R R
mighy &, BR3E H %5 B BR & A 88 & (> 50000
r/min) SR ( <0. 1 wm) B FERGUATS & I6 £
7, B Al A b AR i i I HH G RO6) S 117 b 1)
WA R BEARIR B o 7 Tk B HL % T0 B0 M AR £ i
WAL Z E AL R IR T, BN
H, St ) A oMb T R el s v T 8 0E . H A,
7 H S AR T 00 (%3 < 20000 r/min, FE L =
1 pm) 5504 F 2 HAg 2 m Ak 7= B AR RE 1.
MR i s, E- B0 H %4 w3, #F—
FE4 T A0 BE S LR T 3 23 a) . U HAE B R TR R A
TAbHLER A . KU S5 RESE 40 /e, [ g
TR E it 50% , ZEMLE . BHE B
T8 PR ATE T 45 —Jtt 1 P R 2 A Al i A1 ok kR G
A HEBNA Tk P R F T 1

2 HEHBISE

ARl ALAS T L8 T —FhJCAhre N UL B)
BL, FHRALE 75 ERTeiR . 515 Rz EER
M—feizit, B 7 R RS2 ER R,
FERARLS SN K22 . i R A L 2R R IS K
HanE 1 s,

F1 BEHBNSERHEEREDR

i) FR G ) A5 v S AL

S Tl 38 7 B P AL

S AL I L SR A AL L TFIRREBH L Sl AL

WO MR, RO AR

AT A PR

RIyFR, HUIH, mid ZORERED, B

R WEMTSE; ., EHBI T %6 it ¥y 2236
R T I 32 A N O EM, 24 WA, 2Tk A
BRI AN >1:3 >1:5 >1:1.5 >1:6
PG +0.1% +0.2% +0.5% +1%
Wi 7 338 <10 ms >15 ms 20 ~50 ms <5 ms
W 95% ~98% 92% ~96% 85% ~93% 88% ~92%
By EAiSE 0.9~1.0 0.8 ~0.95 0.7~0.9 0.6~0.8
Wi it 50% ~60% 5% ~10% 20% ~30% <5%
FHK 5% ~ 10% 4% ~8% -8% ~ —15% SRR AR
RGP ER AL TSR LRk, B&  JEEVEC AR, 520800 B 3 fl d AR K)o
BOA L RO e L AL BN T, R B . EUIHIERE . a2k Ee ) Mol v i A Uy I

BLUCRE U I — % B TR SR, (H R R

E=1
LS

RIS, 18 TR BE R e B A 42 i 45



12 44 RS B AURIT i B LR BT e 2k -85 -

HBUREI N G5 o 72 g 38 K G R 3 Al i ALaE IR
T 5 v T AR WA R AL, R ER Y
R AS R BT, S B 7R B 70 o JEE 1) Bl 2RI
PRI LA T A T PR A AR S 1 R DT 4, K
T B 5 ) SV R 9 S B R 8, R P S G 3
P, RAAE L T2 Al SUORE #E — 2597 K L
KGR A v T A AL ST AR L DR R ROR
{157 NS U EN VA R /I A Y W TSR E S C L]
PRAT AL 0 3R 5 R 48 E iR BOR BAC B 77 5

3 EEHAENIT

Fh, R L P R B 5 P55 K 1 B D08 1 2
SBLTGHERBN R0 T B, (B IR 2% A A AL
B H 5 A 62T L BT 5 R 53 B
S HCH R BB R T R T S g 3
B, B LA O R TR AT s e T 3 5 3 )
SRR I S P R B 4B AT LR, B
RYAERSHEAT A PE T (R FF R P R i, o
BRI 7R LR . O 3 2 = AT L 4
FERBEECPERE, TR = 4 M 2000 2 T
FEHIL GG | A T W TR S R
B, R4 R0 7 055 S Y I 5 AT
Vi O PR 3 2 A O S 3 S
0 I S
3.1 FRREMEAE SHRIMEMITEI ML

LI H R 5 25 B £ 1A
PO S R M, T R
FERH 7] S 3o 6 3 ) PR T3 R
LR 30 500 15 3 R T O I 5 3
SR, TSI I 5 PR 1 B F AR 1
EZE v R R VR PP
GO, 2K e e W H3E AT IX 6] P 5
Fas . KB . FWRAOIE S0t
311 BRBHRBEL B

TR 44 2 T O R T S, DA S
BTSRRI S L Rk A AL
RS 1) S e 5 R T B

(1) BAFLRE 4 0 A JE 1 %, 3 Y ELAT 5 0
R B SRR R, JR5E G VL U B
SN TR A, AT RERESETRE LI TT, AL
Al D O T B A 0 B
S R S T 85 T e BLRG H R B
67, FERCHH TN 30 ) e

(2) WERTO 2 KT, 7 1 1 5

THE TR T, P2 5 % MG BE 2 18 T D 3% i hy
R &R T B TR TR, Saia
i mEE Tk 2 HEPR R, W RN
BRR L AR AR BR L 50 T ARG RRARON | XUEE
PAER &S, DL 3 ) e ta e tE A2 Ak
L

(3) MEEHZEM P2 &, RE RS
(Hair-pin) 5F2%4% (Litz Wire) Z5fggedn
AR, IR T AL 2 otk A AR TR 0 O
HFB, SRR R E BB R, e
) Ty 258 28 5 TSR 1 Y
3.1.2 SRALZHIRIRF) A ik

FE, 2l R ML R L B i 0 SR 3 1 R R 81 553 A
Hilfe ST, DASCH e s AT T iy 1E D S 2 48 U I
J1, FTNUIF B R

(1) FEKHERESE V457 I, BB S 16 F i
TS« TG AR BAR 1Y Sm, Co, , A4S B
f&, @ SH, UH, EH, TH R4 126 NdFeB 7k
[ A Y S {0 i < A SR N = S S R AN = S
FEME, BRUEAEAS & AR N ] R W AT R R A2 K
PRGNS &8P T AL s 47 AT S 5 A
ML BEE AR T A TSR, B
AU A REA B SRR B, PEREEE INfL ik, It
H1E AR ) 5 v T ARG A R T A A
VT FS Y AR R F LSS A, RS Wl 2 R 55
IR, T I ETE S R AL R T A (R
HnR T HAEE R TO T @ N e, BA R T
FEN; WG T3, Aok AT AR F Rl U S I T )
N

(2) FEREAR B e e it o7 T, AR A 559 4 )
PR R R AT, E R [R] Y H R A PR (B R 2 L T
SR, LA EGER /N, FUBLIT R I8 B A0 e R
R, lE A A A, it 5 S8 H B A R
B, SR A TR, AR o A % ) L
TTTAT 2508 /0> LA PR U, T 42 T rBTL 1 55 e 0 ok
e S R IRE T TR0R

(3) TEMAR (Lg/Ld) Pufedrmm, RHINE
TG RAILEE KE) , 8 o X - R B ) O B L A
EHGHEAT AR, WASOAN Ld 5 Lg (A,
PR R S, AL AR G REL A O L LR R 7
FEUETT LAY, BTSSR Eln S, g
BOTREAR, DU 8 B2 50 0 AR R AR, A BT
i SE LA E D) s AT B, 4R T LA e X
PR 5 i e . AE RO A 55 W B R SR O T
R AL E IS A7 R v D AR i R e 90°, T



- 86 - i € AL B

A RGEE R T ARG AR BE R AU, FR T HLIZ AT RY
FOEME S ATEEME. STk (5] #2817 —Fhor A By
Wity , G KoK BRI T X, AR T
Jry B8 T 25 2ok v ) [ A

(4) WAL B, BT IF Y 58
Y SCHIARER AR I . R OO IBE, R E TE R A, P
BB TR, R RS 4 F5R aT e 3 2 R 5
5 e R T 0 T R 3R

(5) FE$ETH WL SR T 1T, 5 76T 2 IR A S
BORMYATHE T, & BRI A s 4R 5k, AT iz
P, Bl Ak 3 e 2 v, RS OB s T ok 7 P 2 SRR I 2 7
X R HLAILRE 8 78 B /NGy L i iRl T 3 A 55 012 4T
DR, DN B A 4 il i 5 FR AL BB A, F—
LT RFE IR S RRE M.
3.1.3 A EmE L hlkak

FEREAR R AR ) 0O 1T, 4 T P O g i
EORHE . FEMF R R SRR, BB/, R
AR di/dr i, FLU R TR T B, A
T IR BA 2 e 7 B, 2 v R 6 1) S 25 i) 10 FE T o
RS — AR, AOREUEFIAA S, a4 s
BRACRE . SR RS54 . mETERE B . 5] AmEkE
BT R 8 A A, 3 S Ty k3 AT A AR AR A
Wl HLE Lg, DT T F B Y F A e P fig . SCHR
(8] RME A HAREMAL T LR PLE Y, i
TR 3. s K il 2 o F b e B o AR Y Bl S
PERE

FEREARATLAR B () B0 T, 42 T s ALY o i 32
PR O Bn. TEAHRIB B HEMNT, o
HN, AR do/de B8ORS AR
R IR ORI N VA EWARUN . 4 B Sy e Wk o o
A BT FLECR 2 O a5 A, (8 H Bk 27 4
FEEE . W EMEERERS & E, DSl
Barfigit; ek e UK R, IR LA
WAL OC R LAPR S e JE % B, DA TIT 3 o i ML 1)
WEEHRE ), DR H B ERE
3.1.4 ZRXMBMEL AR

BAEHURRNT 2 S0 B Sastr PRkl Tl
HER, AT = AN D7 H R ALk

(1) TEREAG AR R e Bk sl 7 T, A = L Bl 3
WIIE R TR, 180 A P B A IR SN &R
5, RIS B S B AR R IE 55, IR 5X
BE R, AR IE 5% I A A G B S Dk B )
ARSI LB TR, AN T i
OB, JUHJE3 R, SR, 7T IREEFZIEI &,
WG, @i 4548 5 52 oA,

A RN X L RSy, e AR A K S

(2) TESD 15 Hl 6 7 TaD , PToR FH 0 Bl S8 241
gEMY, IR E MR, A R RN A R ROR
ATRENE R, TR e A e 2R, AR i il
o TERETRENET R, SRR 454 s A0 Ak R
MG, WA B T8N Vi R L AR R AR FE R I
HUO SRR DR E P DRSS R, AR
TERE, JEID AR LA T BT R A R
i o

(3) 7EBISE A2 1 B ) D 7 1T, AT O Ak
IR G R B, AR B G 5 T 30 Ok & 4
(G 3 20 I A BRI B, AR/ B IR, T
RAAR R B 7 I A IR, D R B SR 1 R B 5
MRS
3.2 RESESTSHRRSIET

P LR R RS T P R B /M A
CEMBEHCARE IR RIS &, BB S, M
RE 5 PR A B U

(1) TEMGMETH S SRIRAMT 7T 2, HIRE. Bk
FE . KRG T A FRIT A B ik 0 AT B G %
BRSO L, KUEERE . B RE il AR B 22 06 23 3G 3

(2) 7EFRBEARALTT T, R FRIZ TS
SR AR T A S B, WA ROk R TS
Bl Z MBPE S 5 400 58 RRipL5E > ) R
RS B A, DRI, R PGOR; BT
ot 5 Fhh 2 18] LR i B A, A BT
Pl i TR, AR TR RO RE

(3) EAHLEMRE T7 I, 12hE. i 2 7
TR T8 B 4 M S5 e pE e B B, T B
SIS AR 30 T A R, AT 4 4
ORISR S PR R A0 PV i A bl 25
T PRURE 1 A R A ) B 1 T AN AL
PR SCH R AR P T

(4) TESFIA BS54 B AL 2550k
s AR G LA T o 2 R R e
(s PP AT, A AR S84 5 k0 =2 ] 1Y
FEAMEABE ;SR FH o 5 B I o s ke s 28 4
FTHERD, BRSSPSR T L S 30R

(5) FERHEIA N FH 5 E, B AT B2 A P X
B FANEAKRIERR . mik g,
THEPIA . AHASH DL K £ B AR U R4 2045 Ty
o BEE T EEEHUR L 0 il &, 2R
PRIV 2 B A Ve B0 L R 4 AR AL AR Y
B REPE FREAR IE B PR TSk ) FE 5T 5 1)



12 44 RS B AURIT i B LR BT e 2k - 87 -

3.3 HBTRESHARHESN

(1) tELY G A VAT LA rE ", Y
EWIT RS BROC T AR, JFERLRE . N
PR ST 12 Z YA i ], et
WIS 2 N R B R OL A, B DR A5 TP R f A 2
(7] DE FC P 5 A

(2) fE RS T 28w, fES
TR VAR Z TR ) i E 5 b 2 2 ) 45 ) S8 A ) S
SR RN AT B I K R AR Bl R
T3 R J e P PRI X o DRI 75 2R PH A e 1 42 i Ay
BROCAMIIT ik, Lia BRI, AR A R T
AN, Sl & AR A T R 4 3h
FERHS T2 BRI GRS PR
PR SRIEHEBRET e S AR, R TR S SE T
2, UK R a4, SERnAaE, il
FIABRER i 5 209 K B 8 JORE IE AT 18 S e vk, AT 7
w b v SR L R RE LRI R A RE Y R P BE R T
A1

(3) TESebie FAsMRAL T, SR BT 4
HEMEIE, ik S e s ko Bre
G5K, AMURE A AR TG, b n] 2 35 AR TR
TARFE, $ETHRALRAAOR BRI VE o 45 K s
s RE IR, L A LR - SR AR
XFRBETF I A58 3 25 75 3, e BRAEALAR 35 2 /Y
B4 s/ wE it , e m e R IR

(4) 1EBN 14 S IR B 0 A D7 T, Sl ST kG
JEATBROCHERY, A TH 3355 1 19 1l 5 4% I EA T A
B, SRS HSh AR RE A SRR . T I i e 1V
B, PIRLUIRL AR AN [R) e T e sl iz, ) R

e 3 i S S P S0 W 1
4 REHABEIIKINES

o P T b 17 5 AL T R G S A TERE Y
A, I S SRR S R R T R S S is 1T
FOEPE, PRI 5 kg EE OR A5 ) 2 52 B0 TR B2
M2 BAR S5 MER B
4.1 BEIFEE S R R Fl

TEIE D RUERE S 71T, R Al G T
FEI 55 G bt CPSRBRR 5y, I S 5R 4 13 1] 34
SOOI P R, YT s e AL R T AR A Y
PG BT 55 R o AR 1 ) AR R
WU RS R ¢ M AR R, A5 i
MLV . i G Mk s 0, AR AL R G
PR A 5 20 A0 S R A R R AR R 22, R AR
KRR IRZE W G BRI 2R =M, H
TR A 559 G 1 R R A R ST T ok O S X, SCk (20 ]
BT 18T A B YL I 50 8 59 mE A R g, A Akl
TR R DR 55 W X U4 Ak, SEBL 6.3 AR IR B
S5

PR 7 AR M 32 T, 3Rl B LSRR =
eI B, AR e bR S A Y, B
B BCAE - FL U ) Sl R oy RN oy d, (B A
WEFG ARG b T, S I PR 3 B S e iy Rk 5 BRI
figo SCHR [22] 420 7 ALes mE XL A il 55 R i
AR DA T 6 S
4.2 BEMESSIEE

L I A ] 7 ¥R 43 T LU N 2 B

&2 BEHMBYIERMETES LT

Foml T et B I
1] Mz R BE X I [A] A TR R
BRI AT g;z;g;ﬁ TRRETRRERS e w30 8% Ffs PWM 0 B A B
EHEA A G2 SR \ \
e A AR R T i% S0% EE A R A

AR

etz b— R 2, feAS JE A gt

GIWCECT RS P
1T HM
s R dE R L IC 5 KT 4 25
ST 46 T S BT 220 S e |
bR ﬂfiﬂfhihmdiﬁbi%ﬁﬁ
B Gy
=3 2 T, H i iE
T B2, A PEmst, HiENE

U B

FEL L Al D M A 3 ] AR 2 2%

5 WAl FE 1% ~5%

A AR HL RERFS 10 ~20 dBA

FEAE ik S i v 38 70%

RSP e

AR T 3 (R RE U A )

0 g A0 B

Lt TR RZ LG E




- 88 - i@

58 %

TESCPR TARE R, w2 ROTLS G, st
DKM AR D At 00 2 A2, 73 R A1 T T A2 4
W PRUERS AR BE , 76 HL PR YR EE A iR 42 ol 2
AV IETE A TR S BE R e, 97 I A

o FH T v A Bl N T BRI AR D e
METFBL, AT RS AIEEET .
4.3 RHBHMHEESHERE

PRI AW o FEXT LN R 3 P«

R3  BREHAEIRSND G RIS 2T L

1 TARS SR V1
R T IR A AR PR R R, IR I (LS IR B i AR 40%
I e L s S T ——
HIERENE > ~70%
4 PID At | AN BT — AR A A
TSI o S ENCE L R R———— MO — 5 25 A3 P 6 £
WL A5
) ik 30 BE ) 3k 20%
DA SRR SRR %ﬁfﬁwmﬁLr&@L' TR | ARSI E)
BRGNS BB AT CENRY SRR A R B R R R 10%
oo gy TIRSEXTBURCRBIE LRI A i 9 0 ik O O

REUER/ME
B LE R RGN PUE WA I 3

TR 22 00 255 A RHY 322 A 3t 30 AL

i R A e
FABNERBEEEN ety
KEHE A PEATHETE i i 4 B
i A\ B
& W s

~50%

JELI 1 % bk sh B i 25%
~65%

EEWIRS
TR 15% ~30%

Al AR AR B 30% ~85%

e P ] i 4K 2l

TG TR A PR R A

BEEHUR . Hlas A

IR 10 4] R % 30 0 A IR 8 D A TR 4 o
RETR K, MAREIRSN Ny 0w, AR R PLARIILRY
FA LR F R A WO AR A LIS R B 2
b, SRR IE B 2R > | AR B 3 R ) T
REEA R X TAFAER M 2 A2 e sy, Seah
PR Hoo Fithl v B4 I AF IR AR 5 SE XS 48
PRPE A I I RE 7 2R i 04 g v L A g, ]
R AE N B Tk
5 BEEWMUKFEERT

H, 0 T £ BT PPN B S A AL B
M2 — 35, SCHEHOR i I MLVE 5 PR 7 ik
ZYHE LR A RS IR RS LG O S X
BREEH RS BER S . AR

W MG 5 PR J7 ik T 2% GB/T 44294-2024

CHL A s ALIE A B2 AR BLIE) A1 JB/T 13826-2020
CH R RE IR . 2B R L A1 IS I
AT R A BE L e e I A% S W oy L
HUE . . TR, IR AR, UIREE. R
InE B R ksl e e s SR KL
P 155506 v R AN A [ = T R TS 11 3
filt, SR EAA AR 5 0K 3h B 28 A5 2 R AR 4
FE DRI s 7T I BBl 2R ot b, DABRERL ED S TR
AP HHMEE 2, B AT R RO T U2l
PR R RS . R R ) R G0 S B G
RAFEZSHA RG] B R R S AR B, )
BEZWT ST . A SR

SERE N AR AR S B A 3 A 92 R A R A (A%
O, Hordsrdsingk 4 s,

x4 BEHMEBINR S EDEXTLL

Sl T BLEH &

L RN 5 4359 AT 3k 20000 1/ min GEIG A . TR R

T — T B 53 590 T 1 ISR AIE, S
#1550 Nm M

MR R K6 BAMDBRATTIS 2200k KARGT . SRR

g ORISR ARG 0.0 ~0.13, B KA,
i s N# 1 SN ~ 50N RSIED

7 i 15000N, Rk P i %1 11 =Y

AR g ey R AR sk o 2 1 50 A B A

J <50N

R pEREIK




12 44 RS B AURIT i B LR BT e 2k -89 -

k4
HKAl TAE R KBH G s
ey USRS H T RER S BTV 1 WA IR P 3k 0. s, BhASTTYIN ZAM RN s SR
WA W Sh A 2%, o -
FEA AR J1u] 3k 2kPa JinZ It
Bl K AT v X ERE AR M BFRE /7 10 ~20MPa, JE AP B, B A ERE 5T
o A S T IR ,
R TR AL sl 5 K51 0. 01MPa ST
L o SPEE S 0.2 ~0.8MPa, Sr¥sHl ) .
mREAEIE RS SRR ;; 1% @ S PEB Rt S| N Nk K
HIX * 17
F2 16 2T 0 ~ 3800N, i 2547 0
YIH 2% SRR b 671 2% e s Al A BRARMREIRIE . T20F5%

~2100N

gia ik B ey, w3 s L e,
D3 A I 0K 3 4 sk 46 v = il 200 3 Jr v
e i 00 A 23 AL i s 326 000 ) ML % i i 3 A8
AR ; % s AP e 5 T SR BE R
FLRE IR o TR K S o e e s KM . Kk
PRSI, DRk H VAR IR N 2 A aB SR f EL 5L
THESE AT A, DIEI Lk, &y
F R R 4 Ak R RN 2 R K SR
FEINE . A AR, e = 2 ok
JFBUEERE | PIRBH TN

XFFREB A v i e i e 25, R RS T
FHOEBE LB RE SR, e A ) AL i 28
4T, B . SCk [25] AT —FEk
FEMUAR FH K D) R i R A 2 R &, i 2 45
P40 BEE SR 25 RIS 5% R Tl 4 A A 1) SRR 0. 25°
A AMEE, FERl ) SC R K 0.8 mm R4, i@
T IH I TR A R v A R A Y RS R, R
I~ & 22 30000 r/min, TRJEHEY R E 250 kW, K
HL o A ML B N P A — RTS8 ) TR S iR
ik
6 % i

BRI HL 3k ri LB AR e Ji e 9 R G B 4
ARWFFETT AE

(1) FERTHF P E ™ ML FIHT ATl R JE A 5if
Ehitesh T, F B Hh e K LR % v 32 il iy 1 7 4k
PERRFFLENIDR, AR i Sk A LB ACKE i) B RS E
WA TE . ST A R R

(2) WA HLE T YR RE S I TR S5
RIDLAL LA DR 3 B 5 W A RE R, TR A
IS 7 AL Bh A B 4 R AR, RS

BURE AR B AR R B DT

(3) TERFEHRIE T 5 A R ST P, K
TR R I3 A 2 B AR AR BT A9 RS R B R i
SRR DI DU ST B PR A IR e R T 1) S B
AR M ANESHBIE BT 5 5 P B B 18 2 4 Al
THRTHIMAR PSRRI R0 SR, Ve 204 5
MR P e A T R DIRE s N = ANE R RIT
ey st i r, 2 b SRR A g R T 5

(4) FEReTa g 5ah 2tk b, L2
B T O T B, ot R R IO Y
M AZEC IR B 5 26 B e B LA T 1) LA
SR DR IR SRR TR0 A A A, 45 et iy
Fer sk, JEaG sh s Rk 5 Ik sh o dr
(PSS Z3@ N YW o4 8 km DI X6 R
JEE 4 XUE O B H A

(5) FL =t Fit ML A 5t 2 ) A 90 -5 PR i )7 922
LN E il KRS T € i N e Bl L ES TS o) X 7S5
T AN R B A ME 5L, SEBLHE GO A PR
PTHE L SRR, A RREE . B R
WORPENUAR T AN (938K AR o

(6) ferg ERh-F & st g fe b, LEm
WHIEN Ik YRS ARG MR A, K
WU TSP T2 B RE RS R S Ml
Bk DARSCaE R 5 A0 30T, i Rpsk
HESHHARAN 5 TR IR Rl

A SO v, 32 3l A HL TR ) RHE N B 340 T
WigZ%, W TREARANRTEBOHUL ., el
A A 7 AR A TR SR E RO TR =
S i s M AR AIL = ol (4 A e i AR e 52 AT A 5K 52
i, BB HATH RE I A% L3s 7T



- 90 -

i € AL

58 %

S 3Lk

(1]

[9]

[10]

[11]

[12]

[13]

Wk, AR, Aok, SF. JLRIRE R Kom R A
ByEHURMISEHER [T]. P EVL TR, 2021, 32
(16) : 1891-1903.

FWRIE, AR, FRIC, GF. mEUKEE AL TR
FOLHURME 8 [T]. LS5l 2=, 2024, 28
(11): 48-56.

Tianjie Zou, David Gerada, Antonino La Rocca, et al. A
Comprehensive Design Guideline of Hairpin Windings for
High Power Density Electric Vehicle Traction Motors [ J].
IEEE Transactions on Transportation Electrification,
2022, 8 (3): 3578- 3593.

BT R, i e AR RAR. —/I
A - = I R R R A B a5 vk [P
202010843906. 5, 2023-03-17.

e, H=il, BRR, . ROMRAKEER 22 B pLe
ekt 500 [J]. wpl S5 #Ed 2=k, 2025, 29
(06) : 71-79.

FHE, BIHTE, Yo XUEEL KWL R A B pL g AR AR
R [T]. B TR F R, 2022, 37 (22):
5799-5807.

JEmORE RS B HUHE A IR A R —Fh KL 5 58
MG AR 4 [ P]. 202220525801, X, 2022-
06-28.

EXE, TR, BER, % BInRENE S K
ARG R R gt [T]. B, 2025,
58 (02): 21-26.

W, i RNFRREEC G W SR 4K s R 25 P s
WEPERE BT B ST [J]. @A HL, 2020, 53
(11): 61-64.

RN B TRFFE . — iR T Ao F P 2 X
ML K L R 2B L5 # [ P]. 202411695381, X,
2025-05-30.

SR, @F, U TR R IR T LB AR
5wk [T]. ff B #L, 2024, 57 (06): 16-
21, 29.

AT, BICHE, WK, . RBERZE R ERG S
FerEsrdr (7). febpl, 2023, 56 (05): 13-18.
ERARIE, EiEE, fEwk, . TE ) a/ Wk TAE
HIHMLRGE - WA AEPE AR LW HERE [T].
h E EL LT RR2ER, 2024, 44 (01) . 280-293.

J. Liang, P. Zhou, H. Xu, et al. Structure Design and

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Process Optimization of Electric Spindle Motor for High
Precision CNC Machine Tools [ C]. 2025 IEEE 8th In-
ternational Electrical and Energy Conference ( CIEEC),
Changsha, China, 2025 3428-3433.

T ERHEBE R TRFIEHT. — s 3 e R 2 B LA
KGR R R e LN T 7% [P]. 202411726323,
9, 2025-01-24.

R, BRI, S8, B RHUKRE LR TR
atrSrERat (1], FEBILTRYR, 2022, 42
(06) : 2334-2346.

HEE, Mo, aRR, % STREUKEE R SRl 4
EBGE T ER R LR [T]. hE R TR,
2023, 43 (07): 2496-2512.

RAER, £, REBK —Fh KR IPMSM 24L
R R B S RS [T]. b R B R A 4
2020, 40 (10): 3328-3336.

J. Liang, P. Zhou, H. Xu, et al. Flux Weakening Con-
trol of Electric Spindle Motor Based on Negative Direct
Axis Current Compensation [ C]. 2025 IEEE 8th Interna-
tional Electrical and Energy Conference ( CIEEC), Chan-
gsha, China, 2025 3434-3439.

FEMR, EmJ7, R, G ST RO IR R K
TG ) A0 P WL R 5383 4 i) B A o) e ol Semis [ ]
HART R, 2023, 45 (02): 219-230.

Jinhua Liang, Haiping Xu, Wei Liu. Design of Electric
Spindle Control System for High-Grade CNC Machine
Tools [ C]. 2023 IEEE International Conference on Elec-
trical Systems for Aircraft, Railway, Ship Propulsion and
Road Vehicles & International Transportation Electrifica-
tion Conference ( ESARS-ITEC), Venice, lialy, 2023
1-5.

KA, Egh, Tk, . R HUHLE B DR AR S
LSS TR AR SR Tl s [J]. R E AL TR
2, 2023, 43 (10): 3986-3995.

RO, SR, fLufh, A TR B KR
PURGZAME [J]. BOeasL, 2020, 53 (01): 89-94.
MRLEe, SRR, XIER, . JETH0 30 &8 A
SRR Bk s [T B BL, 2022, S5
(03): 4046.

Fr& R T e REIR S B R DT T B, R B
HUTBESERT.  — Rl R RO HILAR F DR 2 4 v Al
MIRSEA [P, 202422861636, 7, 2025-08-09.



