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Abstract To meet the stringent requirements of high-speed positioning and dynamic response
performance in the field of precision manufacturing, a long-stroke magnetically levitated planar actuator
design and control method is proposed, based on a two-dimensional Halbach permanent magnet array
and a printed circuit board (PCB) coil array. A dynamic model of the actuator is established using a har-
monic model of the magnetic field distribution, enabling an in-depth analysis of the coupling effects be-
tween magnetic forces and torques during translational and rotational motions. The study reveals the
nonlinear dynamic characteristics of the system and introduces a nonlinear model predictive control
(NMPC) strategy to address these complexities. By optimizing control inputs, the proposed method a-
chieves high-precision trajectory tracking along complex paths. The results demonstrate that this ap-

proach offers superior tracking accuracy, strong robustness, and fast dynamic response.
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Schematics showing the actuator’s construction. Moving-magnet planar actuators with 2D-Halbach permanent magnets:

(a) Side view; (b) Top view; (¢) Side view; (d) Stator(coils)
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(a) Bottom view; (b) Cross-section view
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Table 1 Parameters of the designed planar actuator
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Fig. 4 Maglev planar actuator trajectory (Case 1)
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Fig. 5 Maglev planar actuator trajectory (Case 1)
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Fig. 6 Maglev planar actuator trajectory (Case 1)

0.10
0.05
- )
2 0.00 !
5]
—-0.05
—Actual
-0.10
——-Reference

—0.02  0.00 0.02 0.04  0.06 0.08  0.10 0.12
c/m

7 P2 1A B 2 BT (R

Fig. 7 Maglev planar actuator trajectory (Case 1)

LR PRI B (9 05 45 2R ) UL NMPC 5 i
T A BEAN ] 2 4 1) 00 308 R AT 55 6 2 RE 4% S I
R JEE 1) B B % MR RE 149 28 8 I VL E 7. A A B0 4
AR CUN B B30 ) v, 2 ) o B 80 A 5 i 422 R
5 B HE DR A Bl 2 e R R 5 T A AR A AR
CUNIE 52U ) F 428 ] 45 1 L6 e A2 e 3 0 52 2 78
PEIRE AOR BEAS PR 155 B4 A9 BR B ACR oK Hh L I
AR Z B RRE AT E G WA, A H
SR R b E i R A N S T SR ]
i A B LA 32 W45 1) 35 AN AL BB DR GIE 0 328 BR B2
5 JEE o [ I 30 BE A A0 IR ) 4 o i A P I 1A A sl
AP PNE IR TP R R L el i s N ]
FAUREUE T AR SCER 1 NMPC 5 W 1 7 & 77
ST FRL AL R A A R R R L 4 T SR BE T T
S B O FH T S BUAS ] a2 i 2 B9 A R 0 R
5 o I LA X A2 2% B AR A A ) PR i L BE ) TR T
R A2 M, A T 8 7~ T R AL FORG 1 ds gl 2 il 4 it 1
e % (14 BRAE AR S

ARICHT 4 Halbach F£%) 5 PCB £ F& B4
G5 TR R K AT R R R AR S A IR S A
A 28 P A TR I 4752 ) (NMPC) 56 s, 28 G2 P b 32 T
T B RS B Sl A e N R A R I AR A 1
i AT AR L KR DB T N A BR T o A B A L 7 R
UE G AORE B2 1 [R) B A 2848 o T S i T SRR S
SRR %07 AR RE | OF 5% 5 SR B0 500 B2
R 2 B EORY R R A R M M TR 5 PID
o LQR #5107 15 e 3 D25 1 4 22 46 A 22 i
(MIMO) #8& K AR 5.

R R fih X R G A E, P T 1 R R TR
ST R B0 78 2R FH TG $2 i 3K B ohE G TR 8 5
e = K B 5 v T R T SR 3 s (AN A% G kG % 1 1 A
G TO B BB XORUA B TR T
A PSRRI i T A AR R — AR RS B IS B R G
PEALT W7 R R R

KA 5K b Ttk NMPC 55 % A9 52
SRR DU R | 22 Bl [ 45 ) ) 75 oK
U A 3 7 RO B 2 2] 45 7 1 B iR R G
R ERBE 0I5 1 8 ) S UM e s TR T = AL FL
STt R — AR R BE LR T B AR R R 3
Fr. il 22 al A B B AT R R T OF 1 1 B
i E N % e A RN 45 A A5 U B A T T

JEVN

A 5.

2% Uk

[1] FLORES P. Concepts and formulations for spatial
multibody dynamics [ M]. Cham, Switzerland:
Springer International Publishing, 2015.

[2] WULH., ZHANG Z W, ZHANG J, et al. A per-
formance model of automated material handling sys-
tems with double closed-loops and shortcuts in
300 mm semiconductor wafer fabrication systems
[J]. Journal of Manufacturing Systems, 2021, 58:
316 —334.

[3] HU T J, KIM W J. Extended range six-DOF high-
precision positioner for wafer processing [ ] ].
IEEE/ASME Transactions on Mechatronics, 2006,
11(6): 682—689.

[4] KIM W J., VERMA S, SHAKIR H. Design and

precision construction of novel magnetic-levitation-



10 8 N % 5 & B % W 2025 4F5E 23 4
based multi-axis nanoscale positioning systems [J]. ARSI E]] R KRR CHRB 2B,
Precision Engineering, 2007, 31(4). 337—350. 2010, 50(12): 1978—1982.

[5] MEHRTASH M, TSUDA N, KHAMESEE M B. LI G, ZHANG M, ZHU Y, et al. Six degree-of-
Bilateral macro-micro teleoperation using magnetic freedom maglev microstage electromagnetic field
levitation [ J ]. IEEE/ASME Transactions on modeling and calculation [ J]. Journal of Tsinghua
Mechatronics, 2011, 16(3): 459—469. University ( Science and Technology), 2010, 50

[6] FAN X J, SUN M M, LIN Z H, et al. Automated (12): 1978—1982. (in Chinese)
noncontact micromanipulation using magnetic swim- [17] ZRE. #E 7P By a5 s H s [D].
ming microrobots [J]. IEEE Transactions on Nano- Jbat. WA KAE, 2012,
technology., 2018, 17(4) . 666—669. JIANG E Z. Modeling and motion control of mag-

[7] RYAN P, DILLER E. Magnetic actuation for full netically levitated planar motors [D]. Beijing: Tsin-
dexterity microrobotic control using rotating perma- ghua University, 2012. (in Chinese)
nent magnets [ J]. IEEE Transactions on Robotics, [18] LUX, XUF Q, XU X Z, et al. Directed-driven 8-
2017, 33(6): 1398—1409. phase magnetically levitated rotary table based on an

[8] LU X D, USMAN I U R. 6D direct-drive technolo- analytical-numerical model [J]. IEEE Access,
gy for planar motion stages [J]. CIRP Annals, 2020, 8: 31159—31170.

2012, 61(1): 359—362. [19] DYCK M. LU X D, ALTINTAS Y. Magnetically

[9] FESPERMAN R, OZTURK O, HOCKEN R, et levitated rotary table with six degrees of freedom
al. Multi-scale alignment and positioning system- [J]. TEEE/ASME Transactions on Mechatronics,
MAPS [J]. Precision Engineering, 2012, 36 (4): 2017, 22(1): 530—540.

517—537. [20] USMAN I U R, LU X D. Force ripple attenuation

[10] ESTEVEZ P, MULDER A, MUNNIG SCHMIDT of 6-DOF direct drive permanent magnet planar levi-
R H. 6-DOF miniature maglev positioning stage for tating synchronous motors [J]. IEEE Transactions
application in haptic micro-manipulation [ J J. on Magnetics, 2015, 51(12) . 8208708.
Mechatronics, 2012, 22(7): 1015—1022. [21] NGUYEN V H, KIM W J. Design and control of a

(117 skEEME. F A 1 B G 77 1 H AL i 42 R AF 5T compact lightweight planar positioner moving over a
[D]. V9%, V&35 K, 2012, concentrated-field magnet matrix [J]. IEEE/ASME
ZHANG ] ]J. Study on control techniques of 5-DOF Transactions on Mechatronics, 2013, 18 (3):
magnetic levitated planar motor [D]. Xi’an: Xi’an 1090—1099.

Jiaotong University, 2012. (in Chinese) [22] YU H, KIM W J. A compact Hall-effect-sensing 6-

[12] ZHANG H., KOU B Q. JIN Y X, et al. Modeling DOF  precision positioner [ J ]. IEEE/ASME
and analysis of a new cylindrical magnetic levitation Transactions on Mechatronics, 2010, 15(6): 982—
gravity compensator with low stiffness for the 6- 985.

DOF fine stage [ J]. IEEE Transactions on [23] LI D F, GUTIERREZ H. Observer-based sliding
Industrial Electronics, 2015, 62(6): 3629—3639. mode control of a 6-DOF precision maglev positio-

[13] KIM W J, TRUMPER D L. High-precision mag- ning stage [ C]//2008 34th Annual Conference of
netic levitation stage for photolithography [J]. Pre- IEEE Industrial Electronics. New York: IEEE,
cision Engineering, 1998, 22(2): 66—77. 2008 2562—2567.

[14] GORGESS, HESSE S, SCHAFFEL C, et al. Inte- [24] skESby. BT BURTI 2 6 0 W BT TAE Bz g%
grated planar 6-DOF nanopositioning system [ ] ]. HFFE D], B Rk, 2023,
IFAC-PapersOnLine, 2019, 52(15);: 313—318. ZHANG K Y. Motion control of magnetic levitation

[15] JANSEN ] W, VAN LIEROP C M M, LOMONO- stage based on model predictive control [D]. Wu-
VA E A, et al. Magnetically levitated planar actua- han: Wuhan University. 2023. (in Chinese)
tor with moving magnets [J]. IEEE Transactions [25] HUANG S D, PENG K Y, CAO G Z, et al. Ro-

[16]

on Industry Applications, 2008, 44 (4). 1108 —
1115.
ZE)T, sRNg, RIS, L N HHRERTE S 6 B

bust precision position tracking of planar motors u-
sing min-max model predictive control [J]. IEEE

Transactions on Industrial Electronics, 2022, 69



EE

AR S0 AT R A T AT A 30 i ) 3l g 2 A A 2 R 0 42 o ik 11

[26]

[27]

(12): 13265—13276.

WA - o BRA AR e P AR 0 T 4 A e K g
LER[T]. il TR, 2003, 1008 T 2). 17—19.
CHEN X P, LIANG M. A survey on theory and ap-
plications of nonlinear model predictive control [J].
Control Engineering of China, 2003, 10(S2): 17—
19. (in Chinese)

LIF X, SUNY G, XU J Q. et al. Control methods

for levitation system of EMS-type maglev vehicles:

an overview [ J]. Energies, 2023, 16(7): 2995.

[28] JANSEN ] W, VAN LIEROP C M M, LOMONO-

[29]

VA E A, et al. Modeling of magnetically levitated
planar actuators with moving magnets [ J]. IEEE
Transactions on Magnetics. 2007, 43(1): 15—25.
JANSEN ] W. Magnetically levitated planar actua-
tor with moving magnets: electromechanical analy-
sis and design [D]. Eindhoven, Netherlands: Eind-
hoven University of Technology, 2007.



