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Abstract: To meet the comprehensive requirements of high force density and high-precision control for a
medium-stroke micro-nano precision positioning stage, a compliant precision positioning stage based on re-
luctance actuators was designed and analyzed, with nonlinear hysteresis modeling and trajectory tracking
control implemented. First, by analyzing the equivalent magnetic circuit of the reluctance actuator and its

drive force characteristics under different air gaps, combined with the stiffness model of the flexure mecha-
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nism, the stage design parameters and the suitable air gap size for stage operation were determined. Subse-
quently, an experimental system was set up, and a feedforward compensation strategy incorporating a ra-
tional function and a Prandtl-Ishlinskii hysteresis inverse model was constructed to achieve nonlinear com-
pensation for the reluctance actuator. Finally, a feedback control method comprising proportional-integral
control and a notch filter was utilized to conduct trajectory tracking control experiments. Experimental re-
sults demonstrate that the constructed hysteresis inverse model compensation and control method signifi-
cantly enhances the stage’s control accuracy. After nonlinear compensation, the root mean square errors
for tracking two different triangular wave signals were reduced by 69. 2% and 63. 68% , respectively, vali-
dating the feasibility and effectiveness of the designed compliant precision positioning stage using reluc-
tance actuation in micro-nano positioning applications.

Key words: reluctance actuator; compliant mechanism; hysteresis; precision positioning stage; trajecto-

ry tracking control
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Tab.1 Actuator Dimensional Parameters

Parameter N a L A w A,

Value 180 15mm 65 mm 184 mm 42 mm 225 mm®
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Fig.4 Simulation diagram of magnetic flux density in the

actuator (Current: 4 A, Air gap: 1 mm)
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Fig. 5 Analytical model, simulation and experimental re-

sults of driving forces in reluctance actuators under

different air gaps
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Tab.3 P-Iinverse model parameter identification results
Parameter Value Parameter Value
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Identification results of the inverse hysteresis model
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Tab.4 Comparison of root mean square error in tracking trajectories across different control methods (%)
Cons Trianglel Triangle2 Sine
PI+ Notch filter 14.61 15.09 11.3

PI+Notch filter+ Hysteresis compensation

4.5 5.48 2.7

BE Ak, 2 5 He B T AR SC P B 14 i BH 9K 3
VB 5 A B R IR Bl Pl PSR Bl K Al
T B 9K Bl S 5 AT R IR Bh ) L B R
PR A TEREfe AR AR B, TR, A

- 7E DR B R AT AR (2500 wm) 5 85 R 8K 3
73 (400 N) 4 [a) i SHe B 1 b F b 2% A9 3 4iR Bt
AR BT A P AT TR OE AL TERE B R
/fj‘E%C

F5 WEMEEIEMT A MR

Tab.5 Performance comparison of reluctance-actuated positioning stages

Stage type Stroke Force Resolution Frequency Application scenarios
Piezoelectric ceramic ac-
40~200 pm 1 000~2 500 N Sub-nanometer 200~1 000 Hz Fast tool servo, AFM
tuated stage
Voice coil motor actuat- . Precision optical system
o +4 mm 40 N Micrometer 50 Hz )
ed stage adjustment
Reluctance actuated Ultra-high frequency fast
- 35.2 pm 200 N Nanometer 2260 Hz
stage (Typel )" tool servo system
Reluctance actuated . Lithography machine mi-
(o0 0.85 mm Not provided Nanometer 65 Hz .
stage (Type2)"” cro-motion stage
Solenoid-type reluctance ) ) ) .
1) 1 mm 240N Micrometer Not provided XY optical scanning stage
actuated stage ™
o . Lithography machine mi-
The stage in this paper +500 pm 400 N Micrometer 100 Hz

cro-motion stage
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