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Abstract

To address the problems of increased reversal error, low-speed creeping, and noticeable hysteresis
residuals in voice-coil galvanometer servo systems during low-speed reciprocating scanning, a
shape-amplitude decoupled feedforward compensation method based on a dwell index is proposed.
First, a velocity lookup-table interpolation driven weighted Play operator network is adopted to
extract a normalized shape factor, which characterizes the path memory and geometric features of
the hysteresis loop. Second, a generalized Stribeck model with an empirical attenuation factor is
constructed from piecewise constant-velocity experiments to describe the equivalent amplitude
variation over the full velocity range. Furthermore, a dwell index based on dual thresholds of veloc-
ity and acceleration is introduced to distinguish reversal neighborhoods from true low-dynamic
states. Based on this index, an amplitude modulation coefficient is further constructed to dynami-
cally reduce the amplitude function near reversal, thereby mitigating local overcompensation. On
this basis, a composite feedforward control law is established, consisting of additive compensation
of alinear viscous term and multiplicative modulation of the normalized shape factor with the adap-
tive amplitude function. An experimental platform is implemented on a Zynq system, and compar-
ative tests are conducted under a 0.5 Hz, 8° sinusoidal reciprocating trajectory. The results show
that, compared with pure PID control and conventional GPI feedforward, the proposed method
achieves better overall performance in terms of RMS tracking error, local reversal-region error,
hysteresis residual area, and feedback controller output burden. The proposed method features a
clear structure and relatively easy parameter identification, making it suitable for real-time embed-
ded control of galvanometer servo systems.
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Figure 1. Block diagram of the hardware configuration and control structure of the galvanometer servo system

1. #R$R(RIAR R GrhE fH LR AR R S SR AAE R

2.2. B S EEIR

NWERGHIARL AR, RHRGEIT R 2 3 = il il SEIRERERY], RYHE “fE - 1%
s P B R U R AR . [ A B ETHBUS T BRBO BN F R RN, B R SR
A€ MEARICILRr s BRSO AR, IR 8 FEM R SR R R A2, B R AR R
A€ R A A FEPUE IS T, (IR S e SE N, Sk AR G A AR 8 [ i R P A A
BB AP B AR . 2 = A U T IR T IRl R P 2 B

0.08
0.06 {25
0.04
20
0.02+ -
= =
0 >
gi:d 15 1
-0.02+ =
-0.04 10
-0.06
5

10

‘ 20
HE/(fs) 30 g 6 ¢4

A=A

Figure 2. Position-control voltage hysteresis loops under triangular wave excitation at multiple
velocities
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Figure 3. Equivalent friction amplitude as a function of velocity under piece-
wise constant-velocity experiments
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Figure 4. Overall framework of the proposed shape-amplitude decoupled feedforward compensation method
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Figure 5. Hysteresis fitting results of the weighted Play operator network at different velocities
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Figure 6. Comparison of error-displacement hysteresis loops under different
control strategies
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Figure 7. Comparison of dynamic error in the reversal region under different
feedforward strategies
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Figure 9. Comparison of PID feedback output between the proposed method
and PID-only control
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