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Abstract: The inherent hysteresis of piezoelectric fast steering mirrors (PFSMs) severely limits control

accuracy in precision positioning systems. To address this limitation, the performance of common enve-
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lope functions is systematically compared in terms of computational complexity, inversion requirements,
and error sources. Based on a comprehensive evaluation, an asymmetric linear envelope function is select-
ed, and a rate-dependent generalized Prandtl-Ishlinskii model with an asymmetric linear envelope function
(LRGPI) is developed. To mitigate rate-dependent hysteresis, a derivative term is incorporated to extend
the model's applicable frequency range. The inverse LRGPI model is subsequently formulated and imple-
mented as a feedforward compensator to evaluate hysteresis suppression. Furthermore, a composite con-
trol strategy integrating inverse-model feedforward compensation is designed to attenuate external distur-
bances. Simulation results indicate that, relative to the inverse models of the tanh envelope-based rate-de-
pendent generalized Prandtl - Ishlinskii model (TRGPI) and the cubic envelope-based rate-dependent gen-
eralized Prandtl - Ishlinskii model (CRGPI), the LRGPI inverse-model feedforward increases the hystere-
sis-compensation bandwidth by 5. 78% and 28. 69% , respectively. Comparative experiments further dem-
onstrate that the RMSE achieved by LRGPI inverse-model feedforward control is reduced by 62.7%,
23.2%, and 26.4% compared with the PI inverse model, TRGPI, and CRGPI inverse models, respec-
tively. These results demonstrate the superior effectiveness and robustness of the proposed LRGPI model
for compensating PFSM hysteresis.

Key words: piezoelectric fast steering mirror; hysteresis characteristic; rate-dependence; asymmetric enve-

lope function; generalized prandtl-ishlinskii model; inverse compensation; composite control
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Tab.5 Feedforward tracking errors analysis

. RMSE/mrad RE/%
REME 5
PI TRGPI CRGPI LRGPI PI TRGPI CRGPI LRGPI
10 Hz 0.08 0.05 0.05 0.05 6.62 4,02 4,04 3. 89
50 Hz 0.32 0.05 0.07 0.04 25. 42 3.84 5.50 2.46
80 Hz 0.49 0.10 0.14 0.07 38.59 7.40 10. 74 5.73
e %2 005 0.07 0.06 0.05 0.04 14.71 14.15 9.05 7.55
IR A G 0.10 0.06 0.05 0.04 10. 66 6.42 5.00 4.61
e ME/mrad AR PERL/ %%
REES -
PI TRGPI CRGPI LRGPI PI TRGPI CRGPI LRGPI
10 Hz 0.16 0.10 0.15 0.08 4.36 2.95 4.07 2.16
50 Hz 0.49 0.13 0.09 0.08 14. 20 2.81 3.56 2.24
80 Hz 0.73 0.18 0.21 0.15 21.38 5.17 5.96 4.12
B 0 M5 5 0.11 0.19 0.13 0.10 4.85 8.43 5.26 4.16
IR A 0.20 0.13 0.10 0.09 5.65 3.96 2.87 2.81
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Fig.7 Feedforward tracking curves and errors at different frequencies
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Fig. 8 Feedforward tracking curves and errors for amplitude-decaying signal



434 err K TR 55 34 %

04 2
§ —Desired output - -~ CRGPI model —PI model —— CRGPI model ——PI model
3 - -~ P model - - --LRGP model 03 TRGPI model —— LRGP model o 15 TRGPI model
9 TRGPI model g 1l ——CRGPI model
N 0.2 £ —— LRGP model
ER ) /\ Zoa gos
£, \ E 2 o
2 / [B<] 2
& Jo\ / = S
5 -1 / 43| E'QS
o) -0.1 5
€2 5 -1
4 \\/ 02 bt
3 ] =-1.5
s12) W 03
4 0.38 039,04 : )
0 005 0.1 0.15 02 02503 03504 0 005 0.1 0.15 02 02503 03504 2 -15 -1 05 0 05 1 15 2
t/s tls Desired output/mrad

KO ZH0R G55 BT it B i 28 e 22

Fig. 9 Feedforward tracking curves and errors for multi-frequency composite signal
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Fig. 10 Tracking curves and errors for amplitude-decaying signals under composite control
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Fig. 11 Tracking curves and errors for multi-frequency composite signals under composite control
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Tab.6 Tracking errors analysis under composite PID

control
RMSE/ ME/  dE&tE
B 152 RE/
REES mrad /7 mrad /%

MR =W AES  0.01 1.55 0.03 2.01
ZHIRAES  0.01 2.90 0.04 1.76
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