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Abstract: To achieve high-precision tracking of the piezoelectric positioning stage, a fractional-order ter-
minal sliding mode active disturbance rejection controller was developed to address hysteresis, model un-
certainties, and load disturbances. By integrating fractional-order theory, terminal sliding mode, and ac-
tive disturbance rejection, the controller ensured finite-time error convergence. A continuous and differen-
tiable reaching law based on an improved fal nonlinear function was introduced to suppress chattering. Ex-

perimental results show that for a 10 pm sinusoidal trajectory under a 200 g load, the controller attains a
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root mean square error of 0. 024 6 um, improving accuracy by 76. 66 % , 48.00% , and 43. 32% compared

with PID, integer-order terminal sliding mode, and neural-network-based integer-order terminal sliding

mode control, respectively. Under a 40 Hz reference signal, it reduces the average tracking error to

0.186 9 pm. The controller maintains excellent tracking across varying loads, effectively suppresses chat-

tering, and exhibits strong robustness to model uncertainties and load disturbances.

Key words: piezoelectric positioning stage; fractional order; sliding mode control; fal function; extended

state observer
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Fig. 1 Piezoelectric positioning stage open-loop experiment
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il a4 RMSE MAXE MAE
FOTSM-LESO 0.0129  0.0806  0.0098
TSMC-LESO 0.0251  0.1394  0.0192
TSMC-RBF 0.0663 0.1411  0.0589

PID 0.1741  0.3835  0.1451
11
10 A

9r osf" 2\

8 -6
£
=7
S s
T 4
=
.‘Qﬁ —— Ref

3 — FOTIM-LESQ

2_

[ E U A U A S TSM-ELSO

1 - - - TSM-RBF

% 1 2 3 4 5 6 7 8 9 10

t/s
(a) PRERHhER

(a) Tracking curves

0.066 3 pm H1 0. 1741 pm; FOTSM-LESO # i
#EH % F TSMC-LESO, TSMC-RBF #il PID $
il 5 1 RMSE A B2 43 5l 4 5 1 48.61%,80. 55%
F192.59% ., FOTSM-LESO %& i PE 4 48 bn i T
TSMC-LESO, iZ 45 3R 3R B 73 BB £ 48 19 455 1 14
et T 8% BB & 4 . TSMC-LESO M & F
TSM-RBF 4 B2 0 &, iz 45 R R Wk ik
RS 0T 8 E T LR A B R G AT BT
RBF, [d] i} LESO 5 % & 19 2500 b . [/l B, A
K 5(h) A LLE H ik i 9 FOTSM-LESO # il
i E PR S 2 B A R n w1 fE .

0.4 o
PID
-~ TSM-ELSO
03 ----TSM-RBF

. —FOTISM-LESO

Position error/um
j=] (=)
— o

S

'
=
=

o
8o

t/s
(b) RZE %

(b) Error curve

KIS ARl B9 1E 5% B R AR

Fig. 5 Result of sinusoidal trajectory tracking with different controllers
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Tab.3 Comparison of experimental results of the FOTSM-LESO, TSMC-LESO, TSMC-RBF, and PID controllers un-

der different load conditions

FOTSM-LESO PID TSMC-LESO TSMC-RBF
Foud RMSE MAE RMSE MAE RMSE MAE RMSE MAE
20¢g 0.014 2 0.0105 0.1021 0.084 7 0.026 9 0.0201 0.0415 0.036 8
50 g 0.016 0 0.012 3 0.093 6 0.077 4 0.0370 0.0290 0.0430 0.038 3
200 g 0.024 6 0.0159 0.1055 0.087 5 0.047 3 0.0309 0.043 4 0.037 8
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Fig. 6 Tracking experimental results of sinusoidal trajectory under different loads
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Tab.4 Comparison of the FOTSM-LESO, TSMC-RBF, and AFOSMC controllers at different frequencies
FOTSM-LESO TSMC-RBF AFOSMC
Freq/Hz
RMSE MAE RMSE MAE RMSE MAE
20 0.046 5 0.044 2 0.1609 0.1193 0.1856 0.1240
40 0.186 9 0.0809 0.3214 0.172 1 0.376 7 0.144 7
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Tab.5 Comparison of experimental results for validating

the effectiveness of the fal function

2 1l RMSE MAXE MAE
Schemel 0.0129 0.080 6 0.009 8
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