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Abstract: This paper presents an adaptive sliding mode control (ASMC) scheme based
on strain gauge position feedback for compensating for motion errors in a piezoelectric
nanopositioning stages and ensures precise and reliable motion tracking control. The inno-
vation of this scheme lies in calibrating the relationship between the feedback voltage of the
strain gauge and the actual stage displacement. Thus, the calibrated feedback displacement
is directly used as the position feedback signal for the ASMC scheme. Adaptive rules are
employed to adjust the control gains, thereby eliminating the requirement to determine the
upper bound of the disturbance. The stability of the ASMC strategy is theoretically proven
within the Lyapunov framework. Comparative experiments under external disturbances
have confirmed the superiority of the proposed control scheme. Results demonstrate that
the proposed control scheme exhibits superior robust tracking performance compared to
the traditional sliding mode control (SMC) scheme.

Keywords: piezoelectric nanopositioning stage; sliding mode control; precision motion

1. Introduction

Piezoelectric nanopositioning stages driven by a piezoelectric actuator is widely used
in engineering with nanometer-level precision, such as the atomic force microscope [1,2],
precision machining [3,4], and optical focusing [5]. Piezoelectric actuators are commonly
employed as driving elements due to their compelling advantages including compact size,
substantial output force, swift response, and high resolution among other merits. However,
the intrinsic hysteresis nonlinearity of piezoelectric actuator poses a significant challenge
to enhance the positioning accuracy of piezoelectric nanopositioning stages. The effective
method to compensate for hysteresis nonlinearity is to use closed-loop control scheme. In
the literature, a variety of closed-loop control schemes have been formulated to fulfill the
precision positioning demands of piezoelectric nanopositioning stages [6—10].

Feedback is the cornerstone of closed-loop control system, enabling the compensation
for hysteresis nonlinearity and ensuring precise positioning. As referenced in [11], strain
gauges integrated into piezoelectric actuators provide precise displacement feedback. The
combination of the feedback with the PID closed-loop controller mitigates the inherent
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hysteresis of the nanopositioning stage. Furthermore, as referenced in [12], the capaci-
tive displacement sensor’s feedback combined with the PID closed-loop control scheme
compensates for the nanopositioning stage’s hysteresis nonlinearity. Recognizing the lim-
itations of traditional control methods in addressing hysteresis nonlinearity, it is crucial
to develop superior control schemes which integrate feedback mechanisms to enhance
positioning accuracy. Therefore, this paper concentrates on the robust control design for a
nanopositioning system, utilizing feedback mechanisms.

Sliding mode control (SMC) is a robust nonlinear control scheme. Due to its robustness
against changes in parameters and external disturbances, the scheme has been extensively
applied across various domains [13-17]. The essence of SMC lies in the design of appro-
priate sliding surfaces and control laws that compel the system state trajectory to swiftly
converge to the sliding surface. Once on this surface, the control system glides smoothly
towards the target. Furthermore, ensuring the robustness and stability of the control system
under uncertainties and external disturbances is vital. This requires the precise estimation
of the boundary values for uncertainties and disturbances during the parameters design
for SMC controller. However, in practice, an overly large boundary value leads to severe
chattering, while a small one may fail to accommodate the system’s uncertainties and
disturbances. Therefore, adopting appropriate methods for boundary value estimation is
essential. The adaptive control method estimates the uncertain parameters of the system
through online adaptive processes and dynamically adjusts the control law to cope with
these uncertainties. Thereby, it achieves the estimation and control of the boundary values
of sliding mode control. The performance of the adaptive SMC (ASMC) scheme, which
combines adaptive control and sliding mode control, is verified in numerous works in the
literature [18-22]. It is demonstrated that the ASMC scheme applied to the piezoelectric
nanopositioning stage can achieve nanometer-level precision [23-27].

Real-time feedback is an essential component of SMC in closed-loop systems. The lit-
erature indicates that resistance strain gauges [28], capacitive sensors [29,30], piezoelectric
sensors [31], and laser interferometer [32] are the key components used for displacement
feedback in positioning stages [33]. In particular, resistance strain gauges are highly suitable
to be integrated into space-limited stages due to their compactness, high accuracy, simple
structure, low cost, and lightweight design. The strain gauges detect minor deformations in
the stage’s motion structure by monitoring slight changes in electrical resistance. Therefore,
resistance strain gauges are employed on piezoelectric nanopositioning stages to quantify
the elastic deformation within a one-dimensional bistable beam [34,35]. Capitalizing on
the beam buckling phenomenon, these compliant mechanisms ensure smooth output dis-
placement via controlled elastic deformation [36]. Consequently, by employing resistance
strain gauges to measure the elastic deformation of bistable beam, the displacement of
the piezoelectric nanopositioning stages can be directly measured, providing real-time
feedback for SMC.

To this end, a novel method is proposed, which designs an ASMC scheme for piezo-
electric nanopositioning stages based on strain gauge displacement feedback. The scheme
offers the benefits of precision, robustness, adaptability, and simplicity in implementation.
For comparison, the SMC strategy is developed to highlight the advantages of the pro-
posed ASMC scheme. The scheme is economically viable and facilitates the integration of
multiple devices. This makes it attractive for practical applications. The stability of the
control system is proved in theory, and the effectiveness of the proposed control scheme is
validated through experimental studies on the piezoelectric nanopositioning stages.

This paper is structured in the following parts. Section 2 delineates the fundamental
principles of strain gauge displacement measurement. Section 3 presents the dynamic
modeling. Section 4 provides a detailed explanation of the design of the SMC scheme and
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its stability analysis. Section 5 describes the experimental setup and conducts system iden-
tification. Section 6 details a series of experimental studies. Finally, Section 7 summarizes
the main conclusions of the paper.

2. Structural Analysis

The 3D model of the piezoelectric nanopositioning stage is shown in Figure 1. The
stage is designed to operate in low-frequency and light-load conditions. The stage is
symmetrically designed. It is fixed by four bolts. A piezoelectric actuator is centrally
mounted in a rectangular zone to offer nanometer level steps. The piezoelectric actuator
is installed using an interference fit and directly clamped by the surrounding structure.
This design ensures no gaps between contact surfaces. The guiding flexure hinges are
employed to ensure the linearity of the stage. Regarding the flexure hinges of the stage, the
translational stiffness K can be regarded as

_EbA
4B

where E represents the Young’s modulus, b denotes the width of the beam, ¢ signifies the

1)

thickness of the beam, and / corresponds to the length of the beam.

bolt hole PZT

Y A

Al
A2

B1
B2

Figure 1. The 3D model of the piezoelectric nanoposition stage.

Y

Due to the symmetry location of stage along X axis, an analysis is conducted on the
half part in Figure 1. Beam Al and Beam A2 span the length of /1, and Beam Bl and Beam
B2 are characterized by a length of I,. Meanwhile, Beam C extends over a length of /5. Beam
B2 is connected in series with Beam C, and this combination is then paralleled with Beam
Al. Additionally, Beam A2 is paralleled with Beam B1. Finally, the assembly of Beam Al
with -B2 and -C is connected in series with the parallel combination of Beam A2 and -B1.
Hence, based on Equation (1), the stiffness K; of Al and A2 is given by
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The stiffness K5 of B1 and B2 is determined as follows:
Ky — Z’zf ®)
The stiffness K3 of the Beam C can be expressed as
Ks — Z’;; @

Following the beam relationships previously discussed, the calculations reveal that
the stiffness K, on the right side of the stage is given by

Ebt3(B +13)
ST ©)
1
Ultimately, leveraging the structural symmetry, the ideal stiffness K; of the stage can

be derived as follows:
Ebt3 (I3 +13)

K;=2K, = 20

6)
Thus, the relationship between the stage’s displacement x and the force F exerted by
the piezoelectric actuator on the stage can be formulated as follows:

F=Kyx )

The direct proportionality between the input voltage and the output force of the
piezoelectric actuator is considered. Together with Equation (7), it allows for the conclusion
that the input voltage is proportional to the displacement of the stage. Based on this
principle, the ideal displacement value of the stage can be calculated from the input voltage.
Furthermore, by integrating the analysis from Equations (6) and (7), the ideal stiffness K;
of the stage is a critical factor affecting the stage’s displacement. Adjusting K; can either
increase or decrease the maximum and minimum displacements of the stage. And, it also
impacts the resolution of the stage’s motion.

3. Dynamics Modeling

In general, the system’s dynamics can be described by the following model:
mi(t) + ba(t) + kx(t) = du(t) + H(t). (8)

where t signifies the time variable, u represents the input driving voltage, and x is the
output displacement. The parameters m, b, k, and d correspond to the system’s intrinsic
characteristics, which are the mass, damping coefficient, stiffness, and nominal voltage-
to-force coefficient, respectively. The term H(t) indicates the combined effects of external
disturbances and hysteresis within the system.

Assumption 1. The lumped disturbance H(t) is bounded as
|H(t)| < H. 9)
where the constant H > 0.

Based on the aforementioned model, the control objective is to formulate a strategy
that ensures the system tracks the desired motion trajectory x,;(t) despite the presence of
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lumped disturbances H(t). To accomplish this precise motion control, an adaptive sliding
mode control scheme has been devised as detailed in Section 4.

4. Sliding Mode Controller Design

This section introduces the design of the adaptive sliding mode control scheme, which
is specifically tailored to minimize the tracking error. The aim of this scheme is to ensure that
the system output adheres closely to the desired trajectory, even in the face of uncertainties
and disturbances. The forthcoming discussion will detail the controller’s design.

The tracking error is defined as

e(t) = x(t) = xq(t), (10)

where x;(t) is the desired position trajectory, and x(t) is the actual position trajectory.
In this research, a proportional-derivative type of sliding surface is selected based on
the tracking error e, which is defined as follows:

s(t) = ce(t) +é(t). (11)

Here, the parameter ¢ > 0 is a positive constant, ensuring that the system satisfies the
Hurwitz stability criterion. Consequently, the dynamics model described by the preceding
equation can be reformulated as

é=¢q (12)
¢ = L[du(t) + H(t) — kx(t) — bx(t)] — %,
Theorem 1. In the context of system Equation (8), which incorporates a sliding function, the
tracking error Equation (10) is designed to converge to zero within a finite time frame. This
convergence is facilitated by the following reaching law, which plays a crucial role in the system’s
behavior. The reaching law ensures that the system state reaches and maintains its desired trajectory
with swift precision.

§ = —esgn(s) — ps, (13)

wheree > 0and p > 0.

To estimate the disturbance term H(t), an adaptive law is introduced. The purpose of
the adaptive law is to adjust the estimated disturbance H(t) so that it can track H(t). For
the system in question, the following form of the adaptive law is selected:

H = As, (14)

where A is a positive constant that governs the convergence rate of the adaptive law.
In the process of formulating Equations (12) and (13), the controller can be deduced
accordingly as

u(t) = —% (m(t) + bx(t) + kx(t) — H(t)) — gsgn(s(t)) - gs(t) (15)

Proof. To establish the system’s stability, the Lyapunov method is utilized. A Lyapunov
function V (¢) is defined as follows:

V() = 25*(t) + 55 (A(t) — H(1))?, (16)
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and next, compute the derivative V(t) of the function V(t),
. , 1 . .
V() = s(8)s(t) + 5 (H(t) — H(t)) H(#). (17)

Upon integrating the sliding mode control law and adaptive law into Equation (17), the
subsequent result is obtained.

V() = s(t)(—esgn(s(t)) — ps(t)) + %(H(t) — H())As(t). (18)
Simplifying the expression yields:
V(t) = —e|s(t)| — ps*(t) +s(t)H(t) — s(t)H(t). (19)

When s(t) # 0, since e > 0 and p > 0, and the terms s(t)H(t) and s(t) H(t) are negligible
compared to the terms |s(t)| and s?(t) as s(t) approaches zero, it follows that V' (#) is nega-
tive definite, indicating that V(t) is non-increasing. When s(t) = 0, V(¢) = 0, indicating
that V(¢) is constant. Therefore, according to the Lyapunov stability theory, the system
is stable. O

Remark 1. From Equation (12), it is evident that the second-order derivative i ;(t) of the desired
position is employed by the controller. In this control system, the desired position is pre-defined, and
hence it is assumed that %;(t) is accessible.

Remark 2. In the context of the reaching law Equation (13), to achieve rapid convergence and
reduce the chattering effect, it is necessary to increase the parameter p while diminishing the value of
e. However, the practical implementation of a high p-value, coupled with the discontinuity inherent
in the sign function, can lead to pronounced chattering. Consequently, to alleviate this chattering, a
saturation function is employed in place of the sign function:

sat(s) = {sgn(s), if |s| > A 20)
ks, if |s|] <A

where /A is the boundary layer, k = 1/ A.

5. Experimental Setup
5.1. Experimental Equipment

The experimental setup is illustrated in Figure 2. The stage is driven by a PZT actuator
(model: PSt150/3.5*3.5/7L, from core morrow). The motion control card (model: GCN400V-
S, from Gaochauto, Shenzhen, China) possesses analog control capabilities and serves as
an output for analog signals. The data acquisition card (model: DAQ122, from Lingzhi
Electronics, Fuzhou, China) facilitates high-speed and high-frequency real-time data trans-
mission for the acquisition of analog data. The strain gauge sensor (model: TP-5-120, from
Bengbu Kechuang, Bengbu, China), known for its low cost, high sensitivity, and minimal
hysteresis, functions as a displacement sensor. The signal amplifier (model: UP3201, from
UP, Beijing, China) amplifies the tiny analog signals before being sent to the data acquisition
card. The laser interferometer (model: XL-80, from Renishaw, Gloucestershire, London,
UK is utilized for the precise measurement of actual displacement. The self-developed
voltage amplification board (model: CH341PAR, from ZhuHai HuaYa, Zhuhai, China)
boasts a voltage amplification ratio of 27.54, effectively amplifying a 3.6 V voltage to 99 V.
The experiments are conducted on a vibration isolation table (model: ZDT-B-MOT, from
Liansheng, Nanchang, China). The experiment generates ideal position signals utilizing
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LabVIEW 2021 and employs this software to implement the control laws. The resistance
strain gauge sensor captures voltage data and relays them back to the data acquisition card,
which in turn transmits the signal to LabVIEW for further processing.

isolation table

(a) experimental system

I\

<

L
laser interferometer

motion control card voltage amplification board

(b) block diagram of signal flow

Figure 2. Experimental setup of the piezoelectric nanopositioning stage.

5.2. System Identification

By employing the Particle Swarm Optimization (PSO) algorithm to estimate the
unknown model parameters within Equation (8), the results are systematically compiled in
Table 1.

Table 1. Parameters of dynamics model.

Parameter Value
m 0.05 kg
b 0.001 Ns/um
k 24.67 N/um
d 24.685 N/V
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5.3. Controller Setup

To validate the efficacy of the proposed control scheme, comparative experiments
are conducted between SMC and ASMC for the piezoelectric nanopositioning stage. The
control scheme’s architecture is depicted in Figure 3.

z
Reference Actual
osition u iti
P ASMC Nanopositioning stage ———»@®2°s!tion_,.

Xd

X

Strain gauge <

Figure 3. Block diagram of the proposed ASMC scheme.

The parameters of the control scheme are shown in Table 2. The determination of
ASMC and SMC parameters is achieved through a synergistic approach of numerical
simulation and experimental fine-tuning. The limitations of the equipment and the need to
balance control performance and computational efficiency are carefully considered. The
ASMC only adds a simple parameter adaptation mechanism to more effectively handle
disturbances. Compared with SMC, there is no significant increase in computational load.

Table 2. Parameters of control scheme.

Parameter SMC ASMC
c 48 48
p 10 10
3 0.1 0.1
A 1x107° 1x107°
A - 0.1

The experimental setup utilizes an ideal signal, which is presented as follows:
xa(t) = Asin (2t - g) +A, 1)

In this experiment, the time variable  is measured in milliseconds (ms), the amplitude
A is quantified in volts (V), and the frequency f is given in hertz (Hz). Specifically, the
amplitude A is set to 1 V. The frequency f is alternated between 0.005 Hz and 0.01 Hz.
This limitation is primarily due to the performance constraints of our current equipment.
Specifically, the system response time is relatively long.

To objectively assess and compare the tracking performance, the root mean square
erms and the maximum absolute error e, indices are established as follows:

. \/ £ (x(0) — %4(0)°
rms N 7 (22)

emax = max|x(i) — x4(i)|.

6. Results and Discussion
6.1. Parameter Calibration Results

The input signal and strain gauge feedback are both in the form of voltage, while the
experiment’s actual measurement is focused on displacement. To intuitively correlate the
experimental outcomes of the sine tracking experiment, a two-step calibration process is es-
sential. The first step is to calculate the reference displacement, and feedback displacement
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derived from the input voltage and the feedback voltage. The second step is to compare
these values with the displacement measurements obtained from the interferometer. To
accurately determine the reference displacement, a calibration of the relationship between
the input voltage and the actual displacement is conducted. Similarly, to determine the
feedback displacement, a separate calibration of the relationship between the strain gauge
feedback voltage and the actual displacement is also performed. To ensure sustained high
performance, regular recalibration of the strain gauges and environmental compensation
are essential. In this experiment, the actual displacement values for five sinusoidal waves
and their corresponding input and strain gauge feedback voltages were carefully collected.
The input voltage ratio over actual displacement was found by using the average ampli-
tude of the five sinusoidal waves and the amplitude of the input voltage. The calculation
involves dividing the average amplitude by the amplitude of the input voltage. In this
experiment, the ratio of input voltage over actual displacement is found to be 2.1 um/V as
derived from the collected data. The relationship between the feedback voltage of the strain
gauge and the fitted actual displacement is shown in Figure 4. The ratio of the feedback
voltage over actual displacement is determined to be 4.22 pm/V.

5 T T T T T T T T T T T
1 Position
Fitting curve
4 | _
3L 4
g
2
=
g
E2F B
S
~
1k 4
0+ 4
1 . 1 . 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0
Feedback Voltage (V)

Figure 4. Calibration results of strain gauge feedback voltage and measured displacement.

6.2. Resolution Test for Nanopositioning Movement

Figure 5 presents the results of the resolution test. In this figure, the solid, dashed,
and dotted lines represent the reference positions, actual positions, and feedback positions,
respectively. The stage’s resolution is determined to be around 18 nanometers. Minor
discrepancies in the feedback position can be ascribed to sensor limitations and system
response times, especially during step transitions.
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0.10 T T T T T T T T T T T T T

| Reference Position
0.09 Dl — — - Actual Position

Feedback Position

0.08 i
0.07 B
0.06 i
0.05 B

0.04 -

Position (um)
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0.02

0.01

0.00
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Times (s)

Figure 5. Resolution ratio test results.

6.3. Tracking Error Testing Results

Table 3 provides a comparative analysis of sinusoidal tracking errors between the
SMC scheme and ASMC scheme. The table delineates the maximum absolute error ¢,y
and root mean square error e,;;s for each control method at 0.005 Hz and 0.010 Hz. These
tracking errors are determined by the difference between the feedback displacement and
the reference displacement expressed in micrometers um.

Table 3. Sinusoidal tracking error comparison for SMC and ASMC schemes.

Errors SMC ASMC

. (um) 0.005 Hz 0.4750 0.3822
max (M 0.010 Hz 0.5260 0.3596

erms (1) 0.005 Hz 0.2337 0.1854
rms (M 0.010 Hz 0.2491 0.1967

At a frequency of 0.005 Hz, the maximum absolute error e, for the SMC scheme is
recorded at 0.4750 pm. In comparison, the ASMC scheme demonstrates a lower error of
0.3822 um. It represents a reduction of 19.57 % in the maximum absolute error compared
with the SMC scheme. Upon increasing the frequency to 0.010 Hz, the error for the SMC
scheme escalates to 0.5260 um. In contrast, the ASMC scheme exhibits a lower error of
0.3596 um. This difference indicates a reduction of 31.67% in the maximum absolute error
when using the ASMC scheme. Compared with the conventional SMC, the ASMC scheme
effectively mitigates the maximum absolute error e;y.

At the frequency of 0.005 Hz, the root mean square error e;;s for the SMC scheme is
0.2337 um. However, the ASMC scheme shows improved performance with an error of
0.1854 pm, resulting in a 20.63% decrease. At the elevated frequency of 0.010 Hz, the SMC
error increases to 0.2491 um, while the ASMC error is only 0.1967 um, indicating a 21.02%
improvement with ASMC. Consistently, the ASMC scheme outperforms the SMC scheme
with respect to eyqx, signifying a superior tracking accuracy.

These results underscore the superior performance of the ASMC scheme in terms
of tracking accuracy. The ASMC scheme allows for a more precise response to system
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dynamics, leading to substantial reductions in both maximum absolute and root mean
square errors.

Figures 6 and 7 show the results of sinusoidal tracking with two different controllers
at 0.005 Hz and 0.010 Hz, respectively. The graphical representation includes three distinct
lines: the reference position is denoted by the black line. The green line corresponds to
the feedback position under the ASMC scheme. And the blue line signifies the feedback
position under the SMC scheme. However, error between the reference and feedback
positions is observable. These errors can be ascribed to a confluence of factors:

(1) System response time: Inherent delays in the system'’s response to reference changes
may lead to phase lag and subsequently increase errors. The communication time
between the data acquisition card, motion control card, and the computer contributes
to the system’s temporal delay.

(2) Sensor limitations: The resolution and temporal responsiveness of sensors that as-
certain the system’s feedback position is limited by the performance of the sensors.
These limitations can lead to an imprecise representation of the system’s position.

(8) Structural influences: Minimal variations in the structure during motion can impact
the precision of strain gauge-based feedback displacement measurements. These
minor fluctuations cause deviations in the strain gauge’s readings, although seemingly
insignificant. As a result, the accuracy of the feedback signal is compromised.

(4) Calibration inaccuracies: In the calibration process, it is commonly assumed that the
system response is linear. However, the actual system are characterized by hysteresis.
The deviation between the linearized calibration model and the nonlinearity system
response consequently compromises the precision of the tracking performance.

The amplitude of the sinusoidal response is also subject to the factors. In summary,
the system demonstrates commendable tracking capabilities. And the tracking capabilities
can be improved by addressing the identified error caused by system response time, sensor
limitations, structural influences, and calibration inaccuracies. The reduction in this error is
particularly crucial for applications that require high-precision control. Then, the ASMC
strategy stands out as a valuable scheme. It effectively delivers a robust solution for
achieving the desired level of accuracy in tracking performance.

Reference ASMC feedback — — SMC feedback |

Position (f1m)

T

Errors (pum)
o

a\

/™ \ \ ..
3 \ \ 1 LR
N Ny A N

\\ \ \\\ N |
\ "n\ '\\ h \‘\
\ \ 5\
L L L L L L L L W L

00 300 400 500 600 700 800 900

0 100 2 1000

-0.5
Times (s)

Figure 6. The results of sinusoidal curve tracking with a frequency of 0.005 Hz.
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Reference ASMC feedback — — SMC feedback

Position (pm)

]
z
5]
=
@
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Figure 7. The results of sinusoidal curve tracking with a frequency of 0.010 Hz.

Figures 8 and 9 depict the error between the feedback and actual displacements for
two distinct control schemes at frequencies of 0.005 Hz and 0.010 Hz, respectively. The
figures present two curves: one representing the ASMC scheme and the other the SMC
scheme, both quantifying the error magnitudes. The ASMC curve is consistently beneath
the SMC curve. It signifies that the ASMC scheme generally yields lower error levels.

A notable observation is the ASMC scheme’s effectiveness in reducing not only the
overall error but also the error band—the range between maximum and minimum errors.
At 0.005 Hz, the error band for the ASMC scheme is approximately 0.2 um, while for the
SMC scheme, it is 0.4 um. At 0.010 Hz, the ASMC error band is about 0.2 um, and for the
SMC scheme, it is 0.9 um. This significant narrowing of the error band by ASMC indicates
its superior capacity to maintain a closer alignment between the actual and feedback
positions. Thereby, it enhances the system’s stability and precision.

0.4 T T
ASMC — — sMC |
0.3 .
0.2 1
E
E 0.1
g
= 0 .
58]
0.1F .
02F J
_0'3 Il Il Il Il Il Il Il Il Il
0 100 200 300 400 500 600 700 800 900 1000
Times (s)

Figure 8. Error between feedback displacement and actual displacement at 0.005 Hz.
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Figure 9. Error between feedback displacement and actual displacement at 0.010 Hz.

6.4. Discussion
This research integrates an ASMC scheme with strain gauge feedback for a piezoelec-

tric nanopositioning stage. The integration confirms the scheme’s feasibility and demon-

strates its efficacy in enhancing precision motion control. Compared with the conventional
SMC scheme, a significant finding is the marked reduction in tracking errors. The ASMC
scheme demonstrates superior performance due to its dynamic error suppression capa-
bilities. Additionally, its adaptability to real-time system variations plays a crucial role.
These features are essential for maintaining precise control, especially in the presence

of uncertainties.
introduces an advanced control solution with the capacity to enhance the performance

of nanopositioning stages. However, the research also reveals a notable limitation: the
system’s response speed is slow. This limitation leads to increased tracking errors. And this
limitation highlights a critical area for future research. Enhancing the system'’s response

The research yields findings of substantial relevance to industrial applications. It

speed is essential. Focusing on this improvement will contribute to reducing errors and

optimizing overall system performance.
The findings of this research not only validate the ASMC scheme’s feasibility but also
suggest its potential for broad in the field of piezoelectric nanopositioning stages. The

results indicate that this control scheme could influence the development and application
of precision control systems. The integration of strain gauge feedback with the ASMC
scheme offers a practical solution to enhance the performance of nanopositioning stages.

This advancement could have implications for the automation equipment industry.

7. Conclusions
This paper presents an adaptive sliding mode control scheme based on strain gauge
feedback for precise motion tracking control of a piezoelectric nanopositioning stage. Strain
gauges measure the stage’s displacement, with the data being fed back into a closed-loop
control system incorporating an SMC scheme to minimize motion errors. An adaptive
control law is introduced to automatically adjust control gains, thereby reducing the range
of tracking errors. The stability of the control strategy is theoretically substantiated through
Lyapunov analysis. Tracking experiments conducted on the nanopositioning stage validate
the control precision and stability of the proposed scheme. The experimental results
demonstrate the effectiveness of the proposed control scheme in a piezoelectric-driven
nanopositioning system. This work bridges the gap between mature sensor technology
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and advanced control algorithms. And it demonstrates the potential for integrating high-
precision sensing with sophisticated control strategies to enhance the performance of
piezoelectric nanopositioning systems. The scheme is easy to implement and has a low cost,
making it conducive to the widespread application of piezoelectric ceramic technology in
the field of precision motion control.
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