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Abstract: To address the tracking control problem of the periodic motion fast tool servo system
(FTS), we propose a control method that combines adaptive sliding mode control with closed-loop
iterative learning control. Adaptive sliding mode control enhances the system’s robustness to
external non-repetitive disturbances, and exponential gain iterative learning control compensates
for the influence of periodic disturbances such as cutting force. The experimental results show that
the proposed iterative learning controller based on adaptive sliding mode control can effectively
eliminate the influence of various interference factors, achieve accurate tracking of the FTS system’s
motion trajectory within a limited number of iterations, and ensure the stability of the system, which
has the advantages of a fast convergence speed, high tracking accuracy, and strong robustness.
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1. Introduction

The piezoelectric-driven fast tool servo (FTS) system [1–3] is a set of micro-feed servo
systems that are commonly used to process and manufacture nanoscale free-form surfaces.
It utilizes the inverse piezoelectric effect of piezoelectric ceramic materials [4] to generate
a drive force that moves the tool. This system has the advantages of a high-frequency
response, high stiffness, and high positioning accuracy [5,6]. During the FTS machining
process, due to the periodicity of the spindle rotation, the FTS system needs to accurately
track specific repetitive signals. Disturbance conditions such as changes in the processing
load, changes in the external environment, and time delays in data processing pose severe
challenges to the motion accuracy of the FTS system, and the motion accuracy determines
the processing quality of the FTS system [7,8]. Therefore, in order to suppress various
interferences that affect the tool movement, the fast tool servo system needs to be precisely
controlled so that the tool path meets the processing requirements of the workpiece surface
accuracy and surface roughness [9].

The motion accuracy of the FTS system is mainly determined by the control algorithm.
The commonly used control methods are repetitive control [10,11], PID control [12], sliding
mode control [13], adaptive control [14], etc. Due to its insensitivity to disturbance and
good robustness, sliding mode control (SMC) [15,16] is often applied to deal with system
uncertainties and external disturbances, and it has been widely used in the controller design
of the FTS system. Zhang et al. [17] designed a combined approximation law consisting of
an exponential approximation law and a variable rate approximation law, and established
a new variable structure sliding mode controller, which effectively reduced the steady-
state error of the FTS system. Chang et al. [18] proposed a non-singular terminal sliding
mode controller (NTSMC) for the non-axisymmetric aspheric surface machining of the
piezoelectric-driven FTS system. Through simulation and experimental examinations, the
NTSMC capable of improving tracking error was verified.
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Due to possible variations in the workpiece shape and material properties during
the machining process of the fast tool servo system, the adjustment of parameters for the
sliding mode controller is limited. Therefore, adaptive control is needed to continuously
adjust the control parameters to accommodate changes in the system. The combination of
adaptive control and SMC can continuously extract information about the control during
the operation of the FTS system, adjust the control parameters through adaptive algorithms,
so that the system automatically works in the optimal operating state or close to the optimal
operating state, and is able to compensate for non-linear hysteresis, model uncertainty,
and non-periodic disturbances caused by other external disturbances [19]. Wu-Le Zhu
et al. [20] developed an adaptive terminal sliding mode with online self-adjusting system
gain and arrival time-related parameters in order to adapt to system nonlinearity, cutting
force disturbance, and fast and accurate tracking of specified tool trajectories required for
free-form diamond machining.

In FTS systems, periodic disturbance is often caused by cutting force changes, work-
piece structural resonance, and other factors, which brings instability and volatility to the
machining process. Liu et al. [21] proposed a robust iterative learning control strategy
based on adaptive sliding mode control for the purpose of torque ripple in the perma-
nent magnet synchronous motor speed control system and the periodic disturbance of
the system. Iterative learning control (ILC) [22,23] is one of the important methods in the
field of learning control, which can gradually suppress these periodic disturbances and
make the processing process more stable and controllable. Armin et al. [24] combined
the proportional-derivative type iterative learning controller (PD-ILC) and the adaptive
sliding mode controller (ASMC) and applied it to a two-degree-of-freedom (2-DOF) rotary
pendulum, which improved the system’s convergence speed and tracking performance.
Based on the above research and considering the particularity of FTS system processing, we
introduced exponential convergence iterative learning control based on adaptive sliding
mode control to compensate for the impact of periodic disturbances such as cutting force
on the FTS system [25].

In this manuscript, we developed the iterative learning with adaptive sliding mode
control for fast tool servo systems to solve the impact of disturbance factors such as model
uncertainty, cutting force, mechanical vibration, and temperature changes on the tracking
accuracy of the fast tool servo system during the machining process of the fast tool servo
system. In particular, ASMC overcomes the chattering problem through adaptive switching
gain based on tracking error, adjusts its switching gain online, and resists uncertainty in
model parameters and sudden external disturbance. ILC solves the impact of periodic
disturbance such as spindle vibration and cutting force during the periodic machining
process of the fast tool servo system, and improves the convergence speed and tracking
accuracy of the fast tool servo system. According to the real-time experimental results on
the FTS prototype, the developed control method demonstrated has a good suppression
effect on disturbance and it realizes the optimization of the tracking motion of the fast tool
servo system in a complex processing environment. The main contribution of the paper
can be succinctly summarized as follows:

(1) An improved adaptive sliding mode control is proposed to adjust the control gain
online improved system anti-disturbance and robustness.

(2) The exponential convergence iterative learning control is employed to inhibit the
periodic disturbance. Combined with the adaptive sliding mode control, the opti-
mization of the tracking motion of the fast tool servo system in complex processing
environments is achieved.

The remainder of this article is organized as follows. Section 2 introduces the mathe-
matical modeling of the piezoelectric-driven FTS system. Section 3 proposes adaptive SMC
for non-periodic disturbances such as uncertainty in the FTS system. Section 4 designs
a PD-type ILC to compensate for the periodic disturbance of the FTS system. Section 5
presents real-time experiments conducted to verify the performance of the proposed control
structure. Section 6 gives some conclusions.
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2. Piezoelectric-Driven FTS System

The working principle of the FTS system is shown in Figure 1a. The workpiece moves
with the spindle, and the spindle is located on the X-axis. The FTS system is carried by the
Z-axis. The X-axis and Z-axis work together to perform a high-speed reciprocating motion
to achieve the fast and fine movement of the diamond tool.
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architecture.

2.1. FTS System Description

The key requirements for FTS system design are to achieve a large stroke, high pre-
cision, and high stiffness to maintain high resistance and sensitivity to external cutting
forces [8]. In view of the application requirements, we proposed a piezoelectric-driven
FTS system based on a three-dimensional bridge amplification mechanism [26], as shown
in Figure 1b. From a structural point of view, it adopts a three-dimensional bridge am-
plification structure, which is composed of a single-arm bridge type and a double-arm
bridge type connected in series. The two-stage amplification mechanism is combined by a
threaded connection. The piezoelectric ceramic is installed between the two input ends of
the main amplification mechanism. Its position is fixed and pre-tightened by bolts, and
has input and output guide constraints, thereby improving the stiffness and accuracy of
the system.

2.2. Dynamic Modeling of FTS System

The piezoelectric-driven FTS system is a typical electromechanical coupled system.
From an electrical perspective, the piezoelectric ceramic actuator is regarded as a capacitor,
and the voltage amplifier is viewed as a constant amplifier. From mechanical analysis, the
flexible actuator and the tool holder are considered as a whole, taking into account the
elastic contact issue of the flexible actuator, and it is regarded as a mass-spring-damping
system. Therefore, the dynamic model of the FTS system is shown in Figure 2.
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Figure 2. Electromechanical model of the FTS system.

In Figure 2, m represents the quality coefficient of the flexible actuator. kc represents
the damping coefficient of the flexible actuator, and k f represents the spring coefficient
of the flexible actuator. kb represents the gain of the piezoelectric amplifier, u represents
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the system control voltage, y represents the tool output displacement of the FTS system,
and FPZT represents the force generated by the deformation of the piezoelectric ceramic
driver. x represents the deformation amount of the piezoelectric ceramic actuator, and
Tem represents the electromechanical conversion efficiency of the piezoelectric ceramics.
H(t), Fc(t), and Q(t) represent the system’s nonlinear hysteresis, cutting force disturbance,
model uncertainty, and other external disturbance term.

Based on Kirchhoff’s voltage law, the voltage applied to the piezoelectric ceramic is

upzt = kbu (1)

Fpzt = Tem · upzt (2)

According to Newton’s law [20]

m
..
y(t) + kc

.
y(t) + k f y(t) = Fpzt(t)− H(t)− Fc(t)− Q(t) (3)

To facilitate the controller design, the actual system can be further represented by the
state variables of x1 and x2 as follows{ .

x1 = x2 =
.
y

.
x2 = −a1x1 − a2x2 + bu + f

(4)

where
k f
m = a1, kc

m = a2, kb ·Tem
m = b, f = H(t)+Fc(t)+Q(t)

m . The related problem we need to
solve is how to achieve an accurate tracking of the desired motion trajectory in the presence
of equivalent disturbances f .

3. Adaptive Sliding Mode Control (ASMC) Design

Considering the system uncertainty and parameter changes caused by dynamic ma-
chining loads, as well as the various disturbances present in the machining process, the
motion control of the fast tool servo system, which determines the machining quality, is
full of challenges. We adopt the SMC for the FTS systems, due to sliding mode control
having good robustness to external disturbances. Combining the characteristics of SMC
and adaptive control, the transient response and robustness of the FTS system processing
process are improved. Estimating the parameters of the system online and then using the
estimated parameters for calculation during the control process has the characteristic of
quickly converging the tracking error to the equilibrium point.

3.1. SMC Design

The system position tracking error is defined as

e = y − yd (5)

For the FTS system that performs a periodic motion in the iterative domain [0, T], the
input trajectory yd is recorded as the expected position function, and y is the actual position
trajectory.

Based on the position tracking error, the PID sliding mode surface [27] is defined as

σ =
.
e + λ1e + λ2

∫
edτ (6)

where the constant λ1 λ2 is strictly positive. τ is the integral variable. The integral term
is used to improve the transient response and reduce the steady-state error in the slid-
ing surface compared with the traditional sliding mode surface. When the system state
approaches the sliding mode surface,

.
e + λ1e can ensure good dynamic performance. In

addition, λ2
∫

edτ can improve the stability of the control method.
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The control law u is selected as follows

u = ueq + usw (7)

Let Equation (4) be zero and ignore the disturbance, the equivalent control ueq is
derived as follows [28].

ueq =
1
b
[
a1x1 + a2x2 +

..
yd − λ1(x2 −

.
yd)− λ2(x1 − yd)

]
(8)

Switching control input usw for tracking system uncertainty is chosen as

usw =
1
b
(−ηsgn(σ)− knσ) (9)

where η > f0, kn > 0. f0 is the upper bound of disturbance, thus ensuring the controller’s
suppression of system disturbances. η and kn are the adjustable switching gains of the
sliding mode controller, which are used to change the error convergence speed of the
approaching phase and sliding phase of the SMC. It can make the initial point far away
from the sliding mode surface converge quickly in the process of approaching the sliding
mode surface, and the speed is small when approaching the sliding mode surface, which
not only ensures the convergence speed of the algorithm, but also weakens the control
torque buffeting to ensure system control performance.

3.2. ASMC Design

In the actual processing of the FTS system, factors such as workpiece shape, material
properties, and environmental changes often change, which brings challenges to the control
system. Traditional control methods often struggle to cope with these changes because
they often rely on predetermined models and parameters. Adaptive control has strong
adaptability and can adjust control parameters in real time according to system dynamic
characteristics and changes in the external environment, thereby maintaining the stability
and efficiency of system performance. Therefore, we updated it based on the adaptive
control proposed in the reference [29]. The adaptive law is as follows

.
η̂ = φ|σ| (10)

This article uses adaptive parameter estimation η̂ instead of the switching gain η. This
adaptive switching gain is designed to resist model parameter uncertainty and sudden ex-
ternal disturbances. φ is a positive constant that exponentially determines the convergence
rate of the adaptive switching gain.

Rewrite the control law (7) as

u =
1
b
[
a1x1 + a2x2 +

..
yd − λ1(x2 −

.
yd)− λ2(x1 − yd)− η̂sgn(σ)− knσ

]
(11)

By examining the adaptive rule (10), it can be seen that the adaptive effect depends on
the control parameter φ. Generally speaking, the larger the parameter φ, the faster the
adaptation process. In practical applications, due to the presence of sensor noise, an endless
adaptive process may occur, resulting in the value of gain η̂ being too large. In order to
avoid this problem, the following improvements are made to the adaptive rules in actual
implementation.

.
η̂ =

{
φ|σ|, |e| > ε
0, |e| ≤ ε

(12)

where ε is the assigned threshold value of the tracking error bound. When the tracking
error is suppressed within the bound of ±ε, the control parameters will maintain constant
thereafter without adaption and the error will be kept by the bound ±ε. Otherwise, the
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control gains will be updated again. Thus, the position tracking error bound can be
predefined, which is desirable for practical application.

The defects of SMC itself and the delay and lag of control information in actual
engineering applications cause chattering in the sliding mode of the system. For continuous
systems, the quasi-sliding mode method is usually used to suppress the occurrence of this
phenomenon, that is, by setting a certain ∆ neighborhood of the ideal sliding mode and
limiting the motion trajectory of the system to this neighborhood. The following quasi-SMC
method is generally used: the sign function in the ideal sliding mode is replaced by a
saturation function.

sat(σ/∆)
{

σ
∆ , i f |σ| ≤ ∆
sgn(σ) , i f |σ| > ∆

(13)

Among them, ∆ is called the boundary layer. Outside the boundary layer, the satura-
tion function uses linearized feedback control, while inside the boundary layer, switching
control is used.

3.3. Proof of Stability

Based on the model (4), the time derivative of σ in Equation (6) is derived as follows

.
σ =

..
e + λ1

.
e + λ2e

= (−a1x1 − a2x2 + bu + f − ..
yd) + λ1(x2 −

.
yd) + λ2(x1 − yd)

(14)

In order to verify the stability of the above control scheme, consider the Lyapunov
candidate function as follows

V =
1
2

σ2 +
1

2φ
η̃2 (15)

where η̃ = η̂ − η. Then the time derivative of V is

.
V = σ

.
σ + 1

φ η̃
.
η̃

= s(−η̂sat(σ/∆)− knσ + f ) + 1
φ η̃

.
η̃

(16)

Among them, when
.
η̃ =

.
η̂,

.
V is expressed as

.
V = −η̂|s| − knσ2 + 1

φ η̃
.
η̂ + f |σ|

= −η̂|σ| − knσ2 + η̃|σ|+ f |σ|
. (17)

With the assumption of the external disturbance, | f | ≤ f0,
.

V is then expressed as

.
V ≤ −knσ2 − η|σ|+ | f ||σ|

≤ −knσ2 − η|σ|+ f0|σ|
(18)

Therefore .
V ≤ −knσ2 + (−η + f0)|σ| ≤ 0 (19)

It is proved that the time derivative of the Lyapunov candidate function used is
negative definite, which ensures the asymptotic stability of the control system and the
existence of the sliding mode.

4. Iterative Learning Control with Adaptive Sliding Mode Control (ILC-ASMC)

Combining SMC with ILC can not only improve the problem of the poor control
performance of ILC for FTS systems with initial state errors and slow convergence speed in
the iterative domain, but also improve trajectory tracking accuracy and compensate for the
disturbance caused by impact.
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4.1. PD-Type Iterative Learning Controller Design

ILC is suitable for controlled objects with periodic motion and does not rely on accurate
mathematical models. It has a significant control effect on systems with strong coupling,
model uncertainty, and high-precision tracking requirements. Reference [30] uses P-type
iterative learning to deal with repeated disturbance during the operation of CNC machine
tools. For this purpose, this paper proposes an improved exponential convergence PD-type
iterative learning control. It is suitable for FTS systems and has faster response capabilities
and real-time adjustment mechanisms. The improved iterative learning control is combined
with the ASMC method to obtain a composite control that combines the advantages of the
two control methods, gradually eliminating the non-periodic and periodic disturbances of
the system, and obtaining better control effects. The system control structure is shown in
Figure 3.
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When using ILC, the state equation at the k-th iteration can be written as follows
according to Equation (4).{ .

xk(t) = Axk(t) + Buk(t) + f (t, xk(t))
yk(t) = Cxk(t)

(20)

where t ∈ [0, T], k is the number of iterations (k = 0, 1, 2, 3 · · · ), xk(t) ∈ Rn is the system
state vector, uk(t) ∈ Rm is the system control vector, yk(t) ∈ Rq is the system output

vector, f (t, xk(t)) is the total disturbance of the system, A =

[
0 1

−a1 −a2

]
, B =

[
0
b

]
, and

C =
[
1 0

]
are the matrices of corresponding dimensions.

Define the error of the k-th iteration trajectory tracking as

ek(t) = yd(t)− yk(t) (21)

where yd(t) represents the expected trajectory, and yk(t) represents the output of the k-th
iteration of the system.

Control signal uk(t)(k = 0, 1, · · · ) consists of two parts during any iteration: SMC
usmc,k(t) and ILC uILC,k+1(t).

uk(t) = usmc,k(t) +
1
b
(uILC,k+1(t)) (22)

Generally, the iterative learning controller is designed as

uILC,k+1(t) = Q(uk(t)) + L(ek(t)) (23)
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where L is the learning gain, and Q is the control input filter. k is the iteration number and
uk(t) denotes the k-th control input. Different types of ILC controllers can be obtained by
modifying the matrices L and Q. Taking Q as the identity matrix, we get

uILC,k+1(t) = uk(t) + L(ek(t)) (24)

where the current period control input is a function of the error and control input of the
previous period. Take the closed-loop PD-type ILC law

uILC,k+1(t) = uk(t) + KPek(t) + KD
.
ek(t) (25)

where parameters KP and KD are the learning gains. PD-type ILCs are very similar to
traditional PD controllers, but instead of handling system response, PD-type ILCs handle
errors while maintaining a linear effect on the past input signal.

Most learning laws prove that the sufficient condition for learning convergence is
the number of iterations k → ∞ . It is necessary to consider making the iterative learning
process converge to the expected value faster. Therefore, the ILC based on exponential gain
is proposed by adding to the gain of the control law. The correction coefficient speeds up
the convergence speed of ILC.

Take the closed-loop PD-type ILC law based on exponential gain

uILC,k+1(t) = uk(t) + KPeλ0tek(t) + KDeλ0t .
ek(t) (26)

where λ0 > 0 is the gain correction coefficient.
Substituting Equations (11) and (26) into Equation (23), the hybrid control law is

calculated as

uk =
1
b
[
a1x1 + a2x2 +

..
yd − λ1(x2 −

.
yd)− λ2(x1 − yd)− η̂sgn(σ)− knσ + uk−1(t) + KPeλ0tek−1(t) + KDeλ0t .

ek−1(t)
]

(27)

The sliding mode feedback controller in the SMC law design part can enable the FTS
system to reach the target trajectory and suppress the influence of non-periodic disturbance
factors. Subsequently, an ILC is triggered to further suppress the effects of periodic distur-
bances. By increasing the number of iterations and combining the two control strategies,
the system output can accurately and quickly track the desired output. Therefore, for non-
linear uncertain systems subject to external disturbance, the control input signal obtained
by combining the output of the second-order sliding mode and the output based on the
exponential gain ILC converges the error to zero through iteration.

4.2. Convergence Analysis

In this section, in order to update the control law of SMC, the convergence analysis is
studied. The control effect in Equation (22) is achieved using the control in Equations (7)
and (26). Substitute the combined control Equation (22) into Equation (14).

sσk − σk(0) = wk − uILC,k (28)

Among them, s represents the Laplacian operator. At the same time, wk = −η̂sat(σk/∆)
−knσk − f is a bounded disturbance term. Assuming that all signals are available in the
frequency domain, Equation (28) in the k + 1-th iteration is as follows

sσk+1 = σk+1(0)− uILC,k+1 + wk (29)

By substituting the exponential convergence iterative learning control update law in
Equation (26) into Equation (28), we get the following equation

sσk+1 = σk+1(0)− uILC,k+1 + wk+1 − KPeλ0tek(t)− KDeλ0t .
ek(t) (30)



Appl. Sci. 2024, 14, 3586 9 of 19

Equation (28) can be organized as

uILC,k(t) = σk(0)− sσk + wk (31)

By substituting Equation (31) into Equation (30), we obtain the following equation

σk+1 =
1
s

(
σk+1(0)− σk(0)− sσk + wk + wk+1 − KPeλ0tek(t)− KDeλ0t .

ek(t)
)

(32)

The initial conditions for each iteration are ek(0) =
.
ek(0) = 0, when k = 0, 1, 2, . . .,

σk(0) = 0. Therefore, σk+1(0) = σk(0) = 0. Equation (32) is simplified to

σk+1 = σk −
KPeλ0t + sKDeλ0t

s
ek +

wk+1 − wk
s

(33)

Regard the sliding surface as

σk = L
(

λ1ek +
.
ek + λ2

∫
ekdτ

)
= (λ1 + s +

λ2

s
)ek (34)

The tracking error can be represented as

ek+1 = ρek +
∆k

s(s + λ1 +
λ2
s )

(35)

where ρ and ∆k are defined as

ρ =

(
1 − KPeλ0t + sKDeλ0t

s(s + λ1 +
λ2
s )

)
(36)

∆k = wk+1 − wk

It can be deduced by a recursive algorithm

e2 = ∆1

s(s+λ1+
λ2
s )

+ pe1

e3 = ∆2

s(s+λ1+
λ2
s )

+ p ∆1

s(s+λ1+
λ2
s )

+ p2e1

...

ek+1 =
k
∑

i=1

(
pk−i ∆i

s(s+λ1+
λ2
s )

)
+ pke1

(37)

In a nonlinear uncertain iterative system, when
∣∣∣∣1 − KPeλ0t+sKDeλ0t

s(s+λ1+
λ2
s )

∣∣∣∣ < 1, and the

disturbance remains unchanged throughout iterations, from Equations (35) and (37), it can
be seen that the time-varying disturbance ∆k = wk+1 − wk becomes zero. Where 1

s(s+λ1+
λ2
s )

acts as a low-pass filter, significantly reducing the high-frequency chattering generated by
sliding mode control. When the coefficient KP. KD, λ0, λ1, λ2 satisfy |p| < 1. The proposed
exponential convergence iterative learning control law based on adaptive sliding mode
control can guarantee that after k-th iterations, the output error asymptotically converges
to a neighborhood close to zero, satisfying the following equation

lim
k→∞

ek = 0 (38)
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5. Experimental Verification
5.1. Experimental System

In order to verify the effectiveness and feasibility of the proposed control structure,
this section uses an experimental design to test the theoretical design. The proposed control
structure was tested on a piezoelectric-driven FTS prototype. The experimental platform
design is shown in Figure 4. The experimental system uses a piezoelectric amplifier with
a fixed gain ratio of 20 to amplify the input signal driving the piezoelectric ceramics. A
high-bandwidth encoder with a measurement resolution of 1.2 nm is used to measure the
displacement of the end effector in real time. The data acquisition system (NI PCI-6259) is
equipped with a 16-bit digital-to-analog converter and a 16-bit analog-to-digital converter
to provide voltage to the amplifier and collect data from the encoder. The piezoelectric-
driven FTS system runs at a sampling frequency of 10 kHz in a Simulink/Matlab R2021a
environment.
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Figure 4. The experimental system.

5.2. Parameter Identification

The PC computer inputs the model identification system program, and the Target
PC computer generates a voltage signal that excites the piezoelectric ceramic driver, and
collects the displacement information of the tool holder movement of the FTS system in
real time.

Using a sine wave with an amplitude of 10 mV and a frequency range from 0.1 Hz to
1000 Hz as the input signal, the corresponding open-loop system input signal and output
signal are obtained. The amplitude-frequency and phase-frequency curves of the system
are calculated through the input signal and output signal [31].

The FTS system we designed is based on a compliant mechanism. Compliant mecha-
nisms inherently possess infinite dimensions characteristics. Thus, from the perspective
of control system design, it is simplified into a second-order system. The significant dis-
crepancy between the red and blue lines at high frequencies in Figure 5 is attributed to the
presence of an unmodeled modal (unmodeled dynamic characteristics) at high frequen-
cies. These modalities are treated as disturbances and compensated for as part of the total
disturbance during the controller design.
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Therefore, based on the experimental results, a second-order transfer function is used
to approximate the dynamic response of the FTS system. The sampling time of the entire
system is T = 0.0001 s. MATLAB data are used to simulate the combined command, and
FTS plant recognition is

G(s) =
X(s)
U(s)

=
2.229 × 107

s2 + 70.16s + 2.413 × 106 (39)

For controller design, the parameters of the electromechanical modeling model defined by
Equation (2) can be determined, from which we obtain the following model parameters:
a1 = 2.413× 106, a2 = 70.16, b = 2.229× 107. Since the load conditions are not considered in
the system identification, the cutting forces in actual machining will affect the performance
of the PZT driver. Due to the robustness of the SMC controller, fluctuations in cutting force
are also considered as an external disturbance and compensated in the controller.

The parameters of the proposed controller are initially selected through MATLAB/
Simulink simulation and then adjusted through experimental methods. Specifically, the
value of the parameter λ1, λ2 related to the selected sliding surface in Equation (6) is related
to the rate at which the error converges to zero when the system reaches the sliding surface,
so it is selected as follows: λ1 = 500, λ2 = 0.3. Parameter kn in Equation (9) that affects
the arrival speed of the sliding phase is positively correlated with the amplitude of the
control signal.

5.3. Experimental Results

In order to verify the effectiveness of the proposed control strategy, after determining
the parameters of the control system, the sinusoidal signal is used as the desired displace-
ment command to conduct a tracking control experiment. In the sinusoidal signal tracking
experiment, four controllers, PID control, traditional sliding mode control (SMC), adaptive
sliding mode control (ASMC), and adaptive sliding mode control with PD-type iterative
learning control (ILC-ASMC), were selected for comparison. The tracking experiment uses
the reference command of a 40 Hz sinusoidal trajectory with a maximum peak value of
20 µm to test the tracking performance under three control schemes.

In this experiment, the iteration time interval is set to [0, 0.5] s, and the number of
iterations is set to a fixed value of 10 times.
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5.3.1. PID Control Comparison Experiment

Figure 6 shows the experimental results of PID and ILC-ASMC controllers. The ILC
-ASMC control effect is significantly better than the PID control effect. As shown in Table 1,
the control performance is improved by 89.46% and 89.78%, respectively, which is not only
reflected in the tracking accuracy of the reference signal, but also in the convergence speed.
Therefore, it can be shown that the proposed controller has strong robustness to system
disturbance and greatly improves the operating accuracy of FTS.
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Table 1. Controller performance comparison.

Controller PID SMC ASMC ILC-ASMC

emax (nm) 806.24 874.85 511.84 84.95
Percentage error 4.03% 4.37% 2.56% 0.42%

erms (nm) 549.84 366.09 228.91 56.21
Percentage error 2.75% 1.83% 1.14% 0.28%
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5.3.2. SMC Comparison Experiments

Comparing ILC-ASMC with SMC and ASMC, the experimental results are shown in
Figure 7. The reference tracking results show that after adding the adaptive law, the control
performance of ASMC is greatly improved compared with the traditional SMC, and the
tracking accuracy is increased by 41.49% and 37.47%, respectively. The better tracking effect
of ILC-ASMC than ASMC is due to the increased learning gain of iterative learning. As
shown in Table 1, the tracking effect of ILC-ASMC is 83.40% and 75.44% higher than that of
ASMC, respectively. From this point of view, SMC effectively handles system disturbances,
and periodic disturbances during repeated movements are suppressed through ILC. The
experimental results verify the effectiveness of the proposed control scheme in terms of
tracking and anti-disturbance performance.
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5.3.3. Comparison of Errors at Different Iteration Times

Figure 8 shows the trajectory tracking error plots for iterations 2, 4, 6, 8, and 10. The
ILC-ASMC can significantly improve the tracking accuracy in just a few iterations in the
case of a sinusoidal signal reference. The absolute value of the maximum position tracking
error tends to 0, achieving accurate tracking. The proposed ILC-ASMC algorithm can
converge the initial state error to close to zero in a short time, ensuring that the FTS system
can track the desired trajectory in a short time. The designed ILC is sufficiently robust to
periodic disturbances. The controller can not only achieve a fast dynamic response while
tracking the design trajectory, but also improve the anti-disturbance performance of the
FTS system.
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5.3.4. Robustness Testing

In practical applications, the FTS system is greatly affected by the load during the
processing process, and changes in the load often cause changes in the tracking error of the
system. Therefore, in order to simulate the impact of load during the machining process,
we applied a constant force of 1N on the tool end of the FTS system to simulate the impact
of the load during the cutting process on the stability of the proposed control structure.

The experimental results are shown in Figure 9 and elaborated upon in Table 2, the
introduction of load demonstrates a discernible augmentation in the iterative tracking
performance of ILC-ASMC in contrast to the ASMC. The tracking accuracy is improved
by 73.46% and 64.35%, respectively. Therefore, the proposed control structure has better
robustness.

Table 2. Controller performance comparison under 1N load.

Controller ASMC ILC-ASMC

emax (nm) 987.91 268.87
Percentage error 4.94% 1.34%

erms (nm) 338.77 120.76
Percentage error 1.69% 0.60%

5.3.5. Disturbance Rejecting Testing

In order to verify the anti-disturbance performance of the proposed controller, a peri-
odic multi-frequency disturbance, as shown in Figure 10, was set up during the experiment
to simulate the impact of a periodic disturbance, such as spindle vibration and cutting
force, on the machining process of the piezoelectric-driven FTS system. The amplitude of
the set disturbance signal is much larger than the actual disturbance to the system during
the machining process, which is enough to represent the actual disturbance.
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Figure 10. Experimental input disturbance.

In Figure 11, after the 10th iteration, the trajectory output by the system can already
approximately track the desired trajectory. It can be seen that the trajectory tracking
control goal has been successfully achieved with high-precision control accuracy, strong
anti-interference ability, and excellent dynamic response performance. It shows that the
ILC-ASMC control strategy proposed in this article is feasible and effective.
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Figure 11. ILC-ASMC tracking results of sinusoidal trajectory at 40 Hz with input disturbance.

As shown in Figure 12, it intuitively reflects the trend of the position tracking error
decreasing with the iteration number. In the presence of external disturbance, the track-
ing error of the piezoelectric-driven FTS system based on the exponential convergence
ILC-ASMC control strategy has oscillation in the initial iteration. After 10 iterations, the
post-tracking error is small enough, indicating that the composite control has good anti-
disturbance and convergence properties. Experiments have proven that the improved
iterative learning algorithm has a faster convergence speed and shows stronger robustness
and stability.
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Considering the above experimental results, the control method proposed in this paper
effectively improves the tracking accuracy during the machining process and enhances
the system’s resistance to external disturbances compared to traditional fast tool servo
control methods. This improves the processing quality of the fast tool servo system in
micro-nano array structures represented by microlenses. In addition, it is worth noting
that due to the optimization of the control method, the response speed and stability of
the system have been improved, which has improved the processing efficiency, shortened
the processing cycle, and saved the energy consumption of the fast tool servo system in
the processing process to a certain extent. It has likewise improved energy utilization,
is more energy-saving, and has realized green processing. In summary, the proposed
control method not only enhances the machining quality and precision of fast tool servo
systems but also improves processing efficiency and provides important support for the
improvement of actual processing processes.

6. Conclusions

This paper takes the FTS system that performs periodic tasks as the research object,
and designs an iterative learning control based on adaptive sliding mode control. The
introduction of sliding mode control in each iteration process not only improves the problem
of poor error convergence in the iteration domain of the PD-type iterative learning control
algorithm, but also ensures the high robustness of the control system. The exponential
convergence ILC controller can compensate the periodic error to further improve the
tracking performance of the system. It can be seen from the experimental results that
this control method has a small tracking error, fast convergence speed, and good tracking
performance.
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