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Abstract: In the macro-micro composite motion process, the macro stage achieves rapid motion in
a large workspace, while the micro stage realizes precise positioning within a small displacement.
The large-stroke and high-speed motion of the macro stage is influenced by nonlinear friction,
overshooting, and vibrations, making it challenging to achieve rapid stabilization within the travel
range of the micro stage, thereby impacting equipment operation efficiency. This paper proposes a
composite controller structure designed to solve the fast point-to-point positioning of the macro stage
driven by a linear motor and enhance the trajectory tracking performance of the stage. The proposed
composite control algorithm (CCA) includes velocity feed-forward, gain-scheduled proportional
integral differential (PID) control, and a plug-in repetitive control method. By employing a tracking
differentiator, velocity feed-forward, and a gain-scheduled PID controller, the control algorithm
can realize rapid stabilization and positioning for the macro stage. Through velocity feed-forward,
gain-scheduled PID control, and a plug-in repetitive controller, the control algorithm can reduce the
trajectory tracking error of the stage. Simulations and experimental studies of point response and
sinusoidal trajectory tracking are carried out on a macro—micro stage to verify the effectiveness of the
composite controller for the linear motor. The experimental results demonstrate that the proposed
composite controller effectively reduces the macro stage’s settling time and overshoot, and improves
the accuracy of sinusoidal trajectory tracking, which lays a foundation for submicron positioning
accuracy in high-speed macro—micro motion stages.

Keywords: macro—micro stage; precision positioning; trajectory tracking; composite control algorithm
(cca)

1. Introduction

In the structural configuration of the macro—-micro dual-stage driven motion stage, the
macro stage performs rapid movements within a large workspace and achieves micro-level
motion precision [1-3]. Simultaneously, the micro stage compensates precisely within a
small displacement range [4,5]. This necessitates the rapid stabilization of the macro stage
within the travel range of the micro stage; otherwise, achieving precise motion compensa-
tion by the micro stage becomes challenging. Therefore, the precise control of the macro
stage is crucial for enhancing the overall control performance of the macro-micro compos-
ite precision stage [6-9]. The linear motor, serving as the macro stage’s direct drive unit,
exhibits high-speed and large-stroke motion characteristics. It has found extensive applica-
tions in advanced equipment manufacturing sectors such as integrated circuit fabrication,
ultra-precision laser cutting, robotics, and automated inspection equipment [10-13].

However, the linear motor of the macro stage exhibits nonlinear friction issues during
motion, impacting the dynamic performance of the motor’s mover and drive components,
thereby diminishing the macro stage’s point-to-point positioning and trajectory tracking
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performance [14-16]. In addressing the point-to-point positioning issue of the macro stage,
numerous scholars have proposed control methods based on error feedback to enhance
system positioning performance. For instance, Shin and Park [17] introduced an improved
PID control method considering output saturation. This approach predicts the controller
parameters during output saturation and dynamically updates the initial values within
the linear region to reduce overshoot and positioning errors. Wu et al. [18] proposed a
point-to-point positioning control method considering non-repetitive motion. This method
utilizes a finite pulse response filter and sliding mode control to eliminate nonlinear friction,
reducing the buffer positioning time and positioning error during motion state transitions.
Tang et al. [19] presented a repetitive compensatory PID control method, effectively im-
proving system positioning performance and reducing stabilization time. Zhang et al. [20]
introduced a dynamic positioning method for rapidly decreasing stabilization time. The
stage stabilization time decreased by 34.9% under a 40 mm stroke and 0.2 m/s velocity
by initiating the motor at a specific moment and providing an appropriate control quan-
tity. Song et al. [21] proposed a multi-objective optimization method based on a target
function. This method uses finite element analysis data and regression calculations to
learn the thrust distribution of the linear motor at different motion speeds, obtaining opti-
mal control parameters for the linear motor and enhancing system positioning accuracy.
Delibas et al. [22] proposed a novel positioning control method based on dual driving
sources, which synchronizes the difference between the servo sampling frequency and
the excitation frequencies of these sources to achieve stable motion and precise control at
low speeds. Zheng et al. [23] proposed a comprehensive control strategy that combines a
disturbance observer with H-infinity control, and achieved rapid and precise positioning of
the recording head in hard disk drive systems. However, the error in the aforementioned
feedback-based control methods is susceptible to noise amplification due to inaccuracies
in differential signal acquisition. Moreover, these methods primarily focus on positioning
accuracy after large-stroke point-to-point movements have reached their destination.

In addition to control methods developed for point-to-point positioning, Radac
et al. [24] have suggested enhancing research on controllers applicable to precise mo-
tion trajectory tracking in the system. Such controllers are often designed using modern
control theories and methods based on the system’s internal mechanisms. Cui et al. [25] pro-
posed an iterative learning control method based on wavelet transformation. This method
reconstructs the error through wavelet coefficients and iteratively learns repeatable and
non-repeatable errors, addressing the amplification issues of periodic and non-repeatable
disturbances. Experimental results demonstrate that the wavelet iterative learning control
method can effectively suppress non-periodic disturbances and improve the tracking per-
formance of the system during multi-point movements. Liu et al. [26] introduced a model-
based robust control method. This method effectively handles saturated nonlinearities and
unmodeled dynamics through internal model and anti-saturation control, achieving high-
precision stage tracking. Yang et al. [27] proposed an integrated control method combining
a hysteresis compensator, input shaper, and high-gain feedback controller. This method
eliminates hysteresis nonlinearity through inverse compensation using the actual model
and suppresses vibration using input shaping and Smith predictive control. Experimental
results show that the proposed method reduces tracking errors while addressing mild
damping resonance issues. Wang et al. [28] presented a synchronous control method based
on synchronous error models and state observers. This method estimates system states
and external disturbances through a state observer and designs a synchronous controller
using synchronous error models. It effectively reduces synchronization errors and tracking
errors in multi-motor-driven stages, achieving position synchronization and disturbance
suppression for each motor. Li et al. [29] proposed a repeat control method based on odd
harmonic compensation. This method enhances system robustness through a low-pass
filter and repeat control gain, introducing sensitivity functions to characterize system per-
formance. It achieves precise position tracking of triangular wave trajectories. The control
algorithms mentioned above primarily focus on the motion-tracking accuracy throughout



Actuators 2024, 13, 433

30f19

the entire motion process of the system, with less emphasis on positioning accuracy after
the stage has reached its destination. This issue becomes increasingly important with the
demand for improved precision in manufacturing equipment performance. For instance,
in manufacturing microelectronic packaging equipment, the multi-level 3D interconnection
process not only requires rapid and precise positioning under high dynamic conditions
but also demands strict accuracy in line and arc trajectory formation. Ensuring that the
stage maintains excellent motion-tracking accuracy is crucial for tracking desired motion
curves [30-34].

Based on the comprehensive analysis, the precise control of the macro stage provides
the conditions for the accurate compensation of the micro stage. Simultaneously, the control
performance of the macro stage plays a crucial role in the overall performance of the macro-
micro precision stage. With the increasing demand for narrow spacing, high-density chips,
and device packaging equipment, the precision manufacturing field urgently requires a
precision servo system with higher performance in motion accuracy, dynamic response, and
settling time [35,36]. As one of the core components of electronic packaging equipment, the
macro stage’s positional movement and trajectory tracking control performance are directly
related to the quality and efficiency of electronic manufacturing equipment. However, most
of the current methods predominantly verify only positioning or tracking performance,
making it difficult to meet the comprehensive performance requirements for stable po-
sitioning and trajectory tracking. Therefore, addressing the nonlinear friction issues in
the motion process of the macro stage, a composite controller structure is proposed for
point-to-point positioning and trajectory tracking control of the macro stage. The proposed
composite control algorithm (CCA) includes velocity feed-forward, gain-scheduled PID
control, and a plug-in repetitive control strategy. By employing a tracking differentiator, ve-
locity feed-forward, and a gain-scheduled PID controller, the control algorithm can realize
rapid stabilization and positioning for the macro stage. Through the velocity feed-forward,
gain-scheduled PID control, and plug-in repetitive controller, the control algorithm can
reduce the trajectory tracking error of the stage. Furthermore, to reduce the complexity of
the composite controller, a study on dynamic modeling and model reduction is conducted
by treating the linear motor mover, micro stage, and their connecting parts as a holistic
entity. Parameter identification is performed to determine the reduced transfer function of
the macro stage. In contrast to the previously mentioned control methods, the proposed
composite controller is applied for precision positioning and sinusoidal trajectory tracking
control of the macro stage. Currently, there is limited literature reporting on control meth-
ods and experimental results simultaneously improving both the point-to-point positioning
and trajectory tracking performance of linear motors.

The summarized research contributions of this paper are as follows:

(1) Proposed a CCA method for the macro stage, including velocity feed-forward, gain-
scheduled PID control, and a plug-in repetitive controller.

(2) The proposed controller can reduce the settling time and overshoot of the positioning
process, and improve the trajectory tracking accuracy for the macro-micro stage with
high positioning accuracy.

The remaining sections of this paper are organized as follows: Section 2 introduces the
overall structure of the macro—micro precision stage, the dynamic modeling of the macro
stage, and an analysis of model reduction. Section 3 conducts parameter identification for
the reduced-order model. Section 4 elaborates on the CCA method. Section 5 performs
a simulation analysis of the proposed CCA method. Section 6 involves the setup of the
experimental apparatus for the macro—micro precision stage and experimental validation
of the proposed CCA method. Finally, Section 7 summarizes the research findings of
this work.
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2. Modeling of the Macro Stage
2.1. Description of the Macro—Micro Precision Stage Structure

The overall structure of the macro-micro precision stage is illustrated in Figure 1. It
primarily consists of an isolation base, precision guide rail, absolute grating scale, readout
head, linear motor, and micro stage. The linear motor mover and the micro-stage are
connected using a pre-tensioned spring structure, consolidating the linear motor mover,
the micro stage, and the connecting part into a unified precision stage. The linear motor
drives the integrated stage to achieve large-stroke precision positioning and high-precision
trajectory tracking. A grating scale readout head measures the linear motor’s motion
displacement. The grating scale has a resolution of 1 nm, meeting the precision control
requirements for position feedback during the macro stage’s precise control.

Linear motor mover Spring Micro stage

Macro stage

Absolute grating

- , .. Reading head
Precision guide rail

Figure 1. Structure of the macro-micro precision stage.

The piezoelectric ceramic element in the micro stage structure is mounted at the
end position of the macro stage. A preloaded spring mechanism ensures firm contact
between the output surface of the piezoelectric ceramic and the micro stage, allowing
the micro stage to follow the macro stage’s motion passively. During high-precision
positioning, the piezoelectric ceramic adjusts its extension or contraction based on the
displacement error, driving the micro stage and compressing the spring to achieve precise
position compensation. The piezoelectric ceramic element provides high displacement
precision, large output force, and fast response, enabling high-frequency operations with
precise output control. Therefore, the integration of the piezoelectric ceramic with the
preloaded spring mechanism facilitates rapid micro-compensation positioning, enhancing
the overall performance of the macro-micro motion system. Specifically, the macro and
micro motors are the AUM5-51 model from Akribis and the PST150/7/7VS12 model from
CoreMorrow, respectively.

2.2. Dynamic Modeling of the Macro Stage

Based on the structural description of the stage mentioned above, the overall dynamic
model of the macro—micro precision stage is illustrated in Figure 2.
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According to Newton'’s theorem and the motion process of the stage, the overall
dynamic equations of the macro-micro precision stage can be expressed as follows:

{ mXy = fi —kyxy — c1xy — ka(x1 — x2) — c2 (%1 — x2) — py 1)
MoXy = fo —kp(xp — x1) — 2 (X2 — X1) — pn

where my, ki, ¢1, x1, and f1 are the equivalent mass, stiffness, damping coefficient, dis-
placement, and electromagnetic thrust of the macro stage, respectively. k; and c; are the
equivalent stiffness and damping coefficient of the connecting part between the linear
motor mover and the micro stage, respectively. m;, is the equivalent mass, including the
micro stage and the connecting part. x, and f; are the displacement and driving force of
the micro stage, respectively. y is the contact-damping coefficient between the macro stage,
micro stage, and guide rail.
Taking the Laplace transform of Equation (1) yields the following:

mys? + (c1+ o+ u)s + ki + ko —0s —ky ] [xl(s)] _ |:][(1(S)]

—c28 — ko mas® + (2 + p)s + k2 | [x2(s) 1(s) @

From Equation (2), the motion displacement of the linear motor is expressed as follows:

x1(s) = D11(s) f1(s) + D12(s) fa(s) ©)
where
D(S) _ mlsz + (C1 + o+ y)s + ki + ko —c28 — ko -1 _ D11 Dyp @)
—cs — ko mys? + (2 + p)s + ky D71 Dx

To determine the transfer function of the macro stage, a staggered start-up approach is
employed where the piezoelectric actuator on the micro stage remains inactive when the
macro stage is in high-speed motion. Additionally, considering the rapid dynamic response
of the current loop, with its control bandwidth significantly exceeding that of the position
loop, the current loop is equivalently represented as a proportional link, as follows:

iq(s) = %”A(S) (5)

where i; and uy4 are the g-axis current and voltage control signals of the linear motor,
respectively.

According to the vector control method with iy = 0, the relationship between the
electromagnetic thrust of the motor and the g-axis current is expressed as follows:

fi :kfiq (6)

where kg is the motor thrust coefficient.

Therefore, substituting Equations (5) and (6) into Equation (3), the transfer function
from the voltage control signal to the motion displacement of the macro stage is expressed
as follows:

x1(s) _ 3(771252 + s + kz)kf 7)
Ua(s)  4fmys? + (c1 +c2 + p)s + kg + ko] (mas? + (c2 + p)s + ko) — 4(cas + ka)?

From Equation (7), it can be observed that the macro stage is a fourth-order system. Typ-
ically, high-order systems complicate the design of controllers. Therefore, further reducing
the model’s order is necessary for the convenience of macro stage controller development.
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Figure 2. Overall dynamic model of the macro—-micro precision stage.

2.3. Model Order Reduction Analysis

From Equation (2), the matrix form of the stage transfer function is further simplified

as follows:
1 1
|:x1 (S):| — m152+(ﬁ1+C2+[4)5+k1+k2 M |:f1 (S):| (8)
x2(s) 0 e et | U20)

From Equation (8), the coupled motion relationship between the macro stage and the
micro stage is expressed as follows:

1
c28 + ko

21(s) = fa(s) ©)
where #; is the coupled displacement.
Taking the inverse Laplace transform of Equation (9) yields the following:

ko ¢
f1=—e 2 f (10)
2
When the equivalent stiffness, kp, of the connecting part is set to a relatively large
value, we can obtain
E — 00 (17)
2
Therefore, the coupled displacement, £, between the macro and the micro stages
tends to be zero.
Substituting Equations (10) and (11) into Equation (7), the transfer function of the
macro stage is simplified as follows:

_ x(s) 2K
Gn(s) = Ua(s)  3mys?+ (c1 + o + u)s + 3(k1 + ko) "

3. Parameter Identification

According to the reduced-order model analysis shown in Equation (12), the macro
stage can be considered as a second-order linear system. To obtain a more accurate linear
model, this study uses a continuously varying sine signal as the excitation signal. The sweep
frequency has an amplitude of 1V, a frequency range of 1 Hz-500 Hz, and a sweep time
of 10 s. In addition, the stage’s excitation voltage and output displacement are collected
through a dSPACE controller. The frequency response is obtained through a discrete Fourier
transform, and data fitting is performed using the least squares method. Based on the
open-loop frequency fitting curve, the transfer function of the macro stage is obtained and
represented as follows:

4683.3

= 521 18.855% 1 61.68

The comparison between the system identification and experimental test results is
shown in Figure 3. It can be observed that the system identification model demonstrates a

Gn(s) (13)
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good fit with the experimental test results at low frequencies, while there is uncertainty in
the high-frequency range.

T T ™ TT T TTTT T T T T TTTT

- = = sine sweep test
- system identification results

40k

o
1

Magnitude/dB

A
o

. phase/deg

-
@
o

10 10° 10’ 10
Frequency/Hz

Figure 3. Comparison of system identification and experimental results.

4. CCA Control Schemes

Based on the above dynamic modeling and parameter identification analysis, a com-
posite controller is designed for the macro stage’s point-to-point positioning and trajectory
tracking control. The following sections will describe the design of the positioning and
trajectory tracking control modules.

4.1. Tracking Differentiator and Gain-Scheduled PID Control for Positioning

Point-to-point control aims to achieve high-precision positioning of the stage within a
small settling time and overshoot. The composite control method includes velocity feed-
forward and gain-scheduled PID feedback control, which is illustrated in Figure 4. In this
approach, gain-scheduled PID control takes the displacement error as the control input and
adjusts the servo gain through a scheduling function to mitigate the impact of nonlinear
friction on positioning performance, enabling fast motion and positioning of the macro
stage. The velocity feed-forward controller is employed to enhance the system’s response
speed. The tracking differentiator is used to smoothly approximate the originally planned
trajectory, effectively estimate velocity, reduce noise amplification, and obtain a smooth
differential signal.

i Plant
Velocity feed-forward e |
> controller F . :
O —— Servo d'f‘ear motor |
i Scheduling function driver [ r“;:lltlf:;fro !
Xa Tracking e p ¢ i
—> .. . |
differentiator . . !
I = |Gain-scheduled PID| Grating '
l G, ruler |

____________ _——

Figure 4. Control method for fast positioning.
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The difference equation representation of the discretized first-order tracking differen-
tiator is given as follows:

x3(k+1) = x3(k) + Ts - x4(k)

xa(k+1) = xa(k) + T, - fota(x3(K) — xa(k), x4 (k), 70, ) (14

where x; is the desired trajectory, x3 and x4 are the tracking differentiator’s state variables,
Ts is the sampling period, and r( is the speed factor reflecting the tracking speed. According
to the theory of optimal control, derive the optimal comprehensive control function fst;(-),
expressed as follows:

d=Tsro,do = Ted,y = x3 + Tsxy

ag = \/d? + 8roly|

. { xy+ ©rsign(y), |y > do (15)

Xy +y/Ts, |y < do
fsta(x3, x4,70, T5) = { nf;igfﬂ[ |;| d> ‘

Equation (15) represents the optimal control function synthesized using the equidistant
zone method. This form of tracking differentiator exhibits excellent tracking performance
and differentiation characteristics and eliminates oscillations. The tracking speed of this
differentiator depends on the speed factor.

Next, a gain-scheduled PID controller is proposed to avoid instability during point-
to-point positioning control of the macro stage based on the PID control structure. As the
macro motion stage approaches the target point, the servo stiffness is dynamically adjusted
in real time through servo gain adjustment. The basic principle of this controller involves
setting a critical value for the gain-scheduled region and adjusting the servo gain using
a scheduling coefficient to enhance the macro stage’s fast and high-precision positioning
performance. The gain-scheduled PID control structure is shown in Figure 5.

Scheduling
function

xin e . 1 !
KPe+Kde+ZJ-oedt

v

Figure 5. Gain scheduling PID control structure.

As shown in Figure 5, the output equation of the gain-scheduled PID controller is
represented as follows:

. 1t
Ugspia = Kpgs(Kpe + Kge) + E/o edt (16)
1

where e is the tracking error, K, K;, and K; are the proportional, integral, and derivative
coefficients, respectively, and Kjgs is the gain scheduling function, with its control variable
expressed as:
6 le| <
w3 157
where ¢ is the critical value of the gain scheduling zone, and ¢ is the scheduling coefficient,
which can be set between 0 and 5. Since setting J to 1 does not change the system’s stiffness,
we set § > 1 to enhance servo stiffness and dynamic response capabilities.
The relationship between the error and the servo stiffness under the gain scheduling
mechanism is illustrated in Figure 6. When § > 1, the gain Kj,¢s increases, indicating that
the servo stiffness in the scheduling zone is greater than outside the scheduling zone, as
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shown in the orange region in Figure 6. When 0 < é < 1, the servo stiffness decreases,
as depicted in the purple area in Figure 6. When the system operates outside the gain
scheduling zone, i.e., when the error e > ¢, the scheduling coefficient § = 1, and the gain
Kpgs remains unchanged.

(Servo stiffness
K,, increase)
A 5>1 |
|

.

Il
\C]

o

(Servo stiffness P
reduction)

Figure 6. Relationship between error and servo stiffness in gain scheduling control.

4.2. Plug-In Repetitive Control for Trajectory Tracking

The purpose of trajectory tracking control is to enhance the control precision through-
out the entire motion process of the system. Due to the relatively singular frequency
components of the sine function and the ability to obtain various curves through the super-
position of sine functions, this paper employs the sine function as the reference input for
trajectory tracking control. The composite control method includes velocity feed-forward,
gain-scheduled PID feedback, and repetitive control, as illustrated in Figure 7. Unlike the
control structure in Figure 4, trajectory tracking control obtains the input signal for the
velocity feed-forward controller through direct differentiation. The discrete-time repetitive
controller here is designed as a plug-in feedback controller to track periodic reference
signals accurately. The discrete-time repetitive control method is relatively straightforward
to implement in practical applications, and the system’s initial state does not need to be
restored to the desired condition at each run.

Velocity feed-forward
controller

Gy

) Plug-in repetitive |

: controller :

| I

: Plant
- r----—-——---=-=--»=—=--+- :
i Servo Lil.lear motor :
:’ Scheduling | il driver 1 driven macro |
I, | function P : platform ||
Xy e |+ |+ u v |
— o\ ¥ PID | | Grating | X!
_ ! Gain-scheduled PID | Gy ruler [ 1

I |
L controller  1Gyy ~ —mmmmmmm-- I

Figure 7. Control method for sinusoidal trajectory tracking.

As shown in Figure 7, the plug-in repetitive controller comprises a filter C¢(z), repet-
itive control gain K,, compensator Qp(z), and delay element Z~P. D is the number of
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samples per signal cycle, expressed as D = T,/ T;, where T, is the period of the reference in-
put. The filter C¢(z) is employed to enhance system robustness, the gain K; balances system
stability and tracking performance, and the compensator Q;(z) increases the closed-loop
system bandwidth and further reduces tracking error, defined as Q;(z) = z™, where m is
a positive constant. G ffs Ggs, and Gy, are the transfer functions of velocity feed-forward,
gain-scheduled PID feedback, and the macro stage, respectively. The transfer function
Gpre(z) of the plug-in repetitive controller from e to 1y, can be expressed as follows:

e k,Qp(2)Cr(z)z~P

Constructing the filter C¢(z) in the RC control module can be represented as follows:

T

Cr(z) = -z 011 (19)
where 7 satisfies 0 < T < 1, typically, due to the frequency characteristics of Cs(z), it will
reduce high-frequency gains. To enhance the robustness of the control system, this will
affect the system’s tracking accuracy. Therefore, when selecting C(z), a trade-off between
system robustness and tracking error should be considered.

The complementary sensitivity function T,.(z) with repetitive control in Figure 7 is
expressed as follows:

— x(z) o ((1 + GP”C(Z))Ggs + fo) Gy
Toc(z) = %a(z) 1+ (1+ Gpre(2)) GgsGn (20)

Similarly, the complementary sensitivity function without repetitive control, T, is
expressed as follows:

(Ggs + fo) Gn

Toc(z) = 21
oc (Z ) 1+ Ggs G, (21)
Combining Equations (20) and (21), the corresponding sensitivity functions Syc(z) and

Soc are derived and expressed as follows:

Soc(z) = !
{ AOC(Z) l+(%+GPrC(Z))Gg5G" (22)
Soc(z) = T+GgsGn

From Equation (18), the expression of Sy (z) in Equation (22) can be rewritten as follows:

s - SA 1-— CfZiD
oc(Z) = oc(z) ’ 1_ Cf(Z)Z_D(l — (1 — SAOC(Z))erb(Z))

(23)

Therefore, according to the small-gain theorem, assuming internal stability of the
closed-loop system without repetitive control, for D > 0, the conditions for the internal
stability of the control system used for sine trajectory tracking can be expressed as follows:

e (efwTs) (1 - (1 ~ S (efwTs))erb (ef'“’Ts)) | <1, Forall0 < w < 7/Ts  (24)

Equation (24) indicates that all poles of the system sensitivity function, S,.(z), are
located within the unit circle of the complex plane.

5. Simulation Analysis

To verify the effectiveness of the composite controller, this section presents the control
effects of the macro stage in point response and sinusoidal trajectory tracking with and
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without the CCA method. The control method combining velocity feed-forward and PID
feedback control is called the without CCA method.

5.1. Point Response Simulation

To ensure a fair comparison of control algorithms, optimal control parameters were
selected for all controllers, with K 7 Kp, K;, and K; set to 0.000055, 85.572, 0.422, and
0.193, respectively. Additionally, o, Ts, ¢, and 6 were set to 1,000,000, 0.0001, 0.1, and 1.5,
respectively. It is worth noting that the controller parameters for velocity feed-forward and
PID feedback control remain constant during the simulation.

To verify the effects of the CCA method on the precision positioning of the macro
stage, simulations were performed for an S-curve with a velocity of 0.1 m/s, acceleration of
10 m/s?, and various amplitudes. Figure 8 and Table 1 show the CCA method’s impact on
the positioning performance of the macro stage. It can be observed that the proposed CCA
method effectively reduces the overshoot and settling time of the macro stage. Specifically,
compared to the control method without CCA, the proposed CCA method reduces the
overshoot and settling time by 90.31% and 64.41%, respectively, at a 10 mm amplitude,
thereby validating the effectiveness of the proposed controller.

30
V=0. 1m/s :k Stroke=30mm
A=1g

25

Stroke=20mm

N
(=]
Kﬂ

Displacement/mm
o

Stroke=10mm

—with the CCA method
= = without the CCA method

0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
Timels

Figure 8. Displacement curves of point response with the CCA method.

Table 1. Comparison of positioning performance with the CCA method.

Motion Parameters Overshoot (um) Settling Time (ms)
Stroke Velocity Acceleration =~ Without . Reduction Without . Reduction
(mm) (m/s) (m/s?) cca  WHRCCA T, cca  WHhCCA )
10 0.1 10 232.01 22.47 90.31 85.13 30.29 64.41
20 0.1 10 232.33 22.98 90.11 85.18 30.63 64.04
30 0.1 10 232.33 22.99 90.10 85.23 30.66 64.02

5.2. Sinusoidal Trajectory Tracking Simulation

Like the point response control, the control parameters K¢, K, K;, and K; are set to
0.000055, 85.572, 0.422, and 0.193, respectively. Additionally, based on the performance
analysis of the repetitive controller in Equation (24), 7, K;, Ts, and m are set to 0.085, 0.95,
0.0001, and 100, respectively. To verify the effects of the CCA method on the tracking per-
formance of the macro stage, a simulation analysis is conducted for a sinusoidal trajectory
with a 5 mm amplitude and 1 Hz frequency. The simulation results for displacement and
tracking error are shown in Figure 9. It can be seen from Figure 9 that, compared to the
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Tracking Error/mm

Displacement/mm
o

control method without CCA, employing the CCA method allows for better tracking of the
desired trajectory and reduces tracking error, achieving high-precision trajectory tracking
control for the stage. Additionally, regarding the phase difference in the tracking error
shown in Figure 9b, this is related to the delay in the repetitive control algorithm. This
method enhances performance through learning, but it may introduce time delays during
the process, resulting in phase shifts.
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Figure 9. Displacement and tracking error of sinusoidal trajectory tracking with the CCA method at
5 mm amplitude and 1 Hz frequency. (a) Displacement, (b) Tracking error.

Additionally, to quantitatively analyze the effectiveness of the CCA method, the
mean absolute error (MAE) and standard deviation (STD) are used as evaluation metrics
for tracking errors. Figure 10 presents simulation results of sine trajectory tracking at
a 10 mm amplitude and different frequencies with and without the CCA method, and
the corresponding evaluation metrics are shown in Table 2. It can be observed that the
proposed CCA method reduces the STD tracking error by 85% and 60.54% at frequencies
of 0.1 Hz and 2 Hz, respectively, compared to the control method without CCA, thereby
confirming the effectiveness of the proposed CCA method in trajectory tracking control.
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Figure 10. Tracking error with the CCA method at different frequencies. (a) 0.1 Hz, (b) 0.2 Hz,
(c) 0.5 Hz, (d) 1 Hz, (e) 2 Hz.

Table 2. Comparison of performance indexes for sinusoidal trajectory tracking at different frequencies.

Sinusoidal Trajectory Tracking Error (um)
Amplitude  Frequency Without the CCA With the CCA STD
Reduction

(mm) (Hz) MAE STD MAE STD (%)

10 0.1 2.4 2.8 0.08 0.42 85.0

10 0.2 4.9 5.6 0.26 0.87 84.45

10 0.5 13.1 14.9 1.5 2.6 82.55

10 1 31.1 35.2 6.3 8.3 76.42

10 2 91.3 103.4 31.5 40.8 60.54

6. Experimental Verification

To validate the control performance of the composite controller, an experimental
setup for the macro—micro stage was constructed, as illustrated in Figure 11. The structure
comprises an upper computer, the macro stage, the micro stage, the dSPACE controller,
and the Akribis ASD240-0418 servo driver module. The macro stage consists of a one-
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dimensional guiding mechanism, linear motor, and high-resolution grating ruler. The
AUMbB-51 series linear motor drives the guiding mechanism with a maximum displacement
of 40 mm. The AK LIC411 grating ruler is employed to measure the real-time displacement
of the macro stage with a feedback resolution of 1 nm. The dSPACE-DS2655 controller
is utilized to implement the proposed CCA method. Additionally, the system sampling
period T is set to 0.0001 s.

=

. Macro stage i\‘-" =

Y

,v .«
- Absolute grating S
I’ s -

Reading head ..: -

o

Figure 11. Experimental setup of the macro—micro precision stage.

6.1. Point Response Experiment

In the experimental process, an S-curve with a velocity of 0.1 m/s, acceleration of
10 m/s? and varying amplitudes was applied to the macro—-micro stage. The control
methods with and without CCA were implemented under the same conditions to achieve
high-precision positioning while ensuring stage stability. The following steps were taken
to tune the parameters of the proposed control method. Since the proposed controller is a
development version of the method without CCA, the control parameters of the method
without CCA were first optimized. Through experimental trial and error, the optimal
control parameters were determined, ensuring high-precision positioning when the stage
operates rapidly and stably. Given that the proposed controller incorporates additional
auxiliary components based on the method without CCA, the parameters of the auxiliary
components were determined through trial-and-error experiments while maintaining
consistency with the original control parameters of the method without CCA. Thus, the
optimal parameters for both methods, with and without CCA, were selected, with K 7 Kp,
K;, and K; set to 1.96, 6000, 1000, and 7, respectively, and ry, ¢, and J set to 1,000,000, 0.1,
and 1.12, respectively.

Figure 12 and Table 3 illustrate the control effects of methods with and without CCA
on the positioning performance of the macro stage. It can be seen that, compared to the
method without CCA, the overshoot and settling time of the method with CCA reduced by
93.2% and 27.3%, respectively, under a 10 mm amplitude. Additionally, for the same macro
stage, the settling time and overshoot of the control method that Liu et al. [37] proposed for
10 mm positioning are 243 ms and 35 pm, respectively, which are longer than those of the
CCA method proposed in this paper. Therefore, the experimental results further validate
the effectiveness and advancement of the proposed CCA method.
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Figure 12. Experimental results of point response with the CCA method.
Table 3. Experimental comparison of positioning performance with the CCA method.
Motion Parameters Overshoot (um) Settling Time (ms)
Stroke Velocity Acceleration  Without . Reduction Without . Reduction
(mm) (m/s) (m/s?) cca  WIRCCA ) cca  WIthCCA )
10 0.1 10 59.7 4.0 93.2 36.6 26.6 27.3
20 0.1 10 82.3 15.1 81.6 39.8 31.1 21.8
30 0.1 10 91.1 21.5 76.4 45.1 35.8 20.6

6.2. Sinusoidal Trajectory Tracking Experiment

Similar to Figure 4, a feedback control system was implemented using a gain-scheduled
PID control module, where Kf, Kp, K;, and K; were set to 0.000055, 2600, 2.5, and 26,
respectively. Additionally, ¢ and J were set to 0.1 and 1.002, respectively. Furthermore,
T was set to 0.085 to reduce the control gain of the plug-in repetitive controller in the
high-frequency region. Experimental investigations determined K, T, and m to be 0.92,
0.0001, and 100, respectively. It is important to note that the tuning steps for the parameters
of the proposed controller during the tracking experiments are the same as those for the
aforementioned positioning experiments, and that the parameters of the designed repetitive
controller should satisfy the stability condition in Equation (24).

The experiment utilized a sinusoidal trajectory with a 5 mm amplitude and 1 Hz
frequency as the reference input. The results are presented in Figure 13. As evident from
Figure 13, when employing the proposed CCA method, the actual output of the macro
stage closely aligns with the reference input, leading to a rapid reduction in tracking error
for the macro stage.

Figure 14 presents the experimental results for sinusoidal trajectory tracking with
a 10 mm amplitude at varying frequencies. The specific evaluation metrics for tracking
performance are detailed in Table 4. It can be observed that, compared to the control method
without CCA, the proposed CCA method achieves reductions of 96.63% and 82.73% in
STD tracking error at frequencies of 0.1 Hz and 2 Hz, respectively. This finding validates
the effectiveness of the proposed CCA method in reducing tracking error across a wide
frequency range.
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Table 4. Experimental results of tracking performance with the CCA method at different frequencies.

Sinusoidal Trajectory Tracking Error (um)
Amplitude  Frequency Without the CCA With the CCA STD
Reduction
(mm) (Hz) MAE STD MAE STD (%)
10 0.1 138.2 142.5 25 4.8 96.63
10 0.2 136.3 141.7 3.6 7.4 94.77
10 0.5 120.9 124.5 5.3 109 91.24
10 1 106.9 110.3 7.3 13.8 87.48
10 2 104 129.2 16.3 22.3 82.73
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Figure 13. Experimental results for sinusoidal trajectory tracking with the CCA method at 5 mm
amplitude and 1 Hz frequency. (a) Displacement, (b) Tracking error.
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Figure 14. Experimental results of tracking error with the CCA method at different frequencies.
(a) 0.1 Hz, (b) 0.2 Hz, (c) 0.5 Hz, (d) 1 Hz, (e) 2 Hz.

Finally, when contrasting the simulation outcomes presented in Tables 1-4 with the
experimental data, notable deviations in the extent of error reduction emerge. These
differences can primarily be attributed to discrepancies between the motor models used
in the simulations and those encountered in practice, as well as variations in operational
conditions and parameter tuning. Nevertheless, the trend of error mitigation remains
consistent across both frameworks, highlighting the effectiveness and practicality of the
proposed approach through this reciprocal validation process.

7. Conclusions

This paper focuses on macro-micro composite motion stages in high-end equipment,
such as chip packaging equipment and ultra-precision laser cutting. It specifically in-
vestigates the nonlinear friction problem of the large-stroke macro stage, addressing the
challenge of simultaneously improving point-to-point positioning and trajectory tracking
control performance, which is difficult for existing controllers. A composite controller
structure is proposed based on the dynamic modeling of the macro stage and a reduced-
order model parameter identification. This controller effectively reduces overshoot and
settling time during the macro stage positioning phase through a tracking differentiator
and gain-scheduled PID control. Additionally, it significantly diminishes tracking error in
the macro stage through a plug-in repetitive controller. The effectiveness of the proposed
CCA method in point-to-point response and trajectory tracking control is validated through
simulation analysis and actual experiments on the macro-micro stage. In comparison with
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the method without CCA, the proposed CCA method reduces settling time and overshoot
by 27.3% and 93.2%, respectively, in the point-to-point response with a 10 mm stroke,
0.1 m/s velocity, and 10 m/s? acceleration. In sinusoidal trajectory tracking with a 10 mm
amplitude and 2 Hz frequency, the STD tracking error is reduced by 82.73%. Therefore, the
proposed composite controller provides an effective control strategy for simultaneously im-
proving the macro stage’s point-to-point positioning and trajectory-tracking performance.
In future research, we will further consider nanoscale positioning accuracy for micro stages
to enhance the control performance of the macro stage.
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