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High-precision stages in lithography systems are crucial for manufacturing flat panel displays and semiconductors.
The wireless high-precision stage (WHPS) has been developed, which employs wireless power transfer (WPT) instead
of power cables to address the issues caused by power cables of the conventional stages. The aim of this study is
to develop a high-efficiency operation method of WHPS for its practical application. In the proposed approach, the
primary-side voltage is designed based on the secondary-side rectification ratio under the two-mode control to stabi-
lize the WPT system. Simulations and experiments are performed, and the effectiveness of the proposed approach is

demonstrated.
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1. Introduction

High-precision stages in lithography systems play an im-
portant role in manufacturing flat panel displays and semi-
conductors. High-speed and high-precision positioning of
the stages is pursued for high-throughput and high-quality
manufacturing. Both software and hardware approaches
have been developed to enhance control performance. High-
performance inversion-based feedforward control™® and
data-driven feedback controller design® are the software ap-
proaches, while new stage structures®® have been pro-
posed as the hardware approaches. Recent progress is sum-
marized in the references.©-®

In the high-precision stages, contactless actuators such as
linear motors and contactless guides such as air guides are
widely used to suppress floor vibration and friction. The re-
maining issue is the problem caused by cables. Power ca-
bles for the power supply of actuators and sensors, commu-
nication lines, and pneumatic pipes for the air guide are all
connected. These cables cause cable tension disturbance and
contamination, and thus degrade the control performance of
the stages. To address the issues caused by the cables, our re-
search group has developed the wireless high-precision stage
(WHPS),® which is the stage driven by wireless power trans-
fer (WPT) instead of the power cables.

WHPS has successfully reduced the problems caused by
power cables.!” The remaining issue of WHPS is power
transmission efficiency. The power transmission loss leads to
heat loss. Generally, high-precision stages are operated un-
der strict temperature management because temperature vari-
ation in lithography systems causes mechanical deformation
and variation in optical properties of lithography systems.!V
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Therefore, high-efficiency operation of WHPS is required for
its industrial application.

The optimal voltage ratio method!? is often used to im-
prove the power transmission efficiency of WPT systems. In
this method, the AC-AC power transmission efficiency of the
WPT system is maximized by setting the ratio between the
primary-side and secondary-side voltage to the optimal value.
However, the WPT system of WHPS is stabilized by the two-
mode control method, which switches the rectification and
short modes of the secondary-side rectifier. In this case, the
optimal voltage ratio cannot reduce the power transmission
loss because it does not consider the mode switching. On
the other hand, the primary-side voltage control method con-
sidering the mode switching has been proposed, named the
short-mode loss reduction method."® The latter approach,
however, does not consider AC-AC power transmission effi-
ciency.

The aim of this study is to develop a high-efficiency power
transmission method considering both the AC-AC power
transmission efficiency and the mode switching of the two-
mode control method. In the proposed approach, the recti-
fication ratio is focused on, and high-efficiency power trans-
mission is achieved by balancing the above two conventional
methods. The contributions of this study are summarized as
follows:

e The primary-side voltage control for high-efficiency op-

eration of WHPS is proposed.

o The presented approach is compared with the conven-

tional approaches.

o The effectiveness of the presented approach is verified

through simulations and experiments with WHPS.

The remainder of this paper is organized as follows. In Sec-
tion 2, the experimental setup, WHPS, is presented. Then,
Section 3 introduces the conventional approaches for high-
efficiency operation of WHPS. In addition, the disadvantages
of the conventional approaches are summarized. Next, in



Fig.1. Picture of WHPS.

Section 4, the proposed approach for high-efficiency oper-
ation of WHPS is presented. The proposed approach is vali-
dated through simulations and experiments in Section 5. Fi-
nally, Section 6 concludes this paper.

2. Wireless High-precision Stage

In this section, the experimental setup, WHPS, is intro-
duced. Furthermore, the WPT system of WHPS and its sta-
bilization method is described.

2.1 Structure of WHPS The picture of WHPS is
shown in Fig. 1. WHPS has the two-axis coarse stage (X
and Y axis) and the single-axis fine stage (x axis). The X and
Y axis coarse stages are driven by the linear motors, and the x
axis fine stage is driven by the voice coil motor. Each axis is
guided by the air guide to reduce the effect of friction. In this
study, only the X axis coarse stage is used. The DC voltage
source is directly connected to the primary side of the WPT
system of the X axis coarse stage.

2.2 WPT system of WHPS The series-series (S-S)
compensated WPT system is employed to achieve high effi-
ciency in WHPS. Fig. 2 shows the system configuration of the
X axis coarse stage. Here, L, C, and R are the self-inductance,
capacitance, and resistance, respectively. The subscript 1 and
2 denote the primary and secondary sides. Ly, is the mutual
inductance and Cs is the smoothing capacitance. These val-
ues are summarized in Table 1.

A rectangular wave of the operating frequency f; is gen-
erated from the DC voltage source Vj, by the primary-side
inverter. Next, the power is wirelessly transferred from the
primary to the secondary sides. Then, the AC voltage is con-
verted to DC voltage Vi by the secondary-side rectifier and
the smoothing capacitor. Finally, the DC voltage is applied
to the motor driver, and the linear motor is driven.

2.3 Secondary-side Voltage Stabilization The WPT
system of WHPS is connected to the linear motor, one of the
constant power loads. This type of WPT system is unstable,
and the secondary-side voltage diverges.'¥ To stabilize the
WPT system, the two-mode control method using the hys-
teresis comparator is currently implemented in WHPS.

The two-mode control method is illustrated in Fig. 3. If
the receiving power of the secondary side is larger than the
load power, the secondary-side DC voltage increases in the
rectification mode, while it decreases in the short mode. By
switching these two modes, the secondary-side DC voltage is

Table 1.  Circuit parameters of WHPS.

Symbol Definition Value
fo Operating frequency 85kHz
L, Primary-side self-inductance 108 uH
C Primary-side capacitance 33.6nF
Ry Primary-side resistance 687 mQ
Ly Secondary-side self-inductance 47.6 uH
C, Secondary-side capacitance 76.0nF
R Secondary-side resistance 264 mQ
Ly Mutual inductance 25 uH

Cs Secondary-side smoothing capacitance 1000 uF

stabilized and kept within a certain range.

3. Conventional Approach for High-efficiency
Operation of WHPS

In this section, two conventional approaches for high-
efficiency operation of WHPS are presented. One is based on
the optimal voltage ratio between the primary and secondary
sides,!? and the other is reducing the short-mode loss of the
secondary side.!'?

3.1 Optimal Voltage Ratio Method First, the opti-
mal voltage ratio between the primary and secondary sides
is derived, which maximizes the transmission efficiency of
AC-AC power.(1?

Fig. 4 shows the equivalent circuit of the WPT system. In
this circuit, the following resonance condition is assumed to
hold:

1 1
VLG, VLG

where wy is the operating angular frequency.
The primary-side and secondary-side current are derived
from Kirchhoff’s voltage law as follows:
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Here, Vi, and I, denote the effective values of vy, and iy ;.
Therefore, the transmission and receiving power, Py and P,,
are given by
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According to (4) and (5), the AC-AC power transmission ef-
ficiency, n,c = P»/Py, is calculated as
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By taking the derivative of 1, with respect to the voltage ratio
A, = V,/Vy, the optimal voltage ratio Aqp; which maximizes
7ac 1S derived as follows:
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Fig.4. Equivalent circuit of S-S WPT system.
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Finally, the primary-side voltage V; is designed as follows:

V,
V, = e (8)
! Avopt

Here, the secondary-side voltage V, is assumed to be prede-
termined.

3.2 Short-mode Loss Reduction Method
short-mode loss reduction method!® is described.

Under the two-mode control, the rectification and short
modes are repeated to stabilize the WPT system. The
secondary-side voltage V, in the rectification and short
modes, V5, and Vy is given by

Next, the

Then, the transmission power in the rectification and short
modes, Py, and Py, is derived from (4) as follows:

P 22 0L ViV an
lr — y Tttt
RiR, + (woLm)?

RV}

RiRy + (woLm)*

........................ (12)

Py =

Furthermore, according to (5), the receiving power in the rec-
tification and short modes, P, and Py, is given by
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(12) and (14) indicate that the power transmission in the
short mode results in a loss. It is, therefore, expected that
high-efficiency power transmission is achieved by reducing
the short mode. By solving P,, = Pp where Py is the load
power, the primary-side voltage which minimizes the short-
mode loss is derived as

y_2VERVL  x {R1Ry + (woLm)*|PL s
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3.3 Disadvantage of Conventional Approach  The
disadvantages of the above two approaches are presented.

The optimal voltage ratio method maximizes the AC-AC
power transmission efficiency. The short-mode loss, how-
ever, is not considered. It becomes large, especially when the
secondary-side voltage is fixed and the load power is rela-
tively small.

On the other hand, the latter approach reduces the short-
mode loss by designing the primary-side voltage based on
the load power. The AC-AC power transmission efficiency,
however, is not considered. In addition, the WPT system eas-
ily diverges due to the transmission power shortage caused
by some reasons, e.g., measurement errors of the circuit pa-
rameters and loss in the secondary-side rectifier. For these
reasons, the short-mode loss reduction method is difficult to
implement practically.

4. Proposed Approach for High-efficiency Oper-
ation of WHPS

In this section, the proposed approach for high-efficiency
operation of WHPS is presented. The aim of the proposed ap-
proach is to reduce the total transmission power (and energy)
by balancing the two conventional approaches. The approach
is based on the rectification ratio introduced in this section.

First, the rectification ratio « is defined as follows:

T;

. 16
T, + T, (16)

where T, and T are the rectification-mode and short-mode
time of the two-mode control.

Then, the average output current of the secondary-side rec-
tifier under the two-mode control, TS, is given by
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The rectification ratio «, therefore, is derived from (18) and
(19) as follows:
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Futhermore, when the rectification ratio is «, the primary-
side voltage V| («) is represented as
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When the rectification ratio is @, the average transmission

power under the two-mode control, P, (a), is calculated from
(11), (12), and (21) as follows:
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Then, the average power transmission efficiency under the
two-mode control, 77(@), is given by
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(@) = e Pp.-----(23)
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In the proposed approach, the reference of the rectification
ratio is selected to maximize the average power transmission
efficiency, i.e.,

Fa = Qopty * =7 e n e (24)

Qopt = AT MAX( < ﬁ(a), ....................... (25)

where r, and @, are the reference of the rectification ratio
and the optimal rectification ratio. Then, the primary-side
voltage V| is designed base on (21). The proposed approach
considers both the AC-AC power transfer efficiency and the
short-mode loss. Note that the short-mode loss reduction
method is recovered from the proposed approach as a special
caseifr, = 1.

5. Validation

In this section, the proposed approach for high-efficiency
operation of WHPS is validated through simulations and ex-
periments.

5.1 Target Operation The operation of WHPS con-
sidered in this section is presented in Fig. 5. The position
reference shown in Fig. 5(a) is a trapezoidal trajectory con-
sisting of acceleration, constant velocity, and deceleration pe-
riod. The stage is driven to track the position reference by
feedback control. The measurement result of the consumed
power of this operation is shown in Fig. 5(b). The primary-
side voltage is designed using this measured consumed power
in the simulations and experiments.

5.2 Simulation
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Fig.5. Target operation of simulations and experiments.

5.2.1 Condition
methods are compared.
(1) Optimal voltage ratio method;
A, = Avopt-
(2) Constant rectification ratio method;
ro(t) = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8.
(3) Proposed optimal rectification ratio method;
ro(t) = aopl(t)~
The short-mode loss reduction method, i.e., r,(¥) = 1, is
not compared because this method results in instability of
the WPT system in the experiments due to the transmission
power shortage. Instead, the constant rectification ratio meth-
ods with r,(¢) = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 are simulated for
comparison.

In the simulations, the secondary-side DC voltage Vi, is
assumed to be fixed at 25 V. The primary-side voltage V,
is calculated as (8) in the optimal voltage ratio method. On
the other hand, V| is derived from (21) with the reference of
the rectification ratio r, and the load power PL. Then, the
primary-side DC voltage V;, is calculated as

In the simulations, the following

Vi, = LVl. ................................. (26)
2V2
5.2.2 Result The simulation results are presented in
Fig. 6. Fig. 6(a) and Fig. 6(b) show the primary-side DC
voltage Vi,. Fig. 6(c) and Fig. 6(d) present the AC-AC
power transmission efficiency 7, which is calculated by (6).
Fig. 6(e) and Fig. 6(f) show the rectification ratio @ derived
from (20). Fig. 6(g) and Fig. 6(h) present the average trans-
mission power P; given by (22). Fig. 6(i) shows the total
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Fig.6. Simulation results.

transmission energy calculated by time integral of P;.

The optimal voltage ratio method achieves the highest AC-
AC power transmission efficiency. The total transmission en-
ergy, however, is not the smallest due to the low rectification
ratio. The proposed approach results in the lowest transmis-
sion energy, and thus the proposed approach can contribute
to the high-efficiency operation of WHPS.

5.3 Experiment

5.3.1 Condition The same methods as in the simu-
lations are verified in the experiments with WHPS. In the
experiments, the two-mode control method stabilizes the
secondary-side DC voltage around 25V. In each method,
the secondary-side DC voltage is assumed to be 25V, and
then the primary-side DC voltage is calculated. The primary-
side DC voltage is controlled in the power source to track the
calculated value.

5.3.2 Result The experimental results are presented
in Fig. 7. Fig. 7(a) and Fig. 7(b) show the measured primary-
side DC voltage Vi,. Fig. 7(c) and Fig. 7(d) present the
primary-side DC voltage filtered with the zero-phase low-
pass filter (LPF) whose cutoff frequency is 50 Hz. Fig. 7(e)
and Fig. 7(f) show the measured rectification ratio @. Ac-
cording to these figures, the rectification ratio almost tracks
its reference. Fig. 7(g) and Fig. 7(h) present the input power
P, averaged over one cycle of the two-mode control. Here,
the power is calculated by measuring the inverter voltage and

current. Fig. 7(i) shows the total input energy from the in-
verter calculated by the time integral of P;. The experiments
are repeated five times under the same conditions to handle
the input energy statistically. The bar charts denote the aver-
age energy of the five experiments, and the error bars show
the highest and lowest energy.

Similar to the simulation results, the proposed approach
achieves the lowest input energy. The effectiveness of the
proposed approach is verified through simulations and exper-
iments.

Note that, according to Fig. 6(i) and Fig. 7(i), the constant
rectification ratio method with r,(¢#) = 0.6 shows results simi-
lar to the proposed approach. This indicates that the primary-
side voltage design based on the rectification ratio may be
more useful than the optimal voltage ratio method if the WPT
system is under the two-mode control.

6. Conclusion

In this paper, the high-efficiency operation method of
WHPS by primary-side voltage control is developed. In the
developed method, the secondary-side rectification ratio is
used to design the primary-side voltage. The effectiveness
of the method is verified through the simulations and experi-
ments.
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