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Residual vibration of the system base due to the rapid acceleration of a motion stage may significantly reduce life span and productivity
of the manufacturing equipment. Although a passive reaction force compensation (RFC) mechanism was developed to reduce the residual
vibration of a linear motor motion stage, the passive RFC cannot adjust its dynamic characteristic against the motion profile variation.
An active RFC mechanism using an additional coil can tune spring and damping of the RFC system according to the motion profile of
the mover, but both cost and energy consumption of the active RFC are very high and it is not suitable for green manufacturing. In this
paper, we develop a semi-active RFC method by switching an extra coil for a linear motor motion stage to tune damping of the RFC
system against the motion profile variations. First, we investigate the effect of switching the extra coil with free vibration test of the magnet
track, which shows that the damping of the RFC can be adjusted by the open-close ratio of the extra coil. In addition, two kinds of motion
profiles such as long and short stroke motions are used to confirm the semi-active RFC by switching the extra coil. The effectiveness of
the semi-active RFC method was verified with simulations and experiments.
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NOMENCLATURE e," = Back-EMF in g-axis
cqon = Damping coefficient of extra coil

kyr = Stiffness of magnet track F, = Thrust force of mover
cyr = Damping of magnet track F,,; = Lorentz force of extra coil
myr = Mass of magnet track Fyuns = Transmitted force
a,b,c = a-b-c three phase coordinate p = Number of pole pairs
i1 1. = Three phase currents in a-b-¢ frame 7= Magnet track pole pitch
1,,1,= Currents in d-q frame w=Flux linkage of magnet track
Can»€pn,Ccn = Back-EMF of extra coil K.ny= Electromotive force gain
R, = Resistance of extra coil K;=Force constant of extra coil

L.,; = Inductance of extra coil
Ry, = Load resistance

R,“" = Resistor of coil in g-axis 1. Introduction

L, "= Inductance of extra coil in g-axis

R, = Resistance load in g-axis High-speed and ultra-precision positioning devices are widely used

_ . . to manufacture flat panel displays and semiconductors. The mechanical
roc = Open-close time ratio

structural technologies, as well as advanced control technologies are

© KSPE and Springer 2017 N Springer
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being investigated due to increasing demands for improved
productivity. In detail, a motion stage for 450 mm wafer has
performance of 5 g acceleration, accuracy 50 nm, resolution 0.1 nm.'?

Rapid acceleration or deceleration motion of a mover transfers a large
reaction force to its system base so that the system base may vibrate either
with large amplitude or extended settling time. In consequence, high-speed
motion causes the residual vibration of its system base and may reduce life
span and productivity of the manufacturing device although higher
acceleration motion is required to improve the production throughput.

There are three main approaches to reduce the residual vibration of a
mechanical system. The first method is to adjust the motion input to excite the
vibration such as input shaping.* The second method is to use an advanced
control algorithm or additional feedback controller to suppress the vibration of
the system.’ The last one is to introduce special kinematic structure for
fundamental avoidance of the excitation source like force balancing.®

Kind of the last approach or a passive RFC for a linear motor
motion stage can reduce the system vibration with a movable magnet
track, spring and damper.”® The passive RFC mechanism is compact
and cost-effective without any additional external structures or actuator.
However, the passive RFC doesn't allow in-situ modification of the
dynamic characteristic and may have resonance when a motion profile
excites natural frequency of the RFC mechanism. An active RFC
mechanism using an additional coil can tune its stiffness of the magnet
track, and minimize the transmitted force under motion profile
variations.'” However, the active REC mechanism results in increasing
energy and cost requirements due to extra servo amplifier and motion
controller, which is not suitable for green manufacturing.'’'?

Active characteristic without increasing energy consumption could
be achieved using motors. A linear motor was utilized as a variable
damper by changing an additional resistance connected to the coil.”®
The variable damper system using a motor does not consume any
energy, but harvests the vibration energy.!* Although a semi-active
RFC mechanism by changing resistor was introduced,® there is
limitation to adjust the resistance in-situ.

This paper presents a both energy and cost-effective semi-active
RFC method for a linear motor motion stage. The semi-active RFC by
switching an extra coil can reduce power consumption and complexity
of the system compared with the fully active RFC. A three-phase
circuit model of the semi-active RFC is derived and its simulation
model is built. Typical two motion profiles are introduced to verify its
adjustable damping capability by switching the extra coil. Finally, we
verify effectiveness of the semi-active RFC mechanism with both

simulations and experiments.

2. Semi-Active RFC

2.1 Principle

Schematic diagrams of the passive and the semi-active RFC
mechanisms for a linear motor system are compared in Fig. 1. The
passive RFC comprises a movable magnet track, spring and damper, as
shown in Fig. 1(a) and we cannot adjust in-situ its dynamic
characteristic against the motion profile variations although the
transmitted force to the system base is reduced. On the other hand, the

proposed semi-active RFC of this paper has an extra coil with a switch,
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Fig. 1 Schematic diagram of the semi-active RFC mechanism
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Fig. 2 Three-Phase circuit of the extra coil and switch

as shown in Fig. 1(b). When the mover moves following a motion
profile, the magnet track oscillates with supporting of spring &y and
damper c¢yrlike the passive RFC, which induces current of the extra coil
proportional to the speed of the magnet track. The current due to the
magnet track oscillation generates the electromotive force of the extra coil
by interacting with the magnet track, when the extra coil is closed by the
switch. That is, the extra coil generates damping force from the kinetic
energy of the magnet track without any external energy, which reduces the
energy consumption significantly compared with the active RFC.!® In
addition, damping of the extra coil can be adjusted by changing open-close
time ratio of the extra coil without any additional servo amplifier and
motion control axis so that the system complexity is reduced.

2.2 Model of the Semi-Active RFC
2.1.1 Equation of Motion of Three Phase Circuit
A schematic diagram of the three-phase circuit model for the semi-
active RFC is shown in Fig. 2.' A coreless type linear motor mover
coil of wye connection is used for the extra coil, and a switch and a
resistor are serially connected to each phase using delta connection.
Assuming that the three-phase circuit is well balanced, DQ
transformation converts the three-phase circuit of the semi-active RFC
;Oﬂ is the
resistor of the extra coil in g-axis, L;"” is the inductance of the extra coil

into an equivalent circuit in g-axis, as shown in Fig. 3. Here, R

. . load . . . .o e . il .
In g-axis, Rqo “" is the resistance load of the circuit in g-axis and efl(" is

the electromotive force of the extra coil due to the magnet track motion.
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Fig. 4 A schematic diagram of the semi-active RFC in mechanical domain’

When the switch is closed, the circuit equation of the extra coil can be and
load resistor can be expressed as Eq. (1). In addition, the equivalent resistor

in g-axis are shown in Eq. (2). Here, /, is the equivalent current in g-axis.

, . Ll
coil __ pycoil coilt 4 load

eq —Rq [q+Lq E"'Rq Iq (1)
R;Oil = Rcoil and R;Wd = Rload (2)

2.1.2 Equation of Motion of the Magnet Track

Fig. 4 shows a schematic diagram of the semi-active RFC in
mechanical domain. 1-DOF dynamic equation of the magnet track
motion and the transmitted force to the system base are expressed as
Egs. (3) and (4), respectively.

Myt ot kyriur = —Fit Fegy (3)
Frran = Curpr T X Foon 4

where, myr is the mass of the magnet track, x)5 X, and X, are
position, velocity and acceleration of the magnet track, respectively.

2.1.3 Electromechanical System

The magnet track motion induces electromotive force of the extra
coil according to Faraday’s law. Assuming that time constant of the
extra coil and the load resistor is much smaller than the switching
period, Lorentz force generated by the induced current of the extra coil

and the magnetic flux of the magnet track is calculated by Eq. (5).
3 r il il
Fou= EP‘T( yt (LZO’ *L;w M)r ocly %)

where, y is the flux linkage of the magnet track, L, and L, are the d-
axis and g-axis inductances, p is the number of pole pairs, 7oc is open-
close time ratio (roc= 0: fully open and ro¢ = 1: fully close), I; and I,
are the currents of the extra coil in d and g-axis, respectively.

Due to low inductance of the extra coil, we can approximate the
Lorentz force of the extra coil as Eq. (6). In addition, we can express the
electromotive force of the extra coil in g-axis as Eq. (7). Here, K, is motor

. coil . . e .
current gain and ¢, is the electromotive force of the extra coil in g-axis.
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Fig. 5 Experimental set-up

3
FcoilerC'Ep;_WIq:rOCKf[q (6)
il .
e;(" = Kemf Xmr (7)

Using Egs. (1), (6) and (7), we can derive the transfer function from
Fi(s) to sX,.(s), as shown in Eq. (8).

F coil’ (S‘) _
sX.,(x coil load coil
wmr(X) R g TR, tsL,

Toc Kf Kemf

®

Considering the low frequency oscillation of the magnet track and the
low inductance L;o'l , we can derive an approximate transfer function
from the velocity of the magnet track as Eq. (9). The damping coefficient

of the extra coil can be adjusted with roc or open-close time ratio.

¢ — Fcail(s) ~ rOCK{' emf (9)
SXMT R;‘oil+R;oad

where, c.,; is the damping coefficient of the extra coil.

2.3 Design Considerations

Maximum damping from the extra coil can be adjusted with the
load resistors, as shown in Eq. (9). With given motion profiles, we can
calculate corresponding transmitted forces and magnet track motions.
Then, we determine a desired damping for each motion profile.

The load resistor decreases the time constant of the extra coil and
improves the damping adjustment capability of damping adjustment of the
semi-active RFC. Switching period of the extra coil should be much smaller
than the natural frequency of the magnet track for effective damping control.

3. Simulations and Experiments

3.1 Experimental Set-Up and Simulation Model
Fig. 5 shows a photo of the linear motor motion stage with the extra
coil. The mover moves along the linear guide interacting with the

movable magnet track. The extra coil is installed on the system base to
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Table 1 System parameters of the linear motor motion stage

Parameter Value Parameter Value
myr 21 kg Kows 20 Vs/m
kyr 155 N/m Reoi 1.7Q
My Skg Lot 0.002 H

Ky 20 N/A Ripua 1.5Q
cur 20Ns/m Period 100ms
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Fig. 6 A simulation model of the semi-active RFC

adjust damping of the magnet track and hall sensors are installed in the
extra coil to measure the magnet track motion for commutation.'s!
The extra coil is serially connected to both a set of relay switches
(G6L-1P DCS5) and external resistors in the delta connection. The relay
is controlled by an Arduino board. Specifications of the linear motor
motion stage are as follows: max thrust force 810 N (continuous
240 N), 1 gm resolution, 380 mm stroke (510 mm without the semi-

active coil), max speed 5.0 m/s and max acceleration 35 m/s? and peak
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Fig. 7 Motion profiles for simulation and experiment

current of the extra coil 6 A. Therefore, max damping force of the extra
coil is about 120 N and max damping coefficient of the extra coil is
about 160 Ns/m (with a resistor 1.5 Q).

We build a simulation model consisting of both electrical (Fig. 2)
and mechanical (Fig. 4) systems using sim-scape,'® as shown in Fig. 6.
In particular, the simulation model includes a full three-phase circuit
model (wye-connected three-phase coils with delta-connected
switches), such as wye connected three phase coils with delta
connected switches, as shown in Fig. 6(b). Parameters for the linear
motor motion stage with the semi-active RFC are shown in Table 1.
Most parameters are identified from the experimental set-up.’

Two motion profiles for simulation and experiment: long and short
stroke motions are shown in Fig 7. First one is the long stroke motion:
The peak acceleration is 0.6 m/s’, the peak velocity is 0.9 m/s and the
stroke is 0.35 m, respectively. The other one is the short stroke motion:
The peak acceleration is 2 m/s%, the peak velocity is 0.9 m/s and the

stroke is 0.05 m, respectively.

3.2 Results

In order to verify feasibility of the semi-active RFC, free vibration
tests of the magnet track with various open-close time ratios (from 0%
to 100% by 20%) are performed and shown in Fig. 8(a). During the
free vibration tests, we set the period of time 100ms and the magnet
track motion is measured with a hall sensor array.'®!” Then, damping
coefficients are evaluated from the logarithmic decrement of the free
vibration and shown in Fig. 8(b). Damping of the magnet track is
proportional to the on-time ratio of the extra coil.

Fig. 9 compares simulation and experimental magnet track motions
for both motion profiles and various on-time ratios. We set the
switching period 100 ms and adjust the on-time ratio (0%, 50%, 70%,
100%). As the on-time ratio increases, the damping of the magnet track
increases and its peak motion decreases. There are small different
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Fig. 9 magnet track motion with open-close ratio variations

between simulation and experiment, which

is caused by an
approximate friction model with linear damping coefficient.’

Fig. 10 shows measured three phase current (i, iy, i) and dg current
(ig, ig) of the extra coil for both motion profiles. As shown in Fig. 10,
i, is more dominant than i, to produce the damping force.'®

Fig. 11 shows the thrust and the transmitted forces for both motion

profiles and various on-time ratios. The black-dash lines present the
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Fig. 10 Three phase current with 50% on-time ratio
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Fig. 11 Transmitted force and magnet track motion with open-close
ratio variations

thrust force while the red, blue, green and purple lines denote the
transmitted force to the system base for 20%, 50%, 70% and 100% on-
time ratios, correspondingly. We can reduce the transmitted force to the
system base by the proposed semi-active RFC, about 40-50% for the
long stroke motion and about 50-60% for the short stroke motion.

4. Conclusions

This paper presents a both energy and cost-effective semi-active
RFC method for a linear motor motion stage. The semi-active RFC
method by switching an extra coil is a kind of green manufacturing
technology since it can reduce both power consumption and
complexity of the motion system compared to the active RFC. A three-
phase circuit model of the semi-active RFC is derived and a simulation
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model for the semi-active RFC by switching the extra coil was built.

Typical two motion profiles are introduced to verify its adjustable

damping capability by switching the extra coil. Finally, effectiveness of

the semi-active RFC method is verified with simulations and

experiments.
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