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Residual vibration of system base due to high-speed motion of a stage may significantly reduce life span and productivity of the

manufacturing equipment. Although a passive reaction force compensation (RFC) mechanism was developed to reduce residual

vibration of a linear motor motion stage, the passive RFC mechanism should be redesigned according to variation of motion profiles.

In this paper, we develop a fuzzy-P (proportional) controller of an active RFC mechanism to automatically tune the gain according

to variation of motion profiles. First, frequency components of motion profiles for a linear motion stage are analyzed and

performances of the passive RFC mechanism are approximately evaluated using a motion profile analysis. An active RFC mechanism

with an additional control coil is introduced to overcome limitation of the passive RFC mechanism and a fuzzy rule is proposed to

automatically tune the P controller of the active RFC mechanism according to variations of motion profiles. Simulations and

experiments are performed to show effectiveness of the proposed fuzzy rule for tuning the P control gain of the active RFC mechanism.
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NOMENCLATURE

aM = acceleration of mover

cMT = damping of magnet track

kMT = stiffness of magnet track

kv = viscous friction of mover

kP = gain of P control

Ff = thrust force for mover friction

Ffc = Column friction of mover

Ffs = Stribeck friction of mover

Fm = thrust force for mover motion

Ft = thrust or reaction force

Ftran = transmitted force

mM = mass of mover

mMT = mass of magnet track

n = index of frequency component

ns = Stribeck friction coefficient for exponential function

nmax = index of frequency component at peak acceleration of

mover

nMT = index of natural frequency of magnet track

n’MT = output of defuzzification block

T = period of motion profile

Ta = acceleration time

Tdw = dwell time

Tr = run time

vs = Stribeck friction coefficient for velocity

xMT = position of magnet track

 = velocity of magnet track

 = acceleration of magnet track

ω = frequency

ωMT = natural frequency of magnet track

ωT = fandamental frequency of motion profile

ζ = damping ratio

θn = phase of magnet track motion

x·MT

x··MT
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1. Introduction

Demand for a motion stage with high-speed and high precision is

fastly growing as the productivity of semi-conductor and display panel

industries are rapidly promoted.1 In particular, semi-conductor

lithography systems require both extreme precision and high speed in

very long stroke such sub-nanometer accuracy and 230 wafers/hour

over 2 m stroke.2

Residual vibration of system base due to high-speed motion of a

linear motion stage may reduce life span and productivity of

manufacturing equipment. Rapid acceleration or deceleration motion of

the stage induces large reaction force, which causes the system base to

oscillate either with considerable amplitude or in substantially long

settling time. In particular, vibration problem of a motion stage becomes

more important issue since its moving mass and working area increase

with enlarged size of display or wafer.

Base vibration of a linear motor motion stage has been reduced with

a passive reaction force compensation (RFC) mechanism.3 The RFC

mechanism is installed into the linear motor and does not require any

additional external structure or motor, so that we can make the system

very compact. Only a part of the reaction force (force of spring and

damper of the magnet track) is transmitted into the system base while

inertial force of the magnet track is dissipated during its own

oscillation.4,5 However, dummy mass and spring of the magnet track

should properly be adjusted according to the motion profiles in order

for reduction of the base vibration.

Active RFC mechanisms for a linear motion stage were introduced

to overcome the limitation of passive RFC mechanisms.6,7 A dummy

motion axis is added to the system and generates a counter force to

cancel out the reaction force. However, the system needs double the

power and double the space.

An additional control coil can reduce the reaction force of a linear

motor motion stage against motion profile variations. Spring and

damping coefficients (or gains of PD control) of the magnet track can

be adjusted with the control coil. However, control gains highly depend

on the motion profiles and should be tuned appropriately according to

variation of motion profiles. In addition, it is very difficult to know

optimal gains with an analytical method since the motion profiles for

a linear motion stage are periodic functions and has numerous

frequency components.5 

Fuzzy logic is a rule-based decision making method using heuristic

thinking process of human beings.8 Fuzzy logic is suitable for industrial

process controls that a human controlled manually with experiential

expertise.9 Linguistic control rules of a human expert can be directly

translated to a rule base fuzzy logic control. Especially, conventional

PID controls were improved with fuzzy logic for robust performance to

uncertainties or nonlinearities.10-12

In this paper, we present a fuzzy-P (proportional) controller of an

active RFC mechanism to automatically tune the gain according to

variation of motion profiles. First, motion profiles for a linear motion

stage are analyzed using Fourier series and responses of the passive

RFC mechanism are approximately evaluated using the motion profile

analysis. An active RFC mechanism with an additional control coil is

introduced to overcome limitation of the passive RFC mechanism and

a fuzzy rule is proposed to automatically adjust P gain of the active

RFC mechanism according to variations of the motion profile.

Simulations and experiments show that the proposed fuzzy rule is very

effective for automatically tuning the P control gain of the active RFC.

2. Passive RFC Mechanism

Fig. 1 shows a schematic of the passive RFC mechanism.3 When the

mover moves due to thrust force (Ft), its reaction force makes the

magnet track (mMT) oscillate and creates displacement (xMT) since the

magnet track is supported by spring (kMT) and damper (cMT).

Equation of motion of the passive RFC mechanism is given by Eq.

(1).3 The thrust or reaction force (Ft) consists of two main parts: force

for the mover acceleration and force against friction of the mover.

(1)

The transmitted force to the system base is expressed with Eq. (2).

The reaction force (Ft) is divided into the inertial force of the magnet

track ( ) and the transmitted force (Ftran)

to the system base.

(2)

Transfer functions from thrust force to the magnet track displacement

and to the transmitted force are Eqs. (3) and (4), respectively.

(3)

(4)

Frequency analysis of the motion profile is inevitable to predict

performance of the passive RFC mechanism since two transfer functions

of Eqs. (3) and (4) depend on excitation frequency of thrust force Ft.

Therefore, both stiffness and damping of the magnet track should be

adjusted according to the variation of motion profiles.

3. Analysis of Motion Profile using Fourier Series

3.1 Classification of motion profiles

There are repetitive motion profiles used in a linear motor motion

stage such as ping-pong (back and forth) motion, repetitive go-and-stop

motion and combined motions. Fig. 2(a) shows a long stroke ping-pong

mMTx··MT cMTx·MT kMTxMT+ + Ft=

mMTx··MT cMTx·MT kMTxMT+ + Ft=

Ftran cMTx·MT kMTxMT+=

xMT ω( )
Ft ω( )

-----------------
1

mMTω
2

– jcMTω kMT+ +
-----------------------------------------------------=

Ftran ω( )
Ft ω( )

-------------------
jcMTω kMT+

mMTω
2

– jcMTω kMT+ +
-----------------------------------------------------=

Fig. 1 Schematic of the passive RFC mechanism
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motion (accleration time Ta is 0.05s,  run time Tr is 0.4s, dwell time Tdw

is 1s and peak acceleration is 20 m/s2) and its frequency components.

On the other hand, Fig. 2(b) shows a repetitive go-and-stop motion

(accleration time Ta is 0.1s,  run time Tr is 0s ,dwell time Tdw is 0.1s and

peak acceleration is 20 m/s2) and its frequency components. Although

the total stroke of both motion profiles are same, frequency

components of two motion profiles are totally different.

3.2 Motion profile analysis

In this paper, we focus on the long stroke ping-pong motion since

a long stroke motion is more important than a short stroke motion.4

The long stroke motion can be modeled mathematically using several

time constants: Ta is acceleration time, Tr is run time and Tdw is dwell

time, as shown in Fig. 3. Period of the ping-pong motion is T = 4Ta +

2Tr + 2Tdw. The acceleration time Ta is set to be 0.1 s for maximum

acceleration (20 m/s2) with a given peak thrust force of the linear motor.

The run time (Tr) is related to the stroke of the motion profile. If Tr is

long, the motion profile is called by a long stroke motion, as shown in

Fig. 2(a). On the other hand, if Tr is short, the motion profile is called

by a short stroke motion, as shown in Fig. 2(b). The run time is limited

by size of the motion stage and is assumed to be smaller than 0.6 s. The

dwell time varies according to requirements of the manufacturing

device and is assumed not to be greater than 2 s.

Frequency components of the motion profile can be calculated with

Fourier series. According to Fourier series, any periodic function aM(t)

with period T can be represented with Eq. (4).

(4)

where , , and

The motion profile is shifted by Tdw/2 so that aM becomes an even

function and the coefficients bn become zeros. Fourier coefficient an

can be derived as Eq. (5).

(5)

We can approximate nmax as Eq. (6) so that an becomes maximum.

The Fourier coefficient an has maximum value (4AmaxTa/T) when all

three sine functions have maximal values. The first sine function

becomes one when n is odd. In addition, the last sine function becomes

one if n is small and Ta is much smaller than T. Furthermore, the last

sine function decreases exponentially as n increases.

(6)

3.3 Reponses of passive RFC mechanism

The particular solution xMT(t) of Eq. (1) due to the reaction force can

be obtained with Eq. (7). In this section, in order for simple analysis,

we consider only the thrust force for the mover accleration.

(7)

where, ωT (=2π/T) is fundamental frequency of the motion profile:

The nth particular solution of Eq. (7) can be given in Eq. (8).

(8)

where,

, , 

and nMT is an index of natural frequency of the magnet track.

The stiffness of the magnet track (kMT) should be chosen to minimize

the transmitted force (Ftran=cMT +kMTxMT) under condition that the

magnet track motion (xMT) is less than a certain value such as 0.1 m.

Although a damper can be used to avoid resonance of the passive RFC,

it will increase the transmitted force on the system base.4 If natural

frequency of the magnet track is assumed as ωMT = nMTωT and the
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Fig. 2 Example motion profiles4

Fig. 3 Acceleration of the ping-pong motion
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damping is assumed to be zero for simplicity, the magnitude of the nth

particular solution can be written as Eq. (9).

(9)

From Eqs. (6) and (9), the largest component of particular xMT is:

(10)

In addition, magnitude of the transmitted force due to the nth

particular solution of xMT can be derived as Eq. (11) and corresponding

stiffness of the magnet track is shown in Eq. (12). 

  (11)

  (12)

The largest component of the particular transmitted force Ftran can

be calculated from the largest component of xMT:

(13)

We can deduce some heuristic guide lines for nMT, as shown in Table

1 since the largest component of the transmitted force 

should be minimized in order to reduce the total transmitted force. The

stiffness of the magnet track (nMT) should be chosen according to the

motion profile.

4.  Fuzzy-P Controller for the Active Coil

4.1 Active RFC mechanism with P controller

A schematic of the active RFC with P controller is shown in Fig. 4.

Equation of motion of the active RFC with active coil is shown in Eq. (14).

(14)

Only P controller is used to both regulate the motion of the magnet

track and minimize the transmitted force as Eq. (15) since damping

reduces vibration of the magnet track near resonance but increases

transmitted force in entire frequency range.

       (15)

A motion equation of the active RFC with P controller can be

rewritten as Eq. (16). From Eqs. (15) and (16), P gain (kP) of the active

RFC has a same role as stiffness of the passive RFC mechanism.

(16)

4.2 Fuzzy-P controller

4.2.1 Fuzzy logic system

A fuzzy logic model is a mathematical procedure based on an “IF-

THEN” rule system that mimics the way of human thinking in

computational form.13,14
 Normally, a fuzzy system includes four

modules (Fuzzification, Fuzzy inference, Rule base and Defuzzification),

as shown in Fig. 5.

4.2.2 Active RFC with Fuzzy-P logic controller

Although the transmitted force and the magnet track motion of the

passive RFC mechanism have a complex relationship with motion

profiles, we can set up a rule for the stiffness of the magnet track to

minimize the transmitted force under the condition that the magnet

track motion is smaller than 0.1 m.

A schematic diagram of the active RFC with fuzzy-P control is

shown in Fig. 6. Fuzzy logic is applied to choose the stiffness of the

magnet track (gain kP of the P controller). The fuzzy logic is developed

using the fuzzy logic designer in Matlab-Simulink.15 Two input variables

(run time (Tr=0-0.6 s) and dwell time (Tdw=0-2 s)) and one output n’MT

are converted into linguistic variable (small = S, small-normal = SN,

normal = N, normal-large = NL, large = L) by triangular membership

functions, as shown in Fig. 7(a), (b) and (c).

Base on the motion profile analysis, heuristic rules can be derived

and shown in Table 2. If Tr is small, constraint of the magnet track

motion can easily be satisfied. Therefore, we can choose stiffness of the

magnet track as small as possible, as shown in Table 2(a). If Tr is
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Performance
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Fig. 4 Schematic of the active RFC with P controller

Fig. 5 Architecture of a fuzzy system
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normal, the magnet track motion should be considered rather than the

transmitted force and we have to increase nMT according to the increase

of T, as shown in Table 2(b). If Tr is large, constraint of the magnet

track motion should carefully be investigated and we should enlarge

nMT further as T increases, as shown in Table 2(c).

The fuzzy rules are summarized in Table 3. Here, max-min type

decomposition is used and output of the fuzzy logic system is calculated

based on the center of area gravity method.13

After the defuzzification, output from the fuzzy logic system (nMT)

should be chosen through a post-processing of Eq. (17), which

guarantees that nMT is the nearest even integer to the output and also

confirms stiffness of the magnet track is large enough so that the

magnet track motion is smaller than 0.1 m.

         (17)

5. Simulation Results

5.1 Passive RFC with various motion profiles

A mathematical model of the passive RFC considering friction is

shown in Eq. (18). Here, Fm is the thrust force for the mover motion

or motion profile itself (product of mass of the mover and acceleration

of the motion profile) and Ff is required force due to friction and cables

of the mover (Eq. (19)). Guide friction of the magnet track is

approximated as viscous damper since the magnet track is supported by

a linear guide with low friction and low precision.

(18)

(19)

nMT 2
n′MT

2
---------- 0.5+=

mMTx··MT cMTx·MT kMTxMT+ + Fm Ff+=

Ff x·M( ) Ffcsgn x·M( ) Ffse

n
s

x·
M

v
s

------–

sgn x·M( ) kvx
·
M+ +=

Fig. 6 Active RFC with fuzzy-P system

Fig. 7 Triangular membership functions of the fuzzy logic system

Table 2 Derived Fuzzy rule

(a) When Tr is N (≈ 0 s)

Input variables Intermediate parameters Result

Tr Tdw ∆f = 1 / T nmax nMT

S S (≈0s) L N S

S N (≈1s) NL NL S

S L (≈2s) NS L S

(b) Tr is N (≈ 0.3 s)

Input variables Intermediate parameters Result

Tr Tdw ∆f = 1 / T nmax nMT

N S (≈0s) L S S

N N (≈1s) N N SN

N L (≈2s) NS NL N

(c) Tr is N (≈ 0.6 s)

Input variables Intermediate parameters Result

Tr Tdw ∆f = 1 / T nmax nMT

L S (≈0s) NL S SN

L N (≈1s) N N N

L L (≈2s) S L L

Table 3 IF-THEN rule base for fuzzy logic system

Tdw

Tr

S SN N NL L

S S S S S S

SN S SN SN SN SN

N S SN SN N N

NL SN N N N N

L SN N N NL L

Table 4 Parameters of the passive RFC mechanism for simulation

Parameter Value Parameter Value

mMT 21 kg Ffc 1N

kMT 1200 N/m Ffs 6N

cMT 37 Ns/m ns 0.01

kv 30 Ns/m vs 0.1



1072 / JUNE 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 6

Here, Fc is Coulomb friction and Fs, ns, vs are Stribeck friction

coefficients.

All parameters of the passive RFC mechanism for simulation are

identified experimentally and are shown in Table 4. Detail procedure of

the identification is out of scope of this paper.

Simulated transmissibility (amplitude of transmitted force over

amplitude of reaction force) and amplitude of magnet track of the

passive RFC mechanism are shown in Fig. 8 (kMT = 1200 N/m). Since

the passive RFC mechanism cannot adjust the stiffness of the magnet

track according to the motion profiles, they cannot avoid the resonance

of the magnet track and guarantee minimal transmitted force. We can

clearly see resonance of the magnet track for small Tdw values.

5.2 Proposed active RFC with fuzzy-P controller

Raw and post-processed outputs of the proposed fuzzy logic system

are shown in Fig. 9. The output increases as the run and dwell times

Fig. 8 Simulations of the passive RFC with kMT = 1200 N/m

Fig. 9 Output of the fuzzy logic system

Fig. 10 Simulations of the active RFC with fuzzy-P control

Fig. 11 Simulations of passive and active RFC’s with Tr = 0.2769 s
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increase. In addition, the output varies discontinuous since the output

become integer after the post-processing.

Transmitted force and amplitude of the magnet track motion for the

active RFC with the proposed fuzzy-P controller is shown in Fig. 10.

The active RFC can avoid resonance and reduce the transmissibility

about 60% in most regions compared to the passive RFC.

Simulation results of both RFC’s with Tr = 0.2769 s and various Tdw

are shown Fig. 11. In the entire range of Tdw, the active RFC maintains

lower transmitted force than the passive RFC as satisfying the

requirements of the magnet track motion (xMT < 0.1 m).

6. Experiment

A linear motion stage with the active RFC mechanism is built and

shown in Fig. 12. Specifications of the linear motion stage and the active

coil in the stage are summarized in Table 5. Power-PMAC motion

controller is used for both mover and active coils. The magnet track

motion is measured with hall sensor array.16 The linear motion stage is

used for both the passive and the active RFC since fixed P gain means

the passive RFC and adjustable P gain means the active RFC. In addition,

the transmitted force of both RFC’s is calculated by Eq. (15).

Fig. 13 shows experimental results on transmitted force and magnet

track motion of both RFC’s, which matches well with simulation results

of Fig. 11. Experiments are performed with keeping Tr = 0.2769 s and

changing the dwell time from 0.2 to 2 s. The transmitted force of the

active RFC is much smaller than that of the passive RFC satisfying the

requirement of the magnet track motion.

Fig. 14 shows comparisons of simulation and experiments on

transmitted force and magnet track motion of both RFC’s with Tdw =

0.8571 s. Simulations show quite good match with experiments. In this

case, transmissibility of the active RFC is 20% while that of the passive

RFC is 82.5%. Furthermore, magnet track motion of the active RFC is

smaller than that of the passive RFC.

7. Conclusion

In this paper, we develop a fuzzy-P controller of an active RFC

mechanism to automatically tune the gain against variation of motion

profiles. First, frequency components of motion profiles for a linear

motion stage are analyzed and performances of the passive RFC

mechanism are approximately evaluated using the motion profile

analysis. An active RFC mechanism with an additional control coil is

introduced to overcome limitation of the passive RFC mechanism and

a fuzzy rule is proposed to automatically tune P controller of the active

RFC mechanism according to variations of the motion profile.

Simulations and experiments are performed to show the effectiveness

Fig. 12 Linear motor stage with active RFC mechanism

Table 5 Specifications of the linear motion stage

Liner

motion

stage

Peak/cont. force 810/240 N

Resolution 1.0 µm

Stroke 517 mm

Maximum speed 5.0 m/s

Active

coil

Peak/cont. force 416/104 N

Hall sensor resolution 100 µm

Fig. 13 Experiments of passive and active RFC’s with Tr = 0.2769 s

Fig. 14 Simulations and Experiments of passive and active RFC’s with

Tr = 0.2769 s and Tdw = 0.8571 s
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of the proposed fuzzy rule for automatically tuning the P control gains

of the active RFC mechanism.
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