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This paper presents a horizontal active vibration isolator (HAVI) using both horizontal and vertical forces of an electromagnetic planar

actuator (EPA). The horizontal force is used to reject horizontal disturbance while the vertical force is applied to adjust natural

frequency of the HAVI. A simulation model of the active horizontal isolator with flexible beam column (FBC) is built and active isolation

methodology using both horizontal and vertical forces of the EPA is implemented. Simulations and experiments show that PID gain of

the HAVI is tuned properly so that the horizontal vibration due to impulse disturbance is reduced by 90%. In addition, vertical force

of the EPA can reduce the natural frequency by 40% for improving its ground isolation performance, compared to horizontal force only.
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1. Introduction

Horizontal active vibration isolator (HAVI) is used to guarantee

system performance against the horizontal disturbance such as reaction

force due to the acceleration or deceleration of a motion stage. In recent

years, active vibration isolators have drawn increasing attention since it

possesses several advantages compared to the passive one. The

characteristics of different kinds of active vibration isolators have been

detailed by many researchers.1-4 Simple horizontal vibration isolator with

spring-damper-actuator is extended to the multi-degree-of-freedom

(MDOF) isolators to satisfy demand of rejection the MDOF disturbance.5

Concepts of HAVI are not provided at low cost due to two design

challenges: mechanisms and actuator. First, the single-degree-of-

freedom (SDOF) mechanisms consisted of mass-spring-damper is used

widely for vibration isolators.6-8 Disturbance from ground can be

reduced significantly with very low stiffness. Absorber9,10 is one of

methods to reduce vibration. Nevertheless, the absorbers work best

only if they are in a limited range and tuned to the exact disturbance

frequency. The mass-spring-damper can hardly be applied to MDOF

isolator due to the limitation of size and capacity of actuators. Spring

aforementioned, a flexible beam column (FBC) is used effectively for

vibration isolator mechanisms to take its advantage of providing

MDOF motion, adjustable stiffness, precise and linear stiffness. In

addition, stiffness of FBC can be adjusted by compression force and

NOMENCLATURE

A1-3 = approximate dimensionless coefficients for horizontal

stiffness of FBC

c = dimensionless damping coefficient

g = dimensionless gravity acceleration 

Fx,y,z, fx,y,z = dimensionless and dimensionless forces of EPA

id,q = direct and quadrature currents of EPA

Kfx,y,z = dimensionless horizontal and vertical stiffness of FBC

kp, ki, kd = PID gain of controller

La, Lb = length of flexible and rigid parts of FBC

m = dimensionless mass of isolator

n = shape ratio of FBC

nb = number of FBCs

ra,b = radius of flexible and rigid parts of FBC

zg = air gap of EPA

δx,z = small dimensionless horizontal and verital deformation of FBC

τ = magnet pitch

λpm = maximum flux linkage

ωx,y(t) = dimensionless disturbance
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SDOF vibration isolators with FBC were studied in high-static and

low-dynamic stiffness isolator systems.11-15

On actuator for horizontal isolators, complex mechanism or large

space is necessary since actuator has many limitations such as stroke,

degree of freedom and capacity. Although piezoelectric actuators

(PZTs)16 and voice coil motors (VCMs)17,18 are commonly used as

actuators, they have limited stroke and provide SDOF. Electromagnetic

planar actuators (EPAs) was studied and developed by several authors.

A long-stroke planar actuator with a moving magnet provided with a

mechanical bearing system was studied.19 In addition, a levitation linear

motors for lithography was studied.20 Furthermore, a magnetic

suspension was addressed with a linear controller providing satisfactory

performance such as stability and disturbance rejection over a wide range

of operating points.21 Although 6 DOF EPAs were studied for compact

MDOF motion control systems,22-24 the EPA was hardly applied to the

vibration isolator application.

This paper presents a HAVI using both horizontal and vertical

forces of an EPA. In this study, the horizontal force of the EPA rejects

horizontal disturbance while the vertical force of the EPA adjusts

natural frequency of the isolator. A simulation model of the HAVI is

built to tune control gains. Then, active isolation methodology using

both horizontal and vertical forces is implemented experimentally.

Finally, the effectiveness of the HAVI using the EPA is verified through

both simulations and experiments.

2. Horizontal Active Vibration Isolator (HAVI)

Fig. 1 shows schematic diagram and photo of the HAVI using an

EPA. The HAVI under study consists of two main parts: a passive

vibration isolator using FBC and an EPA. Properly designed four FBCs

provide substantial MDOF horizontal motion with soft stiffness. In

addition, the EPA generates MDOF force for active isolation. The

horizontal force regulates horizontal disturbance while the vertical

force varies stiffness of the FBC or natural frequency of the isolator.

2.1 Non-Dimensional Model of the HAVI

Mechanism of the horizontal passive vibration isolator (HPVI) using

FBCs is shown in Fig. 2(a). The HPVI consists of three main parts: a set

of 4 FBCs, a base and a table top to support payload. One free end of

each FBC is fastened to the base and the other is attached to the table top.

The FBC produces high vertical stiffness but low horizontal stiffness so

that the payload moves only in the horizontal direction.

The FBC of the HPVI is also illustrated in Fig. 2(a). This column

consists of two parts: a rigid (thick) part of length Lb and two flexible

(thin) parts of length La. Using a non-dimensional analysis,11

dimensionless equation of motion for the HPVI can be derived as Eq. (1).

Although there is a small vertical parasitic motion due to horizontal

motion, the vertical motion is so small to be neglected in this study.

Finally, we can obtain a motion equation of the HPVI as shown in Eq. (2).

(1)

 and (2)

where, m is dimensionless mass, c is dimensionless damping, nb is the

total number of FBCs,  are approximate dimensionless

coefficients for horizontal stiffness of the FBC, which are functions of

only shape ratio of FBC (n =Lb/La): 

; ;

Equations above show various benefits of the FBC structure for

horizontal vibration isolator. First, the FBC provides MDOF motion of

both translational and rotational directions. Second, the FBC has linear

stiffness and changes under the compression force (mg).

The HPVI can be modelled as mass-spring-damper, as shown in Fig.

2(b) since small material damping of the FBC is introduced and will be

determined experimentally. Specifications of the FBC are shown in Table

1. Here, ra and rb are the radius of flexible and rigid parts of the FBC. 

2.2 EPA

Schematic diagram of the EPA is shown in Fig. 3. The stator has 4 coil

arrays and moving stage has four 1-D Halbach magnet arrays. The EPA in

this study is the combination of four 1-D actuators as shown in Fig. 3(a).

Each 1-D actuator consists of 1-D Halbach magnet array and the

corresponding coil array and its structure is shown in Fig. 4. The EPA

provides a notable benefit of compact size (its thickness is just 35 mm) that

is comparable to PZM. MDOF forces of the EPA enable motion control of

the moving stage in x and y directions and rotation around z direction.
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Fig. 1 HAVI

Fig. 2 HPVI using FBCs

Table 1 FBC parameters

Parameter Value Parameter Value

La 25 (mm) ra 1.15 (mm)

Lb 110 (mm) rb 2 (mm)

nb 4 Material SUV6
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The EPA is designed based on an ideal linear three-phase

synchronous motor. Its specifications are shown in Table 2. Horizontal

and vertical forces of the EPA can be derived as Eq. (3) using

electromagnetic analysis and DQ transformation.16

(3)

where, λpm is maximum flux linkage, zg is the air gap between the

magnet and the coil arrays in z direction, τ is the distance between S

and N poles of the magnet array.

2.3 HAVI Using the EPA

Dimensionless motion equations of the HAVI using the EPA are

derived as Eqs. (4) and (5). In this paper, only translational motion of

the isolator is considered for simplicity.

(4)

(5)

Here, fx, fy and fz are dimensionless forces of the EPA.

3. Simulation

3.1 Model Validation of the HPVI

Simulation model of the HPVI is built based on Eqs. (5) and (6) and

verified with the EPA. Specifications of the isolator are given in Table 3. Both

simulation and experimental responses in time and frequency domains are

shown in Fig. 5. The simulation model matches well with experimental data.

3.2 HAVI Using the EPA

A simulation model for the HAVI using the EPA is built as shown

in Fig. 6. The simulation model consists of the HPVI, the EAP and a

controller. The controller includes four PIDs for each magnet array,

input of vertical force with direct currents and DQ transformation.

PD control gains (kp and kd) for the HAVI are determined

considering both settling time against disturbance and maximum coil

current including d and q axis currents (id and iq), as shown in Fig. 7.

Basically, settling time of the HAVI decreases dramatically as the

derivative gain increases rather than the proportional gain, as shown in

Fig. 7(a). The increased derivative gain causes the large quadrature

current, as described in Fig. 7(b). However, total coil current with both

iq and id should be within 2A, as shown in Fig. 7(c). As we set kd of

0.03 to balance horizontal and vertical forces, maximum iq is 1.1 A

from Fig. 7(c) and id for a coil array may flow up to 1.5 A from Fig.

7(c). Since we have four coil arrays, the static current for vertical force

is four times id (= 6 A).
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Fig. 3 EPA configuration and force generation

Fig. 4 1-D actuator configuration

Table 2 EPA parameters

Parameter Value Parameter Value

Max flux linkage 1.25 (T) Stroke ±10 (mm)

Pitch (τ) 14.5 (mm) Air gap 2.4 (mm)

Fig. 5 Model validation of the HPVI

Table 3 Parameters of the HPVI

Parameter Value Parameter Value

Mass 10 (kg) Table top 203×203 (mm)

Stroke ±10 (mm) Natural frequency 1.9 (Hz)

Fig. 6 Simulation model of HAVI 
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For various D gains and zero direct current (id), horizontal displacement

and quadrature current of the HAVI to impulse disturbance as well as

frequency response of the HAVI are simulated and shown in Fig. 8. The

HAVI using the EPA rejects the impulse disturbance effectively.

For various direct current (id) and fixed D gains (kd =0.03),

horizontal impulse responses and frequency responses of the HAVI are

simulated, as shown in Fig. 9. The vertical forces using direct currents

reduce the horizontal stiffness of HAVI.

4. Experiment

A schematic for experimental set-up of the HAVI using the EPA is

shown in Fig. 10. The experiment setup consists of a HPVI with FBCs,

the EPA, a digital controller, hall sensor arrays, and amplifiers. A

digital controller (dSPACE DS1104) is used to implement PID control

and to adjust the direct current. Four hall sensor arrays are used to

measure MDOF motion of the HAVI.25 

The impulse disturbance rejection is investigated experimentally to

verify effectiveness of the HAVI using the EPA. For various D gains

(kp=0.03 and ki=0.01) and zero direct current, experimental impulse

response of horizontal displacement and quadrature current of the

HAVI using the EPA are shown in Fig. 11. The settling time of the

HAVI with kd =0.03 is reduced significantly (around 90%) compared to

the HPVI. Frequency responses of the HPVI, HAVI with and without

Fig. 7 PD gains considering settling time and maximum coil current

Fig. 8 Simulation of the HAVI using the EPA with various D gains and

zero direct current

Fig. 9 Simulation of the HAVI using the EPA with various direct

currents and fixed D gain

Fig. 10 Schematic for experimental set-up of the HAVI
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direct current are measured experimentally and shown in Fig. 12. With the

static direct current of 6A, the natural frequency of the HAVI is lowered

by 40% compared to the HPVI and the HAVI without direct current.

5. Conclusions

This paper presents HAVI using both horizontal and vertical forces

of an EPA. The HAVI mainly consist of a HPVI with FBCs and the

EPA. The EPA is composed of a stator with coil arrays and a mover

with four 1-D Halbach magnet arrays. Based on DQ decomposition, a

model of the EPA is built by combining four 1-D actuators. Equation

of motion for the HAVI is obtained by combining both dynamic models

of the HPVI with FBCs and the EPA, which is verified with

experiments. PID gains are tuned considering settling time of the HAVI

as well as allowed coil current so that the HAVI using the EPA reduces

a horizontal impulse response by 90% compared to the HPVI. In

addition, horizontal disturbance rejection from ground is improved by

reducing the natural frequency of the HAVI using the vertical force due

to direct current of the EPA, which is about 40% reduction compared

to HPVI and the HAVI without vertical force or direct current.
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