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Abstract: Aiming at the efficiency and precision in micro electrical discharge machining (micro-EDM)
is affected because the interpole voltage is unstable in conventional micro-EDM. This paper describes a
five-degrees-of-freedom (5-DOF) controlled, wide-bandwidth, and high-precision magnetic levitation
actuator. The conventional micro-EDM can install the actuator to maintain a stable interpole voltage
between the electrode and workpiece to realize the high-speed micro-EDM. In this paper, the structure
of the magnetic levitation actuator is designed, and the magnetic field characteristics are analyzed. On
this basis, an integrator and regulator are used along with a controller with local current feedback to
eliminate steady-state errors, stabilize the control system, and improve the bandwidth and positioning
accuracy of the magnetic levitation actuator, and the dynamic performance of the actuator is evaluated.
The experimental results show that the developed actuator has excellent positioning performance
with micron-level positioning accuracy to meet the demand for the real-time, rapid, and accurate
adjustment of the interpole gap during micro-EDM.

Keywords: micro-EDM; magnetic levitation actuator; magnetic field characteristics; dynamic
characteristics

1. Introduction

A micro-EDM uses the high temperature generated by pulse discharge to melt and
vaporize the material; there is no direct contact between the electrode and the workpiece
during the processing, and there is no macro-cutting force in the process [1-4]. Compared
with conventional machining methods, micro-EDM technology has the advantage of not
being limited to the requirements of workpiece material hardness and strength and can
machine any conductive material [5-7]. It is widely used in processing difficult materials
such as those with high hardness, high toughness, high brittleness, and any conductive
materials, as well as those with micro-holes and complex shapes. Overall, it has become a
required processing method at this stage and is widely used in mold manufacturing [8-10].
However, conventional micro-EDM has low productivity [11]. When processing occurs
in the case of broken or short circuits, the inter-pole gap of the micro-EDM needs to be
adjusted quickly, and the conventional EDM machine tool adopts the motor and ball screw
drive mode and—-due to the large inertia of the mechanical transmission system—cannot
ensure the ideal interpole gap in time, affecting the speed of micro-EDM and thereby
limiting the efficiency and accuracy of conventional micro-EDM [12,13]. Therefore, it is
necessary to improve micro-EDM’s response speed and positioning accuracy to achieve a
stable discharge gap and interpole voltage.

Magnetic levitation technology has the advantages of high precision, fast response,
and no pollution, which provides better technical solutions for several industries, such as
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magnetic levitation actuators, magnetic levitation bearings, precision positioning, magnetic
levitation trains, and so on [14-16]. Serguei Maximov et al. [17] applied Lagrange’s equation
to the analysis of a magnetic levitation system and experimentally determined the required
equilibrium height of the levitated object; this method can be effectively implemented in a
magnetic levitation system. Mundher H. A. [18] Yaseen utilized a microcontroller for the
real-time control of Simulink functions to achieve stable control of magnetic levitation; the
stability of the magnetic levitation plane was examined using phase lead compensation and
linear quadratic regulator controllers. The results show that the control system with the
linear quadratic regulator controller provides the same stability performance as the phase
lead compensation controller. Chuan Zhao et al. [19] designed a magnetic levitation system
that uses a zero-power control method, and the results show that the system levitates well
and uses constant air gap control to achieve higher safety when changing the levitation
mass. Kirill Poletkin [20] investigated the static pull-in of a tilt drive in a hybrid levitation
micro-actuator and nonlinear modeling of the calculation of the mutual inductance and
the action force between two circular filaments and experimentally verified the accuracy of
the developed model, predicting the pull-in parameters of the hybrid levitation actuator
with the developed analytical tool. Dongjue HE et al. [21] designed a magnetic levitation
lens driving actuator, which is applied in laser processing; the actuator drives the lens to
achieve real-time positioning of the laser beam focus point with good control performance
and positioning accuracy. Tong Zheng et al. [22] designed a sizing optimization method
to determine the magnetic levitation actuator for a rotary table and validated the effec-
tiveness and accuracy of the method using simulation followed by experiments. Hirohisa
Kato et al. [23] designed and fabricated a centrifugal pump using bearingless electrodes and
permanent magnetic bearings to levitate and rotate the rotor in extremely low-temperature
environments. Iwanori Murakami et al. [24] designed a superconducting magnetic bear-
ing that combines a superconducting magnetic levitation system with a repulsive mag-
netic levitation system, which has a strong axial levitation force and can overcome reso-
nance. The driving flywheel can reach 10,000 rpm by experimental verification. Anténio J.
Arsénio et al. [25] studied the optimization of the three-dimensional shape of the hori-
zontal axis radial levitation bearing to find the optimal spacing between the Permanent
magnet rings in the rotor and also between the high-temperature superconductor blocks in
the stator. The guiding force is maximized while maintaining the minimum suspension
force for a given size. Timo Hopf et al. [26] combined a control strategy with a flywheel
system by studying an external rotor flywheel suspended by an active magnetic bearing,
which improved the operating range and produced higher efficiency and a more stable
power supply. Haiyue Zhu et al. [27] designed a magnetic levitation parallel actuated
dual-stage motion system for the precision positioning of six axes, and the design improved
the system’s dynamic characteristics in terms of reduced stage size and weight. Duan
Ji An et al. [28] and Zhou Haibo et al. [29] proposed a magnetically levitated platform
and combined it with a decoupled controller capable of precision motion with the ability
of a comprehensive stroke. Ahn Dahoon et al. [30] designed a dual-servo mechanism,
first applied to a magnetic levitation stage system, that can simultaneously achieve high
precision and a long stroke with an accuracy of up to 10 nm. The platform is suitable for
high-precision manufacturing processes. Feng Sun et al. [31] designed a 3-DOF permanent
magnetic levitation platform with a dual closed-loop controller for stable levitation and
motion control, and experimental results showed that the system achieved stable levitation
and motion control of the platform with high positioning accuracy.

The magnetic levitation motion system—with the advantage of non-contact motion,
where the motion target is provided by the magnetic force and both levitation and thrust
forces can be generated by the same actuator in the magnetic levitation motion system—uses
active control to achieve high positioning accuracy with good dynamic performance [32].
Magnetic levitation actuators can eliminate the mechanical connection between the actuator
and the moving parts by remote forces, effectively overcoming frictional forces, leading
to improved operability and reduced energy consumption [33]. To improve the electrode
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positioning response speed and efficiency during micro-EDM and to meet the requirements
of high-speed, high-precision, and fine EDM, a magnetic levitation actuator with five
degrees of freedom, a wide bandwidth, high accuracy, and large stroke electrode positioning
has been developed by combining the magnetic levitation actuator with a micro-EDM
machine tool. The actuator is compact and can be connected to the conventional micro-
EDM machine tool for micro-EDM. During the machining process, when there is a broken
or short circuit between the workpiece and the electrode, the magnetic levitation actuator
replaces the spindle of the micro-EDM machine tool and drives the electrode to quickly
adjust the interpole gap with radial and axial strokes of several millimeters so that the
interpole voltage is always kept within the smooth machining voltage, realizing the rapid
adjustment of abnormal discharge.

In this paper, a 5-DOF, wide-bandwidth, high-precision, large-stroke magnetic lev-
itation actuator is introduced, and the magnetic field characteristics of this actuator are
analyzed. Based on this, a local current feedback loop is used to improve the bandwidth
and positioning accuracy of the magnetic levitation actuator. Finally, the characterization
experiments show that the actuator has good dynamic performance and can meet the needs
of micro-EDM.

2. 5-DOF Controlled Magnetic Levitation Actuator
2.1. The Structure of Magnetic Levitation Actuator

Figure 1 shows the structure diagram of the proposed 5-DOF controlled magnetic
levitation actuator. It is commonly used in magnetic levitation electromagnets of electro-
magnets consisting of iron-core and noncore electromagnets (air-core coil). Compared
with the air-core coil, the iron-core electromagnet has less magnetic leakage so that it can
produce a larger electromagnetic force. However, the electromagnetic force is proportional
to the square of the coil current and inversely proportional to the square of the gap, so it
is highly nonlinear and difficult to control. Compared with the iron-core electromagnet,
the air-core coil has more magnetic leakage and weaker electromagnetic force, but it is
proportional to the coil current, easy to control, and can achieve a large stroke. Therefore,
the actuator is mainly composed of two permanent magnet rings on the spindle and eight
sets of air-core coils on the stator that are symmetric with the center of gravity of the spindle
and with two adjacent air-core coils connected in tandem as a group. Soft iron rings are
caught between two permanent magnetic rings placed opposite each other-a structure
that concentrates magnetic flux. Four displacement sensors are installed in each of the X
and Y directions, and one sensor in the Z direction; these sensors are used to measure the
displacement of the spindle.

Displacement sensor

Ironring Permanent

magnets

Spindle

7 <y

/Air-core
Y W coil

Y, 00 X, © ‘ sensor
(@)

Figure 1. The structure diagram of the 5-DOF controlled magnetic levitation actuator. (a) Actuator;
(b) Permanent magnets; (c) Air-core coils.
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2.2. The Principle of Magnetic Levitation Actuator

The 5-DOF motion of the spindle is controlled by the attractive or repulsive force
between the energized coil and the permanent magnet. For example, in Figure 2a, the
combined force generated by coil 1 and coil 2 is in the positive direction of the X-axis, and
the combined force generated by coil 3 and coil 4 is in the same direction as the combined
force of coils 1 and 2, so that the spindle is driven to move in the direction shown in
Figure 2a. In Figure 2b, the combined force generated by coil 1 and coil 2 is in the positive
direction of the X-axis, and the combined force generated by coil 3 and coil 4 is in the
opposite direction to the combined force of coils 1 and 2, so the spindle is driven to rotate in
the direction shown in Figure 2b. In Figure 2c, the combined force generated by coils 1 and
2 and coils 5 and 6 is in the negative Z-axis direction, and the combined force generated by
coils 3 and 7 and coils 4 and 8 is in the same direction as the combined force of coils 1, 2, 3,
and 4, so the driving spindle moves in the direction shown in Figure 2c.

.

Figure 2. Principle of spindle motion control. (a) X direction; (b) ® direction; (c) Z direction.

2.3. Mathematical Model of 5-DOF Magnetic Levitation Actuator

The equations of motion in the Z, X, and 0 directions of the spindle are shown in
Equations (1)—(3). The equations of motion in the Y and @ directions are the same as those
in the X and 6 directions, so they are omitted.

mz+cz+ky,z = Fy 1)
mx + cx + kyx = Fy ()
Job + cB + ko = Fy ©)

where m is the mass of the spindle; | is the rotational inertia in the 0 direction; c is the
damping coefficient; z is the distance traveled in the Z direction; x is the distance traveled
in the X direction; 6 is the angle of rotation back in the 6 direction; k; is the air gap stiffness
in the Z direction; k, is the air gap stiffness in the X direction; kg is the air gap stiffness in
the 0 direction; F; is the electromagnetic force in the Z direction; Fy is the electromagnetic
force in the X direction; My is the torque generated in the 0 direction; / is the distance from
the center of the kinematic to the force point. Meanwhile, the forces generated between
the coil and the permanent magnet in the Z and X directions are F, and Fy, and the torque
generated in the 6 direction is also M.

F,=h+h+Fk+FK-hB-kKL-F-K 4)

FE=Fh-h+FKE-Fk 5)
My = (Fi—F —F+F)l (6)
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In addition, the electromagnetic force between the coil and the permanent magnet is

fi = kiix ()

where k; is the current stiffness factor of the coil and i is the drive current supplied to each
coil set. In addition, in this actuator, the control currents of the eight groups of coils for
controlling vertical motion in the Z direction are the same and set to i,, the control currents
of the four sets of coils for controlling horizontal motion in the X direction are the same and
set to iy, and the control currents of the four sets of coils for controlling rotational motion in
the 6 direction are the same and set to ig. The spindle’s equations of motion in the Z, X, and
0 directions are

mz + cz + kyz = ki, (8)
mx + cx + kyx = kjiy 9)
Jo0 + c0 + kb = Ikiig (10)

The design principle of the magnetic levitation actuator is that the coil cuts the mag-
netic induction line, so a counter-electromotive force is generated when the coil is energized.
According to Kirchhoft’s second law, the dynamic voltage balance of this magnetic levita-
tion actuator can be obtained.

U:UL+UR+E:L%+Ri+ka (11)
where U is the total electric potential; U} is the inductor voltage drop; k;, is the reverse
electric potential coefficient; Uy is the resistance voltage drop; E is the reverse electric
potential; L is the coil inductance; R is the coil resistance. The electrical and mechanical
models are coupled, and the Rasch transform can sort out the transfer function of the
magnetic levitation actuator.

2A Az + kA ZA Az + kA
Uz(s):Lsms z 4+ csAz + k; Az Rms z 4+ csAz + k, Z+kvsAz (12)
ki ki
2 2
Us(s) = Lsms Ax+czAx+kxAx +Rms Ax+c;zAx+kxAx + kysAx (13)
i i
2 2
Up(s) = LM AG—l—t;iAG—FkQAQ +Rms A9+(;2A9+k9A9 + kysAD (14)
i i

2.4. Experimental Magnetic Levitation Actuator

Figure 3 shows a physical view of the magnetic levitation actuator and its spindle. The
actuator has a mass of 8 kg, a height of 190 mm, and a width of 134 mm. The hollow coil
is made of copper with a wire diameter of 0.7 mm, and the number of turns per coil is
670. The mass of the spindle is 0.8 kg, with a height of 148 mm and a diameter of 45 mm.
Through the experiment, the current stiffness of the magnetic levitation actuator is obtained,
and the recommended value of the safe ampacity of the copper wire is 5~8 A/mm?, the
cross-sectional area of the copper wire with a diameter of 0.7 mm is 0.38 mm?, and the safe
ampacity is within 3.08 A. From Equation (7) in Section 2.3, it can be obtained that the load
of the magnetic levitation actuator is 12.93 N. To improve the accuracy of the displacement
sensor displacement detection, the detection material of both sides and the upper end of the
spindle is made of stainless steel (SUS304). Considering the remanent magnetism, coercivity,
maximum magnetic energy product, and economy, the permanent magnet ring is made
of NdFeB-the third-generation permanent magnet material. The spindle displacement in
the direction of five degrees of freedom is measured by five eddy current displacement
sensors (PU-09, AEC Corp., Dallas, TX, USA), and the actuator is measured by a digital
signal processor (DSP; DS1103 PPC Controller Board, dSPACE Corp., Paderborn, Germany)
with a sampling rate of 10 kHz.
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Figure 3. Experimental magnetic levitation actuator and its spindle.

3. Magnetic Field Characteristic Analysis

The most important factor affecting the electromagnetic force in the magnetic levitation
actuator is the air-gap magnetic induction intensity. In the actuator designed in this paper,
the permanent magnet on the spindle is a circular permanent magnet. The surface current
analysis method in calculating the air gap magnetic field is mainly applied to the calculation
of the air gap magnetic field of the permanent magnet with a regular shape, so the surface
current method is selected in this paper to calculate the air gap magnetic field. Figure 4
shows an axially magnetized cylindrical permanent magnet; the equivalent current model
of the permanent magnet can be regarded as the external space magnetic field of the
permanent magnet generated by the current of bound surface current on the side surface of
the permanent magnet.

zZ

1P XY.Z)

A

Figure 4. Cylindrical permanent magnet.

First, the current density of the bound surface is obtained. Secondly, after obtaining
the magnetic induction intensity at any point P outside the cylinder based on a cylindrical
permanent magnet that has been uniformly magnetized to saturation along the same
direction, the magnetic induction intensity generated by the electric current loop can be
obtained. Finally, the space magnetic induction intensity of the cylindrical permanent
magnet can be obtained.

The magnetic induction intensity on the X component is expressed as:

By " 2T ry(z —zp) cos O
By = E/O /0 Td@dzo (15)
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The magnetic induction intensity on the Y component is expressed as:
B, " (27 ry(z —zp) sinf
B, = — ——————d6d 16
=/ 2 20 (16)
The magnetic induction intensity on the Z component is expressed as:
B, [ (2715 —ro(xcos+ ysino)
B, = —L a6d 17
= - 2 17)
Among them:
%
K= [(x —rgcosB)? 4 (y — rgsin0)* + (z — zo)z} (18)

where B, is the residual magnetization intensity of the permanent magnet.

According to the superposition principle, an axially magnetized magnetic ring can
be used as an axially magnetized cylinder inside placed a reverse magnetized cylinder, as
shown in Figure 5.

| 2I’2 | | 2r2 |

2h

Figure 5. Magnetic ring equivalent diagram.

Based on Equation (15) and the magnetic field superposition principle, the magnetic
induction intensity on the X component of the space P point around the axially magnetized
magnetic ring can be expressed as:

By [ 27 (ry(z—zp)cos®  ri(z—zg)cos O
Br= /O /0 e dodz (19)

The magnetic induction intensity on the Y component is expressed as:

B, (2 (27 (15(z —z9)sin®  ri(z —zp)sin6
By = 2 /0 /0 ( 2 < 8dz, (20)

The magnetic induction intensity on the Z component is expressed as:

B, [ 27 13 —ra(xcos® +ysinf) r3—ri(xcosf+ ysinb)
B.= /0 /O % K, dodzy  (21)
Among them:
%
Ky = [(x —r1c080)? + (y — rysin6) + (z — 20)2} (22)

NIw

Ky = [(x —rycos0)? + (y — rpsin 0)? + (z — 20)2} (23)
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Two magnetic rings placed relative to each other are combined to form the spindle of
the magnetic levitation actuator designed in this paper, as shown in Figure 6.

| 2r,
h : e P(X,y,2)
C spihdle

Figure 6. Magnetic array magnetic field model.

Similarly, according to the superposition principle of the magnetic field, the magnetic
induction intensity on the X component of P (x, y, z) can be expressed as:

-5 27 [ ro(z—29) cos®  ri(z—zg) cosd
B I —Z—h : { 2( 1<02) _n Ko1 } dfdzg ”
X T o5r i f2+h 27 [rz(z Iz<02)cosf) 1 (Z_IZ<01) cosG}deZO
The magnetic induction intensity on the Y component is expressed as:
B, f:fifh 0271 [rz(Z*IZ((;) sinf 1’1(Z*IZ<(i) sine} d0dzg -
y = 2T I f2+h [rz(zflz(g) sinf rl(zflzé;)sine}dedz()
The magnetic induction intensity on the Z component is expressed as:
2 .
-5 27 | r5—rp(x cos 9+ysm9) ri, —r1(x cos6+ysinf)
B f_zz_h Jo [ 21 1 T dfdz
_B (26)

, .
Y —l—fﬁh 2n[r2rz(xc<1><529+y51“9) i rl(xc;jewsme)}d%zo

The magnetic induction intensity in the radial direction of the spindle of the magnetic
levitation actuator was simulated and analyzed using the finite element simulation software
Ansoft. The magnetic induction intensity of the middle part of the spindle of the magnetic
levitation actuator was measured, and the simulation model was established as shown in Figure 7.
The distance range of magnetic induction intensity was within 22.5 mm~44.5 mm—that is, the
maximum horizontal distance from the outer diameter of the permanent magnet to the coil.
Data were collected every 0.5 mm distance, and a total of 45 groups of data were collected.
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Figure 7. Actuator simulation model diagram.

To understand the magnetic field distribution of the spindle of the magnetic levitation
actuator more accurately and to verify the simulation results’ reliability and whether the
spindle’s magnetic induction intensity meets this paper’s experimental requirements, a
relevant experimental analysis was carried out. An experimental device for magnetic
induction intensity was designed, as shown in Figure 8. The device is mainly composed of
a Gauss meter (TD8600-E, measuring range 0-2 T, measuring error 0.5%), height gauge,
micro platform, and magnetic suspension actuator spindle. The measurement range of
magnetic induction intensity is consistent with the simulation analysis.

Height
Spindle elgnt gauge

Probe

Gauss meter )
. Micro platform

Figure 8. Test platform of magnetic induction strength.

The theoretical calculation, simulation, and experiment are analyzed simultaneously.
Figure 9 shows the comparison results between the theoretical calculation, simulation,
and experiment of the magnetic induction intensity of the actuator. It can be seen that the
curves of theory, simulation, and experiment decrease with the increase in displacement. In
addition, the simulation result is larger than the experimental result because the permanent
magnet ring has low magnetization and certain magnetic leakage phenomena in the experi-
ment. The results show that the theoretical model of the magnetic induction intensity of the
actuator spindle is feasible, and the magnetization intensity of the permanent magnet ring
can also meet the experimental requirements. The magnetic flux and induction intensity
will be increased by adding a magnetic ring to the spindle.



Actuators 2022, 11, 361 10 of 17
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—=— The theory
—— The simulation
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Distance mm

Figure 9. Comparison of simulation and experimental results.

4. 5-DOF Magnetic Levitation Actuator Controller Design and Positioning
Performance

4.1. Actuator Motion Control System

Figure 10 shows the designed 5-DOF controllable magnetic levitation actuator con-
troller. An integral compensator is used to eliminate the steady-state error of the control
system, and a regulator is used to stabilize the control system. The gain of the integrator is
set to 4, a; and ag are the denominator parameters of the regulator, and by, by, and by are
the numerator parameters of the regulator.

Integral Voltage Current feedback loop Control
compensator regulator rilalallelelelelebebelleletebalataly object
1 1
+ +_ |bys% + bys + bofi- @ + Ez| + 1 ! k; Z
Zr _s - sz+a1s+an z LS+R mS2+CS+kZ

Figure 10. Controller Designed.

In addition, a current feedback loop containing a PI controller was used to improve
the response of the current in the coil, as shown in Figure 11. To simplify the controller, the
transfer function from the target value of the coil current to the actual current flowing into
the coil is approximated as a first-order delay system. The approximate time constant for the
first-order delay system is denoted as T,, and the controller design for the other directions
is the same as for the Z-direction. Table 1 shows the model parameters, and Table 2 shows
the control parameters of the actuator, which were determined by experimental results and
numerical simulations.

) I Zz — -
rz @zt Ls+R I, = ITZ_’Tg,zs+1_’IZ

Figure 11. Current feedback.
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Table 1. Model parameters.
Variable Name X (Y) Z © (®) Direction Unit
mass of the spindle m 0.80 kg
coil inductance L 354 mH
coil resistance R 2.6 @)
torque 1 25 mm
rotational inertia Jo 2 kg~m2
first-order delay system time constants Ty 3.9 x 1073 /
current stiffness k; 42 N-A"1
air gap stiffness in the X direction kx 367.57 N-m™!
air gap stiffness in the Z direction ks 170.7 N-m~1
air gap stiffness in the 0 direction ko 9.19 N-rad~!
damping coefficient c 1 N-s:m~!
Table 2. Control parameters.
X (Y) Z 0 (®) Direction Controller
Oy 256.45
0z 256.50
3¢ 3.07 x 10*
Agx 3.07 x 10°
oy 1.49 x 10°
agp 453 x 10°
ajx 873.31
a1z 1.93 x 103
a1p 819.73
box 1.30 x 108
bo: 6.78 x 10°
bog 1.79 x 10°
bix 3.52 x 100
b1, 8.50 x 107
big 3.09 x 10*
by 4.01 x 10*
by, 2.16 x 10°
bog 93.14
Ky 35
o 35
Ko 35
&x 2565
& 2565
€ 2565

4.2. Composition of the Experimental System

Overall, 16 coils are used in groups of two, so eight linear amplifiers are used to amplify
the coil currents, and eight current sensors are used to measure the coil currents. These
amplifiers and current sensors were integrated into the amplifier box. Figure 12 shows the
structure of the experimental system. The magnetic levitation is controlled by a DSP board
(ds1103, dSPACE Corp.) with a sampling frequency of 10 kHz. The analog signal obtained
by the displacement sensor is collected into the DSP board through the A/D converter
(16 bit, £10 V) for operational processing. The control signal after the operation is amplified
by a linear amplifier through the D/ A converter (16 bit, £10 V) and applied to the magnetic
levitation actuator. The designed controller was applied to the developed actuator, and the
experimental results and numerical simulation parameters in Tables 1 and 2 were used to
perform the dynamic characterization experiments of the magnetic levitation actuator.
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amplifier

Air-core
coils

Z ¥ Current Linear
y sensor amplifier

Y. @ X, 0 Displacement
0 sensor

Figure 12. Structure of the experimental system.

4.3. Performance Test

First, a 10 um step signal was applied to the input reference points in the X, Y, and
Z directions, respectively, to measure the response. Then, 1 prad step signal was applied
to the @ direction and theta direction, respectively, measuring the response, as shown in
Figure 13. To avoid the collision between the electrode and workpiece in the process of
micro-EDM, the overshoot of the electrode should be set to zero. Therefore, we will adjust
the controller parameters in the future to improve the step response of the actuator.

14 T T 14 T T 14
12 : . 12
10 : 10
o 1g°
® 6 1 =6
4t . 4

N O N
{
1 1

o N

“0.0 05 10 15 00
Time s Time s Time s
(@) (b) (o)
12 12
10 'N\Nv- . 1.0 M‘MA P
= 08 058
2 U T '
E 06 £ 06
=)
0.4 < 04
0.2 0.2
0.0 wrian - 0.0 pramrmaton o,
0.2 0.2
0.0 05 1.0 15 0.0 05 1.0 15
Time s Time s
(d) (e)

Figure 13. Structure of the experimental system. (a) Step response in the X direction; (b) Step response
in the Y direction; (c) Step response in the Z direction; (d) Step response in the ® direction; (e) Step
response in the 6 direction.
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Second, the positioning resolution is measured in the X, Y, and Z directions, as well as
in the @ and 6 directions. As shown in Figure 14, the experimental results show that the
positioning resolution of the X, Y, and Z axes was 1 um, and the positioning resolution of
the @, 0 direction is 25 prad and 20 prad, respectively. The results show that the actuator
has good stability, and that the actuator spindle can be maintained at the required position.

® prad

0.0

1.5 20 25 3.0 3.5 0.0 0.5 1.0 1.5 20 2.5 3.0 35
Time s Time s
(d) (e)

Figure 14. Positioning resolutions. (a) Positioning resolution in the X direction; (b) Positioning
resolution in the Y direction; (c) Positioning resolution in the Z direction; (d) Positioning resolution in
the ® direction; (e) Positioning resolution in the 0 direction.

Third, a sine wave with an amplitude of 2 mm and a frequency of 1 Hz was applied to
the X, Y, and Z axes, respectively, to measure the travel. Then, 70 mrad amplitude and a
frequency of 1 Hz sine wave was applied to the ®, 0 direction measure, respectively. The
experimental results are shown in Figure 15. It can be seen from the results that 4 mm of
travel was achieved in the X, Y, and Z axes, and a 70 mrad stroke was achieved in the @, 0
direction. Using the actuator’s function, the electrode can swing, the size of the machining
hole can be adjusted, and a complex shape-such as the ellipse-can be finely processed.

Fourth, the X, Y, and Z axis directions and to evaluate the frequency response of ®, 0
directions. The frequency response was measured by a frequency response analyzer (FRA
5095, NF Corp., Yokohama, Japan), and the experimental results are shown in Figure 16.
Actuator X, Y, and Z direction of the bandwidth is 101 Hz, 101 Hz, and 51 Hz, respectively.
The bandwidth of ®, 0 direction was, respectively, 42 Hz, 45 Hz. Based on the above
experimental results, the performance evaluation results of the brake are shown in Table 3.

Finally, a multi-axis linkage control was performed. The target values in the X and Y
directions were set as sine and cosine waves with frequencies of 0.5 Hz and amplitudes
of 0.5, 1.0, and 1.5 mm, respectively. This linkage control caused the spindle to move in a
circular manner. The motion trajectory is shown in Figure 17.
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Figure 15. Positioning resolutions. (a) The stroke in the X direction; (b) The stroke in the Y direction;
(c) The stroke in the Z direction; (d) The stroke in the ® direction; (e) The stroke in the 6 direction.
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Figure 16. Frequency responses. (a) The bandwidth in the X direction; (b) The bandwidth in the
Y direction; (c¢) The bandwidth in the Z direction; (d) The bandwidth in the ® direction; (e) The

bandwidth in the 0 direction.
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Table 3. Performance evaluation results table.

Response Time Stroke P051t10n.1 8 Bandwidth
Resolution
X direction 6.7 ms 4 mm 1 um 101 Hz
Y direction 6.8 ms 4 mm 1 pum 101 Hz
Z direction 26.3 ms 4 mm 1 um 51 Hz
@ direction 399 ms 70 mrad 25 prad 42 Hz
0 direction 16.2 ms 70 mrad 20 prad 45 Hz
Circular radius: Circular radius: Circular radius:
0.5 mm 1 mm 1.5 mm

Spindle motion
in X,Y directions
Y mm
o

2 1 0 1 2
Xm

Figure 17. Spindle circular motion.

5. Conclusions

In this paper, a wide-band, high-precision, and large-stroke 5-DOF magnetic levi-
tation actuator is proposed and manufactured, which can be installed in a conventional
micro-EDM machine tool. The magnetic field model of the magnetic levitation drive was
established, the magnetic field simulation analysis of the magnetic levitation drive was
carried out, the related experiments were carried out by building an experimental device,
and the magnetic field characteristics of the magnetic levitation drive were analyzed. The
controller of the actuator was also designed and evaluated for its response speed, posi-
tioning accuracy, motion range, frequency band width, and multi-axis linkage control
effect. The developed magnetic levitation actuator has millisecond response speed in all
five degrees of freedom; the motion range is up to 4 mm in the translational direction
and 70 mrad in the rotational direction; the positioning resolution is up to 1 um in the
translational direction and 25 prad in the rotational direction; the frequency bandwidth of
the actuator is 101 Hz in the radial direction, 51 Hz in the axial direction, and about 40 Hz
in the rotational direction. The experimental results show that the developed actuator can
achieve a fast response and stable suspension, which can meet the demand for real-time,
fast, and accurate adjustment of the interpole gap during micro-EDM processing, thus
maintaining the stability of the interpole voltage. It improves the discharge probability of
microelectronic processing, thus increasing the processing efficiency.
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