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Chapter 1 Introduction 

1.1 Background 

1.1.1 Electrical discharge machining 

Electrical discharge machining (EDM) is an un-conventional material 

removal process based on the thermo-electric energy created between an 

electrically conductive work-piece and an electrode immerged in a dielectric fluid 

(machining fluid) [1]. In EDM, the thermo discharge spark generates great 

amounts of heat in a small area on the work-piece surface which would melt and 

remove the melted material at a temperature in the range of 8000 to 12,000 °C 

[2] or even as high as 20,000 °C [3].  

Its unique features of using thermal energy to machine all electrically 

conductive parts regardless of hardness, and having the ability to deal with 

complex shapes, micro holes have been its distinctive advantage in the 

manufacture of mould, die, automotive, aerospace and surgical components. In 

addition, compared to cutting machining, EDM does not make direct contact 

between the electrode and the work-piece, which can eliminate mechanical 

stress, chatter and vibration problems of tools during machining, and makes the 

micro tools easier available [4]. 

Fig. 1.1 Challenges of electrical discharge machining  

In EDM, the machining speed largely depends on probability and efficiency 

of the electrical discharges. To obtain a stable electrical discharge, it is 
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necessary to keep a suitable gap distance between the electrode and the 

work-piece for generating the discharge sparks. However, during the process of 

EDM, material is being removed from both the electrode and the work-piece, so 

that the gap distance between them is changing. Therefore, the electrode or the 

work-piece should be re-positioned quickly and precisely to maintain the suitable 

gap distance. 

However, there are some challenges for the conventional EDM machine to 

achieve higher machining speed and better machining quality, as shown in Fig. 

1.1. In conventional electrical discharge machine tools, stacked one degree of 

freedom (1-DOF) lead-screw mechanisms or linear positioning tables are 

normally used for positioning the electrode or work-piece, the positioning 

response of such mechanisms is somewhat slow, due to the rotary inertia of the 

lead-screw and the mass of the stacked tables, therefore, the electrode or the 

work-piece cannot be re-positioned sufficiently quickly to maintain the suitable 

gap distance [5, 6].  

In addition, machining debris accumulating around the electrode would lead 

abnormal electrical discharge or short circuit during EDM, and decrease the 

machining efficiency and accuracy. Therefore, the debris is desired to be 

removed by applying a rotation and/or a high speed jump motion to the electrode, 

as shown in Fig. 1.1(b). Unfortunately, a conventional electrical discharge 

machine cannot remove the debris efficiently, especially in the case of machining 

small holes with a high aspect ratio. 

Furthermore, conventional EDM machine tools cannot realize a multi-DOF 

motion as shown in Fig. 1.1(c). Such a motion can help compensating the 

attitude of the electrode, and this is benefit for eliminating the electrode clamping 

error and for realizing a multi-DOF profile machining. 

In order to overcome the encountered challenges of conventional EDM 

machine mentioned above, high speed and multi-DOF actuator for driving an 

electrode during EDM process is required. 
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1.1.2 Laser beam machining 

Laser beam machining (LBM) is another non-contact machining method 

which is widely used in many industries. In the LBM process, a high energy laser 

beam can not only cut almost any material without contact with the work-piece, 

but can also machine complex geometrical profiles and make miniature holes in 

the material. The high energy laser beam is focused by a lens to melt and 

vaporize the work-piece material and the molten material is blown away by an 

assist gas jet acting at the cutting front [7, 8]. 

Laser beam cutting is the most frequently performed material removal 

process in laser beam machining. In laser beam cutting, the capability with which 

the assist gas removes molten material from the cutting front is reduced as the 

work-piece becomes thicker. Insufficient gas flow to the cutting front decreases 

the cutting speed, and generates burr, dross and recast layers [9-11].  

In order to improve cutting speed and the capability to remove molten 

material, as well as to save on the consumption of assist gas, a machining 

method that applies a suitable eccentricity between the axis of the laser beam 

(i.e. lens axis) and the axis of a convergent assist gas supply nozzle (off-axis 

control) was proposed [12], as shown in Fig. 1.2 (a). The eccentricity between 

the laser beam axis and the convergent nozzle axis was manually adjusted for 

each experiment. 

Fig. 1.2 Off-axis laser beam cutting realized by radial motion of the lens 

The effect of the off-axis position was also verified using a supersonic nozzle 

in a straight laser beam cutting experiment. The nozzle angle and the distance 

Cutting 
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Fig. 1 Off-axis laser beam cutting realized by radial motion of the lens
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between the injection point of the gas jet and the laser beam were changed 

manually for each experiment [13, 14].  

However, real-time off-axis control of the lens has not been realized by a 

conventional LBM machine tool, which is required in two-dimensional laser 

beam cutting. In two-dimensional off-axis laser beam cutting, a relative 

displacement between the nozzle and the laser beam following the 

two-dimensional reference cutting trajectory needs to be generated, as shown in 

Fig. 1.2 (b).  

Fig. 1.3 Focal point adjustment realized by axial motion of the lens 

On the other hand, the focusing position, defined as the gap between the 

lens and the surface of the work-piece, is another of the more critical process 

parameters. The laser beam focal point, as shown in Fig. 1.3 (a. focused above, 

b. focused on and c. focused below the surface of the work-piece), can be 

optimized according to the material and thickness of the work-piece to achieve 

the desired machining accuracy, speed and surface quality in various laser 

beam machining processes [15-19].  

In previous research, the focal point was manually adjusted and fixed during 

the machining process; however, high speed real-time adjustment of the focal 

point responding to changes in the thickness and material of the work-piece has 

not, so far, been reported.  

Considering that an optic lens has much smaller size and mass compared to 

an assist gas nozzle, the lens is usually chosen to be driven for realizing the 

off-axis control and focal point adjustment. 

(b) (c)(a)

Focused above Focused on Focused below

Fig. 2 Focal position adjustment realized by axial motion of the lens
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Therefore, in order to realize the relative displacement between the lens axis 

and the assist gas nozzle axis for two-dimensional off-axis laser beam cutting 

and adjust the focal point correctly and speedily during laser machining 

processes, a supplementary high speed and multi-DOF actuator which can drive 

the lens in three orthogonal directions is needed. 

 

1.1.3 High speed and multi-DOF actuator 

According to the introductions of EDM and LBM mentioned above, in order 

to obtain higher machining speed and better machining quality in EDM and LBM, 

both conventional EDM and LBM machine tools encountered some challenges. 

For EDM process, faster positioning response and multi-DOF motion of the 

electrode cannot be realized by conventional EDM machine tools. For LBM 

process, high speed real-time relative displacement between the lens and assist 

gas nozzle cannot realized by conventional LBM machine tools.  

Therefore, development of additional actuators which can drive an electrode 

and/or a lens speedily and accurately in multi-DOF directions is a potential 

solution to achieve desired machining speed and quality in EDM and LBM. The 

developed actuators should have compact size and can be accommodated to 

conventional EDM and LBM machine tools as optional machining head. 

In order to realize a multi-DOF motion, a stacked multi-DOF mechanism is 

commonly adopted. In the stacked mechanism, the large mass of the moving 

part limits the positioning response, and the large amount of components makes 

the structure relatively complex and difficult to realize a compact size [5, 6]. 

Furthermore, the tilt motion which required in EDM is difficult to be realized by 

the conventional stacked multi-DOF mechanism. 

Parallel mechanism is another frequently adopted multi-DOF driving method. 

The parallel mechanism can realize very high positioning accuracy and large 

output driving force in orthogonal and tilt directions. However, the parallel 
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arranged actuation mechanism makes it have a relative large space size; 

furthermore, high positioning speed cannot be realized [20-22]. 

Over the past two decades, magnetic bearings have gained more and more 

interesting for developing multi-DOF magnetic levitated (maglev) systems. The 

magnetic bearings can generate electromagnetic driving force acting on the 

moving target directly without additional power transimisson components, thus 

the mass of moving part could be decreased, and this make it possible to 

achieve high positioning speed and to realize a compact size and light weight.  

Additionally, the maglev actuator operating with almost zero friction and 

have no contacting moving parts, there is no wear within the 'system'. This gives 

extremely long lifetimes with minimal maintenance, resulting in cost effective 

operation and ownership [23, 24]. Therefore, the maglev technology is adopted 

for developing the high speed and multi-DOF electrode driving actuator for EDM 

and lens driving actuator for LBM in this study. 

In a maglev electrode driving actuator for EDM, an electrode need to be 

attached to a rotating spindle shaft, and the spindle should be positioned 

speedily in three orthogonal and two tilt directions. In previous similar systems, 

such as in a turbo-machinery [25], in a gas turbine [26], in high speed cutting 

machine [27], et al, the magnetic bearings are mainly applied to support a 

rotating spindle, the high speed and multi-DOF motion of the levitated target 

cannot be realized.  

On the other hand, in a maglev lens driving actuator for LBM, an optic lens 

with a diameter of 2 inch (50.8mm) need to be positioned in three orthogonal 

directions speedily. There have been several publications reporting similar 

maglev systems. Holmes et al. developed a 6-DOF controlled scanning stage, 

which achieved a positioning resolution of several nm and a travel range up to 

25mm×25mm in the horizontal plane; however, the range of travel in the vertical 

direction was only 0.1mm, and the bandwidth was only 28Hz [28]. Shinno et al. 

designed an aerostatic levitated table driven by a linear motor for 

nano-machining, which realized a travel stroke of ±10mm in the horizontal plane, 
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but the vertical motion was constrained [29]. Kim et al. developed high-precision 

magnetic levitation stage for photolithography, the stage achieved 50mm×50mm 

positioning range in horizontal plane with positioning nose of 5nm, however, the 

axial motion was fixed [30]. Morimoto et al. reported two-DOF controlled lens 

driving actuators for laser cutting, where the lens was supported by 

elastic-hinges and driven by electro-magnets. With this actuator, two-DOF 

off-axis laser cutting and improvement of cutting speed and quality were realized, 

but the radial positioning range of the lens (±0.5mm) was insufficient for further 

high cutting speed, and axial motion of the lens was not considered [31]. 

Therefore, new maglev actuators with superior performance should be 

developed to satisfy the requirements in EDM and LBM. 

 

1.2 Objective of this study 

Considering the requirements for overcome the challenges encountered in 

EDM and LBM for improving the machining speed and quality, additional maglev 

actuators which can realize high speed and multi-DOF motion of an electrode 

and/or a lens need to be developed. The objectives of the EDM project and LBM 

project are stated as follows: 

 

1.2.1 Objective of the EDM project 

The purposes of the EDM project are: 

Firstly, to develop a compact electrode driving actuator using maglev 

technology. The actuator should enable an electrode to realize multi-DOF motion 

in three orthogonal and two tilt directions, bandwidth of a few hundred Hz, 

several mm jump motion in axial direction, as well as high rotational accuracy of 

the electrode. The discharge voltage should be fed to the electrode without 

disturbing the levitation and rotation of the electrode. 

Secondary, to construct experimental machining system, consisting of the 
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maglev electrode driving actuator and a conventional EDM machine, for high 

speed machining of small deep holes. 

Finally, to machine small deep holes and micro holes using the developed 

maglev electrode driving actuator by EDM, and then evaluate the effectiveness 

of high speed positioning and rotation of electrode on the machining speed of 

EDM. 

 

1.2.2 Objective of the LBM project 

The purposes of the EDM project are: 

Firstly, to develop a maglev lens driving actuator which can realize relative 

displacement between a lens and an assist gas nozzle in three orthogonal 

directions, positioning range of several mm, bandwidth of a few hundred Hz. In 

the actuator, a large aperture is required for attaching a lens with diameter of 2 

inch and for the pass of high energy laser beam. The total size of the actuator 

should be as compact as possible to be accommodated to conventional laser 

beam machine tool. 

Secondary, to evaluate the positioning performance of the developed 

maglev lens driving actuator. 

 

1.3 Summary 

This thesis is summarized as follows: 

Chapter 2 “Maglev electrode driving actuator for EDM” 

This chapter introduces the mechanical structures and the experimental 

performance of a new compact electrode driving actuator. The developed 

maglev actuator realizes 5-DOF motion of a spindle shaft by two radial magnetic 

bearings and one thrust magnetic bearing. A magnetic coupling mechanism is 

proposed to realize discharge voltage supply without a direct contact between 
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brushes and levitated spindle shaft, and to transmit rotational torque from a DC 

motor to the levitated spindle shaft for rotating the electrode which is attached to 

the spindle shaft. Furthermore, the magnetic coupling can generate a restoring 

force to balance the gravity of the spindle shaft. 

Control system is designed for the fabricated compact maglev electrode 

driving actuator. The positioning resolution, full stroke, bandwidth, rotational 

accuracy, high speed multi-DOF motion and jump motion of the fabricated 

prototype maglev electrode driving actuator are also experimentally evaluated 

and discussed in this chapter. 

 

Chapter 3 “Experimental EDM using the maglev electrode driving actuator” 

This chapter discusses the problems of applying the prototype maglev 

electrode driving actuator to experimental EDM and the solutions. The 

positioning stroke of the prototype actuator is not enough for machining a deep 

hole with depth than 2mm, a co-operatively controlled EDM system using the 

prototype maglev electrode driving actuator combined with a conventional EDM 

machine is proposed to solve this problem.  

The co-operative EDM system realizes as large travel range of the 

electrode as that of the conventional EDM machine, and realizes as fast 

positioning response of the electrode as that of the prototype maglev electrode 

driving actuator.  

A new attachment mechanism is designed to eliminate the electrode 

chucking error. The machining schematic is also explained in this chapter. 

Small through holes are experimentally machined by using the conventional 

EDM machine, alone, without electrode rotation; and by the co-operative EDM 

system, with electrode rotating from 0rpm to 1200rpm at intervals of 200rpm. 

The effectiveness of fast response and rotation of the electrode to machining 

speed is evaluated and discussed; the machining rate of each case is compared. 
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Micro electrode is on-machine fabricated for micro-hole EDM. Micro holes 

are machined by a conventional EDM machine, alone, without electrode rotation; 

by the co-operative EDM system, with and without electrode rotation. The 

machining rate and machined holes' depths are compared and discussed. 

 

Chapter 4 “Maglev lens driving actuator for LBM” 

This chapter presents a maglev lens driving actuator for realizing a high 

speed relative motion between a lens and an assist gas nozzle in three 

orthogonal directions.  

A novel air core coil type electro-magnetic driving unit is proposed. The 

driving unit can generate both repulsive and attractive forces to a lens holder in 

both radial and thrust directions by utilizing a modified Halbach array on the 

driven target and the air core coils on the base. The air core coil windings 

allowed a spatial-cross-arrangement of the components, enabling the actuator to 

be sufficiently compact for it to be accommodated in the machining head of a 

laser beam machining tool. 

In the fabricated prototype lens driving actuator, four driving units, which are 

off-set from horizontal axis and symmetrically arranged around the lens axis, are 

used to actuate a lens holder, a lens will be attached in a large aperture of the 

lens holder. The developed lens driving actuator can achieve real-time control of 

the axial position of the laser beam focal point and of the relative radial 

displacement between the lens axis and the assist gas jet nozzle axis (off-axis 

control). 

The positioning resolution, full stroke and bandwidth of the prototype lens 

driving actuator are experimentally evaluated. Furthermore, the positioning 

performance of the maglev lens actuator under half sine wave (4G, 10ms) and 

sine wave (2G, 50Hz) acceleration will be experimentally evaluated and 

discussed. 
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Chapter 5 “Conclusions” 

This chapter summarizes and discusses the achieved results in previous 

chapters. The future works of this study are also proposed. 
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Chapter 2 Maglev electrode driving actuator for EDM 

2.1 Introduction 

The challenges for achieving higher machining speed and better machining 

quality in EDM have been introduced in chapter 1. In previous research, in order 

to increase the positioning response of an electrode during EDM, the use of 

conventional electrical discharge machines together with local actuators has 

been proposed [32-34]. The conventional EDM machines have long positioning 

strokes but slow positioning response, the local actuators can realize 

wide-bandwidth and high positioning accuracy of the electrode in the orthogonal 

directions. During machining, the local actuators are used to realize the 

high-speed positioning of the electrode to maintain the suitable gap distance 

between the work-piece and the electrode. 

However, the stroke of these actuators is limited to from several tens to 

several hundreds of micrometers and consequently they are unable to realize a 

neither high speed nor long stroke jump of the electrode in the axial direction to 

flush the dielectric fluid away from the work-piece. The necessity for flushing the 

dielectric fluid for removing the debris and stabilizing the electrical discharge 

condition during small deep hole-EDM processes is well known. The increased 

flushing is expected to increase the material removal rate, decrease tool wear 

rate and improve surface finish. 

Related to the enhanced flushing, there have been many reports in the 

literatures that rotation of the electrode [35-38], orbital motion [39] and high 

speed jump motion [40, 41] of the electrode increased the machining speed and 

quality in small hole-EDM.  

Furthermore, the use of tilt compensation of electrode in rotary EDM has not 

been conducted. This is considered to eliminate the tapper error of machined 

hole and to compensate a tilt clamping error of an electrode. 

In order to realize high speed and highly precise positioning of the electrode, 

our group has developed a 5-DOF controlled maglev electrode driving actuator 
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(previous type) [42-44]. The actuator not only has a wide-bandwidth and 

high-accuracy in 5-DOF, but also has a stroke of 2mm in the axial direction to 

realize the rapid retraction of the electrode during EDM. Micro holes have been 

machined in multi-directions using the maglev actuator combined with a 

conventional electrical discharge machine (EA12E, Mitsubishi Electric Corp.), as 

shown in Fig. 2.1, and the machining speed was improved by 20~400%, 

compared with using the conventional EDM machine alone. 

Fig. 2.1 Combination of conventional electrical discharge machine and 

maglev electrode driving actuator (previous type) 

However, the previous type actuator has a height of 303mm without an 

electrode and its attachment, a width of 130mm and a weight of 26kg. And the 

brushes feeding the discharge voltage to the spindle shaft contact the levitated 

spindle shaft directly, so that the friction between the spindle shaft and the 

brushes disturbed the rotation of the spindle shaft, which made the actuator 

could not rotate the electrode. 

The large size of the previous type electrode driving actuator decreases the 

machining area and the large mass makes it difficult for the conventional 

electrical discharge machine to drive and position the actuator with a high speed 
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and accuracy, and without the electrode rotation, debris cannot be removed 

efficiently when machining small-deep holes.  

Therefore, for solving these problems, a new compact maglev electrode 

driving actuator with sufficient positioning response and positioning accuracy is 

designed and fabricated in this chapter. A new discharge voltage supply 

mechanism without disturbing the electrode levitation and rotation is proposed. 

 

2.2 Principle and design of the maglev electrode driving actuator 

2.2.1 Design specification 

Considering the achieved performance of the previously developed maglev 

electrode driving actuator, the new maglev electrode driving actuator should 

enable an electrode to realize 0.2~2mm positioning stroke in three orthogonal 

directions and several mrad positioning stroke in two tilt directions, 

sub-micrometer and several micro radian positioning resolution, bandwidth 

greater than 100Hz [42]. In addition, the new actuator should be more compact 

and can rotate the electrode without disturbance from the discharge voltage 

feeding brushes.  

Fig. 2.2 shows the configuration of the new maglev electrode driving 

actuator. The new actuator primarily consists of a 5-DOF controlled magnetic 

bearing (MB) system, a novel magnetic coupling mechanism and a spindle shaft. 

The 5-DOF controlled MB system consists of an upper radial MB, a lower radial 

MB and a thrust MB, which are used to levitate and position the spindle shaft 

precisely and speedily in three orthogonal (X-, Y- and Z-) and two tilt (- and -) 

directions.  

 

2.2.2 Configuration of magnetic coupling mechanism 

Fig. 2.3 shows a preciously developed discharge voltage supply mechanism 

in the precious developed maglev electrode driving actuator [42]. The power 
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supply brushes are in direct contact with the levitated spindle shaft, so the 

positioning and rotation of the spindle shaft are disturbed by the friction between 

the spindle shaft and the power supply brushes. To solve this problem, a novel 

discharge voltage supply method using a magnetic coupling mechanism is 

proposed. 

Fig. 2.2 Configuration of new maglev electrode driving actuator  

Fig. 2.4 shows the configuration of the proposed magnetic coupling 

mechanism, which is designed to feed the discharge voltage to the electrode and 

to transmit a torque from the motor to the spindle shaft. The main components 

comprise of a power supply brush, a power supply ring, a ball bearing, a 

magnetic coupling, a levitated spindle shaft, a conductive flexible wire, spur 

gears and a motor. 
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Fig. 2.3 Conventional discharge voltage supply mechanism 

Fig. 2.4 Configuration of the magnetic coupling mechanism 

The power supply ring contacting with the power supply brush is arranged 

on the outer circumference of the spindle shaft, and it is supported by the ball 

bearing. The conductive flexible wire connects the power supply ring to the 

conducting wire attached to the levitated spindle shaft, so that the spindle shaft is 

Electrode

Voltage supply

Power supply 

brush

Contact

5-DOF levitated

spindle shaft

Motor

Spur gears

Spindle

shaft

Power-supply

brush

Power-supply 
ring

Flexible wire
Magnetic coupling

Current flow

Voltage
supply

Conducting wire

Ball bearing

To electrode



Chapter 2 Maglev electrode driving actuator for EDM 

17 

 

free from direct contact with the power supply brush.  

Fig. 2.5 Configuration of the designed magnetic coupling 

The magnetic coupling includes of a permanent magnet (PM) ring 

comprising a Halbach PM array, and a toothed iron ring, as shown in Fig. 2.5. 

The Halbach PM array is located in the power supply ring, while the iron ring is 

located in the spindle shaft. 

Using the attractive force between the outer Halbach PM array and the inner 

toothed iron ring, as shown in Fig. 2.5, the torque generated by the motor can be 

transmitted from the power supply ring to the levitated spindle shaft. Therefore, 

the spindle shaft can be rotated in synchronism with the rotation of the power 
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supply ring, and the flexible wire between the power supply ring and the spindle 

shaft can feed the discharge voltage to the electrode for EDM, without any 

adverse effect caused by friction from the power supply brush or any 

entanglement of the flexible wire. Furthermore, to avoid the ‘out-of-step’ between 

the spindle shaft and the power supply ring, the acceleration and deceleration of 

rotational speed should be limited. The power supply ring is rotated by the motor 

via a pair of spur gears. 

The magnetic coupling has a positive stiffness characteristic in the thrust 

direction. As the toothed iron ring is moved downward in the thrust direction 

related to the Halbach PM array, an axial upward restoring force is generated, as 

shown in Fig. 2.5. Therefore, the magnetic coupling also can balance the effects 

of gravity on the spindle shaft, reducing power consumption of the thrust 

magnetic bearing.  

 

2.2.3 Design objective of magnetic coupling 

For the design of the magnetic coupling, it is necessary to consider the 

transmission torque and the axial restoring force. Firstly, to avoid ‘out-of-step’ 

effects of the magnetic coupling, it is desirable to generate a large transmission 

torque with a small relative angle between the PM ring and the magnetic ring. 

The ‘out-of-step’ effect occurs due to inertial torque during acceleration and 

deceleration of the spindle rotation, and due to eddy-current-torque at high 

rotational speeds.  

Secondly, since the transmission torque can be reduced by sinkage of the 

magnetic ring below the Halbach PM array, it is also desirable to generate a large 

restoring force to minimize sinkage. However, a small change in the restoring 

force is expected to be generated when the spindle shaft is moved in the thrust 

direction.  

The desired specifications for the magnetic coupling can be defined as 

follows. The permitted sinkage is set to 2mm or less to reduce the influence of 
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sinkage on the transmission torque. The restoring force is set to 4.9N, assuming 

that the mass of the spindle shaft is 0.5kg. The desired change in the restoring 

force is set to be less than 10% of the electromagnetic force of 55N, the 

maximum generated by the thrust magnetic bearing, assuming that the 

maximum displacement of the spindle shaft in the thrust direction is ±1mm during 

EDM. Moreover, the desired transmission torque is set to 7.6×10-2Nm at a 

sinkage of 2mm based on the eddy current torque measured in the other 

magnetic bearing [45], assuming the maximum rotational speed of the spindle is 

5,000rpm.  

Considering the maintenance performance and control stability, the magnetic 

coupling mechanism is attached to the upper end of the MLA, as shown in Fig. 

2.2. Firstly, if this mechanism was attached to the middle of the actuator, the 

replacement of the flexible wire would be troublesome if the wire was to break.  

Secondly, if it was attached to the lower end of the actuator, then motion 

control of the electrode would become difficult, because it would be hard to 

measure the true vibration of the electrode due to the increase in the distance 

between the displacement sensors and the electrode. 

 

2.2.4 Designed magnetic coupling 

A magnetic coupling is designed based on numerical analysis using a static 

magnetic field simulation, as shown in Fig. 2.6. The Halbach PM array of the 

magnetic coupling consists of eight radially-magnetized and eight 

circumferentially-magnetized PMs. The magnetic ring, which has eight teeth, is 

made of electromagnetic soft iron. The geometrical dimensions of the coupling 

are also detailed in Fig. 2.6. 

Fig. 2.7 shows the simulated relationship between the sinkage of the 

magnetic ring and the restoring force. At a sinkage Δh = 2mm, the restoring force 

is 6.7N. Thus, the weight of the spindle shaft can be balanced when the sinkage 

is less than the designed value of 2mm. Furthermore, when the spindle shaft is 
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moved by ±1mm in the thrust direction, based on the initial sinkage position of Δh 

= 2mm, the change in the restoring force is about ±3N, which is also less than 

10% of the maximum force generated by the thrust magnetic bearing. 

Figure 2.6 Dimensions of the designed magnetic coupling 

Moreover, the relationship between the relative angle and the magnetic 

coupling torque is calculated at a sinkage Δh = 2mm by using FEM (Finite 

element method) software (Ansoft Maxwell 3D, Ver.10.0). At a relative angle of 

10.5°, a maximum torque of 8.1×10-2Nm can be statically transmitted, and when 

sinkage Δh = 1mm, maximum torque of 9.3×10-2Nm can be statically transmitted 

at the relative angle of 11°, which are both more than the desired value of 

7.6×10-2Nm. 
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Fig. 2.7 Relationship between the sinkage of the magnetic ring and the 

restoring force (simulation) 

 

2.2.5 Design of thrust positioning actuator 

During EDM of micro-holes with a high aspect ratio, a voice-coil-motor type 

of thrust magnetic bearing is used to realize positioning strokes of a few 

millimeters for the rapid retraction of the electrode in the Z direction. Fig. 2.8 

shows both the previous-type and new-type thrust magnetic bearings. The 

previous thrust magnetic bearing comprised of two air-core coils located in the 

stator and a cylindrical PM located in the spindle shaft [42], while the new-type 

thrust magnetic bearing consists of an air-core coil and a pair of oppositely 

magnetized cylindrical permanent magnets (PMs) sandwiching a ring made of 

pure iron. The new-type is shorter in the axial direction in comparison to the 

previous design because the coils are not separated, which improves the 

compactness of the maglev actuator. When current is supplied to the coil as 

shown in Fig. 2.8, a corresponding upward Lorentz force would be generated to 

the spindle shaft. 
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Fig. 2.8 Principle of thrust magnetic bearing 

The two oppositely magnetized PMs generate very strong repulsive force to 

each other, which makes the assembly become difficult. A sandwiched iron ring 

between the PMs generates attractive force to the PMs, in order to cancel the 

repulsive force between the PMs (i.e. to avoid magnetic saturation of the iron 

ring), the thickness of the iron ring should be at least 3mm. Moreover, the iron 

ring can concentrate the magnetic flux in the air-core coil, thus, the driving force 

can be increased. Under the premise of avoiding magnetic saturation of iron ring, 

the smaller of the iron ring thickness is the better effectiveness of magnetic flux 

concentration and the more compact size of the thrust magnetic bearing 

becomes. Therefore, the thickness of the iron ring was set to be 3mm. 

 

2.3  Fabricated maglev electrode driving actuator 

2.3.1 Prototype maglev electrode driving actuator 

Fig. 2.9 shows a prototype and its spindle shaft (excluding the magnetic ring 

for the magnetic coupling and a thrust sensor target). Compared to the previous 

actuator, the height of the new prototype maglev electrode driving actuator 
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(excluding an electrode holder) was decreased from 303mm to 159mm, the 

width was decreased from 130mm to 100mm, and the mass was decreased from 

30kg to 10kg. The length of the spindle shaft, as shown in Fig. 2.9, was 123mm, 

its maximum diameter was 28mm, and its mass without all the attachments was 

0.35kg. 

Fig. 2.9 Fabricated prototype maglev electrode driving actuator and its 

spindle shaft 

The displacement of the spindle shaft in the thrust direction was measured 

using an eddy-current displacement sensor (PU-05, AEC Corp., measurement 

range ±1.0mm, resolution 0.5m), and the displacements in the radial directions 

were measured using four capacitive displacement sensors (MicroSense 5502, 

ADE Corp., measurement range ±0.1mm, resolution 20nm, cut-off frequency 

5kHz).  

The power supply ring was driven by a DC motor (RS-755WC-8017，
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Mabuchi motor Corp.) and gears (Gear ratio 1:1.5), while the rotational speed of 

the spindle shaft was measured by an encoder (MG-20-1200, Microtech 

Laboratory Inc, resolution 1200ppr). The actuator was controlled via a digital 

signal processor (DS1005, dSPACE Corp.) with a sampling rate of 10 kHz. 

 

2.3.2 Control system 

Modeling and model identification: 

In this research, according to experience in developing the previous type 

maglev electrode driving actuator, some assumptions are made for simplifying 

the control system: 

1) No interference is generated between the motions of radial, tilt and 

thrust directions; 

2) The back electro-motion force is ignored; 

3) The gyro effect is not taken into consider. 

Based on these assumptions, the motion of the rotor in the X direction can 

be described as Eq. (2.1), the motions in the Y, Z,  and  directions (which are 

not shown) are almost the same as that in the X direction.  

The electromagnet is driven by bias current using push-pull method, after 

linearization, the generated driving force of the electromagnet in the X direction 

can be calculated by Eq. (2.2), and Eq. (2.3) deriving the relationship between 

the voltage and current of the electromagnet coil. 

xxx fxkxcxm   …………………………….….……………………........(2.1) 

xixx ikf  ………..……….…………………………….......……..…..............(2.2) 

xxxxx iLiRv  ………...……………………….……...............…...…….....(2.3) 

Here, 
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m ：the mass of rotor 

x ：displacement in the X direction 

cx ：damping coefficient in the X direction 

kx ：stiffness in the X direction 

fx ：electromagnetic driving force in the X direction 

kix ：the current-force coefficient in the X direction 

ix ：current of electromagnet coil in the X direction 

vx ：voltage of electromagnet coil in the X direction 

Rx ：resistance of electromagnet coil in the X direction 

Lx ：inductance of electromagnet coil in the X direction 

Via Laplace transfer, the equations can be written as: 

   sF
kscms

sX x

xx 


2

1
…………………………….…..........……..… (2.4) 

   sIksF xixx   …………………………………………….......……....……(2.5) 

   sV
RsL

sI x

xx

x



1

……………………….….…..…..….........……..…… (2.6) 

Fig. 2.10 shows the control system of the actuator in the X-direction; the 

control systems in the Y-, Z-, - and -directions (which are not shown) are 

almost the same as that in the X direction. In the control system, a positioning 

controller, which was composed of an integrator compensator and a regulator, 

consisting of a 2nd order numerator and 2nd order denominator, was used. To 

improve the response speed of the electromagnetic force for the magnetic 

bearings, a local current feedback loop using PI compensators and lead/lag 

controllers were also added.  
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Fig. 2.10 Control system in the X-direction 
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Moreover, a space-domain repetitive controller comprising of a 

low-pass-filter (LPF) and an integral delay element was used in order to 

suppress the vibrations caused by the unbalance force of the spindle shaft and 

the unbalance magnetic pull of the magnetic bearings whilst the spindle shaft is 

rotating [46]. However, the motion in the thrust direction suffers very little 

interference from radial vibrations according to the experimental results, so no 

repetitive controller was added to the control system in the Z direction.  

The control parameters in the X-, - and Z-directions, as shown in Table 2.1, 

were set through trial and error using simulation and experiments, and Table 2.2 

shows the model parameters in the X-, - and Z-directions. Here, the inductance 

and resistance of the coil L and R, and the mass of the spindle shaft m were 

measured directly. The damping c, stiffness k and current-force coefficient ki of 

the magnetic bearing were identified using the measured frequency responses 

of the maglev electrode driving actuator.  

 Table 2.1 Controller parameters in the X-, - and Z-directions  

In the repetitive controller as shown in Fig. 2.10, parameter e is defined as 

the deviation of the spindle reference in the X-direction and y is the rotational 

angle of the spindle shaft. In the space domain repetitive controller, Dy is the 

sampling angle of the spindle rotation. Moreover, the parameter values in the Y- 

X – direction  – direction Z – direction

gx 1.9x102 gq 2.1x102 gz 4.2x102

a1x 7.8x103 a1q 5.9x103 a1z 4.3x103

a0x 2.6x107 a0q 1.5x107 a0z 9.1x106

b2x 1.3x105 b2q 4.7x103 b2z 5.2x104

b1x 4.3x108 b1q 1.3x107 b1z 2.3x108

b0x 3.1x1011 b0q 6.8x109 b0z 1.1x1011

gex 15.0 geq 15.0 gez 25.0

bex 1.0x103 beq 1.0x103 bez 1.0x103

ax 5.0x10-4 aq 5.0x10-4 az 4.2x10-4

bx 6.9x10-4 bq 6.9x10-4 bz 8.8x10-4
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and -directions, which are not shown in the tables, are almost the same as 

those in the X- and -directions [47]. 

Table 2.2 Identified model parameters in the X-, - and Z-directions 

 

2.4 Experimental performance of the maglev electrode driving 

actuator 

2.4.1 Positioning performance 

The positioning performance of the actuator was evaluated at a rotational 

speed of 0rpm. The positioning resolutions and the frequency response 

characteristics were measured by using a digital signal processor and a 

frequency response analyzer (FRA 5095, NF Corp.). 

Fig. 2.11 and Fig. 2.12 show the experimental results for the positioning 

resolutions and frequency responses in the X-, Y-, -, - and Z-directions. The 

positioning resolution and bandwidth of the prototype maglev electrode actuator 

were 0.3m and 215Hz in the X-direction, 0.5m and 202Hz in the Y-direction, 

5rad and 225Hz in the -direction; 5rad and 212Hz in the -direction and 

0.5m and 255Hz in the Z-direction, respectively. The actuator possessed 

sub-micron and several micro-radians positioning resolution, and bandwidths 

greater than 200 Hz in the 5-DOF directions.  

The positioning resolutions in the radial directions were not sufficiently good 

compared with those of the displacement sensors. Fig. 2.13 shows the 

experimental output of the capacitive displacement sensor when the spindle 

X – direction  – direction Z – direction 

Lx 7.6x10-3 H Lq 7.6x10-3 H Lz 5.0x10-2 H

Rx 0.63 W Rq 0.63 W Rz 8.0 W

m 0.45 kg Jq 9x10-4 Kg. m2 m 0.45 kg

cx 5.0 N/(m/s) cq 0 N.m/(rad/s) cz 1.0 N/(m/s)

kix 18.0 N/A kiq 18.0 N.m/A kiz 15.0 N/A

kx 5.0x105 N/m kq 3.9x10-2 N.m/rad kz 9.6x10-2 N/m
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shaft is not levitating. We found that the output of the capacitive displacement 

sensor has a variation of 0.1m which is larger than the resolution of the 

sensor—20nm.  

As the spindle shaft was not levitating at this time, and the variation of the 

sensor output has the same magnitude with the experimental positioning 

resolutions in radial directions, so we think the insufficient good resolution of the 

spindle shaft is mainly caused by environment noise. The positioning resolution 

in the Z-direction was the same as the resolution of the displacement sensor. 

Fig. 2.14 shows that the actuator enabled the spindle shaft to have a full 

stroke of 2mm in the Z-direction for the rapid retraction of the electrode, which is 

helpful for removing debris during the EDM process. Fig. 2.15 demonstrates the 

rapid retraction of the electrode in the thrust direction. The actuator could realize 

a maximum speed of about 40mm/s with a retraction stroke of 0.91mm. 

Fig. 2.16 shows that the actuator had a full stroke of 180m in the X- and 

Y-directions and 3.6mrad in the - and -directions at 1Hz, respectively. These 

motions enable attitude compensation of the electrode during EDM.  

Fig. 2.17 shows the orbital trajectory of the spindle shaft in the X-Y plane 

and the  

amplitude was set to 30 m in the X-Y and 0.5mrad in the  

respectively.  

The prototype actuator achieved these orbital motions at a few hundred Hz 

in the X-Y plane and the  

smaller than the reference values, caused by the gain attenuation of the 

frequency characteristics as shown in Fig. 2.12. 
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Fig. 2.11 Positioning resolution  
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Fig. 2.12 Frequency response (1) 
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Fig. 2.12 Frequency response (2) 

Fig. 2.13 Output of capacitive displacement sensor 
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Fig. 2.14 Full stroke in the Z-direction 

 

 

Fig. 2.15 Jump motion of the spindle shaft 
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  Fig. 2.16 Full strokes in the radial and tilt directions 
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 Fig. 2.17 Trajectory of the spindle shaft 
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2.4.2 Transmission torque of magnetic coupling mechanism 

The transmission torque of the magnetic coupling mechanism was 

measured experimentally. In this experiment, the magnetic ring attached to the 

spindle shaft was fixed and the current applied to the motor was gradually 

increased, to rotate the PM ring attached to the power supply ring. The relative 

angle between the PM ring and the magnetic ring was measured by a rotary 

encoder, which was installed on the motor axis. The transmission torque of the 

magnetic coupling mechanism was calculated from the measured motor current 

and the torque-current coefficient of the motor. 

Fig 2.18 shows the relationship between the relative angle between the PM 

ring and the magnetic ring and the transmission torque. When the torque was 

less than 0.07Nm, the relative angle did not change, and its value was almost 

zero. It is believed that the motor torque of 0.07Nm was balanced by the static 

friction induced by the power supply brush and the gearing. On the other hand, 

when the torque was more than 0.17Nm, the magnetic coupling was out-of-step.  

Fig.2.18 Relationship between the relative angle and the transmission 

torque 
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this system. Comparing the experimental result with the simulation, and 

considering the friction of the brush and the gear, it can be seen that the 

measured transmission torque was almost the same as the simulated value. 

 

2.4.3 Rotational accuracy of the spindle shaft 

The spindle shaft supported by the 5-DOF controlled magnetic bearing was 

rotated following rotation of the power supply ring via the magnetic coupling. Fig. 

2.19 shows the peak-to-peak vibration amplitudes of the spindle shaft in the X-, 

Y-, - and -directions at 2,000 rpm. The results show that, at 2,000 rpm, the 

peak-to-peak vibration amplitudes of the spindle were significantly decreased 

from 7.1m to 1.22m and from 124rad to 20.6rad in the X- and -directions, 

respectively, by the space-domain repetitive controllers. 

 Fig. 2.20 shows the peak-to-peak vibration amplitudes of the spindle shaft 

at various rotational speeds in the X- and -directions. The experimental results 

in the Y- and -directions, which are not shown, were almost the same as those 

in the X- and -directions.  

 

2.4.4 High speed multi-DOF motion of the spindle shaft 

Fig 2.21 shows the spindle shaft possesses a multi-motion of rotation and 

orbital motion. In the experiment, the rotational speed w1 was 950 rpm and the 

orbital frequency w2 was 100Hz, the reference orbital radian r0 was set to 10m, 

and the measure orbital radian became to about 7.5m due to the gain 

attenuation at 100Hz, which coincided with the frequency characteristic of the 

prototype actuator as shown in Fig 2.12. Such a combination of high frequency 

orbital motion and rotation has never been implemented by neither conventional 

EDM machines nor local actuators. 
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Fig. 2.19 Vibration of spindle shaft at 2000 rpm 
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Fig. 2.20 Peak-to-peak rotational vibration of the spindle shaft at various 

rotational speeds 

Fig. 2.21 Combination of rotation and orbital motion of spindle shaft 
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Fig 2.22 shows the dependence of the coil current on the thrust 

displacement. When the spindle shaft was positioned at 0.5mm in the Z direction, 

the measured average value of the coil current was 0A, under feedback control, 

which indicate that the restoring force balances the gravity of the spindle shaft. 

Then power consumption of the thrust magnetic bearing could be reduced. The 

current required for positioning the spindle shaft quasi-statically within the thrust 

stroke is less than 0.1A. Furthermore, there was a phase-reversal of the current 

when the spindle moved up by more than 0.4mm, which was caused by coupling 

effects between the radial magnetic bearing coils and the PMs attached on the 

spindle.  

Fig. 2.22 Relationship between coil current and displacement of spindle 

shaft in the Z direction 
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shown in Fig 2.23. The experimental results confirmed that a simulated 

discharge current could be fed to the electrode whilst the spindle was rotating. 

The simulated discharge current was also measured at various rotational speeds, 

as shown in Fig 2.24, showing that the current did not depend on the rotational 

speed of the spindle. 

Fig. 2.23Experimental discharge current supply at 2000 rpm 

Fig. 2.24 Relationship between the rotational speed and the simulated 

discharge current 
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In order to realize a high speed multi-DOF motion of an electrode for high 

speed EDM, a compact 5-DOF controlled maglev electrode driving actuator was 

designed and fabricated. The new actuator primarily consists of a 5-DOF 

controlled magnetic bearing (MB) system, a novel magnetic coupling mechanism 

and a spindle shaft.  

The novel magnetic coupling mechanism was proposed for not only 

transmitting rotational torque from a DC motor to a levitated spindle shaft, but 

also applying discharge voltage to an electrode which is attached to the levitated 

spindle shaft without direct contact between power supply brushes and the 

levitated spindle shaft. Furthermore, the magnetic coupling generated a 

restoring force to the spindle shaft in thrust direction, by which the gravity force 

of the spindle shaft was balanced. 

The fabricated prototype maglev electrode driving actuator realized 

sub-micron positioning resolution with an angular resolution of several 

micro-radians, bandwidths greater than 200Hz in all the 5-DOF directions. It also 

realized positioning strokes of the spindle shaft of 2mm in the thrust direction, 

180m in the radial direction and 3.6mrad in tilt direction, respectively. 

The prototype actuator could rotate the spindle shaft at up to 2,000rpm, 

within peak-to-peak rotational vibration amplitude of 1.5 m, and the discharge 

current could be fed to the electrode while the spindle is rotating. 

In the next step, the developed prototype actuator will be applied to 

experimental EDM, by which the effectiveness of the fast positioning response 

and the effectiveness of a combination of fast positioning and rotation of 

electrode on the machining speed will be investigated. The results of 

experimental EDM will be introduced in the next chapter. 
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Chapter 3 Experimental EDM using the maglev 

electrode driving actuator 

3.1   Introduction  

In previous research, the use of local actuators that possess faster 

positioning response than that of a conventional EDM machine has been studied 

[32-34]. These actuators increase the positioning response of the electrode to 

maintain a constant suitable gap to the work-piece, however, the stroke of these 

actuators is limited to from several tens to several hundreds of microns. 

Consequently, they are unable to realize neither high speed nor a long stroke 

jump of the electrode in the axial direction to flush the dielectric fluid away from 

the work-piece. The necessity for flushing the dielectric fluid for removing the 

debris and stabilizing the electrical discharge condition during small deep 

hole-EDM processes is well known. 

Furthermore, related to the enhanced flushing, there have been many 

reports in the literatures that rotation of the electrode [35-38], orbital motion [39] 

and high speed jump motion [40, 41] of the electrode increase the machining 

speed and quality in small hole-EDM. However, there have been no reports on 

actuators that combine high speed positioning with rotation of the electrode. 

A previously developed five degrees of freedom (5-DOF) controlled maglev 

electrode driving actuator enabled a rapid response to be combined with orbital 

motion of the electrode and a high speed stroke jump of several mm in the axial 

direction. The increase in machining speed using this set up has been 

experimentally confirmed [42-44]. However, the power supply brushes of the 

MLA were in direct contact with the spindle so that the electrode was unable to 

rotate smoothly and accurately. Kunieda et al. developed a non-contact power 

supply method using electrostatic induction feeding [48]; but the combination of 

rapid positioning, multi-DOF motion and non-contact power supply to the 

electrode has not been reported. 
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To realize rapid positioning in the axial and radial directions and long stroke 

positioning in the axial direction as well as high speed and accurate rotation of 

the electrode in small deep hole-EDM, a new compact 5-DOF controlled maglev 

electrode driving actuator was developed and was introduced in chapter 2. In 

order to evaluate the effectiveness of fast positioning response and the 

combination of fast positioning response and rotation of the electrode on the 

machining speed, experimental EDM was conducted using the new maglev 

electrode driving actuator.  

Small through holes were machined using the conventional EDM machine, 

alone, without electrode rotation; and using the combination of the conventional 

EDM machine and the 5-DOF electrode driving actuator, with and without 

electrode rotation. Micro electrodes were on-machine fabricated and used to 

machine micro holes by using the conventional EDM machine, alone, without 

electrode rotation; and using the combination of the conventional EDM machine 

and the 5-DOF electrode driving actuator, with and without electrode rotation. 

The effectiveness of fast positioning response on machining speed will be 

evaluated by comparing the machining rate using conventional EDM machine 

and the machining speed using the fast response maglev electrode driving 

actuator. The effectiveness of the combination of fast response and electrode 

rotation on machining speed will be evaluated by comparing the machining rate 

using the fast response maglev electrode driving actuator with and without 

electrode rotation. 

 

3.2   Experimental EDM system  

Before applying the actuator for experimental electrical discharge machining, 

there are some problems need to be solved. The first problem is to extending the 

fast response positioning range of the electrode; the second problem is to 

eliminate the clamping error of an electrode. 
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3.2.1 Co-operative EDM system 

As the full thrust stroke of the 5-DOF maglev electrode driving actuator is 

limited to 2mm, when a hole with a depth larger than 2mm is machined, the 

feeding stroke is not enough using the maglev actuator alone. Therefore, in 

order not only to maintain the high response speed of the electrode, but also to 

have a feeding stroke much larger than 2mm during EDM, a co-operatively 

controlled EDM system was proposed. 

Fig. 3.1 Co-operative EDM system 

Fig. 3.1 shows the experimental setup of a co-operative EDM system. In this 

system, the 5-DOF maglev electrode driving actuator plays as a local actuator, 

and is mentioned as a maglev local actuator (MLA) in this chapter [49]. The 

5-DOF MLA is attached to a conventional EDM machine (MEMH8N, Mitsubishi 

Electric Corporation.), which has a large stroke (300×200×200mm), high 

positioning accuracy (1m resolution) in three orthogonal directions, but low 

response speed (several Hz to dozen Hz), no tilt motion to the electrode, and 

cannot rotation the electrode. 

In the process of EDM, in order to maintain the suitable gap distance 

between the electrode and the work-piece, the electrode is attached on the 
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spindle shaft of the MLA, the MLA adjusts the position of the electrode speedily 

and precisely. The conventional EDM machine plays as a coarse positioning 

stage, it is used to feed the MLA body slowly in the machining direction in order 

not to saturate the feeding stroke of the MLA and to supply the discharge power 

to the electrode. 

 

3.2.2 EDM control system (Co-operative control) 

Fig. 3.2 Control system of co-operative EDM 

Fig. 3.2 shows the co-operative control system in the Z-direction. During 

EDM, the discharge voltage V between the electrode and work-piece was 

monitored by the conventional EDM machine system through a LPF with a 

cut-off frequency of 300Hz and was used as a feedback signal.  

The EDM controller consists of a gain Kedm of 1.0 and a PI controller, b is 

1.29×10-6 and g is 1.5×10-4, which decided by trial and error. The EDM controller 

generated the reference position of the electrode in the thrust direction 

according to the feedback voltage Vfb and a reference EDM voltage Vr.  

The reference position was entered into the maglev actuator system directly 

and into the conventional EDM machine through a LPF with a cut-off frequency 

of 5Hz. Following the reference position, the MLA adjusted the electrode 

speedily and precisely to maintain a suitable distance from the work-piece, and 

the conventional EDM machine fed the mounted MLA with the electrode, slowly 
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and continuously in the machining feed direction, for coarse positioning and for 

avoiding the saturation of the positioning stroke of the MLA. Therefore, the 

co-operative EDM system realized as large positioning stroke as that of the 

conventional EDM machine, and as fast positioning response as the MLA. 

However, when using the conventional EDM machine only to feed the 

electrode during machining, the MLA levitaed the spindle shaft with an electrode, 

the reference Zr was set to 0. The reference position calculated by the EDM 

controller was entered into the conventional EDM machine only. 

 

3.2.3 Rotational accuracy improvement of the electrode 

Fig. 3.3 Electrode attachment mechanism (initial type) 

Before applying the MLA to experimental rotary machining, there is another 

problem, the insufficient rotational accuracy of the electrode. Fig 3.3 shows an 

initial designed electrode attachment mechanism, which consists of an insulator, 

a connector and a set of a collet. The insulator is used to insulate the spindle 

shaft from the discharge current, the collet is used to chuck an electrode for EDM, 

and the connector combined with the insulator are used to attach the collet and 
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the electrode to the spindle shaft. 

In experiment, the direct contact part between the spindle and the insulator 

was too weak and deformed easily, therefore, when the electrode rotated 

together with the spindle shaft, there was an unacceptable coaxiality error 

between the electrode center and the rotational center. When the electrode 

length was 15-20mm, a peak-to-peak vibration amplitude of about 70m (±

35m) was observed at the end the of the electrode whereas this value of the 

spindle shaft was less than 1.5 m. 

Fig. 3.4 New electrode attachment mechanism 

In order to decrease the coaxiality error between the electrode center and 

the spindle shaft center, a new attachment mechanism and a new spindle shaft 

were designed and fabricated, as shown in Fig 3.4. In the new mechanism, there 

are two tapers, taper 1 is used to connect the attachment to the spindle shaft and 

taper 2 is used to attach the collet and the electrode. In order to assure the 

coaxiality, both tapers and the insulator were assembled together and then these 

two tapers were machined base on the same outer cylindrical surface of the 

connector.  
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Fig 3.5 shows the initially fabricated spindle shaft and a new one. The 

structure of the driving components of these two spindle shafts are the same. 

The length of the spindle shaft without the electrode attachment is enlarged from 

123mm to 127.5mm, and the weight of the spindle shaft without the electrode 

attachment is increased from 0.35kg to 0.476kg.  

Fig 3.6 shows the newly fabricated spindle shaft assembled with the new 

electrode attachment. The copper wire in the center of the spindle shaft is used 

for feeding the discharge current to the electrode during EDM, and a Teflon tube 

is used to insulate the spindle shaft from the copper wire. The weight of the 

spindle shaft with all attachments is 0.532 kg, and the length is 148mm.  

Fig. 3.5 Spindle shafts  

Fig. 3.6 Spindle shaft and electrode attachment (new type) 



Chapter 3 Experimental EDM using the maglev electrode driving actuator 

50 

 

Fig. 3.7 Measurement of electrode rotational accuracy 

Fig. 3.8 Rotational vibration of electrode 

After fabricated the new spindle shaft and electrode attachment, the 



Chapter 3 Experimental EDM using the maglev electrode driving actuator 

51 

 

rotational accuracy of electrode was measured by a set of laser digital 

displacement sensor (Digital Laser Micrometer LS-7600 Series, KEYENCE 

CORPORATION, resolution: 0.5 m), as shown in Fig 3.7. 

Fig 3.8 shows the result of measured rotational vibration of an electrode at 

400rpm, using the newly fabricated spindle shaft and electrode attachment. The 

electrode diameter was f1mm, the length was 20mm and the measured position 

was the end of the electrode. The result indicates that the peak-to-peak vibration 

amplitude significantly decreased from about 70m to 10m, which is acceptable 

for stable EDM. 

 

3.3 Experimental rotary EDM 

3.3.1 Experimental machining conditions 

In order to evaluate the effectiveness of fast response and high-accuracy 

positioning of the electrode by the MLA, and the effectiveness of combination of 

fast positioning response and electrode rotation on the machining speed, 

small-deep holes were experimentally machined. Three different machining 

methods were experimentally investigated.  

Method 1, using the conventional EDM machine, alone, without electrode 

rotation; method 2, using the co-operative EDM system introduced in previous 

section, without electrode rotation, method 3, using co-operative EDM system 

with electrode rotating from 200rpm-1200rpm at intervals of 200rpm.  

Cylindrical shaped copper electrodes with diameters of 1mm and 0.5mm 

were used and the machining was continued until the electrode penetrated a 

4mm thick pre-hardened steel work-piece with a hardness of 40 HRc (NAK 80, 

Daido Steel Corp., Ltd.). Pure water was used as the dielectric machining fluid. 

The capacitor in the EDM power-supply was charged and discharged using a 

controllable high-frequency switching circuit.  

Fig. 3.9 shows an output of the EDM power-supply, the polarity changes 

every 17sec in order to avoid the electrical erosion of the EDM machine, and 
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the absolute open-circuit value is 190V. The displacement of the MLA body in 

machining direction Zm, the thrust displacement of the electrode in the MLA Z, 

and the monitored feedback voltage Vfb during machining were recorded 

 Fig. 3.9 Output of EDM power supply 

 

3.3.2 Machining feeding process 

    In co-operative EDM, the MLA adjusted the position of the electrode for 

maintaining the suitable gap distance between the electrode and the work-piece, 

the conventional EDM machine fed the MLA in the machining direction. Since 

the adjusted range of the electrode by the MLA was just several-ten micrometers, 

which was much smaller than the feeding range of the MLA body, more than 

6,000 micrometers, so we show the displacement of the EDM machine stage Zm 

to explain the machining feed process. 

Fig. 3.10 and Fig. 3.11 show the displacement of the conventional EDM 

machine stage Zm, i.e. the displacement of the MLA body that attached on the 

stage. The feeding data was recorded by a data recorder (EZ7501, NF Corp., at 

a sampling frequency of 5 KHz). In the case of f0.5mm, for machining a 4mm 

through hole, it took 4386 sec. by using the conventional EDM machine without 
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electrode rotation (0rpm); took 2075 sec. by using the co-operative EDM system 

without electrode rotation (0rpm); and took 974 sec. by using the co-operative 

EDM system with electrode rotating at 800rpm.  

 Fig. 3.10 Displacement of the MLA during machining (f0.5mm×4mm)  

Fig. 3.11 Displacement of the MLA during machining (f1 mm×4mm)  
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3129sec. by using the co-operative EDM system without electrode rotation 

(0rpm); and took 2550 sec. by using the co-operative EDM system with 

electrode rotating at 600rpm. 

According to the results, under the same machining conditions, to machine 

holes of the same diameter and depth, the co-operative EDM took less time than 

that of conventional EDM machine; in co-operative EDM, the rotary machining 

took less time than that of non-rotary machining. 

 

3.3.3 Effectiveness of co-operative control 

    In order to analyze how the co-operative control affected the experimental 

small-deep holes machining, the feedback voltage Vfb between the electrode 

and the work-piece, and the displacement of the spindle shaft (electrode) Z in 

the MLA were analyzed. The case of f0.5mm×4mm machining is taken as the 

example in this section. 

Fig. 3.12 EDM process of conventional EDM machine (f0.5mm×4mm) 
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Fig. 3.12 shows the Vfb, Z and Zm during experimental machining using the 

conventional EDM alone, without electrode rotation. Fig. 3.13 shows the Vfb, Z 

and Zm of machining using the co-operative EDM system, without electrode 

rotation. 

Fig. 3.13 EDM process of co-operative EDM (f0.5mm×4mm) 

The feedback voltage was monitored by the EDM machine system before 
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the machining, usually caused by the debris accumulating around the electrode, 

the EDM machine adjusted the position of the electrode by retracting the 

electrode together with MLA body to avoid short circuit, the MLA hold the 

electrode constantly in the initial position. After the electrode was retracted for 

several-ten microns together with the MLA body, the debris around the electrode 

caused abnormal electrical discharge between the side cylindrical surface of the 

electrode and the inner wall of machined hole, which would stop until all the 

debris be cleared. After that, an open circuit happened due to the large gap 

distance between the electrode and work-piece, therefore, the EDM machine fed 

the electrode together with the MLA body toward to the work-piece to restart 

machining. As the response speed of the conventional EDM machine is limited, 

it took more than 3 seconds to adjust the position of electrode when a short 

circuit occurred, the machining efficiency was relatively low. 

In the case of co-operative EDM, as shown in Fig. 3.13, when a short or 

open circuit occurred, the MLA adjusted the electrode, which attached to the 

spindle shaft, in thrust direction, and the conventional EDM machine stopped 

feeding during the adjustment. Since the MLA possesses high-speed and 

high-accuracy in all the 5-DOF, it took much less time (about less than 1 second) 

to adjust the electrode than that of using the conventional EDM machine, thus, 

the co-operative EDM obtained higher machining efficiency.  

Furthermore, when the feedback voltage Vfb was around 1.3V, the discharge 

was taken on stably and continuously, in this situation, the MLA adjusted the 

electrode in a range of several microns for maintaining the suitable gap distance 

and the EDM machine fed the electrode together with the MLA slowly in 

machining direction. Therefore, the co-operative EDM had a higher machining 

speed than that of the conventional EDM machine. 

 

3.3.4 Effectiveness of electrode rotation 
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In order to evaluate the effectiveness of electrode rotation to the machining 

speed, we analyzed the variation of the displacement of the electrode in the MLA 

Z and the feedback voltage Vfb during the whole machining process. Fig. 3.14 

shows the Z and Vfb of co-operative EDM without electrode rotation (0rpm) and 

with electrode rotating at 800rpm in the case of f0.5mm×4mm machining; Fig. 

3.15 shows the Z and Vfb of co-operative EDM without electrode rotation (0rpm) 

and with electrode rotating at 600rpm in the case of f1mm×4mm machining. 

Fig. 3.14 Electrode vibration and feedback voltage variation of 

co-operative EDM (f0.5mm×4mm) 

According to the results, with the electrode rotation, the vibration amplitude 

of electrode in thrust direction was lower and the variation of feedback voltage 

was smaller compared to those of without electrode rotation.  

The reason was that the electrode rotation increased the flushing of 

dielectric machining fluid, with the increased flushing of machining fluid, debris 

accumulating around the electrode were removed more efficiently, so there were 

less incidents of short or open circuit and abnormal electrical discharge 

happened during machining.  
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Fig. 3.15 Electrode vibration and feedback voltage variation of 

co-operative EDM (f1mm×4mm) 

 

3.3.5 Machining speed 

Fig. 3.16 Machining rate of f0.5mm×4mm hole EDM 

The machining speed of the experimental machining was evaluated by 
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defined as the ratio of the depth of machined hole to the machining time in this 

study. Fig. 3.16 and Fig. 3.17 show the machining rates of f0.5mm×4mm 

machining and f1mm×4mm machining in all cases. 

   Fig. 3.17 Machining rate of f1mm×4mm hole EDM 

As the result in Fig. 3.16, in f0.5mm×4mm machining, without electrode 

rotation, co-operative EDM increased the machining rate by 125% compared to 

that of conventional EDM machine, in the case of co-operative rotary EDM, the 

machining rate was increased by maximum 97% at 800rpm compared to that 

co-operative EDM without electrode rotation.  

And in f1mm×4mm machining, as the results shown in Fig. 3.17, without 

electrode rotation, cooperative EDM increased the machining rate by 337% 

compared to that of conventional EDM machine, in the case of co-operative 

rotary EDM, the machining rate was increased by maximum 22% at 600rpm 

compared to that co-operative EDM without electrode rotation.  

In the experiment, debris accumulating around the electrode caused 

abnormal electrical discharge sparks between the side surface of the electrode 
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machining efficiency. However, when the electrode was rotating, the abnormal 

discharge seldom happened. The electrode rotation might help the efficient 

removal of the debris the increased flushing. 

Since the machined holes had the same depth but different diameters. The 

smaller the diameter, i.e. the larger aspect ratio, the more difficult the ejection of 

the debris accumulating around the electrode became. Thus, a more noticeable 

effect on the machining rate occurred in f0.5mm×4mm machining with electrode 

rotation. 

 

3.3.6 Feedback voltage and electrical discharge probability 

Fig. 3.18 Feedback voltage of co-operative EDM (f0.5mm×4mm) 

We noticed that, at the rotational speeds of electrode larger than 800rpm in 
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speeds did not increase anymore, but started decreasing. To investigate the 

reason of this phenomenon, the electrical discharge probability was derived from 

the feedback voltage during machining. 

Fig. 3.18 shows the real time feedback voltage of three different machining 

cases in f0.5mm×4mm through hole machining by using conventional EDM 

machine without electrode rotation (0rpm), using co-operative EDM without 

electrode rotation (0rpm) and using co-operative EDM with electrode rotation at 

800rpm. 

According to the results, in the case of machining using conventional EDM 

machine without electrode rotation, there were long time open circuits; in the 

case of machining using co-operative EDM without electrode rotation, there 

were short time short circuits; in the case of machining using co-operative EDM 

with electrode rotation at 800rpm, there were seldom short and open circuits. 

Assuming that stable electrical discharge takes place when the Vfb is 

between 20% (0.5v) and 80% (2.0v) of the open-circuit voltage, the total 

electrical discharge time could be calculated using the measured feedback 

voltage.  

Fig. 3.19 Electrical discharge probability 

0 200 400 600 800 1000 1200
15

30

45

60

75

90

 Co-op. EDM f 0.5mm

 EDM machine f 0.5mm

 Co-op. EDM f 1mm

 EDM machine f 1mm

E
le

c
tr

ic
a
l 
d
is

c
h
a
rg

e

p
ro

b
a
b
ili

ty
 %

Rotational speed rpm



Chapter 3 Experimental EDM using the maglev electrode driving actuator 

62 

 

In this study, the electrical discharge probability (EDP) is defined as the ratio 

of the total electrical discharge time to the machining time. Fig. 3.19 shows the 

EDP of f0.5mm×4mm and f1mm×4mm holes machined by using the 

conventional EDM machine only without electrode rotation and using the 

co-operative EDM at various electrode rotational speeds.  

Fig. 3.20 Rotational vibration of electrode (f0.5mm) and spindle shaft at 

various rational speeds 

The co-operative EDM exhibited a much higher EDP than that of EDM 

machine, alone, due to the improved response speed. Furthermore, the 

co-operative EDM with the electrode rotation at 600-800rpm obtained a higher 

EDP than the value at the other rotational speeds, the results of EDP are 

coincide with the results of machining speeds. The decrease of both machining 

speeds and EDP at more than 800rpm might because the increased rotational 

speed would increase the vibration of electrode. Fig. 3.20 shows the rotational 

vibration of f0.5mm electrode at various rotational speeds. Due to the limited 
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stiffness of the positioning stage of the EDM machine tool, which was used to 

attach the maglev electrode driving actuator to the machine tool, after rotational 

speed larger than 800rpm, the vibration of actuator body happened, which made 

the electrode vibration increased, and the increased electrode vibration would 

increase the abnormal discharge and make the gap voltage between the 

electrode and work-piece unstable. 

 

3.4 Micro EDM 

3.4.1 Fabrication of micro electrode 

    In this section, micro EDM utilizing the prototype MLA is examined. The 

target of the micro EDM is to machine micro holes with diameter less than 

100m and aspect ratio larger than 10. 

    For machining the micro holes, micro electrodes are required and should be 

attached to the MLA accurately. However, in experiments, the positioning 

accuracy of micro electrodes is greatly affected by the clamping error. To solve 

the problems, there are two possible methods: one is to compensate the attitude 

of the spindle shaft of the MLA depending on the clamping error; the other one is 

on-machine fabrication of the electrode. The on-machine fabrication was tested 

in this study. 

 

3.4.2 Fabrication concept of micro electrode 

    In order to fabricate a micro cylindrical electrode without any clamping error, 

the basic concept is as follows:  

The first step is to clamp a rod tool electrode with a relatively large diameter 

than the target electrode on the MLA spindle shaft. 

The second step is to clamp a bulk work-piece on the EDM machine as a 

sacrificial electrode. 
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Final step is to machine the side cylindrical surface of the tool electrode 

using the plane side surface of the sacrificial electrode by rotary electrical 

discharge, until the diameter of the tool electrode reaches the desired value. 

3.4.3 Fabrication method of micro electrode 

Fig. 3.21 On-machine fabrication of micro electrode and a fabricated micro 

electrode 

In the on-machine fabrication, cylindrical shaped Ag-W electrodes with a 

diameter of 1mm were used as tool electrode, a bulk Cu-W work-piece was used 

as a sacrificial electrode. The machining fluid was oil (EDF-K, Nippon Oil Corp.).  

Fig. 3.21 shows the image of on-machine fabrication setup. During 

fabrication, the tool electrode was attached to the spindle shaft of the prototype 

MLA, and was levitated by the prototype MLA and rotated at 800rpm. The 

conventional EDM machine tool was used to feed the electrode together with the 

MLA body, and to supply the discharge voltage between the tool electrode and 

sacrificial electrode. 

 

3.4.4 Fabrication results of micro electrode 

Fig. 3.21 also shows an example of fabricated micro electrode. A set of laser 
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digital displacement sensor (Digital Laser Micrometer LS-7600 Series, 

KEYENCE CORPORATION, resolution: 0.5 m) measured the diameter and 

rotational vibration of the on-machine fabricated micro electrode, as shown in 

Fig 3.22.  

Fig. 3.22 Rotational accuracy of on-machine fabricated micro electrode 

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

200rpm

Electrode Spindle

D
is

p
.-

Y
 

m

Disp.-X m



Chapter 3 Experimental EDM using the maglev electrode driving actuator 

66 

 

For maintaining sufficient stiffness and avoiding tapper error of the electrode, 

the length and diameter of the on-machine fabricated electrode was limited to 

2.4mm and f60m, respectively. The rotational vibration of the on-machine 

fabricated micro electrode was measured at the electrode end under 200rpm, 

the value is less than ±3m, and is acceptable for conducting stable micro hole 

EDM. 

 

3.4.5 Micro hole EDM 

Using the on-machine fabricated micro electrodes, the micro-hole EDM was 

experimentally tested. Micro holes were machined on 1 mm thick pre-hardened 

steel work-piece with a hardness of 40 HRc (NAK 80, Daido Steel Corp., Ltd.). 

The machining fluid was oil. 

Three different machining methods were conducted: using the conventional 

EDM machine alone, without electrode rotation; the co-operative EDM without 

electrode rotation and co-operative EDM with electrode rotating at 800rpm. The 

machining was continued until the electrode penetrate the 1mm thick work-piece 

or stopped after feeding 2.3mm due to the limited electrode length of 2.4mm 

Fig.3.23 Machining feeding processes of micro holes machining 
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Fig. 3.23 shows the machining feeding process of each machining case. 

According to the results, the co-operative EDM with electrode rotating at 800rpm 

penetrated the work-piece, however, without an electrode rotation, both 

conventional EDM machine and co-operative EDM failed to penetrate the 

work-piece until feeding the electrode by 2.3mm. A laser microscope 

(VK-8700/9700 Generation II, KEYENCE CORPORATION) measured the depth 

of machined micro blind holes.  

According to the measured depth of holes machined by conventional EDM 

machine and by co-operative EDM system without electrode rotation, within the 

same feeding range of 2.3mm, the co-operative EDM without electrode rotation 

machined deeper in a shorter time compared to that of the conventional EDM.  

The machining rate of each machining case was calculated, which is 

defined as the depth of each machined hole divided by its machining time. The 

co-operative EDM with electrode rotating at 800rpm obtained a machining rate 

of 4.74m/s, which is about 12 times as that of the co-operative EDM without 

electrode rotation, 0.39m/s, and about 22 times as that of conventional EDM 

without electrode rotation, 0.22m/s.  

Comparing the increases of machining speeds in experimental small-holes 

and micro-holes machining, the reduction of electrode diameter could enhance 

the effectiveness of electrode rotation to the machining speed. 

 

3.4.6 Machined micro holes 

Fig. 3.24 shows the view of entrance and exit of a 1mm micro through hole 

machined by co-operative EDM with electrode rotating at 800rpm. The entrance 

diameter was f98m and the exit one was f82m, the aspect ratio was 10.2. 

However, tapper shape error also observed. The prototype MLA realized 

multi-DOF motion of the electrode in three orthogonal directions and two tilt 

directions, the elimination of tapper error by applying tilt and radial compensation 

of the electrode using the MLA during machining will be experimentally 
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investigated in future work. 

Fig. 3.25 shows the view of entrance of micro blind holes machined by 

conventional EDM machine and co-operative EDM system, without electrode 

rotation. The entrance diameters of machined micro holes were large than that 

of hole machined with electrode rotation, furthermore, roundness error also 

observed.  

Fig. 3.24 Micro through hole (depth: 1mm) 

It is considered that, the debris formed by removed material from both 

electrode and work-piece accumulated around the electrode, and caused 

abnormal electrical discharge between the outer cylindrical surface of the 

electrode and the inner wall surface of machined hole, which removed material 

from the outer cylindrical surface of electrode and inner wall surface of machine 

hole. 

Without the electrode rotation, the debris was harder to be removed from 

the machined hole, which made more material to be removed from the inner wall 
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of machined hole by abnormal electrical discharge caused by debris. Therefore, 

the diameter of the machined hole without electrode rotation was larger than that 

the diameter of machined hole with electrode rotation. 

On the other hand, at the bottom of machined hole, abnormal electrical 

discharge would happen between the accumulated debris and the bottom 

surface of the electrode, which would increase the tool wear. Therefore, in 

machining methods without electrode rotation, the electrode failed to penetrate 

the work-piece with even much larger feeding range, as shown in Fig. 3.23. 

Fig. 3.25 Micro blind holes 

 

3.5 Conclusion 

In this chapter, in order to evaluated the effectiveness of fast positioning 

response of electrode, electrode rotation and their combination to the machining 

speed and accuracy in EDM, the developed maglev electrode driving actuator 

was applied to machine holes with various diameters and depths by EDM.  
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Before experimental machining, a co-operatively controlled EDM system 

was built for extending the positioning range of the electrode. In the co-operative 

EDM system, the prototype maglev electrode driving actuator was attached to a 

conventional EDM machine, and worked as a maglev local actuator (MLA). 

During machining, the MLA adjusted the light electrode speedily and accurately 

in a short range for maintaining a suitable gap between electrode and 

work-piece; the EDM machine fed the MLA in the machining direction in a large 

range for coarse positioning and for avoiding the saturation of the positioning 

stroke of the MLA. The co-operative EDM system realized as large positioning 

range as the conventional EDM machine, and as fast positioning response as 

the MLA. 

A new attachment mechanism was design and fabricated for improve the 

clamping error of the electrode. With the new attachment mechanism, the 

rotational vibration of the electrode was decrease from more than 70m to less 

than 10m. 

For machining f0.5mm×4mm through holes, the co-operative EDM 

increased machining rate by 125% compared to conventional EDM machine, 

both without electrode rotation. In co-operative EDM, electrode rotating at 

800rpm obtained the maximum machining rate, which was increased by 97% 

compared to co-operative EDM without electrode rotation. 

For machining f1mm×4mm through holes, the co-operative EDM increased 

machining rate by 337% compared to conventional EDM machine, both without 

electrode rotation. In co-operative EDM, electrode rotating at 600rpm obtained 

the maximum machining rate, which was increased by 22% compared to 

co-operative EDM without electrode rotation. 

In order to machining micro hole with diameter less than 100m and aspect 

ratio larger than 10, Ag-W micro electrodes were on-machined fabricated, with 

diameter of f60m and length of 2.4mm. Co-operative EDM system with 

electrode rotating at 800rpm succeeded in machining a 1mm deep micro 

through hole with diameter less than 100m.  
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However, without electrode rotation, both conventional EDM machine and 

co-operative EDM system failed to machine a though hole on 1mm thick 

work-piece with the on-machine fabricated micro electrodes. The machining 

stopped after feeding 2.3mm, which was limited by the length of the on-machine 

fabricated electrode, 2.4mm.  

Within the same feeding range of 2.3mm, the co-operative EDM without 

electrode rotation machined deeper hole in a shorter time compared to that of 

the conventional EDM. This indicated that the c-operative EDM obtained higher 

machining efficiency due to the faster positioning response compared to the 

conventional EDM machine. 

In future work, attitude compensation of the electrode in radial and tilt 

directions for eliminating electrode clamping error and tapper error of machined 

hole will be experimentally investigated. The evaluation of jump motion, 

combination of rotation and orbital motion of electrode to the machining speed 

and accuracy will also be conducted.  

Finally, the author will design and fabricate a new maglev actuator for 

another non-contact machining--laser beam machining. The development of the 

new maglev actuator will be introduced in the next chapter.  
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Chapter 4 Maglev lens driving actuator for LBM 

4.1 Introduction  

In laser beam machining, the machining speed and quality are very sensitive 

to the flow of the assist gas and the position of the focal point of the laser beam. 

Laser beam cutting is the most frequently performed material removal process in 

laser beam machining. In order to improve the cutting speed and the capability 

to remove molten material, as well as to save on the consumption of assist gas, 

a machining method that applies a suitable eccentricity between the axis of the 

laser beam (i.e. lens axis) and the axis of a convergent assist gas supply nozzle, 

which called off-axis control, was proposed for straight laser beam cutting, as 

shown in Fig. 4.1(a).  

Fig. 4.1 Off-axis laser beam cutting realized by radial motion of the lens 

The eccentricity between the laser beam axis and the convergent nozzle 

axis was manually adjusted for previous experiment [12]. However, real-time 

off-axis control of the lens has not been realized by a conventional LBM machine 

tool, which is required in two-dimensional laser beam cutting, as shown in Fig. 

4.1(b), a relative displacement between the nozzle and the laser beam following 

the two-dimensional reference cutting trajectory should be generated.  

On the other hand, the adjustment of the focal point of the laser beam, which 

can be realized by axial motion of the lens, is another of the more critical process 

parameters. The laser beam focal point, as shown in Fig. 4.2 (a. focused above, 

b. focused on and c. focused below the surface of the work-piece),  can be 
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Nozzle exit

Lens axis
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Fig. 1 Off-axis laser beam cutting realized by radial motion of the lens
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optimized according to the material and thickness of the work-piece to achieve 

the desired machining accuracy, speed and surface quality in various laser beam 

machining processes [15-19]. In previous researches, the focal point was 

manually adjusted and fixed during the machining process; however, high speed 

real-time adjustment of the focal point responding to changes in the thickness 

and material of the work-piece has not, so far, been reported. 

Fig. 4.2 Focal point adjustment realized by axial motion of the lens 

Morimoto et al. developed a 2-DOF lens driving actuator, which realized 

maximum relative positioning range of ±0.5mm between a lens and a nozzle in 

two radial directions. The actuator was applied to two-dimensional off-axis laser 

beam cutting. Both the machining speed and quality were improved with the 

off-axis control [31]. However, the ±0.5mm positioning range of lens was not 

enough for further higher machining speed, and the laser beam focal point 

adjustment in axial direction could not be realized by the actuator. 

In order to realize two-dimensional off-axis cutting and adjust the focal point 

speedily during various laser machining processes, a supplementary actuator 

which can drive the lens in three orthogonal directions is needed. The objective 

of this chapter is the realization of a compact maglev lens driving actuator which 

can drive the lens in both the axial and radial directions, and can be 

accommodated in the laser head of a conventional laser machine tool. 

 

4.2 Principle and design of maglev lens driving actuator  

4.2.1 Design specifications 

(b) (c)(a)

Focused above Focused on Focused below

Fig. 2 Focal position adjustment realized by axial motion of the lens
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Considering the future applications and the parameter settings used in 

preliminary laser beam machining experiments [31], the maximum 

displacements of the lens in the radial and axial directions were set to be no less 

than ±1mm and ±5mm, respectively; the tracking error was set to be less than 

15m and the bandwidths greater than 100Hz in all three orthogonal directions. 

Furthermore, sufficient positioning accuracy of the lens should be maintained 

under laser head acceleration of 20~40m/s2 (2G~4G). 

Due to the space restriction within the specified high power laser beam 

machine tool, within which the actuator will be accommodated in the laser head, 

the size of the actuator should be less than 125mm×125mm×125mm. The 

diameter and mass of the lens are 50.8mm (2 inch) and 50~100g, respectively.  

 

4.2.2 Principle of actuator mechanism 

For a maglev lens driving actuator, in order to realize a positioning range of 

±1mm in radial direction and a positioning range of ±5mm in axial direction of the 

lens, the initial air gap of electromagnets should be no less than 1mm. During 

the full stroke reciprocating motion, the air gap would vary from 0mm to 2mm.  

For a traditional core type electromagnet, the coil core made of magnetic 

material can concentrate the magnetic flux generated by coil, by that the 

generated attractive force to the target can be significantly increased. However, 

the repulsive force is hard to be generated. 

Furthermore, the nonlinearity between the generated force, and the applied 

coil current and air gap is large for the traditional core type electromagnet, which 

makes the motion control become difficult, and a large current variation during 

reciprocating motion is required, this would increase power consumption and 

generate heat [50]. 

In order to realize a sufficiently large range of travel in three orthogonal 

directions and decrease the nonlinearity between input current and driving force, 

as well as generate sufficient driving force, a novel air core type 
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electro-magnetic driving unit was proposed for this work. Fig. 4.3 shows the 

proposed lens driving actuator. The lens for focusing the high energy laser beam 

is mounted in a large aperture in the center of the lens holder. Four 

electro-magnetic driving units are used to levitate and actuate the lens holder 

together with the attached lens. 

Fig. 4.3 Configuration of maglev lens driving actuator 

 

4.2.3 Electro-magnetic driving unit 

Fig. 4.4(a) shows the configuration of one electro-magnetic driving unit. The 

driven target of the unit consists of four permanent magnet (PM) blocks and six 

small PM plates, with three pieces of pure iron sandwiched between the three 

pairs of oppositely magnetized PM plates. The magnetization directions of the 

PMs were designed according to the Halbach PM array [51], as shown in Fig. 

4.4(a). Compared to traditional Halbach PM array, the modified PM array can 

generate enhanced magnetic fields at both sides of the driven target, Fig. 4.4(b) 
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shows the magnetic flux generated by the PM array. 

Four serially-connected rectangular air core radial coils and three 

serially-connected rectangular air core thrust coils are fixed on the actuator base 

board and are used to actuate the driven target in both the radial and thrust 

directions. Coreless rectangular type coils were chosen for the following 

reasons: both attractive and repulsive forces can be generated; the nonlinearity 

of the force generated, which depends on the applied current and the gap 

between the coils and the PMs, is small; the air core part of the coils can be 

effectively utilized to realize a spatial-cross-arrangement of the driven target and 

the coils, therefore, a very compact size of the unit can be realized, as shown in 

Fig. 4.4(a).  

Fig. 4.4 Electro-magnetic driving unit 

When applying current to the fixed radial and thrust coils, as shown in Fig. 

4.4(b), according to the direction of the magnetic flux flow generated by the PM 
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array and the direction of the applied current flow, leftward Lorentz force will be 

generated on radial coils and downward Lorentz force will be generated on 

thrust coils. Since the coils are fixed on the base board, resultant radial and 

thrust reaction forces will be generated to the target, and act on the gravity 

center, as shown in Fig. 4.4 (a). By reversing the direction of applied current, the 

direction of generated driving force can be reversed consequently. 

 

4.2.4 Displacement measuring system 

Fig. 4.5 Arrangement of displacement sensors 

The displacement of the lens holder in the X-, Y-, -, - Y- and Z-directions 

are measured by six non-contact displacement sensors (S1~S6), the sensor 

number is minimum for measuring the displacement of the lens holder in 6-DOF. 

Considering the space limitations of the lens holder, S1~S6 were offset from the 

orthogonal axis, as shown in Fig. 4.5. Such an arrangement realized sufficiently 



Chapter 4 Maglev lens driving actuator for LBM 

78 

 

compact of the actuator, however, the displacement of the lens holder could not 

be measured directly, so that the measurement accuracy may be affected by the 

assembly error. 

According to the arrangement of the sensors shown in Fig. 4.5, the 

relationship between the displacement measured by each sensor (D1~D6) and 

the displacement of the center of gravity of the lens holder Gm (x, y, z, q, f, y) 

from the origin can be expressed as follows: 
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Where, Lt, Lr, Lxz, and Lyz are the distances from each sensor to the center of 

gravity of the lens holder; therefore, the displacement of the center of gravity of 

the lens holder in each direction can be calculated from: 
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4.3 Fabricated maglev lens driving actuator 

4.3.1 Prototype maglev lens driving actuator 

Fig. 4.6 shows one assembled driving coil unit. Each radial coil is 252 turns 

and each thrust coil is 216 turns, the full size of one driving coil set is 

74mm×33mm×79mm. The driven coil unit will be fixed to a base board for driving 

the target. Fig. 4.7 shows one assembled driven target. The sizes of the PM 

blocks and PM plates are 8mm×10mm×35mm and 3mm×12mm×35mm, 

respectively, the red arrows indicate the magnetized direction. The driven target 

will be assembled into the center slot of the coil unit, and then amounted to a 

lens holder; the initial gap between the driven target and the coils is 1.1mm. 
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Fig. 4.6 Assembled driving coil unit 

Fig. 4.7 Assembled driven target 

Fig. 4.8(a) shows the assembled prototype maglev lens driving actuator, the 

1
0
m

m
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full size is 124mm×124mm×101mm, and the total mass is 6kg including all the 

attachments. Fig. 4.8(b) shows the lens holder with one driven target. In order to 

obtain sufficient stiffness and light weight, the lens holder was made of 

duralumin. The mass of the moving part (including the lens holder, the lens and 

the four driven targets, etc.) is 1.12kg. The travel range of the lens holder is 

±1mm in the X- and Y-directions, and ±5mm in the Z-direction. 

For avoiding positioning error of laser beam focal point in three orthogonal 

directions and for realizing stable levitation of lens holder, the rotary and tile 

motions of the lens holder should be controlled. In order to control the rotary 

motion of the lens in the Y-direction, the four driving units are offset from the X- 

and Y-axes and arranged symmetrically around the Z-axis, as shown in Fig. 4.8. 

The radial and thrust forces imparted to the lens holder from each driving unit 

are represented by Fr1, Ft1, Fr2, Ft2, Fr3, Ft3, Fr4, Ft4, respectively. 

 Fig. 4.8 Prototype maglev lens driving actuator 

 

4.3.2 Driving force measurement 

The relationship between the applied current and the forces generated in the 
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radial and thrust directions of an electro-driving unit were both simulated and 

experimentally measured. The simulation was done using FEM (Finite element 

method) software (Ansoft Maxwell 3D, Ver.12.0), and the experimental results 

were measured using a load cell (LUR-A-500NSA1, KYOWA Electronic 

Instruments CO., LTD.).  

Fig. 4.9 shows the experimental setup for measuring the radial driving force 

generated to one driven target. The driving coil unit was fixed on a table, the 

driving target was connected to the load cell and hanging in the slot of the driving 

coil unit, the load cell together with the driven target was supported by a 

positioning stage.  

Fig. 4.9 Driving force measurement setup 



Chapter 4 Maglev lens driving actuator for LBM 

82 

 

By applying different current into the radial coils, the generated radial force 

to the driven target was measured by the load cell and the results were 

recorded. By changing the arrangement of the components, the thrust force also 

was measured.  

Fig. 4.10 Relationship between applied current and generated force 

Fig. 4.10 shows the relationship between the applied current and generated 

force in both radial and thrust directions. The results show good agreement 

between the simulated and experimental results, and the relationships between 

the forces generated and the applied current are fairly linear. 

Since the range of travel of the driven target in the thrust direction is much 

larger than that in the radial direction, the dependency of the force generated on 

the thrust bias displacement of the target was investigated. Fig. 4.11 shows the 

relationship between the bias displacement of the target and the magnetic 

Fig. 7 Relationship between applied current and generated force
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driving force generated in the thrust direction. Since the force generated 

depends on the thrust bias displacement of the target, compensation for this was 

implemented in the control system. 

Fig. 4.11 Driving force variation depending on thrust bias displacement 

 

4.3.3 Driving scheme 

According to the results in Fig. 4.10 and Fig. 4.11, the radial and thrust 

driving forces imparted to the moving parts of each electro-magnetic driving unit 

can be calculated as: 

Fri=KIr×Iri (i=1,2,3,4) ................................................................................(4.3) 

Ftj=KIt(z)×Itj (j=1,2,3,4) ............................................................................(4.4) 

Where, KIr (15.81, N/A) and KIt(z) (12.10-0.13z2, N/A) are the current-force 

coefficients in the radial and thrust directions, respectively, z is the thrust bias 

displacement of the lens holder from the origin, Iri and Iti are the respective 

currents applied to the radial and thrust coils of each unit, and i and j are the 

subscripts for the electro-magnetic driving units indicated in Fig. 4. 8.  

The radial force Fri is used to drive the lens holder in the X-, Y- and 

Y-directions, and the thrust force Ftj is used to drive the lens holder in the -, -, 

Z-directions. The points in the x-y plane at which the thrust forces act are at Lrot 

(25mm) and Lti (45mm), as shown in Fig. 4.8, therefore, the resultant driving 

Fig. 8 Force variation depending on bias displacement
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forces and driving torques in each direction can be calculated as follows: 

 

  
  
  

      
    
    

                  

   

   
   
   
   

 ...........................................(4.5) 

 

  
  

  

         
    

                

                

   

   
   
   
   

 .......................................(4.6) 

Compensation for interference between the movements in the X-, Y- and 

Y-directions was implemented by applying suitable coil currents to each 

electro-magnetic driving unit. Similarly, compensation was applied for the 

interference between the movements in the -, - and Z-directions. For 

example, for the interference between the movement generated by the thrust 

forces (-, - and Z-directions), when the lens holder is driven to move in the 

-direction only, the currents applied to the thrust coil of each unit are set as: 
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Then the resultant torques and force generated by the applied currents in 

the -, - and Z-directions are: 
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The resultant torque in the -direction T'f and resultant force in the Z-direction 

F'z are 0; thus, there is no interference with the positioning in the - and 

Z-directions. 
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4.3.4 Control system 

Fig. 4.12 Control system in the X-direction 

In the prototype maglev lens driving actuator, the displacement of the lens 

holder in each direction was independently controlled. The controller algorithm 

was almost the same as that adopted in the maglev electrode driving actuator 

explained in chapter 2. Fig. 4.12 shows a control system block diagram in the 

X-direction, controllers in Y-, Z-, -, - and Y-directions are almost the same as 
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that of the X-direction.  

The acceleration compensator was only adopted in the X- and Y-directions, 

which was used for compensating the disturbance force generated by external 

acceleration to the maglev lens driving actuator in radial direction during 2-DOF 

high speed laser cutting machining. The effectiveness of the acceleration 

compensator will be introduced in section 4.4.4. 

Table 4.1 Controller parameters in the X-, -, Z- and Y-directions 

Table 4.2 Identified model parameters in the X-, -, Z- and Y-directions 

The control parameters in the X-, -, Z- and Y- directions, as shown in Table 

4.1, were set through trial and error using simulation and experiments, and Table 

4.2 shows the model parameters in the X-, -, Z- and Y- directions. Here, the 

inductance and resistance of the coil L and R, and the mass of the moving parts 

m were measured directly. The inertia J was calculated by model software 

(SolidWorks). The damping c, stiffness K and current-force coefficient KI of the 

X – direction  – direction Z – direction Y – direction

gx 3.5x102 gq 2.5x102 gz 2.0x102 gy 1.6x102

a1x 4.2x103 a1q 3.3x103 a1z 1.4x103 a1y 2.5x103

a0x 7.2x106 a0q 4.5x106 a0z 1.7x106 a0y 3.4x106

b2x 1.1x105 b2q 2.3x103 b2z -4.1x103 b2y 1.0x103

b1x 2.6x108 b1q 5.2x106 b1z 1.7x107 b1y 3.6x106

b0x 6.7x1010 b0q 1.1x109 b0z 1.6x109 b0y 7.1x108

gex 50.0 geq 20.0 gez 20.0 gey 50.0

bex 6.0x103 beq 6.0x103 bez 6.0x103 bey 6.0x103

X – direction  – direction Z – direction Y – direction 

Lx 1.5x10-3 H Lq 5.2x10-3 H Lz 5.2x10-2 H Ly 1.5x10-3 H

Rx 14.8 W Rq 7.6 W Rz 7.6 W Ry 14.8 W

m 1.12 kg Jq 2.3x10-3 Kg. m2 m 1.12 kg Jy 2.7x10-3 Kg. m2

cx 10 N/(m/s) cq 0 N.m/(rad/s) cz 10 N/(m/s) cy 0 N.m/(rad/s)

kIx 28.7 N/A kIq 1.4 N.m/A kIz 46.7 N/A kIy 5.5 N.m/A

kx 4.4x103 N/m kq 3.9x10-2 N.m/rad kz 0 N/m ky 3.9x10-2 N.m/rad
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magnetic bearing were identified using the measured frequency responses of 

the maglev lens driving actuator. Moreover, the parameter values in the Y- and 

-directions, which are not shown in the tables, are almost the same as those in 

the X- and -directions. 

 

4.4 Experimental results 

4.4.1 Experiment setup 

The displacement of the lens holder in the X-, Y-, -, - and Y-directions 

were measured using five eddy current displacement sensors (S1~S5, PU-05, 

AEC Corp., measurement range 2mm, resolution 0.5m). The displacement of 

the lens holder in the Z-direction was measured by another type of eddy current 

displacement sensor (S6, PU-14, AEC Corp.), as shown in Fig. 4.5. In order to 

extend the measurement range of S6 from the nominal value of 6mm to the 

required one of 10mm, the nonlinear region of the sensor output is used. Fig. 

4.13 shows the calibration curve of the displacement sensor. When the gap 

between the probe and the sensor target is larger than 6mm the sensitivity 

decreases, consequently decreasing the resolution. 

Fig. 4.13 Calibration of the PU-14 eddy current sensor 

Fig. 9 Calibration of the Pu-14 eddy current sensor
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A digital signal processor (DS1103, dSPACE Japan Corp. sampling rate 

10kHz) was used to realize a digital controller for the displacement and motion of 

the lens holder, and the frequency response characteristics of the lens holder 

were measured using a frequency response analyzer (FRA 5095, NF Corp.). 

Eight power operational amplifiers were used to supply the driving voltage to the 

radial and thrust coils (PA12, APEX Microtechnology Corp., voltage supply range 

±10V to ±50V, output current ±15A peak). 

 

4.4.2 Full positioning stroke, resolution and bandwidth 

Without supplying power to the actuator, the lens holder was located on the 

base board, which is more than 5mm below the origin of the coordinate system. 

The lens holder could be easily and steadily levitated by the controller. 

Fig. 4.14 Full stroke circular motion in the X-Y plane 

Fig. 4.14 shows the movement, driven by the maglev actuator, of the lens 

holder in a full stroke (±1mm) circular motion in the X-Y plane at frequencies of 

1Hz and 10Hz. Fig. 4.15 shows the full stroke of the lens holder of ±5mm in the 

axial direction at 1Hz. 

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

 1mm,1Hz   1mm,10Hz

D
is

p
la

c
e

m
e

n
t 

Y
 m

m

Displacement X mm



Chapter 4 Maglev lens driving actuator for LBM 

89 

 

Fig. 4.15 Full stroke in the Z-direction 

Fig. 4.16 Positioning resolution in the X-direction 
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Fig. 11 Full stroke in the Z-direction

Fig. 12 Positioning resolution in the X-drection
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Fig. 4.17 Positioning resolution in the Z-direction 

Fig. 4.16 shows the positioning resolution of the lens holder in the 

X-direction at the 1mm, 0mm and -1mm positions, respectively. The results 

indicate that the actuator has a positioning resolution of 1m over the whole 

range.  

Fig. 4.17 shows the positioning resolution of the lens holder in the 

Z-direction to be 3.0m at -5mm, 2.5m at 0mm and 12m at 5mm. The 

decrease in resolution at 5mm is due to the increased distance from the sensor 

to the target. 

Fig. 13 Positioning resolution in Z-direction
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The bandwidth of the actuator was measured when the lens holder was 

levitated at the initial position, the amplitude of the input signal was 10m. Fig. 

4.18 shows the results of measurements of the bandwidths of the actuator in the 

X- and Z-directions, which are 160Hz, and 105Hz, respectively. The results for 

the Y-direction, which are not shown, are almost identical to those for the 

X-direction.  

According to the experimental results, the prototype maglev lens actuator 

achieved the design specifications. It realized full positioning stroke of ±1mm in 

two radial directions and full positioning stroke of ±5mm in the axial direction, 

with tracking error less than 15m in the whole positioning range and bandwidth 

greater than 100Hz in all the three orthogonal directions. 

Fig. 4.18 Bandwidth in the X- and Z-directions 

 

4.4.3 Motion interference 

Step response experiments were conducted to evaluate the effectiveness of 

compensation for the interference between the movements in different directions. 

In the experiments, a step signal was input into one direction, positioning errors 

in the other directions during the step operation were recorded.  

Fig. 14 Bandwidth in the X- and Z-directions
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Fig. 4.19 Interference from step response in the X-direction 

-0.2 -0.1 0.0 0.1 0.2 0.3

0
20
40
60
80

100

D
is

p
. 

X
 

m

Time s

-0.2 -0.1 0.0 0.1 0.2 0.3

-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8

D
is

p
. 
Y

 
m

Time s

-0.2 -0.1 0.0 0.1 0.2 0.3

-10

-5

0

5

10

D
is

p
. 
Z

 
m

Time s

-0.2 -0.1 0.0 0.1 0.2 0.3

-20

-10

0

10

20

D
is

p
. 


 

ra
d

Time s

-0.2 -0.1 0.0 0.1 0.2 0.3

-80
-60
-40
-20

0
20
40
60
80

D
is

p
. 


 

ra
d

Time s

-0.2 -0.1 0.0 0.1 0.2 0.3

-40

-20

0

20

40

D
is

p
. 

Y
 

ra
d

Time s



Chapter 4 Maglev lens driving actuator for LBM 

93 

 

Fig. 4.20 Interference from step response in the Z-direction 
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Fig. 4.19 and Fig. 4.20 show the experimental results. When a 100m step 

was applied to the holder in the X-direction, a positioning error of just ±60rad 

was observed in the -direction, as shown in Fig. 4.19. The displacement of the 

lens holder in the -direction is measured by sensors S1 and S2, and the 

distance between these is 60mm (2×Lt), as shown in Fig. 4.5. According to Eq. 

4.2, a positioning error of ±60rad in the -direction is equivalent to positioning 

errors of ±1.8m at S1 and S2, which is acceptable considering the positioning 

accuracy in the radial direction. When a 100m step was applied to the holder in 

the Z-direction, no obvious positioning error was observed in all the other five 

directions, as shown in Fig. 4.20.  

The results for the Y-direction, which are not shown, are almost identical to 

those for the X-direction. The experimental results indicate that compensation 

for the interference between movements in the different directions was 

successfully accomplished. 

 

4.4.4 Vibration test 

During high speed laser plate cutting machining [42], the lens driving 

actuator was accelerated to 20~40m/s2 in the radial direction. The external 

acceleration would generate disturbance force to the levitated lens holder. 

Vibration test was conducted in order to verify the positioning performance of the 

actuator in the radial direction under high acceleration conditions. 

Fig. 4.21 shows the experiment setup for vibration test in the X-direction. 

The maglev lens driving actuator was attached to the load table of a vibration 

machine (230/SA2M, IMV Corporation). During the test, the lens holder was 

levitated, and then the actuator was vibrated in the X-direction with high 

acceleration. This introduced a positioning error into the lens holder.  

The acceleration of the load table was measured using an acceleration 

pickup, and this information was used in calculating the disturbance force 

imparted to the lens holder by the vibration. Compensation for this force was 

applied by a proportional controller to reduce the positioning error, as shown in 



Chapter 4 Maglev lens driving actuator for LBM 

95 

 

Fig. 4.12. After testing the positioning performance of the actuator under 

vibration in the X-direction, the actuator was re-attached to the load table after 

rotation through 90°, so that the positioning performance of the actuator under 

vibration in the Y-direction could also be tested. 

During the test, two different types of vibration were applied to the maglev 

lens driving actuator. Fig. 4.22 shows a half sine wave type acceleration applied 

to the actuator measured by the accelerometer, the actuator was accelerated to 

more than 40m/s2 (4G) and then returned to 0m/s2 within 10ms; Fig. 4.23 shows 

a sine wave type acceleration applied to the actuator measured by the 

accelerometer, the actuator was vibrated continuously under a pick acceleration 

amplitude of ±20m/s2 (2G) at 50Hz. 

Fig. 4.21 Experiment setup of vibration test 

Vibration 
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Acceleration 
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Acceleration 
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Fig. 4.22 Half sine wave acceleration 

Fig. 4.23 Sine wave acceleration 

The settings of the vibration condition are based on the working conditions 

of a laser cutting machine tool (ML3015NX, Mitsubishi Electric Corp.) in which 

the actuator is to be installed. 

Fig. 4.24 shows the positioning error of the lens holder under half sine wave 

acceleration in the X-direction. During the vibration test, the positioning errors for 

the lens holder at the +0.5mm, 0mm and -0.5mm positions in the X-direction 

were recorded. The results show that the compensation for the positioning errors 

caused by the 40m/s2, 10ms half sine wave acceleration was successfully 

accomplished, with the positioning errors being less than ±10m in all positions.  

Fig. 4.25 shows the positioning error of the lens holder under sine wave 

acceleration in the X-direction. During the vibration test, the positioning errors for 
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the lens holder at the +0.5mm, 0mm and -0.5mm positions in the X-direction 

were recorded. The results show that the compensation for the positioning errors 

caused by the 20m/s2, 50Hz sine wave acceleration was successfully 

accomplished, with the positioning errors being less than ±10m in all positions. 

Fig. 4.24 Positioning error under half sine wave acceleration (4G, 10ms) in 

the X-direction 

Fig. 4.26 and Fig. 4.27 show the tracking errors of the lens holder in the X-Y 

plane at the origin point. According to the results, when the maglev lens driving 

actuator was accelerated under 40m/s2, 10ms half sine wave acceleration and 

2G, 50Hz sine wave acceleration in the X-direction, positioning errors were only 

detected in the accelerated direction. After compensation, the tracking errors of 
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the lens holder were less than ±10m in the both X- and Y-directions. 

The results of vibration test in the Y-direction, which are not shown, are 

almost identical to those in the X-direction.  

 

Fig. 4.25 Positioning error under sine wave acceleration (2G, 50Hz) in the 

X-direction 
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 Fig. 4.26 Tracking error under half sine wave acceleration (4G, 10ms) in 

the X-direction 

Fig. 4.27 Tracking error under sine wave acceleration (2G, 50Hz) in the 

X-direction 

 

4.5  Conclusion 
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and the assist gas supply nozzle axis during two-dimensional off-axis laser beam 

cutting, as well as real-time adjustment of the focal point of a laser beam in laser 

cutting, cladding and deep piercing etc., a maglev lens driving actuator was 

proposed and fabricated. 

A novel air core coil type electro-magnetic driving unit was designed to 

actuate the lens holder. The driving unit can generate both repulsive and 

attractive forces by utilizing a modified Halbach array on the driven target and 

the air core coils. The air core coil windings allowed a spatial-cross-arrangement 

of the components, enabling the actuator to be sufficiently compact for it to be 

accommodated in the machining head of a laser beam machining tool. 

Four electro-magnetic driving units were off-set from X- and Y-axis and 

symmetrically arranged around Z-axis for driving a lens holder. The actuator was 

designed so that the lens could be driven with a full positioning stroke of ±1mm 

with a tracking error of less than 1m in the X- and Y-directions and with a full 

positioning stroke of ±5mm with a tracking error of less than 12 m in the 

Z-direction. The bandwidths are greater than 100Hz in all three orthogonal 

directions. The prototype actuator has a compact size of 

124mm×124mm×101mm so that it can be accommodated in a conventional 

laser machine tool. 

Under half sine wave acceleration (40m/s2, 10ms) and sine wave 

acceleration (2G, 50Hz) in the X- and Y-directions, compensation for the 

disturbance was implemented so that the actuator controls the lens holder to 

maintain a tracking error of less than ±10m.  

In future work, the prototype maglev lens driving actuator will be installed in 

a laser beam machining tool, so that the effectiveness of off-axis control of the 

lens and adjustment of the focal point of the laser beam on the machining speed 

and quality can be experimentally investigated. 
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Chapter 5 Conclusion 

5.1  Summary 

In order to increase the machining speed and quality in electrical discharge 

machining (EDM) and laser beam machining (LBM), additional high speed and 

multi-DOF maglev actuators were developed in this study. In this thesis, the 

development of a 5-DOF maglev electrode driving actuator (chapter 2) and its 

effectiveness on the machining speed of small hole and micro hole EDM 

(chapter 3); and the development of a maglev lens driving actuator (chapter 4) 

were introduced and discussed. 

In the EDM project, a maglev electrode driving actuator was designed and 

fabricated; the maglev actuator enabled an electrode, which is attached to a 

levitated spindle shaft, to realize a faster positioning response than a 

conventional EDM machine tool in three orthogonal and two tilt directions. 

Meanwhile, a novel magnetic coupling mechanism in the maglev electrode 

driving actuator realized the electrode rotation, and realized discharge voltage 

supply to the electrode without disturbing its multi-DOF motion and rotation. For 

the purpose of increasing the machining speed in EDM, the effectiveness of fast 

positioning response of the electrode, electrode rotation, and their combination 

realized by the developed maglev electrode driving actuator was experimentally 

investigated. 

In the LBM project, a maglev lens driving actuator was designed and 

fabricated. By using a novel air core coil type electro-magnetic driving unit, the 

maglev lens driving actuator realized high speed off-axis control in radial 

direction and focal point adjustment in axial direction. 

The content of this research is summarized as follows: 

Chapter 1 "Introduction" 

This chapter first described the basic concept of electrical discharge 

machining (EDM) and laser beam machining (LBM), as well as the challenges 
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encountered in EDM and LBM for achieving higher machining speed and better 

machining quality. 

In the EDM, in order to increase the machining speed and quality, an 

electrode should be rapidly positioned for maintaining a suitable gap distance to 

a work-piece; orbital motion, rotation, tilt motion and jump motion of the 

electrode are required for obtaining stable electrical discharge by removing the 

debris accumulated around electrode during EDM process. 

In the LBM, in order to reduce the assist gas consumption and increase the 

laser beam cutting speed and quality, high speed real-time off-axis control is 

required; in order to increase the machining speed and the aspect ratio of 

machined hole in laser piercing, adjustment of the laser beam focal point is 

needed. 

Conventional machine tools for EDM and LBM cannot realize the functions 

mentioned above. Therefore, supplementary actuators for driving an electrode in 

EDM and for driving a lens in LBM were developed using maglev technology in 

this study. The use of such technology could enable the actuators to have a fast 

response, a simple structure, be compact, etc. 

 

Chapter 2 “Maglev electrode driving actuator for EDM” 

This chapter introduced the mechanical structures and the experimental 

performance of a compact maglev electrode driving actuator. The developed 

prototype maglev actuator realizes 5-DOF motion of a spindle shaft by two radial 

magnetic bearings and one thrust magnetic bearing. The Lorentz type thrust had 

a long positioning stroke and the generated driving force was quite linear to the 

applied current and bias displacement. 

An electrode was attached to the levitated spindle shaft. A magnetic 

coupling mechanism was proposed to realize discharge voltage supply without 

direct contact between brushes and levitated spindle shaft, as well as transmit 
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rotational torque from a DC motor to the levitated spindle shaft for rotating the 

attached electrode. Furthermore, the magnetic coupling generated a restoring 

force to balance the gravity of the spindle shaft, which decreased the power 

consumption. 

Experimental results indicated that the prototype actuator possessed 

sub-micron positioning resolution with an angular resolution of several 

micro-radians, bandwidths greater than 200 Hz in the 5-DOF directions, and 

positioning strokes of 2mm in the thrust direction, 180m in the radial direction 

and 3.6mrad in tilt direction, respectively. Moreover, the spindle shaft could be 

rotated smoothly at up to 2000rpm with vibration amplitudes of less than 1.5m 

and 30rad, while the discharge current could be fed to the electrode while the 

spindle shaft was rotating without any friction force induced by the power supply 

brushes. 

 

Chapter 3 “Experimental EDM using the maglev electrode driving actuator” 

This chapter firstly discussed the problems of applying the prototype maglev 

electrode driving actuator to experimental EDM and the solutions. The 

positioning stroke of the prototype actuator was not enough for machining a 

deep hole with depth than 2mm, a co-operatively controlled EDM system using 

the prototype maglev electrode driving actuator combined with a conventional 

EDM machine was proposed to solve this problem.  

The co-operative EDM system realized as large travel range of the 

electrode as that of the conventional EDM machine, and realized as fast 

positioning response of the electrode as that of the prototype maglev electrode 

driving actuator.  

A new electrode attachment mechanism having a better coaxiality between 

the spindle shaft and the attached electrode was designed and fabricated; which 

decreased the electrode rotational error from ±35m to less than ±5m.  
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Secondly, experimental EDM of f0.5mm×4mm and f1mm×4mm through 

holes were also presented in this chapter. The co-operative EDM system 

increased the positioning response of the electrode, so that the electrode was 

positioned more rapidly. Therefore, without electrode rotation, the co-operative 

EDM increased machining rate by 125% and 337% in f0.5mm×4mm and 

f1mm×4mm though hole EDM, respectively, compared to the conventional EDM 

machine. 

In co-operative rotary EDM, electrode rotation helped removing the debris 

accumulated around the electrode, and this enabled more stable electrical 

discharge. Therefore, electrode rotating at 800rpm increased machining rate by 

maximum of 97% in f0.5mm×4mm though hole EDM; and electrode rotating at 

600rpm increased machining rate by maximum of 22% in f1mm×4mm though 

hole EDM. 

Finally, micro hole EMD was also conducted. f60m×2.4mm micro 

electrodes were on-machine fabricated for eliminating the clamping error. 

Without electrode rotation, both co-operative EDM and conventional EDM 

machine failed to machine through a 1mm work-piece. Within the same feeding 

range, the co-operative EDM machined a deeper hole within shorter time than 

the conventional EDM machine. Co-operative EDM with electrode rotating at 

800rpm machined a 1mm micro through hole with diameter less than 0.1mm.  

 

Chapter 4 “Maglev lens driving actuator for LBM” 

This chapter presented a maglev lens driving actuator for realizing a 

real-time high speed relative displacement between a lens and an assist gas 

nozzle in radial directions and for adjusting the laser beam focal point in axial 

direction.  

In the maglev lens driving actuator, a lens holder was actuated by four novel 

electro-magnetic driving units. In each driving unit, a modified Halbach PM array 

was mounted to the lens holder, and air core driving coils were fixed on the base. 
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The modified PM array generated enhanced magnetic field on both side, driving 

forces was generated to the lens holder in both radial and axial directions by air 

core coils on the base, and long travel range with lower nonlinearity of the lens 

holder was also achieved. The air core coil windings allowed a 

spatial-cross-arrangement of the components, enabled the actuator to realize a 

compact size of 121mm×121mm×101mm. 

In the fabricated prototype maglev lens driving actuator, a large aperture in 

the center of the lens holder was used to attach a f50.8mm lens and to pass the 

high energy laser beam. Radial displacement of the lens up to ±1mm with a 

tracking error of 1m and a bandwidth of more than 150Hz was achieved; and a 

±5mm stroke of the lens with a tracking error of less than 3m and a bandwidth 

of more than 100Hz was also obtained in the axial direction. 

In experimental high speed laser beam cutting, the maglev lens driving 

actuator should be driven under a high acceleration from 2G to 4G. Therefore, 

vibration test was also conducted in order to confirm the positioning performance 

of the maglev actuator.  

Under external half sine wave (4G, 10ms) and sine wave (2G, 50Hz) 

acceleration in the radial direction, the prototype maglev lens driving actuator 

maintained a tracking error of the lens holder less than 10m by using an 

acceleration compensator. 

 

5.2  Future works 

5.2.1 Future works of the EDM project 

The developed maglev electrode driving actuator enabled high speed and 

high accuracy motion control of an electrode in three orthogonal and two tilt 

directions. In future work, attitude compensation of the electrode in radial and tilt 

directions for eliminating electrode clamping error and tapper error of machined 

hole will be experimentally investigated. The positioning range of the electrode in 
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radial and tilt directions are planning to be extended if necessary. 

The jump motion, combination of rotation and orbital motion of electrode are 

supposed to be effective for debris removing. The effectiveness of those motions 

of electrode to the machining speed and accuracy will also be investigated.  

 

5.2.2 Future works of the LBM project 

The developed prototype maglev lens driving actuator realized sufficient 

positioning performance of the lens. In the next step, the prototype maglev lens 

driving actuator will be installed in a laser beam machining tool, so that the 

effectiveness of off-axis control of the lens and adjustment of the focal point of 

the laser beam on the machining speed and quality can be experimentally 

evaluated. 

Since the prototype maglev lens driving actuator realized unique motions of 

the lens which cannot be realized by conventional LBM machine tools, new laser 

beam machining methods using the high speed motions of a lens will be 

attempted.  

Furthermore, the prototype maglev lens driving actuator realized much 

larger positioning range than that of the 5-DOF maglev electrode driving actuator, 

and with the same positioning error magnitude. Therefore, experimental EDM is 

planning to be conducted using the maglev lens driving actuator by attaching an 

electrode to the lens holder. 
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