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a b s t r a c t

A new gap control strategy for five-axis milling using near-dry electrical discharge machining (EDM)

has been experimentally investigated. The conventional EDM control strategy only allows the retraction

of the electrode in the direction of machining trajectory, which results in inefficient gap control when

the electrode is not perpendicular to the workpiece. The new gap controller is capable of retracting the

electrode in the direction of its orientation. This enables more efficient enlargement of the discharge

gap leading to faster recovery of average gap voltage. Experimental results show a 30% increase in

material removal rate while the tool electrode wear ratio and surface roughness are not affected.

Furthermore, EDM efficiency is improved due to the change in the electrode retraction in its axial

direction. The gain tuning of the proposed controller is also discussed. This study shows the direction of

electrode retraction is important for five-axis near-dry EDM milling.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Electric discharge machining (EDM) is an electro-thermal
process. When a large electric potential difference develops in
the dielectric medium between electrically conductive electrode
and the workpiece, the breakdown of dielectric medium creates a
channel of plasma and melts the work-material for machining [1].
A reasonable amount of material removal is possible by control-
ling the electric potential difference between the workpiece and
electrode at high frequency to maintain appropriate gap distance
and condition. EDM milling [2] uses a rotating tubular electrode,
which contours along a path, to create complex geometries on
parts made from difficult-to-machine work-materials. The key
advantage of EDM milling is that it does not require multiple
electrodes. The geometry of electrode tip stays virtually un-
changed during the machining process and tool electrode wear
can be compensated in one dimension [3]. Research in dry EDM
using gas as dielectric has been studied by Kunieda et al. [4–9]
under the EDM milling configuration. Due to the reattachment of
debris to the machined surface, dry EDM milling may have
limitations to meet the combined material removal rate (MRR)
and surface roughness requirements. This problem can be over-
come in near-dry EDM by replacing the gas with the mixture of
gas and dielectric liquid [10]. In addition, near-dry EDM milling
does not require a bath of dielectric fluid, but only a small amount
of dielectric fluid is sprayed around the machining area.
ll rights reserved.
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The control of EDM process is different from conventional
machining process [11]. An additional gap control loop besides the
servo control loop is needed in the EDM control. The average voltage
during discharge, gap voltage (ue), is constantly monitored, and the
feed rate is overridden based on the difference between the
reference gap voltage (ueref) and monitored ue. Therefore, the feed
rate is constantly changing in EDM. Much work has been done to
determine the output value of the manual feed rate override (MFO)
function. Chang [12] developed a variable structure system (VSS) to
enhance the robustness of the gap distance control. Zhang et al. [13]
developed an adaptive fuzzy controller for the gap distance control.
Kao et al. [14,15] also developed fuzzy controller using piezo stage
for micro EDM hole drilling. Currently, research in gap control based
on fuzzy control is becoming more popular since it utilizes the
know-how of skilled operators [16]. However, the drawback of fuzzy
controller is that it only controls the feed rate. To maximize the MRR
for five-axis near-dry EDM milling, controlling methods beyond feed
rate override is required. This is important because conventional
feed rate override does not account for relative orientation of
electrode and workpiece surface, and therefore, cannot efficiently
enlarge the discharge gap for five-axis near-dry EDM milling.

Use of local actuator to enhance the flow of dielectric medium
in the discharge gap has proven to improve the MRR in EDM
processes by several researchers. Ultrasonic vibration can enhance
the dielectric fluid flow in the discharge gap [17]. Nonetheless,
ultrasonic vibration did not change the key discharge profiles, such
as ignition time delay and average discharge energy, but decreased
the number of short circuit and arcing. As a result, ultrasonic
vibration improved the overall efficiency of machining process by
27%. Other studies showed that ultrasonic vibration increased MRR
[18–21]. In dry EDM, however, it increased the tool electrode wear
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ratio and surface roughness [22–24]. One problem with ultrasonic
vibration is that it does not optimize the mist flow rate through the
discharge region, which is critical in near-dry EDM milling [25].
High bandwidth electrode positioning has also been investigated to
enhance the MRR. A piezo actuator attached on an electrode can
improve the MRR in EDM micro-hole drilling [26]. Further
extension of the study has been made using electro-magnets
[27]. A system that can position a small electrode in a three-
dimensional space with high bandwidth has also been developed
[28]. In dry EDM milling, a piezo actuator is attached beneath the
workpiece and improvements in MRR and tool electrode wear ratio
were observed [29]. Much work has been done in the control of
EDM, but adequate investigations have lack of control strategies to
improve the mist flow and MRR in five-axis near-dry EDM milling.
Depending on the electrode orientation, the mist flow rate through
the main discharge region (MDR) changes [25].
Fig. 1. Gap control and MDR in EDM: (a) sinking EDM, (b) wire EDM, (c) three-axis

EDM milling, and (d) five-axis near-dry EDM milling.

Fig. 2. Block diagram of
This study investigates the use of a high-speed piezoelectric
actuator to control the gap condition in near-dry EDM milling.
A new control strategy specialized for near-dry EDM milling with
lead angle using a piezoelectric actuator for gap condition control is
developed. Experimental setup to investigate the control strategy
is described. Detailed structure of a spindle system that retracts
the electrode at high bandwidth is also discussed. Finally, experi-
mental results on machining performance (MRR, tool electrode
wear ratio, and surface roughness) using the proposed strategy are
discussed, analyzed, and compared with the traditional gap control
methods.
2. Gap control strategy for high-speed electrode retraction

In conventional EDM, machine is controlled by retracting
electrode along a commanded trajectory based on the gap voltage
regardless of type of EDM process. The feed and retract direction for
sinking EDM, wire EDM, and three-axis EDM milling are illustrated
in Fig. 1(a)–(c), respectively. This gap control strategy is adequate for
these EDM configurations since the direction of retraction is always
orthogonal to the MDR. The electrode retraction direction being
orthogonal to the main discharge plane maximizes the efficiency of
gap enlargement, which then leads to better debris flushing. For
five-axis EDM milling, retracting the electrode along the trajectory is
not efficient because the MDR is typically not orthogonal to the
retract direction. Fig. 1(d) shows two MDR regions, denoted as MDR
1 and MDR 2, in the EDM milling with lead angle. MDR 1 is located
at the bottom tip of electrode, and MDR 2 is located at the inner
trailing face of electrode. To efficiently enlarge the gap distance, the
electrode should retract in the direction of the electrode orientation,
in the direction of retraction 1 as shown in Fig. 1(d), rather than in
the direction of retraction 2. In this study, a novel method to control
the gap by moving the electrode in both direction of feed/retraction
1 and 2, as shown in Fig. 1(d), in near-dry EDM is investigated.

A control structure that separates the electrode retraction and
electrode feed along the path is the key to the proposed control
strategy. The feed rate override function cannot be implemented
to the near-dry EDM milling with lead angle (Fig. 1(d)) since the
feed direction and the electrode retraction direction do not align.
Fig. 2 shows the block diagram of the proposed control algorithm.
The movement of electrode is separated into two parts, one is the
motion along the planned trajectory (XYZ axes), and the other is
the auxiliary axis motion, which is defined as the movement of
the electrode along the direction of electrode orientation. Two
controllers exist in the proposed architecture. The proposed
proposed controller.



M. Fujiki et al. / International Journal of Machine Tools & Manufacture 51 (2011) 77–83 79
controller controls the position of auxiliary axis driven by a piezo
actuator based on the difference between the reference gap
voltage, ueref, and the average gap voltage feedback, ue. The
proposed controller also regulates the motion of X, Y, and Z axes
by outputting modified average gap voltage, ueout, to the EDM
controller. The EDM controller changes the feed rate based on the
difference between ueout and ueref. The EDM controller moves the
electrode forward along the trajectory when the difference is
positive and retracts the electrode when the difference is
negative. The motion of X, Y, Z and auxiliary axis changes the
gap distance to maintain stable discharges.

Fig. 3 shows the flowchart of the proposed control algorithm.
Two control modes exist in the proposed controller, the first being
the trajectory mode in which the electrode moves forward along
the planned trajectory. The second is the auxiliary axis mode in
which electrode moves in its orientation direction. The controller
switches back and forth between these two modes based on a
status of a parameter, M. When the mode M is 0, the controller
runs in the trajectory mode; when M switches to 1, the controller
runs in the auxiliary axis mode in the next sampling time. The
opposite configuration also occurs in the opposite position.

The proposed controller has three inputs and three outputs.
The three inputs are M, gap voltage from the machine (ue), and
position of auxiliary axis (Paux). Likewise, the three outputs are M,
gap voltage output to the EDM machine’s controller (ueout), and
incremental position command to the auxiliary axis (Pcom). At the
beginning of the servo loop, the controller checks the value of M

to decide which control mode it will run. At the end of each
control loop, the proposed controller updates the value of M based
on Paux and ue. These two parameters prevent the cross talk
between the two modes. Detailed algorithm of each control mode
is discussed in the following section.

2.1. Trajectory mode (M¼0)

The controller first checks the difference between the
reference gap voltage, ueref, and the gap voltage from the machine,
ue. If the voltage differential is positive, the controller maintains
M at 0, outputs ue to the EDM machine’s main controller, and sets
Fig. 3. Flowchart of pr
Pcom to 0. The output runs the controller in trajectory mode in the
next sampling time, and moves the electrode along the trajectory
while maintaining the auxiliary axis to the current position.

When the voltage difference is negative, the controller changes
M–1, outputs ueref to the EDM machine’s main controller, and sets
Pcom as the following:

Pcom ¼ KRðueref�ueÞ ð1Þ

where KR is the constant gain in proportional control for
retracting. The output runs the controller in the auxiliary axis
mode in the next sampling time and retracts the electrode only
along the auxiliary axis. The electrode does not move along the
planned trajectory since the EDM machine’s main controller
receives gap voltage signal, which makes the machine’s feed rate
to zero after the feed rate override (ue¼ueref).
2.2. Auxiliary axis mode (M¼1)

The controller first checks Paux to determine whether it has
reached the position before the electrode retraction start. If PauxZPF

(the position of the auxiliary axis switches to the trajectory mode), the
controller changes M–0, outputs ueref to the EDM machine’s main
controller, and sets Pcom to 0. The output runs the controller in
trajectory mode in the next sampling time while maintaining the
current electrode position along the trajectory and auxiliary axis.
Setting PF to a value smaller than the maximum physical position of
the auxiliary axis, a smooth transitioning behavior between the
auxiliary axis mode and trajectory mode is possible. If the position of
the auxiliary axis was not checked before switching to trajectory
mode, the machined surface would become wavy because it causes
constant change in the depth of cut in the range of auxiliary axis
motion.

If PauxoPF, the controller checks the difference between ueref and
ue. If the voltage differential is positive, the controller maintains
M–1, outputs ueref to the EDM machine’s main controller, and sets
Pcom as following:

Pcom ¼ KF ðueref�ueÞ, ð2Þ
oposed controller.
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where KF is the constant gain in proportional control for forwarding.
The output runs the controller in auxiliary axis mode in the next
sampling time and moves the electrode forward along the auxiliary
axis while maintaining the electrode position along the trajectory.

If the voltage differential is negative, it checks the position of
the electrode along the auxiliary axis. If PauxZPR (the position
of the auxiliary axis start retracting the electrode along the path),
the controller maintains M at 1, outputs ueref to the EDM
machine’s main controller, and sets Pcom as in Eq. (1). The output
runs the controller in auxiliary axis mode in the next sampling
time and moves the electrode backward along the auxiliary axis
while maintaining the electrode position along the trajectory.

If PauxoPR, the controller maintains M at 1, outputs ue to the EDM
machine’s main controller, and sets Pcom as in Eq. (1). The outputs
run the controller in auxiliary axis mode in the next sampling time,
then retracts the electrode along the auxiliary axis and trajectory.
Because the MDR also exists at the inner trailing face of electrode,
the electrode retracts along the trajectory, as shown in Fig. 1(d).
Fig. 5. System wiring diagram for (a) the conventional controller, and (b) the

proposed controller.
3. Experimental setup

As shown in Fig. 4, a die-sinking EDM machine (Model EDMS
150 H by EDM Solutions, Elk Grove Village, IL) is used as a base
machine. A spindle system that can retract in high bandwidth is
designed and fabricated to retract the electrode along its orienta-
tion direction. A piezo actuator (Model P-845.30 by Physik
Instrumente GmbH, Karlsruhe, Germany) is used to retract the
electrode with high bandwidth. To maximize the bandwidth, the
load carried by the piezo actuator is minimized. Thrust bearings
unit (Model 51101 by SKF, Göteborg, Sweden) and linear spline
(Model LTR10AUUCL+50L-PK by THK, Tokyo, Japan) are used to
transmit axial motion from the piezo actuator while allowing
rotation. A DC motor (Model 82 830 009 by Crouzet, Coppell,
Texas) connected by pulleys drives the linear spline to transmit
rotational motion. An external controller board (Model ds1104 by
dSPACE, Paderborn, Germany) is used to execute the proposed
control algorithm. The spindle unit, external controller, and EDM
machine’s main controller (Model TNC 409 by Heidenhain,
Traunreut, Germany) are wired as shown in the block diagram in
Fig. 4. Fabricated spindle and accelerometers mounted on spindle.
Fig. 5(b). Unlike a conventional EDM controller shown in Fig. 5(a),
the gap voltage is serially passed through the external controller to
realize the proposed control strategy. In conventional EDM control,
the machine movement is regulated by ue, which provides
information regarding the gap condition. The proposed control
scheme replaces this ue with ueout as described earlier in Fig. 2. The
proposed controller bypasses ue from the machine, i.e., ueout¼ue, in
two situations. First, when sufficient gap condition is achieved
without the need for auxiliary axis retraction, only the trajectory
mode is activated. The other situation is when retraction in the
trajectory direction is needed during the auxiliary mode operation.
If the electrode is moved along the auxiliary axis, the position
command to the auxiliary axis (Pcom) is directly sent to the spindle,
while ueout is set based on the logic explained in Fig. 3. Other key
output from the external controller is the analog position
command. The position command is amplified by the piezo
amplifier module (Model E-501 and E-505 by Physik Instrumente,
Karlsruhe, Germany) to excite the piezo actuator. To suppress the
structural vibration, a notch filter at 565 Hz and low pass filter with
500 Hz cutoff frequency are applied to the analog position
command. Experimental verification yielded a step response of
less than 2 ms with very small residual vibration at the spindle tip.

Table 1 lists the discharge and control parameters for near-dry
EDM milling with 51 lead angle, which is the electrode orientation
with optimal MRR in the current near-dry EDM milling setup in
roughing [25]. Since the discharge parameters used in the
experiment are for roughing process, MRR and tool electrode
wear ratio are the performance measure of interest. The lead
angle is negative since the electrode is oriented away from the
feed direction. The work-material is H13 tool steel, and the
electrode is a copper tube. Electrode outer diameter is 3.2 mm,
and electrode inner diameter, fID, is 1.6 mm. Slots with 20 mm
length and 0.5 mm depth are machined. Electrode rotational
speed is set to 500 rpm. Compressed air at 517 kPa and kerosene
liquid at 5 ml/min flow rate are supplied to the inlet.

The weight of the workpiece and electrode before and after the
machining are measured using an Ohaus GA110 digital scale with
0.1 mg resolution to calculate the tool electrode wear ratio (Z) and
MRR. Based on the weight measurements, Z and MRR are
calculated as follows

Z¼ Dmelectrode=relectrode

Dmworkpiece=rworkpiece

ð3Þ



Table 1
Discharge and control parameters for near-dry EDM milling experiment.

Discharge parameters Value

Polarity Negative

Open circuit voltage ui (V) 200

Pulse duration ti (ms) 4

Pulse interval to (ms) 8

Discharge current ie (A) 20

Gap voltage ue (V) 60

Control parameters Value

Reference voltage ueref (V) 3

Forwarding constant KF 0.1

Retracting constant KR 0.5

Position to switch to trajectory mode PF 8

Position to start retracting along trajectory PR 7

Low pass filter cutoff frequency (Hz) 500

Notch filter frequency (Hz) 563
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MRR¼
Dmworkpiece=rworkpiece

t
ð4Þ

where relectrode and Dmelectrode are the density and mass change of
electrode, respectively; rworkpiece and Dmworkpiece are the density
and mass change of workpiece, respectively; and t is the
machining time. In this study, rworkpiece is 7800 kg/m3 and relectrode

is 8933 kg/m3. A Taylor Hobson profilometer with 2 mm diamond
stylus tip radius is used to measure the surface roughness along
the slot. The arithmetical average roughness (Ra) is selected as the
surface roughness parameter. The experiments with standard
controller and proposed controller are repeated three times, and
an analysis of variance (ANOVA) is carried out to investigate the
statistical significance of the proposed controller.
Fig. 6. Comparison of proposed controller and conventional controller (a) MRR, (b)

Z, and (c) Ra.

Table 2
ANOVA results of MRR, Z, and Ra.

ANOVA results of MRR

Source DF Seq SS Adj SS Adj MS F P

Method 1 3.8879 3.8879 3.8879 17.78 0.014

Error 4 0.8748 0.8748 0.2187

Total 5 4.7616

ANOVA results of Z
Method 1 0.0904 0.0904 0.0904 0.74 0.439

Error 4 0.4895 0.4895 0.1224

Total 5 0.5798

ANOVA results of Ra

Method 1 0.611 0.611 0.611 0.42 0.551

Error 4 5.790 5.790 1.148

Total 5 6.401
4. Results and discussion

The performance of the proposed controller in terms of MRR, Z,
and Ra is compared with the conventional controller. Fig. 6(a)–(c)
shows the experimental comparison of the proposed controller
and conventional controller in MRR, Z, and Ra, respectively. Bars
represent the average value, while error bars represent the
maximum and minimum value from the experiment. As shown
in the figure, a 30% increase occurs in MRR while a small
differences in Z and Ra are observed. To interpret the results of the
experiment, an analysis of variance (ANOVA) is carried out for
MRR, Z, and Ra. The results are summarized in Table 2. A 5%
significance level was used as the criteria to determine whether
the proposed controller has statistically significant effect; there-
fore, results with P-value smaller than 0.05 are statistically
significant. The P-value for MRR, Z, and Ra are 0.014, 0.439, and
0.551, respectively. Hence the controller improved the MRR by
30% without having statistically significant effect on Z and Ra.

The improvement in the MRR of the proposed controller can be
attributed to improved gap widening efficiency and use of high
bandwidth piezo actuator for the auxiliary axis. Retracting the
electrode in the axial direction for near-dry EDM milling with lead
angle improves the gap widening efficiency. Fig. 7(a) and (b)
shows a simplified drawing of electrode retraction for MDR 1
using the proposed and conventional controller, respectively.
Geometry of tool electrode wear and electrode hole is omitted
because they are more related to MDR 2. The proposed controller
also retracts along the trajectory, which widens MDR 2 (same
retraction direction as the conventional controller). Geometry
that is related to MDR 2 can be omitted to compare and analyze
the effect of electrode retraction. The actual gap widening for the
conventional controller is ract¼r sin(a), where ract is the actual gap
widening, r is the retraction distance by the electrode, and a is the
lead angle. For the proposed controller, ract¼r, since the direction
of electrode retraction is orthogonal to MDR 1. The efficiency of
gap widening of conventional controller compared with proposed
controller is equal to sin(a) by taking a ratio of ract from the
conventional and proposed controller. Since a¼51 is used for this
study, the conventional controller is only capable of widening
8.7% of the proposed gap controller assuming the same retraction
distance. Having a high bandwidth piezo actuator also helped to
improve the MRR. Auxiliary motion is much faster, and therefore,
more efficient than the machine axis movement.



Fig. 7. Simplified schematic of gap widening efficiency for (a) proposed controller,

and (b) conventional controller.

Fig. 8. Proposed controller with KF¼4 and KR¼8: (a) ue from machine, (b) ueout

sent to EDM controller, and (c) total auxiliary axis position command.
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As defined in Eq. (3), Z is related to the performance of a
electrode material in removing the workpiece material. This is
determined by the physics governed by thermoelectric behavior of
the two materials in close proximity under high electrical potential.
The fact that the proposed control scheme does not have
statistically insignificant effect on Z implies that the fundamental
physics governing the material removal is not changed by adding a
high bandwidth control. There is no reason to believe that the
fundamental material removal mechanism should change by
changing the electrode retracting direction and its frequency.

More efficiently enlarged gap improves the mist flow rate
through MDR, which helps to maintain a good discharge gap
condition by flushing debris. However, the change in gap distance
is sensitive to the electrode motion along the electrode orienta-
tion. Therefore, the EDM performance is sensitive to the controller
gains, the value of KF and KR. Fig. 8 shows the unstable
performance of the proposed controller when inappropriate gains
are selected. Fig. 8(a)–(c) shows the ue from machine, ueout sent to
EDM controller, and total auxiliary axis position command,
respectively, using too high controller gains of KF¼4 and KR¼8.
The controller is unstable since the ue and total auxiliary axis
position command oscillates constantly, which results in contin-
uous fluctuation of the gap distance. This constant oscillation of ue

and the auxiliary axis position are the result of arcing caused by
high control gain, KF. To avoid unstable discharges, the KF must be
reduced so the electrode does not move forward excessively to
cause arcing, which may result in unfavorable outcome of low
MRR, high Z and high Ra. The other controller gain, KR, could be
increased to avoid unstable discharges since retracting the
electrode enlarges the gap distance and decreases the chance of
arcing. However, when KR is too high, gap distance become too
large and no discharge occurs, which results in low MRR. To tune
the controller gains, the profile of ue is monitored during
discharge. The controller gains are adjusted to prevent the ue

from oscillating as in Fig. 8 and to maintain its value near 5 V.
Prior experiments showed that ue maintained at 5 V resulted in
higher MRR and lower Z, which is the sign of clean discharge gap
with the proper gap distance.

Fig. 9 shows the operation of the proposed controller when
appropriate gains are assigned. Fig. 9(a)–(c) shows ue from
machine, ueout sent to EDM controller, and total auxiliary axis
position command, respectively, using the tuned proposed
controller with KF¼0.1 and KR¼0.5. Compared with ue from the
machine using the conventional controller, as shown in Fig. 9(d),
ue recovers faster when the proposed controller is used. Since ue is
directly related to the feed rate, faster recovery results in higher
MRR. Conditions where the electrode retracted both in the
trajectory and auxiliary directions were observed. While the
auxiliary mode was in operation (see Fig. 9(c)), the ueout fell below
the ueref of 3 V (Fig. 9(b)). This indicated that the electrode was
retracting both in the trajectory and auxiliary directions. Also,
note the small electrode retraction distance using the proposed
controller (Fig. 9(c)). The piezo actuator only retracts one third of
its motion range due to the efficient electrode retraction using the
proposed controller algorithm.
5. Conclusions

A new gap control strategy for five-axis near-dry EDM milling
was presented. The conventional EDM gap control method only
retracts the electrode along the direction of command trajectrory.
In five-axis EDM milling, this conventional strategy cannot
effectively enlarge the gap distance because the orientation of
the electrode and workpiece is not accounted for. A novel gap
control system that can rapidly retract the electrode along its
orientation in high bandwidth was designed and fabricated.
A control structure that separated the electrode retraction and
electrode feed along the path was developed and implemented.
The new controller yielded 30% higher MRR without sacrificing Z
and surface roughness when compared with conventional con-
troller. The new gap controller significantly improved the
efficiency of electrode retraction on gap distance and increased
the mist flow rate through MDR, which resulted in the MRR
improvement.



Fig. 9. Comparison of signals from the controller: proposed controller with KF¼0.1 and KR¼0.5 for (a) ue from machine, (b) ueout sent to EDM controller, and (c) total

auxiliary axis position command; and (d) conventional controller for ue from machine.
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Current study utilizes simple feed rate override function and
requires an external controller and special spindle. An integrated
EDM control system can further improve the performance. In the
future work, the internal controller within the EDM machine
should be modified to control the discharge gap more effectively.
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