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Abstract

Electrical discharge machining (EDM) is a non-conventional machining process that removes material by consecutive electrical
sparks. Fast EDM drilling is one of such processes, which employs rotary tubular electrodes and inner flushing to enhance the
machining efficiency and stability. It is widely used to produce small holes on various kinds of products. The breakout event
occurs when the electrode just penetrates the workpiece during the drilling process, which marks the start of the breakout stage of
the process. At this moment, the outlet of the hole is smaller than the desired due to severe radial tool wear, and the hole is not
completed. As a result, further feeding is needed before the electrode fully penetrates the workpiece. To avoid back-strikes, the
hole completion detection is crucial. However, the uncertainty of longitudinal and radial tool wear makes it difficult. This paper
proposes a novel method to detect the hole completion by analyzing the discharge signals in the breakout stage. Besides, for the
machining efficiency to become much lower in the breakout stage, the control strategy is also proposed to improve it by adjusting
the reference voltage and gain factor of the servo controller. The optimal parameters were found by a full-factorial experiment.
Experiments were conducted to validate the proposed methods by drilling holes at various inclinations. The results show that the
proposed hole completion detection method could successfully sense the hole completion without misjudgments. And the
electrode was fed at most 1.81 mm out of the hole outlet when the detection was made. Besides, the proposed control strategy
improved the machining efficiency by up to 56.2% in the breakout stage in the experiments.

Keywords Fast EDM drilling - Breakout stage - Hole completion detection - Efficiency improvement

1 Introduction

Electrical discharge machining (EDM) is a non-conventional
processing technology that removes material by consecutive
electrical sparks between electrodes. And it is capable of ma-
chining hard-to-cut materials, such as titanium alloy[1],
nickel-based alloy [2], and silicon carbide[3]. Fast EDM dril-
ling is one of the various EDM processes. It is widely used to
produce small holes on molds/dies, filters, nozzles, and auto-
mobile parts as well as aerospace components. Fast EDM
drilling employs rotary tubular tool electrode and high-
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pressure inner flushing to attain effective debris evacuation.
Thus, much higher machining efficiency can be achieved
compared with die-sinking EDM. The working fluid of fast
EDM drilling is usually deionized water or other water-based
fluid, while oil-based working fluid is also reported[4].

The drilling process can be illustrated by Fig. 1. During a
typical drilling process of a through hole, the breakout occurs
when the electrode has just penetrated the workpiece, which
marks the beginning of the breakout stage. At this moment,
the through hole is not yet completed and can only be called
partially accomplished, as shown in Fig 1b. Due to the severe
radial tool wear of the electrode at the tip, the outlet of the hole
is smaller than desired. Therefore, the electrode should be
further fed until the outlet of the hole becomes large enough
so that the electrode can go through it without hindrance.
Then, the hole is fully penetrated through and is said to be
completed, and the drilling process should be terminated, as
shown in Fig. 1¢. In most cases, the operators set a large target
amount of feed, which is a little larger than the hole depth plus
the length of axial tool electrode wear. This operation can
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Fig. 1 Fast EDM dnlhng of a through hole. a The begmmng of the hole drilling process. b the hole partially accomplished process. ¢ the hole fully

penetrated process. d a large amount of feedpossibly leading to back-strike

ensure the outlet has a desired size and thus the full comple-
tion of the hole. When drilling workpieces with inner channels
or cavities, however, a large target amount of feed may lead to
back-strikes. The hole completion should be sensed by a prop-
er hole completion detection method, which is crucial for
back-strike prevention. If the hole completion cannot be de-
tected timely, back-strike may occur, and the workpiece might
be damaged, as illustrated in Fig. 1d. And a large target
amount of feed also means lower efficiency, since the extra
feeding is unnecessary when the hole is already completed.
However, since the electrode is severely worn during the pro-
cess and the amount of wear is uncertain, hole completion
cannot be detected by the amount of feed.

Some methods of completion detection were proposed,
mostly from the industry. B. Sciaroni [5] mounted a metal
stop plate under the workpiece, which can generate contact
signals when the electrode has drilled through the workpiece
and reached the plate. Obviously, this method does not apply
to workpiece with inner channels. And the debris-
contaminated working fluid may be conductive and generate
false signals. K.B. Haefner et al. [6] suggested that the drilling
should be stopped immediately when the electrical discharge
frequency suddenly increases, which indicates the electrode
has already reached the other side of the channel. This method
does not prevent back-strikes but only reduce the damage. S.
Yamada et al. [7] designed a logical circuit to process signals,
such as current machining depth, gap voltage, electrode mov-
ing direction, and working fluid flow rate and pressure, to
generate signals indicating whether the electrode has drilled
through the workpiece or not. The logical circuit could only
do simple binary operations. It is thus inaccurate to detect the
hole completion. P. Koshy et al. [8] recommended that the
hole completion can be sensed if the average feed rate of the
electrode equals that when the electrode approaches the work-
piece at the beginning of the process. This method is probably
impractical since the electrode is frequently retracted in the
breakout stage, especially when drilling inclined holes. They
also gave a breakout detection method by monitoring the back
pressure of the working fluid. M. Bellotti et al.[4] suggested
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that monitoring of the average frequency of normal discharges
is a reliable approach for determining the hole completion.
However, they did not give further discussions or experimen-
tal results. Breakout detection methods were also studied in [4,
8]. J.K. Lin and Y.F. Nien [9] detected the breakout by ana-
lyzing the spectrum of discharge voltage signal and the
feedrate of the electrode. Our previous studies [10, 11] were
focused on breakout detection as well. However, the breakout
only indicates the beginning of the breakout stage and does
not provide sufficient information for hole completion detec-
tion. An effective and practical method of hole completion
detection is still needed.

The inefficiency in the breakout stage is another concern.
Since the working fluid directly flows out of the hole outlet in
the breakout stage, the evacuation of debris becomes much
more difficult, and debris accumulates in the side gap. As a
result, short circuits frequently occur, and the machining effi-
ciency reduces to a rather low level soon after the breakout.
Thus, to improve the machining efficiency in the breakout
stage is another objective in this study.

Efficiency improvement of various EDM processes has
been extensively studied, and there are multiple methods
available. W. Zhao and T. Masuzawa [12] designed a self-
tuning regulator to control the jump motion in EDM. J.
Wang et al. [13] adopted an adaptive strategy to adjust elec-
trode jump height and discharging time for EDM. Y.C. Lin
and H.S. Lee [14] used gray relational analysis to optimize
machining parameters of EDM. L. Zhang et al. [15] built a
hybrid model to reduce machining time and tool wear in mi-
cro-EDM. P. Fonda et al. [16] acquired the optimal machining
parameters to maximize the productivity for wire-EDM of
poly-crystalline diamond by design of experiments (DOE).
Nevertheless, most of the reports are not focused on fast
EDM drilling, and the drilling process in the breakout stage
has its different characteristics. M. Bellotti et al. [4] are report-
ed to achieve higher efficiency in the breakout stage of fast
EDM drilling by adjusting the gain factor of the servo con-
troller. However, the reference voltage of the controller may
also have an impact on the efficiency but was not considered
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in their study. Therefore, further investigations are still
needed.

In this paper, a new detection method is proposed to sense
the hole completion of fast EDM drilling of through holes by
analyzing discharge signals. A control strategy is also present-
ed to improve the efficiency in the breakout stage by adjusting
reference voltage and the gain factor of the controller.
Experimental results have proved the effectiveness of the hole
completion detection method as well as the new control strat-
egy for the breakout stage.

This paper is arranged as follows. Section 2 describes the
experimental setup and the processing of discharge signals.
Section 3 discusses the proposed hole completion detection
method. The efficiency-improving control strategy is covered
in Section 4. Conclusions are given in Section 5.

2 Experimental setup and discharge signal
processing

The experiments in this study were conducted on a Baoma
BMD703-500 fast EDM drilling machine tool, as shown in
Fig. 2. The control system of the machine tool consists of the
computer numerical control (CNC) system software, a motion
control board, and a signal processing board consisting of a
field-programmable gate array (FPGA) circuit and an analog
to digital converter (ADC), as shown in Fig. 3.

Brass tubular electrodes with outer diameter of 0.4 mm,
inner diameter of 0.18 mm, and length of 400 mm were used.
Deionized water was used as the working fluid. Holes were
drilled on a Crl2 tool steel block in the experiments. The
experimental conditions are listed in Table 1.

During the fast EDM drilling process, the discharge voltage
and discharge current signals were collected and analyzed
online. Both signals were acquired by the signal processing
board at a sampling rate of S0OMHz. Each sampled discharge

Fig. 2 The fast EDM drilling machine tool used in the experiments

pulse was classified into three states, i.e., normal discharge,
short circuit, and open circuit. Arc pulses are ignored since
they are seldom observed in the experiments. The classifica-
tion is done by comparing sampled current and voltage values
with carefully selected thresholds, as shown in Fig. 4, where U
and I are sampled voltage and current, and Vopen, Vehor» and 7
are thresholds. If the voltage is above the open circuit voltage
threshold vpey, the current discharge state is open circuit. If it
is between vopen and the short circuit voltage threshold Vgpors,
the current discharge state is normal discharge. Otherwise, if
the voltage is not larger than the short circuit voltage threshold
Vshort» the absence of discharge current indicates pulse interval,
and the presence of current indicates short circuit.

There are usually multiple discharge states in one pulse
duration. For example, a typical normal discharge pulse starts
with open circuit state and then change into normal discharge
state. The pulses are distinguished from each other by the
pulse interval. Then, pulses that consist of open circuit state
and normal discharge state are normal discharge pulses. Those
that consist of open circuit state are open circuit pulses. And
short circuit pulses mainly consist of short circuit state.

The normal discharge ratio (NDR), short circuit ratio
(SCR), and open circuit ratio (OCR) are selected as the signals
of interest that represent the machining status. The NDR is
defined as the ratio of the number of normal discharge pulses
Nngp to the total number of pulses NV, in a certain time period.
The SCR and OCR are defined in the same way, as expressed
by Eq. 1, where ny, and 7, stand for the number of short-
circuit pulses and the number of open-circuit pulses in a peri-
od, respectively.

NDR — ’K’;’P, SCR = ’;vf’ OCR
P P
Nog
= P7 nndp+nscp+nocp:Np (1)
NP

In the experiments, the NDR, SCR, and OCR signals were
acquired at 100 Hz by the signal processing board and ana-
lyzed by the CNC system at the same rate. The servo control
system does not use these signals to control the feeding of
electrode. Thus, the sampling frequency is irrelevant to the
control period of the control system.

3 Hole completion detection method
3.1 Analysis and method

To find an effective hole completion detection method, the
discharge signals are analyzed. The NDR, SCR, and OCR
signals are investigated before and after the hole is completed.

In the breakout stage, the working fluid no longer evacu-
ates the debris effectively. Plenty of debris would accumulate
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Fig. 3 a The motion control board. b The signal processing board of the control system

in the side gap, where the flushing is absent. The accumulated
debris would cause secondary discharges and short circuits in
the side gap and produce even more debris in the side gap.
Before the hole is completed, discharges and short circuits can
occur both in the side gap and the bottom gap if the electrode
is not retracted, i.c., the electrode tip is at the bottom of the
hole; however, if the electrode is retracted due to short circuits
and the electrode tip is not at the bottom of the hole, those
pulses can only occur in the side gap. After the hole is
completed, however, those pulses can only occur in
the side gap regardless of the location of the electrode.
Figure 5 gives illustrations of different cases in the
breakout stage.

In other words, the signals are investigated only if the elec-
trode is not retracted. On this premise, normal discharges and
short circuits may occur both in the bottom gap and the side
gap before the hole is completed, while those pulses can only
occur in the side gap when the hole is completed. Although
the pulses in the side gap and in the bottom gap can hardly be
distinguished, the NDR, SCR, and OCR signals are expected
to change before and after the hole is completed. Due to dis-
charges and short circuits no longer generating in the bottom
gap, the NDR and SCR signals are expected to decrease and
the OCR signal to increase. For convenience, the NDR, SCR,
and OCR signals investigated when the electrode is not
retracted are defined as the conditional signals hereinafter.

Discharge signals were collected in experiments to validate
the above analysis. Four groups of experiments were conduct-
ed. In each group of experiments, 5 holes were drilled, and the
workpiece was tilted to 0 degree, 30 degrees, 45 degrees, and
60 degrees, respectively. The signals before and after the hole
completion are plotted in Fig. 6. It should be noted that the
signal data were only recorded when the electrode was not

retracted. Once the electrode was retracted due to short cir-
cuits, the recording stopped until the electrode moved down to
reach the maximum amount of feed again. Therefore, the hor-
izontal axis does not represent the actual machining time but
successive samples. A tolerance of the amount of feed Ad was
introduced in the experiments to avoid the impacts of fluctu-
ation of feeding in a small range. Thus, the signals were col-
lected when the current amount of feed was in the range of
[dinaxs Amax—Ad], where d, . is the maximum amount of feed
so far. The tolerance Ad was chosen as 5 um in the
experiments.

It can be noted in Fig. 6 that common tendencies of
variation of these signals exist in all cases. In the breakout
stage (i.e., after the breakout), before the hole is complet-
ed, the conditional NDR is low and the conditional OCR
fluctuates between 0 and 0.9; while the conditional SCRs
are generally high and fluctuating. And after the hole is
completed, the conditional NDR is even lower, and the
conditional SCR is mostly low but still fluctuating; while
the conditional OCR increases to a rather high level above
0.95. Even though the conditional OCR may fluctuate, it
stays above 0.95 most of the time if the hole is completed.
These phenomena are in good agreement with the previ-
ous analysis and are of great use for hole completion
detection.

Then, the hole completion detection method can be
expressed as follows. Based on the above idea and consid-
ering both effectiveness and simplicity, the hole comple-
tion can be detected by comparing the conditional OCR
with a threshold (0.95 in our case, for example). If the
conditional OCR stays above the threshold for a certain
number of samples in the breakout stage, then the hole
completion is detected.

Table 1 Experimental conditions
Open Voltage

Pulse duration

Pulse interval Peak current Flushing pressure

90V 20 ps

20 us 21 A 0.6 MPa
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circuit ischar circuit
Fig. 4 Online classification of gap discharge state

3.2 Experimental verification

Experimental verification was conducted to test the proposed
detection method. In the experiments, the threshold for the
conditional OCR was set to 0.95, and the tolerance of amount
of feed Ad was set to 5 um. If the conditional OCR is above
the threshold for 20 samples, the hole completion is detected.

The tests were also divided into four groups, and 5 holes
were drilled in each group. In group 1, normal holes were
drilled. And in the other three groups, inclined holes at 30
degrees, 45 degrees, and 60 degrees were drilled, respectively.
Once the detection was made, the servo controller stopped
feeding immediately.

There are two concerns when inspecting the results. The
first is whether the detection is correct or not. If the hole outlet
is big enough to let the electrode pass through it without hin-
drance, i.e., the hole is really completed, then the detection is
correct; otherwise, it is not. And the second concern is the
timeliness of the detection. Since the most important purpose
of the hole completion detection is to avoid back-strikes, it is
necessary to know whether the detection is timely. And for
back-strike prevention, the timeliness is judged more from a
spatial point of view than a temporal one. The timeliness of

Electrode [nner flush
Remaining
fluid

Bottom Workpiece
a

detection can be indicated by the length of electrode that has
gone out of the hole outlet. The length out of the outlet is
referred to as the protrusion length hereinafter.

Pictures were first taken of the electrode and workpiece in
each experiment after the detection was made and the machin-
ing stopped. The pictures were used to examine the relative
positions of electrode and the protrusion length. Figure 7 gives
the pictures for each group of experiments. The protrusion
length was measured from the bottom of the hole outlet for
inclined holes. Then, the inlets and outlets of drilled holes
were photographed by a microscope (model: Keyence VHX-
6000) for comparison of their size. The magnification was
%100 for normal holes and inclined holes at 30/45 degrees
and x60 for inclined holes at 60 degrees. Some of the
microphotos are shown in Fig. 8. The size of inlets and outlets
was measured by the microscope, and the results are given by
the labels in the figure. The corresponding tool electrode after
drilling process is shown in the Fig. 9. It can be found that the
tool electrode wear is very serious in the front end.

The experimental results are given in Table 2. The diame-
ters of hole outlets are all greater than the electrode outer
diameter (400 wm). A manual test was also conducted in
which an electrode was made to pass through these holes.
The electrode could pass through every hole without hin-
drance in the test. Therefore, the correctness of the detection
can be confirmed in each experiment. Besides, the average
protrusion length was less than 1 mm, and the maximum value
was 1.81 mm, which demonstrated the good timeliness of the
detection.

4 Efficiency improvement in the breakout
stage

4.1 Control strategy discussion

The breakout stage begins with the breakout event and ends
when the drilling process finishes. In this stage, the machining

Discharge or
short circuit

Fig. 5 Discharge locations in the breakout stage. a Electrode is retracted before the hole is completed. b Electrode is not retracted before the hole is

completed. ¢ After the hole is completed
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efficiency is greatly reduced since the evacuation of debris
becomes difficult, and thus, the debris accumulates at the bot-
tom and in the side gap, which leads to instable machining. If
the hole completion detection is absent, the operators normal-
ly set a large target amount of feed to ensure the completion of
the hole, or the machining continues until the electrode
reaches a stop plate [5]. In this case, the controller has to feed
the electrode for an extra amount of feed after the hole is
already completed. The extra feeding lowers the overall effi-
ciency of the production flow, especially considering that the
feeding is slow due to frequent short circuits and correspond-
ing retraction of the electrode. Now that the hole completion
can be detected effectively by the proposed control strategy,
the unnecessary extra feeding can be avoided, and the overall
efficiency is improved. However, Measures can still be taken

Tool guide

Electrode

Workpiece

(O8]
<
5]

—6— NDR —A— SCR —8— OCR |

Hole con'1pleted '

Conditional signals
o O O O =

Conditional signals

Samples

to reduce the machining time in the breakout stage to make the
electrode quickly finish this dangerous machining process.
The drilling process in the breakout stage has strong time-
varying and stochastic characteristics, even stronger than that
before breakout. For this type of processes, adaptive control,
such as self-tuning regulator, is often adopted. A self-tuning
regulator can estimate the parameters of the process model
and adjust the input of the controlled plant according to the
historical data of input(s) and output(s) [17]. The estimation is
usually done recursively using algorithms such as the recur-
sive least squares (RLS) method. However, two factors hinder
a self-tuning regulator to be applied in the breakout stage.
First, the process has poor controllability in the complex situ-
ation of this stage on a timescale ranging from milliseconds to
seconds. On this timescale, the randomness of generation and

Fig. 7 Positions of electrode relative to the workpiece when the hole completion is detected
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Fig. 8 Microphotos of inlets and outlets of holes drilled for verification

movement of debris has a greater influence on the gap status in
the next control period than the adjustment of inputs of the
controlled plant. Second, the breakout stage only lasts for tens
of seconds. It hardly lasts for more than 20 s in experiments in
this study and in M. Bellotti’s work [4]. The two factors make
the self-tuning regulator very unlikely to converge when esti-
mating the model parameters. Without convergence, the reg-
ulator would not function properly.

Among other control strategies as previously mentioned in
Sect. 1, optimization of machining parameters would be a
feasible approach. Parameter optimization of EDM has been
extensively reported in the literature [14, 16, 18-20]. And
many of the researchers designed Taguchi or factorial exper-
iments and found the optimal parameters by analysis of the
results through methods like grey relational analysis or anal-
ysis of variance.

As for improving the machining efficiency of the breakout
stage, the discharge phenomena can be analyzed before de-
signing the experiments. Prior to the breakout, normal dis-
charges mostly occur at the bottom of the hole and drill the
hole deeper. Then, the controller feeds the electrode at a cer-
tain feedrate depending on the average gap voltage. In the
breakout stage, however, normal discharges frequently occur
in the side gap due to the accumulated debris therein. These
discharges do not contribute to the material removal at the
bottom. But the servo controller cannot distinguish discharges

30 degree
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Fig. 9 Microphotos of tool electrode after drilling holes

at different locations. Then, it still feeds the electrode at the
feedrate as it does before the breakout. The feeding would
eventually result in overfeeding and cause short circuits at
the bottom. Then, the controller retracts the electrode, which
wastes more machining time. Therefore, the controller should
lower the feedrate to reduce short circuits at the bottom caused
by overfeeding.

The feedrate can be lowered by properly adjusting the pa-
rameters of the controller. The servo controller of the fast
EDM drilling machine tool used in this study has two adjust-
able parameters for the feedrate control, namely, the servo
reference voltage v,.r and the gain factor g. Both parameters
have impacts on the actual feedrate of the electrode during the
drilling process. The feedrate would decrease as the v in-
creases. And the g is a positive real number, which functions
as a coefficient of the feedrate. A higher g generates higher
feedrate of the electrode. The relations between the two pa-
rameters can be roughly expressed in Eq. 2, where v, is the
average gap voltage, and f'is a certain monotone increasing
function:

feedrate = g x f (Vgap*"ref ) @)

Then, the experiments were designed and run with the two
factors. The results were analyzed to find the optimal control
parameters.

45 degree 60 degree

e
E =
()
©
o
N

£
=
—
Iy
N
=l
m
.

—_—

100.00um

100.00pm

@ Springer



1572

Int J Adv Manuf Technol (2021) 114:1565-1574

Table 2 Experimental results of

hole completion detection Experiment ~ Hole Average Minimum Average Minimum Maximum
group inclination  outlet outlet protrusion protrusion protrusion
diameter diameter length length length
1 0° 491.4 um 483 um 0.77 mm 0.48 mm 1.17 mm
2 30° 438.0 um 428 um 0.77 mm 0.39 mm 1.02 mm
3 45° 468.4 um 457 pm 0.81 mm 0.31 mm 1.37 mm
4 60° 440.6 um 421 um 0.85 mm 0.35 mm 1.81 mm

4.2 Experimental results and analysis

A 2-factor 3-level full-factorial experiment was designed to
find the optimal values of v,.; and g. The response is the
average time duration of the breakout stage (from the
breakout till the hole completion detected by the proposed
method in Sect. 3). Inclined holes at 45 degrees were drilled.
The experimental conditions are listed in Table 3. Because of
the characteristics of the controller, the v,.r should not be too
high; otherwise, the controller would consider the process to
be abnormal, and the feeding would become slower than ac-
ceptable. It was found that if the v, is higher than 22 V, the
machining process became too slow. Thus, the highest level of
Vier Was 22 V. In all tests, v,.f was set to 18 V (level 1), and g
was set to 2.0 (level 3) before the breakout. Namely, test no. 3
was the base case. And the two parameters were adjusted
according to Table 4 after the breakout. The experiments were
conducted in a random order other than the order listed in
Table 3 to minimize the impact of run order on results. And
3 holes were drilled in each test.

The experimental results, i.e., the responses, are also given
in Table 3. It shows that the condition in test no. 8 produced
the best result, which reduced the machining time by 56.2%
compared with the base case. As expected, higher reference
voltage would reduce the machining time. But for the gain
factor, level 2 (1.5) gave a better result instead of level 1

Table 3  Experimental conditions for the full factorial experiment

Test No. Vref g Response
1 18 V (L1) 1.0 (L1) 8546 ms
2 18 V(L1) 1.5 (L2) 7975 ms
3" 18V (L1) 2.0 (L3) 9064 ms*
4 20V (L2) 1.0 (L1) 4310 ms
5 20V (L2) 1.5 (L2) 5573 ms
6 20V (L2) 2.0 (L3) 6070 ms
7 22V (L3) 1.0 (L1) 4750 ms
8 22V (L3) 1.5 (L2) 3972 ms”
9 22V (L3) 2.0 (L3) 8479 ms

?The base condition

® Best result

@ Springer

(1.0). It is also observed in the experiments that the sudden
adjustment of parameters did not cause more instability be-
sides the inherent instability in the breakout stage.

Analysis of the experimental data was conducted, includ-
ing the main effects and interaction of factors. The signifi-
cance level of the two factors was also investigated by analysis
of'variance (ANOVA). The analyses were conducted by using
the data analysis software Minitab®.

The main effect indicates the significance level of the in-
fluence of a factor on the response. The main effects plot for
response is shown in Fig. 10a. The slope of the polyline indi-
cates the significance of effects of the factors. The higher the
absolute value of slope, the greater the significance. It can be
noticed that the main effects are significant when v,¢ varies
from level 1 (18 V) to level 2 (20 V) and when g changes from
level 2 (1.5) to level 3 (2.0). The main effects are insignificant
when v, changes from level 2 (20 V) to level 3 (22 V) and
when g changes from level 1 (1.0) to level 2 (1.5). Therefore,
both factors affect the response. By comparison of slopes, the
change of v,.r has a more significant impact on response. And
since lower response (machining time) is desired, v,.rat level 2
(20 V)and level 3 (22 V) and gatlevel 1 (1.0) and level 2 (1.5)
yield better results.

The interaction plot for response is shown in Fig. 10b. The
parallelism of polylines indicates that the interaction between
these two factors is insignificant. It can be seen in the figure
that the polylines are unlikely to cross each other when v, is
at level 1 (18 V) and level 2 (20 V). It manifests that the
interaction is insignificant when v, changes from level 1
(18 V) to level 2 (20 V), while in other cases, the two factors
have interaction between them.

The ANOVA was performed to find which factor has a
more significant influence on the response. The results are

Table 4 Results of ANOVA

Source DF Adj. SS Adj. MS F value P value
V (Veep) 2 73156964 36578482 8.84 0.001
G (9 2 32551049 16275524 3.94 0.032
V*G 4 22847439 5711860 1.38 0.267

DF degree of freedom, Adj. adjusted, SS sum of squares, MS mean sum
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Fig. 10 a The main effects plot. b The interaction plot for response

listed in Table 4. If the P value is less than 0.05, the corre-
sponding factor has significant impact on the response. And
the influence of the factor with a greater F value has a higher
significance level.

It can be seen from the results of ANOVA that both factors
have their P values less than 0.05 (0.001 for v,.rand 0.032 for
2). And the v,.r has a higher F' value (8.84) than g does (3.94).
The P value of the interaction of v,r and g (V*G) is greater
than 0.05, which means it has insignificant effect on the re-
sponse. Therefore, the results show that (1) both factors have
significant effects on the response, and (2) the significance
level of the influence of v.ris higher than that of g. Thus, both
factors should be considered and adjusted when improving the
machining efficiency.

Then, the verification tests were conducted. Although the
optimal parameters were found when drilling inclined holes at
45 degrees, they were assumed to be applicable to cases where
holes at different inclinations were drilled. Then, the parame-
ters in test no. 8, i.e., v =22 V, g =1.5, were used for verifi-
cation tests, where holes at 0/30/60 degrees were drilled. The
parameters used in the base case were those in test no. 3 in
Table 3. The experimental results are listed in Table 5. It can
be seen that the adjustment of control parameters successfully
improved the machining efficiency in the breakout stage. And
the machining time was reduced by 38.5~56.2% in different
cases.

5 Conclusion

This paper presents a novel method of hole completion detec-
tion for fast EDM drilling. And a control strategy was also
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proposed to improve the machining efficiency in the breakout
stage of the drilling. The following conclusions can be drawn:

1. The signals of interest, i.e., the NDR, SCR, and OCR,
were investigated before and after the hole is completed.
Special attention was paid to the signal values when the
electrode was not retracted. Analysis and observation of
the signals in experiments showed that when the hole is
completed, the NDR and SCR signals would be low and
the OCR signal would be high under the condition that the
electrode is not retracted.

2. A novel hole completion detection method was proposed
according to conclusion 1. The hole is detected to be
completed if the conditional OCR signal stays high for a
certain number of samples. In the experimental verifica-
tions, hole completions were detected with no misjudg-
ments, and the electrode was fed at most 1.81 mm out of
the hole outlet when the completion is detected in differ-
ent cases.

3. The hole completion detection can avoid unnecessary
feeding after the hole is completed to improve the overall
working efficiency.

4. The control parameters, i.e., the servo reference voltage
and the gain factor, were optimized to improve the ma-
chining efficiency in the breakout stage. A full-factorial
experiment was conducted to find the optimal parameters,
and the results were analyzed. Analyses show that both
parameters have significant effects on the machining time,
and the influence of servo reference voltage has a higher
significance.

5. Verification tests were performed with the optimal param-
eters. And the machining time of the breakout stage was

Table 5 Results of experimental

verification Hole inclination

Test no.

Base case (average) Optimized case Time reduced

1 0°
30°
60°

5477 ms 3858 ms 39.6%
8627 ms 5305 ms 38.5%
9863 ms 5441 ms 44.8%
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reduced by 38.5~56.2% when drilling normal and in-
clined holes at different angles.
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