
Abstract 

A pulse discrimination system has been developed to study the characteristics of pulse trains in the WEDM pruccss under 
various machining conditions. The effects of on-time, off-time and feed on the variations of the proportions of short sparks, arc 
sparks. and normal sparks in the total sparks (defined as short ratio, arc ratio. and normal ratio, lespectiveiy): the distribution 
of the ignition delay time of the normal sparks; the average ignition delay time; and the proportion of machining time in a specific 
sampling period were investigated. An approximate method for estimating the variation of the average gap width is also 
introduced. It is found that a short on-time. or a long off-time. or a large feed. results in the decrease of both normal ratio and 
average ignition delay time, and an increase of short ratio. On-time has the largest effect on the arc ratio, whilst off-time has the 
least effect. The ignition delay time of the nl-rrmal sparks displays a reverse J-shape distribution. On-time is the most prominent 
factor amongst all of the machining settings under consideration affecting this distribution. In addition, the distribution becomes 
more left skew witb a higher peak and a shorter tail under the condition of a shorter on-time setting. Based on the analysis results, 
the instability during the WEDM process can be attributed to an apparent increase of either arc sparks, short sparks. or both. 
A strategy to improve machining stability with respect to each case is proposed accordingly. (::I 1997 Elsevier Science S.A. 

The exact mechanism of the wire electro-discharge 
machining (WEDM) process is not yet clearly under- 
stood, because it is difficult to comprehend machining 
phenomena exactly due to multi-parameter machining 
settings (off-time, on-time, table feed, wire feed, etc.) 
and workpiece properties (materials, thickness). Experi- 
mental studies using a single-spark lead to valuable 
results, but these studies do not faithfully reflect the 
actual process where sparks occur at high frequency 
(lo-100 KHz). Works on statistical aspects of pulse 
trains indicate that successive effects are important 
both with breakdown cnaract.eristics. and the distribu- 
tion of slags in the gap [l]. Snoeys et al. [2,3] classified 
discharge pulses in die sinking EDM into several cate- 
gories by two voltage threshold values obtained 
through many investigations, which provides an impor- 
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tant approach to evaluate discharge condition quantita- 
tively. However, it is difficult to apply in a high speed 
and high peak current pulse generator due to violent 
electromagnetic inicrference (EMI) and high power dis- 
charge oscillation. Watanabe et al. [4] classihed dis- 
charge pulses into batches. They discriminated arc and 
normal spark by a threshold level which was based on 
the spark current peak and the spark voltage histogram 
and its distribution characteristics. This paper also con- 
tributes to the quantitative assessment of machining 
conditions and off-line process optimization. However, 
the special feature in this discrimination is that the 
tbreshold level changes with machining settings. Fur- 
ther, its value depends on the machining settings. In 
recent years, many researchers have investigated the 
analysis of pulse trains [5-81. their studies revealing 
that pulse trains can respond sensitively to the varia- 
tions of the process. Accordingly, approaches to im- 
prove the perfomancz of wire elcctro-discharge 
machines by the use of pulse train characteristics were 
studied [9- 1 l]. Rajurkar and Wang proposed a strategy 
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to control the sparking frequency so as to prevent wire 
from brealcing according to the on-line identified work- 
piece height when cutting a workpiece with variable 
height 191. The symptoms reflected in the variations of 
pulse trains during the wire rupture process have been 
identified in the present authors’ previous investigation 
[lo]. The abnormal ratio (the proportion of the arc and 
short spark in a specific time interval) and the sparking 
frequency were used as controlled parameters, an opti- 
mum and high-speed machining state being achieved 
without the risk of rupture of the wire [l l]. 

In this present paper, the relationships between the 
machining settings and the pulse trains are analyzed by 
a pulse train discriminating system developed in the 
authors’ laboratory. The behaviour of pulse trains un- 
der various machining setti.Igs are analyzed quantita- 
tively in terms of short ratio R,, arc ratio R,, normal 
ratio R, (defined as the proportion of a particular spark 
in a specific time interval), machining time ratio (t&, 
total actual machining time in a specific time interval), 
distribution of ignition delay time and average ignition 
delay time of normal sparks. The variation of the 
distribution of ignition delay time of normal sparks is 
presented graphically. The results are discussed and 
explained. 

2. Pulse train discriminating system 

The power supply circuit of the wire cutter used in 
the experiment is shown in Fig. 1. This circuit has the 
characteristics of applying low power to lead the gap to 
discharge, followed by high power discharging which 
contributes to metal removal. The timing chart of pulse 
control signal is given in Fig. 2. The pulse control is 
accomplished by the following steps. The low power is 
turned on first by supplying 110 V voltage which causes 
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Fig. 2. Timing chart of the pulse control signal and the associated 
pulse trains of WEDM. 

the gap to discharge. In the second stage, the low power 
is turned off whilst the high power of 220 V is turned 
on. After a short period of time (0.5 ps) the gap is 
discharged with a high current. The gap remains in an 
insulated state until the low power is turned on again, 
and the next cycle starts. Typical gap voltage and the 
associated current waveforms are shown in Fig. 3. 
There are three sparks shown in the figure, namely 
short, arc, and normal sparks. 

In order that various sparks can be differentiated, a 
knowledge of their characteristics is needed. When 
metal contact between the workpiece and the electrode 
takes place, a short spark occurs. At this moment, a 
short current occurs whilst the gap voltage is loaded 
synchronously, hence, there is no time lag between 
them. Arc spark occurs if there is discharge before the 
gap voltage reaches its nominal level (this level is the 
gap voltage of normal spark, being about 80 V in the 
present case). Consequently, the actual gap voltage of 
arc sparks has two kinds of time factors. One is the 
voltage recovery time, which depends on power supply 
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Fig. 1. WEDM power supply circuit. 
Fig. 3. Typical gap voltage and current waveforms of a WEDM 
process. 
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Fig. 4. The pulse discriminating system of WEDM: (a) hastens 
structure: (b) timing chart of the pulse discriminating signal. 

capacity and switching ability, and the other is de-ion- 
ized time. The latter is influenced by the resistance of 
the dielectric liquid, which in turn is affected by the 
gap width and the instantaneous amount of slags in 
the gap. It is difficult to discriminate arc spark from 
normal spark because their features are often close. 
Nevertheless, normal sparks occur when the de-ion- 
ized time is longer than the voltage recovery time. 
This feature is proposed as a discrimination character- 
istic between ar,- and normal sparks. 

A general block diagram of the developed WEDM 
pulse discriminating system is represented in Fig. 4(a). 
The gap voltage and the associated current signals of 
discharge pulses are the input of the system. The cur- 
rent signal is measured by a current probe (Tektronix 
A6303 type), whilst the voltage signal is obtained by a 
voltage divider. In the system, two pre-process circuits 
((i) and (ii) shown in Fig. 4(a)) and a digital-filter are 
used to filter and isolate noises resulting from EMI, 
high-power discharge oscillation and the noise gener- 
ated by the machine. An address-counter, timing- 
counter and data-memory cell are supervised by a 

unicates with t 

e contains the igni- 
of 0.1 /is, of 16 384 

in Fig. 4(b), in which 
tage and the associated 

the onset of time current of a pulse. The notation t, is 
the ignition delay time, whilst the notalioin ;,, is he 
threshold level of the time recnuired for the gap 
voltage to rise to its nominal valt.e, the latter depend- 
ing on the characteristics of the trower supply capacity 
of the pulse generator. The pulse type can be distin- 

according to the duration of the period F. 
ise is taken as a short, arc or normal spark by 

software, if the period detected is zero, between zero 
or greater than t,,. The value t,, can be 

!letermined rapidly by an oscilloscope, in the present 
case it is 1.7 jts. This kind of discriminating system 
can be applied to ;iil machining settings. 

3 L. 

Experiments are carried out on a prototype iso-en- 

ergy pulse generator WEDM machine developed by 
the Mechanical Industrial Researc’ , Laboratory 
(M IRL) of ITRI, Taiwan. The currelit has a triangle 
shape wave-form with a slope of 380 A ,US - ‘. Ail the 
tests are conducted under the conditions of a flush 
rate of 6 bar (both upper and lower guides), a wire 
tension of 1200 gf, and a wire feed of 9 m min -- ‘. 
The work material is SKD 1 I tool steel of 50 mm 
thickness. The wire electrode is copper with a 0.25 
mm diameter. and a cathodic tool electrode is used. 
During the experiments, the servo voltage control 
loop is turned off. A summary of the machining con- 
ditions used in the experiments is given in Table 1. in 
t,, and t, are off-time and on-time, respectively, and _& 
is the table feed. 

In the study, 12 sets of data (each containing 
16 384 successive pulses) are recorded and analyzed. 
The ratio of the occurrence of different pulse types. 
the distribution of the relative frequency of the igni- 
tion delay time of normal sparks. the average ignition 
delay time and the machining time ratio (/,/I,) are 
evaluated. 
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Table 1 
Machining conditions used in the experiments 

43 04 te ON .& (mm min-‘) 

11.2 0.7 2 
14.4 0.7 2 
17.6 0.7 2 
20.8 0.7 2 

8 0.5 2.6 
8 0.7 2.6 
8 0.9 2.6 
8 1.1 2.6 
8 0.5 I.8 
8 0.5 2.0 
8 3.5 2.2 
8 0.5 2.4 

4. Method of estimating tb variation of average gap 
width 

The dynamic gap between the electrode and work- 
piece is difficult to estimate because of the wire vibra- 
tion and deflection resulting from the explosive force, 
the electrostatic force, the electromagnetic force and the 
flushing force acting on the wire. A method which can 
be used to estimate the variation of average gap width 
is illustrated and shown in Fig. S(a) and 5(b). The wire 
locations when the gap voltage is applied and the 
instances of gap breakdown are indicated by P, and P?, 
respectively. 

The sparking frequency can be written as: 

Fq = N,/t, 

where Nt is the total number of pulses and t, is the total 
machining time. 

The period of the spark is the reciprocal of F‘,, i.e. 5. Results and discussion 
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Fig. 5. (a) Showing the period of pulse and (b) the relative location 
between the wire and the workpiece. 
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Fig. 6. The effects of machining conditions on G,. 

The value of average ignition delay time during sam- 
pling time is then: 

tI, = cp - t, - t, (3) 

Hence, the change of the average distance between the 
wire and the workpiece during G, can be computed as: 

G, =fd*r, (4) 

The gap width at the breakdown of insulation in a 
sampling time interval denoted by G, is considered to 
be equal because the voltage supplied to the gap is 
constant (110 V), and the high power of 220 voltage is 
turned on causing the gap to discharge when the gap 
voltage is less than the pre-set value (40 V). If the 
change of the average distance between the wire and the 
workpiece within the time of gap voltage ( 110 V) rise 
and breakdown is represented by G,, then the variation 
of electron-gap width depends on G?. 

The effect of machining conditions on G2 is shown in 
Fig. 6. A short off-time, a long on-time, or a small table 
feed results in the increase of G,, which means that the 
gap width is increased, and there is a larger breakdown 
time. The effects of off-time on R,, R,, R, and & are 
shown in Fig. 7. An increase of off-time results in a 
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Fig. 7. The effects of off-time on R,, R;,, R, and &. 
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Fig. 8. The effects of off-time on the distribution of the ignition dcial 
time of normal sparks. 
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reduction of normal ratio and an increase of short 
ratio. owever, the arc ratio is affecte 
the increment being less than 2%. The increase of short 
ratio is due to the decrease of gap width with the 
increase of off-time under constant-feed machining con- 
ditions. Arcs occur due to early ionization, which de- 
pends on the instantaneous concentration of the slag in 
the electron-gap. The slag volume produced by each 
discharge pulse is considered to be the same (due to 
constant on-time). The instantaneous concentration of 
electron-gap is affected by the gap width and flushing 
ability. A larger off-time results in a small gap width, 
but it also offers a longer flushing time to clean the 
debris in the gap. Hence, there is no significant varia- 
tion on arc-ratio with the change of off-time. These 
results seem to contradict common practice, since a 
longer off-time is always adopted for wire rupture 
prevention or for the elimination of the abnormal pro- 
cess. The discrepancy is due to the servo voltage control 
loop which is always implemented in a commercially 
available machine. It is noted that the increase of 
off-time leads to the decrease of gap voltage. Hence. the 
feed-rate is reduced, and the gap width becomes larger 
accordingly. This action allows a better flush of the 
debris in the gap, and the process is improved. The 
relative frequency distribution of ignition delay with 
respect to off-time is shown in Fig. 8, in which the 
ignition delay durations are grouped in 1 /rs intervals. 
The decrease of off-time makes the left-skew distribu- 
tions have a lower peak and a longer tail, which means 
that the occurrence of normal sparks .Gth longer igni- 
tion delay is increased. This is reasonable, since the 
decrease of off-time leads to a larger electron-gap. 

The effects of on-time on R,, R,, R, and G, are 
shown in Fig. 9, which reveal that the increase of the 
on-time settings result in a longer average ignition delay 
time, an increase of normal ratio, a decrease of short 
ratio, and a decreasing and then about 10°L) increasing 
trend of arc ratio. As the on-time is increased, the 
power supplied to the gap is greater, and more metal is 
instantaneously removed. The larger electron-gap 
caused by the increase of on-time (Fig. 6) would de- 
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Fig. 9. The effects of on-time on R,. KS,. R, and 11,. 

crease the probability of metal contact (short ratio is 
decreased). and result in a longer breakdown time. 
hence the normal ratio is increased. A larger on-time. 
such as a 1. I ps setting, pro uces more instantaneous 
metal removal, which leads to a high instantaneous slag 
concentration, and the gap becomes easy to ionize. 
therefore a high arc ratio is seen. For small on-time 
settings, e.g. 0.5 ,US, there is not much instantaneous 
metal removal, but a high instantaneous slag concentra- 
tion still exists because of a small electron-gap, hence, 
the arc ratio is large also. Since there is a longer 
ignition delay time with respect to the increase of 
on-time, the distribution o? the ignition delay time of 
normal sparks will have a lower peak and a longer tail 
(Fig. 10). 

The effects of table feed on I?,,, R,, R, and 6, are 
shown in Fig. 11, which reveals that an increase of table 
feed setting results in a decrease of norma 
decrease of average ignition, delay time, an increase of 
short ratio, and a slight increase of arc ratio (less than 
4%). Hence, table feed can be used to control both 
short and arc ratio simultaneously. The decrease of 
table feed also causes the distribution of the ignition 
delay time of normal spa&s to shift more to the right. 
Again, a lower peak with a long tail is noticed (Fig. 12). 
The above variations can be explained similarly by the 
conditions of gap width and slag concentration. 

Fig. 10. The effects of on-time on the distribution of ignition delay 
time of normal sparks. 
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Fig. 13. The effects of machining conditiond on t;,,‘t,. 

Fig. 11. The effects of table feed on R,, R,, R, and &. 

The effect of machining conditions on t,/tt is shown 
in Fig. 13. This quantity can be considered as a rough 
index of the machining efficiency [2]. Total actual ma- 
chining time t, is taken as the summation of actual 
discharge durations of normal and arc sparks. The 
notation t, is the total machining time. There exists a 
proportional relationship between table feed and ma- 
chining time ratio, and a reverse relationship between 
off-time and machining time ratio. The machining time 
ratio shows a decreasing and then increasing trend with 
respect to on-time. 

6. Conclusions 

A WEDM pulse discrimination system has been de- 
veloped which provides a means for more precise on- 
line quantitative pulse trains analysis and for machining 
condition monitoring. A method for estimating the 
variation of average gap width is proposed. The settings 
of short on-time, long off-time and high table feed 
cause the gap to become smaller, which in turn, results 
in the decrease of normal ratio and average ignition 
delay time, and an increase of short ratio. On-time has 
the largest effect, whilst off-time has the least effect on 
the arc ratio. The ignition delay of normal sparks 
exhibited a left skew reverse J-shape distribution, this 

ignition delay time (us) 

- * .-.._ 
- - 2.4 

*.* feed 

Fig. 12. The effects of table feed on the distribution of ignition delay 
time of normal sparks. 

distribution being influenced most by on-time. The 
increase of abnormal sparks due to inappropriate ma- 
C~;~;IIQ siiiiiigs i~ould result in three kinds of machin- 
ing instability, namely, the increase of arc, short, and 
both arc and short sparks. The strategy to improve 
machining stability is to lower on-time for the first case, 
whilst off-time is reduced for the second case. However, 
if there is a high risk of wire rupture, off-time should be 
increased and table feed should be reduced rather than 
lower off-time. The table feed should be reduced for the 
last case. The implementation of the proposed control 
strategy is in progress. 
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