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Abstract

The power spectral density (PSD) of the voltage and current waveforms acquired during micro-EDM milling
experiments are calculated and analyzed. The estimate of the PSD in the frequency domain allows to identify the
pulse energy contribution in relation to the dynamics of the erosion process. The first results show that most of the
energy released by the micro-EDM generator in the sparking gap during the erosion process is concentrated at the
fundamental frequency set by the end-user, which in turns means that the process is stable. However, the
contribution to the fundamental frequency is not provided by normal pulses only, but also by arcs. Nonetheless, a
relevant number of unpredictable events (arcs and delayed occurrence) leads to several non-negligible subharmonic

contribution, which witnesses the presence of inductive currents generated during the erosion process.
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1. Introduction

The current research orientation on the well-
established micro-electro-discharge machining (micro-
EDM) process points towards its performance
optimization in terms of decreasing machining times,
increasing accuracy of the geometrical features and
reducing tool wear. However, the intrinsic random
nature of the sparking process and the unpredictability
of some phenomena occurring during machining still
make this goal quite far from being fully accomplished.
Recently, the detection and the analysis of voltage
(open and gap) and discharge current waveforms at
different regimes for micro-EDM technologies have
been proposed as a tool to investigate the shadowed
areas of the erosion process.

The detection and counting of pulse discharges in
micro-EDM [1,2] and additional strategy able to identify
positive and negative parts of voltage and current
waveforms [3] have been recently exploited to
investigate tool wear. Some works about pulse
monitoring and discrimination strategies are also
present in the recent state of the art. The critical part of
the implementation of the pulse discrimination
approach relies in the capability of such program to
distinguish and classify the pulses properly, so that
pulse types which ideally favour the erosion process
and those who affect its instability and performance
can be univocally identified. An exhaustive study about
the pulse discrimination for micro-EDM has been
developed and implemented in [4]. The reported
discriminating algorithm classifies the pulse types as
normal, effective arc, transient short circuit and
complex pulses. The analysis shows that the pulses
are mainly normal types for micro wire-EDM and micro-
EDM milling. S. H. Yeo et al. [5] developed a pulse
discrimination system which considers four pulse
classes: normal, delayed, arc and short pulses. The
pulse identification has been done by setting specific
current thresholds according to the pulse type values
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consequent to their direct observation.

In our recent papers [6,7], a pulse type
discrimination algorithm has been implemented to
study the micro-EDM milling performance of micro-
channels considering two different workpiece materials:
hardened steel [6] and SisN4-TiN ceramic composite
[71, respectively. The pulse-type algorithm is based on
the settings of voltage and current thresholds, properly
tuned to identify normal pulses, arcs, delayed and
shorts. The analysis concerning micro-EDM milling of
hardened steel [6] has shown that the tool wear ratio
(TWR) is affected by significant variation depending on
process parameters and pulse type distribution.
Indeed, the decrease of gap and increase of feed rate
correspond to higher number of arcs occurring during
the process, which causes the process instability and
tool wear increase. On the contrary, material removal
rate (MRR) does not exhibit relevant changes, if the
number of arcs remains reasonably lower than that of
normal pulses.

In the present work, the estimate of the power
spectral density (PSD) of gap voltage and current
waveforms is reported. The PSD provides additional
information about the frequency of the pulses, potential
random occurrence of events, linearity and nonlinearity
of the process and the energy density released in the
sparking gap during the observation window. Generally,
voltage and current are typically described in the time
domain. However, for every function of time f(t) an
equivalent frequency domain function F(f) can be
identified. This quantity describes specifically the
frequency-component content or frequency spectrum
required to generate f(t). Typically, the transform from
time to frequency domain passes through the Fourier
analysis or updated versions, depending on the nature
of the signals (deterministic, stochastic). To our
knowledge, the PSD used to evaluate the performance
of a manufacturing process has been presented only
by M. Zhou et al. [8]. The authors exploited
autocorrelation functions and PSD of the gap states to
identify the characteristic of EDM sub processes, thus
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distinguishing those phases as linear, non-linear
deterministic and stochastic ones. However, the PSD
approach is by all means appealing to deepen the
understanding of micro-EDM process. For instance,
The evaluation of PSD of the discharge pulses
provides indications about repeatability. Moreover, PSD
and pulse types are not linked in expected ways. In our
case study, a higher number of normal pulses does not
always correspond to high energy density at the
desired frequency and it is not always a witness of an
efficient erosion process. Furthermore, though arcs are
often considered detrimental to the process stability,
they have a role in the efficiency of the material
removal process in a good way.

2. Pulse Distribution

The micro-EDM generator supplies both electrodes
and triggers the energy discharged in a predetermined
time interval, namely the pulse width (W or ton). The
pulses occur during a time period equal to T = ton +
toff, being toff the time interval in which the micro-EDM
generator is disconnected and the discharge can take
place. The total period T is the inverse of the frequency
set by the end-user (T = 1/F). If the machining
conditions allow the spark ignition, at least one normal
pulse should be ideally observed during the period T.
However, although optimized process parameters have
been chosen, the probability of a discharge to happen
depends on other issues, such as the workpiece
material used and other physical phenomena which
cannot be directly controlled in advance. Moreover, the
frequency F imposed by the generator could undergo
some variation during the process, due to the
occurrence of random pulses such as arcs, delayed, or
shorts. The maxima of voltage and current for arcs can
have different values, as this pulse type is triggered by
local machining conditions, i.e. presence of debris in
the machining area. Generally, when arcs occur during
machining, the material is removed by both electrodes
in an uncontrollable fashion. Short pulses occur when
both tool and workpiece electrodes come into contact
and do not provide any material removal. Delayed
pulses occur when the electric discharge is released
within the sparking gap even if the capacitors of the
micro-EDM generator have not been fully recharged
yet. Their waveforms are similar to those of normal
pulses, but the frequency and maxima values are
lower, so as their energy density. Hence, the
complexity of the discharge scenario is definitely
evident during the erosion process, even the most
stable one, so that voltage and current waveforms
need to be considered from another point of view. As
already done in [6], gap voltage and current waveforms
for each experiment have been acquired and then
classified considering an acquisition window of 20 ms
observed every 800 ms. A control trigger, identified as
the stopping time required for tool wear measurement
[1] is used as acquisition switch. It is worth noting that
since the total observation time is obviously limited,
due to data transfer and storage, with respect to the
total machining time, some information about the
process can be missed.

In the present case, the experiments concern the
micro-EDM milling of channels made in hardened steel.
The energy chosen for all the experiments corresponds
to finishing regime. The tool electrode is a WC
cylindrical rod having a diameter of 0.4 mm. The set of
process parameters are reported in Tab.1: open
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voltage is set equal to 140 V and F = 200 kHz for all
trials. Pulse width W and gap G are varied once per
each. The current value is automatically set by SARIX
SX200: in the present trials, the actual current value
varies between 1.2 A and 1.8 A. Five replica of the
experiments for each parameter setting are carried out.
In the following figures Fig. 1,2, the set of technological
parameters are recalled as follows:

- Reference setting is identified by W =1 ysand G
=79;

- Setting W4 is identified by W =4 pys and G = 79;

- Setting G60 refers to W = 1 ps and G = 60.

Table 1

Process parameters.
Process Parameter Unit Value
Open Voltage (V) \ 140
Layer Thickness (LT) um 1
Frequency (F) kHz 200
Pulse Width (W) us 1-4
Gap (G) index 60-79

In the setting W4, the number of normal pulses is lower
than the Reference setting (Fig.1a) since the time the
circuit is connected (ton) is much higher than the time a
pulse can take place (toff), i.e. the duty cycle is low.
Besides, an increase in the number of arcs can be
noticed in Fig.1b. In case of G60, the sparking gap is
reduced and the feed rate is increased. Hence, a lower
number of normal pulses is observed (Fig.1a) and a
huge number arcs can be detected (Fig.1b), since the
discharge conditions are realized independently of the
micro-EDM generator.
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Fig. 1. Average pulse number of (a) normal and (b) arcs for
each set of parameters.
2.1. Estimate of power spectral density (PSD).

The power spectral density (PSD) is commonly



used to analyse the functioning of electrical circuits or
apparatus in the frequency domain rather than in time
domain. The study of signals in the frequency domain
can provide direct information concerning the operative
frequency, the energy density transferred from the
generator to the load; nonetheless, eventual
nonlinearity of the process can be easily detected.

Since each acquisition is composed by a number
of recorded sections comprising nonstationary
waveforms, the calculation of the PSD has been
performed taking into account the random nature of the
process. Hence, Welch periodogram method has been
used [9]. This method takes into account the statistical
correlation among subsequent frames, which are
overlapped using proper weights and average. The fast
fourier transform (FFT) of the monitored voltage and
current waveforms are then carried out considering the
set number of FFT samples: in this case, 2'". The
Welch periodogram method developed in Matlab
environment gives back the estimate of the FFT
squared value of voltage and current (eq.1):
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where v(n) = x(n) w(n) and w(n) is the data window. K
and L are parameters linked to the variance and mean
of the spectrum estimate.

A PSD analysis has been carried out in two
representative examples. Fig. 2a refers to a trial carried
out considering the parameter setting indicated as W4.
The trial has featured such a relevant instability so that
the erosion process has been stopped before the end.
The total number of pulses recorded until the process
was stopped is equal to 524000, where the 99% of
pulses are identified as arcs (Fig.2a). Fig. 2b shows the
PSD referred to this trial: two peaks of low intensity are
present at F = 100 kHz and F = 300 kHz and a very
small one at F = 200 kHz, the fundamental frequency.
This fact suggests that such a huge number of arcs is
witnessing a nonlinearity during the micro-EDM
process. Fig. 2c reports a trial related to the reference
technology, where the number of total pulses recorded
in the complete process is equal to 1.2 million. The
70% of them are constituted by normal pulses and the
rest by arcs and delayed. In this case, the
predominance of normal pulses rules the process
leading a PSD maximum distributed around the
fundamental frequency F = 200 kHz and higher
harmonics.
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Fig. 2. (a) Voltage waveforms acquired during an instable
erosion process and (b) related PSD. (c) Voltage waveform

acquired during a stable erosion process and (d) related PSD.
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2.2. PSD and parameter settings.

Fig. 3 reports the average PSD related to the
examined experiments. The plots reveal that the micro-
EDM process for each parameter combination is
behaving generally as expected. The PSD at the
fundamental frequency F = 200 kHz displays the
highest peak values.
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Fig. 3. Average Power Spectral Density for all parameter
settings.

The peak intensity at the fundamental frequency F
= 200 kHz is different for each case (Fig. 4a). We
linked this information to the pulse type number and
distribution detected. Moreover, higher harmonics of
the fundamental frequency are evident in all cases and
this is quite expected when a relaxation type circuit is
considered.
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Fig. 4. Average Power Spectral density at (a) F =200 kHz and
at (b) F/2.

The problem here relies in the presence of
subharmonic frequencies (Fig. 4b). When dealing with
a RLC circuit, subharmonic frequencies are indicative
of a nonlinear load. In other words, an inductive current
is generated while the circuit is operating, so that both
voltage and current original waveforms are affected by
a distortion, both in frequency and amplitude. In the
present case, subharmonic frequencies are evident
both for G60 and W4.

Fig. 5 reports bar diagrams of the spectral energy
density evolution as the erosion proceeds. The spectral
energy density is evaluated at the fundamental
frequency and low frequencies (ranging between 5-
180kHz) separately, in order to stress their variation at
each control trigger. If the erosion process was ideal,
the maxima reported in Fig.5a should have had their
direct correspondence to the number and types of
pulses. The highest peak at the fundamental frequency
is detected for the reference technology, followed by
the parameter setting called G60. The lowest peak is
found for W = 4ps. This fact suggests that PSD is
linked to the total number of pulses, but in some way
also to their types. Referring to Fig.1, it can be noticed
that reference technology is characterized by the
highest number of normal pulses. Technology G = 60
features less normal pulses but the highest number of
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arcs among all technologies. The presence of
subharmonic can be due to this fact. The last setting
W4 displays the lowest number of normal pulses, but
the number of arcs are higher than the one found for
the reference trials. This condition is reflected in the
calculation of the average energy spectral density
(ESD) reported in Fig.5. The average ESD is calculated
as the integral of average(PSD) calculated around F =
200 kHz and as the integral of average(PSD)
calculated in the low frequency range (5-180Kz),
respectively.
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Fig. 5. Average Spectral Energy Density (a) at F = 200 kHz
and (b) at the low frequency range (5-180kHz) calculated at
each control trigger.

The results reported in Fig. 5a displays very close
values of average ESD around the fundamental
frequency for reference and G60. W4 shows very low
ESD. This means that normal pulses, i.e. the pulses
generated at the micro-EDM generator frequency F =
200 kHz, are playing a major role. At low frequencies
(Fig.5b), G60 shows slightly higher values of ESD with
respect to the reference, whereas W4 shows that the
ESD in this range is comparable to that measured
around the fundamental frequency. In this case, arcs
can be responsible of the low frequency contributions.
It is reasonable to state that subharmonics can be
present in all experiments, but if the intensity of
fundamental one is high enough, low frequency
contribution might be covered by noise and not directly
observed.

Finally, for sake of completeness, the average
values of MRR and TWR have been reported for each
parameter setting in Table 2. As one can notice, no
relevant variation of MRR values is found in
dependence on the process parameter variation.
Hence, the difference among the PSD behaviors and,
in particular, among the fundamental peak intensities
do not affect MRR in any direct way. This fact hints that
MRR is quite insensitive to the type of pulses. On the
contrary, TWR exhibits non-negligible variation, with
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respect to process parameters. In this case, higher
values of TWR are recorded for the experiments
showing higher number of arcs and of PSD low
frequency contribution. Hence, we can reasonably
state that TWR is more influenced by the nonlinear
events occurring during the erosion process rather than
the linear one. This aspect of the analysis will be object
of further study.

Table 2. MRR and TWR for each parameter setting.

Reference | Reference | W4 wa G60 G60
(mean) [E)] (mean) (std) (mean) | (std)

MRR (mm3/min) 0.0012 3.2e-4 0.0011 3.2e-4 0.0012 2.3e-4
WR 0.11 0.011 0.13 0.010 0.14 0.014

3. Conclusions

In the present paper, the power spectral density of the
gap voltage and current waveforms acquired during
micro-EDM milling experiments has been calculated.
The spectral responses show that though the micro-
EDM generator rules the frequency of the process,
lower frequency and subharmonics are also present.
These harmonic contributions are due to inductive
currents which take place during the erosion process
and compete in the material removal mechanism.
However, the consequences of this phenomenon seem
to affect more TWR rather than MRR. A numerical
approach is scheduled to model the process: tool and
workpiece will be treated as nonlinear load and the
RLC modelled elements will be evaluated by fitting the
experimental results.
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