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SENSORLESS MONITORING OF CFRP DRILLING
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Abstract: For the final assembly of aerostructure, drilling still remains a key operation. Drill wear is a
serious concern in the CFRP drilling process because worn tool cause delamination, excessive roughness
and uncut fiber at the exit of the hole. This paper presents signal analysis using wavelet approach for
sensorless drilling monitoring based on spindle and feed current. The proposed methodology is tested on
the drilling process of T800 M21 prepreg carbon with ¢6.35mm carbide drill. The results point out the
performance of the feed current proposed indicator rather than the spindle current for the drilling

process monitoring of CFRP material.
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1. INTRODUCTION

In the aerospace industry, drilling account for 40% of
all the material removal operation [1]. The monitoring of
the drill wear is a key issue to avoid high cost workpiece
damage during the final assembly. Many researchers
proposed several approaches for the drilling monitoring
mainly concerned with metal material [2]. During the
CRFP drilling, the high temperature and abrasive effect
of the carbon fiber induce rapid tool wear that modify the
cutting process indicator such as cutting forces and
torques. The thrust force and torque rise induce different
damage on the drilled hole (delamination, excessive
roughness etc.) [4, 5]. Those parameters can be
monitored directly using force acquisition device or
indirectly by the current from the spindle and the feed
driver of the drilling machine. Spindle current and feed
driver current are closely related to the cutting forces and
torques [6]. Sensorless approaches are more easily
integrated in the production process and don’t need any
extra device since spindle current and feed driver current
are available directly in almost all the modern machinery.
In this paper the evolution of the cutting indicator from
both external measurement devices and built in device
(CNC controller) are presented and analysed in the case
of CFRP drilling with a carbide tipped drill. The
evolution for 20 holes on thick CFRP (16.5 mm) of
different cutting process indicators (forces, torque
spindle current, feed driver current) is analysed. Several
signal processing approaches are presented to define the
most adapted indicator for CRFP online drilling
monitoring for the aerospace industry.

2. THEORETICAL BACKGROUND

2.1. Wavelet analysis

In this work, we use a wavelet transform (see [7, 8])
in order to obtain the frequential content at each dyadic
scale at any time. With this information, we'll estimate
the noise (section 2.2) and the Holder exponent (section
2.3). The continuous wavelet transform of a signal X is
given by:

X (a,b) = —— j X(t)\y(ﬂjdt. (1)
Ja? a

In this expression, WV is the wavelet (a wave localised
in time), a is a scale factor and b is a translation
parameter (temporal shift). Variable a represents the
inverse of the frequency: the smaller a the (temporally)
narrower the wavelet (i.e. the analysing function). In this
work we use a discrete wavelet transform which is faster
than the continuous transform. The discrete wavelet
transform can be obtained thanks to the discretization of
the parameters of resolution (a) and position (b). One
then has the following relation where j =1 ....n, n is the

log 2 of the length of the signal and k= 1..2"(G — 1).

X, = Tx P2 it—kdt . 2)

2.2. Standard deviation estimation

This paragraph describes a way to estimate the
standard deviation of an additive Gaussian noise.
Suppose that one observes Y = X + B, a noisy signal
obtained by summing an unknown original signal X and a
Gaussian noise B. Since the impact of noise is more
important on the high frequencies, Donoho and Al. in [9]
use the wavelet coefficients at the finest level of
resolution to estimate the standard deviation of B. Thus,
we obtain the following formula:

MAD 3)
0.6745

6 =
with

MAD = median, Qynyk - medianp(yn,p) ) 4)

where the median absolute deviation (MAD) is computed
on the wavelet coefficients of the noisy signal at the
finest level.
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2.3 Holder regularity analysis
This section focuses on the Holder characterizations
of regularity of the signal. To simplify notations, we
assume that our signals are nowhere differentiable.
Definition: Pointwise Holder exponent. Let ae (0, 1),
and X, € K < R. A function f: K > R is in C*, if for all X
in a neighborhood of Xy:

o

|f ()= (x| <cjx—x,

; )

where C is a constant. The pointwise Holder exponent of f
at Xo, denoted a ,(Xp), is the supremum of the o for which
the equation (5) holds. Various methods can be used in
order to estimate the Holder exponent. In this study, a
wavelet-based method is used (see [10, 11]).

3. EXPERIMENTAL PROCEDURE

Drilling experiments were performed on a high speed
machining center MIKRON HSM 600U. It is a 5 axis
CNC machining with a ITNC 530 control with the
following specifications:

The machined material is a T800 M21 Carbon Fiber
prepreg carbon tape (UD 200 gr/m®) with a total
thickness of 16.5 mm (129 plies x 0.128 mm/ply). The
tool used is a uncoated carbide drill made by Diager
Industrie with a 120 degrees point angle. Due to the
aeronautical industry specification, no coolant was used
during the cutting process. During the experiment two
different ways of monitoring the cutting forces were used
(see Fig. 1). The first one is based on the scope function
directly on the controller Heidenhain ITNC530. This
functionality allows us to save numerous information
(spindle current, feed current, electrical and mechanical
power consumption etc.) directly from the machine
controller. The second methodology used for the
monitoring is based on cutting forces and moment
dynamometer. As the current feed and spindle can be
related to thrust forces and torque [3], the presented
analysis is only proposed for the sensorless approach
(using the integrated scope function of the CNC) and
based on the spindle current and feed driver current.

Table 1
Specifications of the CNC HSM600U
Rotation Feed rate Nominal Nominal
Speed power (S1) Torque
36000 rpm 40 m/min 32 kW 16 Nm
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Fig. 1. two different measurement approaches.

Figure 2 presents the general profile for the feed
current and the spindle current during the CFRP drilling
sequence. The first part of the signal (JAB] corresponds
to the approach, during the entrance and the cutting
sequence [BC], both feed and spindle current increase
until the bottom of the test part is reached [CD]. during
the exit sequence, the tool still moves forward [DE] until
the end of the drilling sequence [EF]. The tool remains 2
seconds at the bottom of the drill before coming out
backward.
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Fig. 2. Drilling sequence analysis.
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Fig. 3. Evolution of the spindle current.
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Fig. 4. Evolution of the feed current.



3.1. Influence of the tool wear on the spindle and feed

current

Figures 3 and 4 present the evolution of the spindle
current and the feed current due to tool wear
corresponding to 20 holes. The cutting condition used are
cutting speed of 40 m/min (N = 2000 rpm) and a feed of
150 mm/min. In the right part of the Fig. 3 the 3D
rugosimeter measurement of the exit surface around the
hole presents delamination due to the excessive feed
force.

4. SIGNAL ANALYSIS

In this section, we apply the tools described in section
2 in order to propose the most adapted indicator for tool
wear monitoring during the drilling process. We use
some algorithms implemented in the toolbox FracLab
(see [12, 13]). Results are illustrated on the six following
illustration. The X axis represents the drilled hole
number. Table 2 presents the correlation between the tool
wear rate (via the hole number) and the evolution of
differents indicators based on spindle and feed current
signal analysis. For the current feed drive (first row),
power, median and noise level are closely related to tool
wear and can easily be used for the definition of tool
wear monitoring. Holder function does not give
significant result. In the second row, the power, median
and mean Holder function give good correlation with the
tool wear evolution. Based on the spindle current, noise
signal analysis is not correlated with the tool wear state.

5. CONCLUSIONS

This paper presents the analysis of different
indicators for the monitoring of tool wear during CFRP
drilling. During the tool wear process produced by the
highly abrasive carbon fiber, both spindle current and
feed current are modified. Excessive tool wear produces
important thrust forces that induce delamination and
uncut fiber on CFRP part. The high cost of the machined
part needs improved methodology for the tool wear
monitoring with sensorless approaches (in particular, no
dynameter equipment on the part). This study points out
the sensibility of different indicators obtained from signal
analysis (power, median level) and wavelet approach
(noise and mean Hoélder function), in relation with the
tool wear level.

Finally, it would be wuseful to develop a tool
monitoring algorithm based on the present study to
improve the effectivness of the monitoring system on
drilling machine dedicated to CFRP drilling. The
combination of the different presented indicators should
lead to a robust monitoring system.

Table 2
Correlation results with the hole number

Signal Power Median Noise Holder
Current | indicator | indicator | indicator | fynction

Feed 0.98113 0.9447 0.955 0.5089
current
Spindle 0.9059 0.8616 -0.2078 0.826
current
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Fig. 5. Power evolution for the feed current.
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Fig. 6. Median evolution for the feed current.
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Fig. 7. Noise evolution for the feed current.
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Fig. 8. Holder function evolution for the feed current.
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