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MACHINING SYSTEM AND MONITORING METHOD

Technical field

The invention deals with the monitoring of a machining apparatus. More precisely, the invention
concerns a system and a method for monitoring a machining apparatus, notably an abrasive
waterjet cutting machine. The invention also provides a computer program, a computer program

product and a computer.

Background of the invention

Abrasive waterjet technology permits to cut hard materials such as alloys and stones. This
manufacturing process is peculiarly interesting since it does not heat the workpiece during cutting
operations. Thus, it does not affect the intrinsic properties of the material along the cutting contour.
This benefit is highly appreciated in the aeronautic domain where homogeneous material properties
are closely connected to reliability. In addition, the precision and the quality of the produced goods
reach high standards.

This manufacturing technology requires a high-pressure water source and an abrasive medium,
notably particles made of hard material. High-pressure water is accelerated through an orifice,
resulting in a high-speed water jet. Particles are fed into a mixing chamber. The resulting mixture is
driven through a focusing tube, also known as “nozzle”, where momentum transfer from water jet
to particles occurs, the latter being consequently accelerated. The nozzle also possesses a
collimator function. At the outlet, the mixture forms a cutting flow that progressively erodes the
workpiece due to repeated collisions of the abrasive particles.

During operation, an abrasive waterjet cutting (AWC) system generally generates dusts, vibrations,
noise, and projections. Some of these parameters are conveniently used by monitoring devices for
controlling the cutting operation, or for detecting an inner defect of the AWC system. For instance;
the wear state of the nozzle may be estimated. Similar estimations may be carried out with respect
to the orifice of the high-pressure fluid source. A misalignment may also be detected.

For these purposes, different kinds of sensors may be used. However, the latter remain exposed to
the severe environment conditions that may damage them and/or compromise the monitoring
accuracy. Moreover, the known monitoring devices remain of reduced relevance and provide
limited info with regard to overall functioning if not properly framed within an integrated

monitoring infrastructure, as well as supported with dedicated data analysis.

Technical problem to be solved
It is an objective of the invention to present an abrasive waterjet cutting system which overcomes at
least some of the disadvantages of the prior art. In particular, it is an objective of the invention to

improve the monitoring accuracy of a machining apparatus.
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Summary of the invention

According to a first object, the invention provides a machining system comprising: a machining
apparatus, notably a cutting machine, said machining apparatus being adapted for machining a
workpiece; a monitoring device adapted for monitoring machining conditions of the machining
apparatus and/or the workpiece, the monitoring device comprising a plurality of sensors, said
plurality of sensors comprising a first sensor at a first location and a second sensor at a second
location which is distant from the first location.

Preferably, the first sensor may comprise a first accelerometer sensor, the second sensor comprises
a second accelerometer sensor, the plurality of sensors possibly further comprising a third
accelerometer sensor at a third location which is distant from the first location and the second
location, and possibly a fourth accelerometer sensor intended to be in contact of the workpiece.
Preferably, the first sensor comprises a first strain gauge sensor, the second sensor comprises a
second strain gauge sensor, the plurality of sensors possibly further comprising a third strain gauge
sensor at a third location which is distant from the first location and the second location, and
possibly a fourth strain gauge sensor intended to be in contact of the workpiece.

Preferably, the first sensor comprises a first microphone sensor, the second sensor comprises a
second microphone sensor, the plurality of sensors possibly further comprising a further sensor
configured for measuring acoustic emissions from the workpiece and which is at a third location
which is distant from the first location and the second location.

Preferably, the plurality of sensors further comprises a grid of fourth microphones above the
machining apparatus.

Preferably, the machining apparatus comprises a guide for cutting means, the first location is at a
first distance from the guide, and the second location is at a second distance from the guide; the
second distance being at least two times larger than the first distance, possibly at least ten times
larger, or at least fifteen times larger.

Preferably, the machining apparatus is at least one of: an abrasive waterjet cutting system, a milling
machine, a lathe machine, a press machine, a sparkplug machining apparatus.

It is another object of the invention to provide a monitoring method of a machining system which
comprises: a machining apparatus, notably a cutting machine, adapted for machining a workpiece;
a monitoring device which monitors machining conditions of the workpiece and/or the machining
apparatus, the monitoring device comprising a plurality of sensors, said plurality of sensors
comprising a first sensor at a first location, a second sensor at a second location distant from the
first location and possibly additional sensors which provide a first signal, a second signal and
possibly additional signals respectively; the monitoring method comprising the steps of: defining a
first signature, notably a first benchmark signature, at least on the basis of the first signal and

notably the second signal; machining the workpiece; measuring the machining conditions of the
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workpiece and/or of the machining apparatus by means of the plurality of sensors; computing a
second signature at least on the basis of a first signal and notably the second signal measured
during step machining; comparing the first signature against the second signature, the machining
apparatus being notably in accordance with any one of the invention.

Preferably, the waterjet cutting machine may be an abrasive waterjet cutting system.

Preferably, the plurality of sensors may comprise a first set of sensors and a second set of sensors
which are at distance from each other.

Preferably, the plurality of sensors may comprise MEMS (Micro Electro Mechanical System)
Sensors.

Preferébly, the machining apparatus may comprise a cutting tool adapted for engaging the
workpiece, at least one sensor of the plurality of sensors being in contact on said cutting tool.
Preferably, the plurality of sensors may comprise a sensor adapted for sensing vibrations or
acoustic emissions of the workpiece.

Preferably, the first location may be within the machining apparatus, and the second location may
be outside the machining apparatus.

Preferably, the plurality of sensors may comprise accelerometers sensors, notably at distance from
one another.

Preferably, the plurality of sensors may comprise microphone sensors.

Preferably, the microphone sensors may be at distance from one another.

Preferably, the machining apparatus may a waterjet cutting machine with a nozzle and/or an orifice,
the first sensor and the second sensor may comprise accelerometers in contact of the nozzle and of
the orifice respectively, the plurality of sensors may further comprise a third accelerometer sensor
in contact of the nozzle, and possibly a fourth accelerometer sensor intended to be in contact of the
workpiece.

Preferably, the machining apparatus may comprise a cutting area, the first location is at a first
distance from the cutting area, and the second location is at a second distance from the cutting area.
Preferably, the grid may be arranged horizontally or vertically.

Preferably, the grid may comprise at least ten microphones arranged in a regular or irregular
pattern.

Preferably, the further sensor may be a third microphone sensor which may be at distance from the
first microphone sensor and of the second microphone sensor.

Preferably, the fourth microphone sensor may be at distance from the first microphone sensor and
of the second microphone sensor.

Preferably, the guide and/or the first vibration source is a nozzle.

Preferably, the first sound source is a waterjet exiting from the nozzle.

Preferably, the second vibration source is an orifice.

Preferably, the second sound source is a pump.
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Preferably, the machining apparatus may comprise a first vibrating component and a second
vibrating component, the first sensor may comprise a first accelerometer sensor in contact of the
first vibrating component, the second sensor may comprise a second accelerometer sensor in
contact of the first vibrating component or of the second vibrating component, the plurality of
sensors may further comprise a third accelerometer sensor in contact of the second vibrating
component or of the first vibrating component at distance from the second accelerometer sensor,
and possibly a fourth accelerometer sensor intended to be in contact of the workpiece.

Preferably, the machining apparatus may comprise a first vibrating component and an second
vibrating component, the first sensor may comprise a first strain gauge sensor in contact of the first
vibrating component, the second sensor may comprise a second strain gauge sensor in contact of
the first vibrating component or of the second vibrating component, the plurality of sensors may
further comprise a third strain gauge sensor in contact of the second vibrating component or of the
first vibrating component at distance from the second strain gauge sensor, and possibly a fourth
strain gauge sensor intended to be in contact of the workpiece.

Preferably, the machining apparatus may comprise a first sound source, and a second sound source,
the first sensor may comprise a first microphone sensor which may be closer to the first sound
source than the second sensor, the second sensor may comprise a second microphone sensor which
may be closer to the second sound source than the first microphone sensor, the plurality of sensors
may further comprise a further sensor configured for measuring acoustic emissions from the

workpiece.

It is another object of the invention to provide a monitoring method of a machining system which
comprises: a machining apparatus, notably a cutting machine, adapted for machining a workpiece;
a monitoring device which monitors machining conditions of the workpiece and/or the machining
apparatus, the monitoring device comprising a plurality of sensors, said plurality of sensors
comprising a first sensor at a first location, a second sensor at a second location distant from the
first location and possibly additional sensors which provide a first signal, a second signal and
possibly additional signals respectively; the monitoring method comprising the steps of: defining a
first signature, notably a first benchmark signature, at least on the basis of the first signal and
notably the second signal; machining the workpiece; measuring the machining conditions of the
workpiece and/or of the machining apparatus by means of the plurality of sensors; computing a
second signature at least on the basis of a first signal and notably the second signal measured
during step machining; comparing the first signature against the second signature, the machining
system being notably in accordance with the invention.

Preferably, step defining a first signature comprises the computing operation of step computing a

second signature, and possibly additionally comprises a numerical data.
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Preferably, during step computing a second signature, the first signal and the second signal and
possibly additional signals are continuously provided, step computing a second signature and/or
step defining a first signature using at least: a first portion of finite length of the first signal, and
notably a second portion of finite length of the second signal, the first portion and the second
portion start at the same time and have a same time length.

Preferably, the plurality of sensors comprises accelerometers, notably the first accelerometer sensor
to the fourth accelerometer sensor, forming pairs of accelerometers, step computing and step
defining comprising calculation of the vibration transmissibilies between the accelerometers of the
pairs of accelerometers, said vibration transmissibilies being arranged in an N*N matrix, wherein N
corresponds to the number of accelerometers in the plurality of sensors, said vibration
transmissibilies being part of the first signature and of the second signature.

Preferably, the plurality of sensors comprises strain gauges, notably the first strain gauge sensor to
the fourth strain gauge sensor, forming pairs of strain gauges, step computing and step defining
comprising calculation of the vibration transmissibilies between the strain gauges of the pairs of
strain gauges, said vibration transmissibilies being arranged in an N*N matrix, wherein N
corresponds to the number of accelerometers in the plurality of sensors, said vibration
transmissibilies being part of the first signature and of the second signature.

Preferably, the machining apparatus comprises a cutting tool with a cutting edge, the plurality of
sensors comprising a tool sensor providing a tool signal, the tool signal from said tool sensor being
used during step defining and during step computing for the first signature and for the second
signature.

Preferably, the plurality of sensors comprises a workpiece sensor providing a workpiece signal
which is used during step defining and during step computing for the first signature and the second
signature.

Preferably, step computing and/or step defining comprise the calculation of the Fourier Transform
or the Wavelet Transform of the first signal and the second signal, or of each signal from the
plurality of sensors, said Fourier Transform or Wavelet Transform of each signal from the plurality
of sensors being part of the first signature and of the second signature; before step calculation the
first signal and the second signal, or each signal from the plurality of sensors, are possibly filtered
with an anti-leakage filter and/or an anti-aliasing filter in order to provide filtered signals.
Preferably, at least the first sensor and the second sensor comprise microphones, step computing
and step defining comprising calculation of a clean signal, possibly of the first signal through a
blind separation technique or an acoustic beamforming.

Preferably, the plurality of sensors comprises accelerometer sensors and microphone sensors, and
possibly strain gauge sensors, providing a plurality of signals, the first signature and the second

signature being each computed by means of said plurality of signals.
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Preferably, during step comparing, a potential deviation between the first signature and the second
signature is analysed, notably by a control logic of the monitoring device.

Preferably, the method comprises a training period during which machining conditions of the
machining apparatus and/or the workpiece are changed in order to change the first signal and the
second signal, and in order to create a library of first benchmark signatures from which said first
signature is part, the first benchmark signatures of the library being defined at least on the basis of
the first sensor and notably the second sensor.

Preferably, the method further comprises step selecting a first benchmark signature from the
library, the selected first benchmark signature of the library being the one with the smallest
difference between its machining conditions and the machining conditions corresponding to the
second signature and/or between features of the first signature and features of the second signature.
Preferably, the machining apparatus may comprise a set of sound sources, the plurality of sensors
comprising one microphone sensor for each sound source of the set, the plurality of sensors may
further comprise a workpiece microphone sensor configured for measuring acoustic emissions from
the workpiece.

Preferably, the machining apparatus may comprise a first sound source, the first sensor may
comprise a first microphone sensor which may be closer to the first sound source than the second
Sensor.

Preferably, the machining apparatus may comprise a set of vibrating components, the plurality of
sensors may comprise at least one strain gauge sensor in contact of each vibrating component of the
set of vibrating components, the plurality of sensors may comprise a workpiece strain gauge sensor
intended to be in contact of the workpiece.

The machining apparatus may comprise a first vibrating component, the first sensor may comprise
a first strain gauge sensor in contact of the first vibrating component.

The machining apparatus may comprise a set of vibrating components, the plurality of sensors may
comprise at least one accelerometer sensor in contact of each vibrating component of the set of
vibrating components, the plurality of sensors may comprise a workpiece accelerometer sensor
intended to be in contact of the workpiece.

Preferably, the machining apparatus may comprise a first vibrating component, the first sensor may

comprise a first accelerometer sensor in contact of the first vibrating component.

It is another object of the invention to provide a computer program comprising computer readable
code means, which when run on a computer, cause the computer to run the monitoring method
according to the invention.

It is another object of the invention to provide a computer program product including a computer

readable medium on which the computer program according to the invention is stored.
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It is another object of the invention to provide a computer configured for carrying out the

monitoring method according to the invention.

It is another object of the invention to provide an abrasive waterjet cutting system including: an
abrasive waterjet cutting head comprising: a nozzle adapted for guiding an abrasive waterjet
intended to cut a workpiece, notably a metallic workpiece, said nozzle including an inlet end and an
outlet end; an abrasive waterjet flow direction; a monitoring device including at least an upstream
sensor and a downstream sensor which are distributed along the abrasive waterjet flow direction
downstream the inlet end of the nozzle, and which are adapted for measuring at least one wear
characteristic of the nozzle or a characteristic of the abrasive waterjet, or an alignment
characteristic of the nozzle with an orifice; the wear monitoring device being configured to monitor
at least one characteristic of the abrasive waterjet cutting system through at least the upstream
sensor and the downstream sensor.

Preferably, the upstream sensor and the downstream sensor may include an upstream accelerometer
and a downstream accelerometer which may be attached to the abrasive waterjet cutting head for
measuring wear characteristics of the nozzle and/or misalignment of waterjet respect to nozzle,
notably for measuring vibrations of the nozzle.

Preferably, the abrasive waterjet cutting head may include a casing housing the nozzle, said casing
notably including pockets where the upstream accelerometer and the downstream accelerometer are
arranged.

Preferably, the nozzle may include an inlet section forming the inlet end and receiving the upstream
accelerometer, and an outlet section forming the outlet end and receiving the downstream
accelerometer; preferably the inlet section and the outlet section may each extend along at most
20% of the length of the nozzle, more preferably along at most 10% of the length of the nozzle.
Preferably, the nozzle may include a tubular body with a cylindrical tubular external surface, the
upstream accelerometer and the downstream accelerometer possibly being in contact of said tubular
body, notably through glue or adhesive.

Preferably, the upstream sensor and the downstream sensor may include an upstream microphone
and a downstream microphone disposed downstream the nozzle.

Preferably, the abrasive waterjet cutting head may include a frame supporting the upstream
microphone and the downstream microphone.

Preferably, the monitoring device may further include a piezoelectric sensor which is intended to
be fixed to the workpiece, the wear monitoring device may be configured to monitor at least one
characteristic of the abrasive waterjet cutting system through the piezoelectric sensor.

Preferably, along the abrasive waterjet flow direction, the abrasive waterjet cutting system may
include a first distance D1 between the outlet end and the upstream microphone, and a second

distance D2 between the upstream microphone and the downstream microphone, said second
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distance D2 being greater than the first distance D1, preferably at least two times as great as the

first distance D1.

Preferably, the abrasive waterjet cutting head may comprise a main support and reversible fixation

means for fixing the upstream sensor and the downstream sensor to the main support.

Preferably, the abrasive waterjet cutting head may enclose an orifice which is coaxial with the

nozzle and an orifice sensor, notably a strain-gauge sensor, for measuring a fluid pressure upstream

the orifice.

Preferably, the upstream sensor and the downstream sensor may form a first set of sensors, the

monitoring device further including a second set of sensors with a second upstream sensor and a

second downstream sensor which may be adapted for measuring a wear characteristic of the nozzle

and/or a characteristic of the abrasive waterjet, and/or an alignment characteristic of the nozzle

with an orifice.

Preferably, the monitoring device may include a distance D3 along the abrasive waterjet flow

direction which separates the first set of sensors from the second set of sensors.

Preferably, the sensors of the first set may be of a different kind than the sensors of the second set.
Preferably, the upstream sensor and the downstream sensor may be at opposite ends of the nozzle.

Preferably, the casing may be fixed to the main support through the reversible fixation means.

Preferably, the upstream sensor and the downstream sensor may be of the same kind.

Preferably, the first set and the second set may be diametrically opposite with respect to the

abrasive waterjet, and/or on the other circumferential side” of the waterjet.

Preferably, at least one or each accelerometer may be configured for measuring vibrations in three

directions.

Preferably, the system may exhibit a cutting stage downstream the nozzle, the microphones being

arranged in said cutting stage.

Preferably, the system may include a nozzle stage enclosing the nozzle, a cutting stage notably

between the nozzle and a workpiece receiving area, a monitoring zone optionally enclosing the

nozzle stage and the cutting stage, the sensors may be arranged in the monitoring zone.

Preferably, the accelerometers may be arranged upstream at least one microphone, and/or between

the strain-gauge sensor and at least one microphone, and/or between the strain-gauge sensor and

the set of microphones.

Preferably, the abrasive waterjet cutting head may further include a mixing chamber upstream the

upstream sensor, notably the upstream accelerometer.

Preferably, the nozzle may include a conical recess communicating with the mixing chamber.

Preferably, the piezoelectric sensor may be disposed downstream the microphones.

It is another object of the invention to provide an abrasive waterjet cutting system including:

an abrasive waterjet cutting head comprising:




10

15

20

25

30

35

9 LU101065

a nozzle adapted for guiding an abrasive waterjet intended to cut a workpiece, notably intended to
cut a metallic workpiece, said nozzle including:
an inlet end,
an outlet end, and
a longitudinal direction;
a workpiece reception area;
a monitoring zone projecting from the workpiece reception area to the inlet end;
a wear monitoring device including:
an upstream sensor and a downstream sensor which are arranged in the monitoring zone,
and a longitudinal separation between the upstream sensor and the downstream sensor;
the wear monitoring device being configured to monitor the abrasive waterjet cutting system

through the upstream sensor and the downstream sensor.

It is another object of the invention to provide an abrasive waterjet cutting system including:
an abrasive waterjet cutting head comprising:
a nozzle intended to be in contact of an abrasive waterjet adapted for cutting a workpiece, notably a
metallic workpiece, said nozzle including:
an inlet section, and
an outlet section;
an orifice upstream the nozzle;
the system further including an alignment monitoring device for controlling the alignment of the
orifice with respect to the nozzle, the misalignment monitoring device including an upstream

accelerometer in contact of the upstream section of the nozzle.

It is another object of the invention to provide an abrasive waterjet cutting system including:
an abrasive waterjet cutting head comprising:
a nozzle for guiding an abrasive waterjet adapted for cutting a workpiece, notably adapted for
cutting a metallic workpiece, said nozzle including:
an inlet section, and
an outlet section which are at opposite ends of the nozzle;
an abrasive waterjet flow direction; and
a monitoring device, notably a nozzle wear monitoring device, including:
an upstream accelerometer in contact of the upstream section and
a downstream accelerometer in contact of the downstream section of the nozzle,
the monitoring device being configured to monitor the abrasive waterjet cutting system by means

of the upstream accelerometer and the downstream accelerometer.




10

15

20

25

30

35

to LU101065

It is another object of the invention to provide an abrasive waterjet cutting system including:
an abrasive waterjet cutting head comprising:
a nozzle for guiding an abrasive waterjet adapted for cutting a workpiece, notably adapted for
cutting a metallic workpiece, said nozzle including:
an inlet section, and
an outlet section;
an abrasive waterjet flow direction;
a monitoring device, notably a jet quality monitoring device, including:
an upstream microphone,
a downstream microphone, and possibly
a workpiece sensor, notably a piezoelectric sensor, intended to be fixed to the workpiece,
the microphones, and possibly the workpiece sensor, are arranged downstream the nozzle,
the upstream microphone being nearer from the outlet section than the downstream microphone
and possibly than the workpiece sensor,
the monitoring device being configured to monitor the abrasive waterjet cutting system through the

microphones and possibly the workpiece sensor.

It is another object of the invention to provide a nozzle, said nozzle including: a cylindrical body, a
passage across the cylindrical body for guiding an abrasive waterjet, a longitudinal direction along
the passage, notably a vertical direction, two longitudinally opposite end sections, a vibration
sensor at each end section.

Preferably, the vibration sensors may be accelerometers, preferably three-dimensional
accelerometers.

Preferably, the cylindrical body may include a cylindrical outer surface on which the vibrations

sensors are fixed.

It is another object of the invention to provide a monitoring process of an abrasive waterjet cutting
system, the abrasive waterjet cutting system comprising: an abrasive waterjet cutting head with a
nozzle guiding an abrasive waterjet, said nozzle including an inlet end and an outlet end; an
abrasive watetjet flow direction, a monitoring device including an upstream sensor and a
downstream sensor which are adapted for measuring a wear characteristic of the nozzle, or a
characteristic of the abrasive waterjet, or an alignment characteristic of the nozzle with an orifice;
the monitoring process including the following steps: (b) defining a benchmark of the abrasive
waterjet cutting head by means of at least one of the upstream sensor and the downstream sensor;
(d) measuring an upstream data and a downstream data with the upstream sensor and the

downstream sensor respectively; (e) processing the upstream data and the downstream data in order
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to define a signature of the abrasive waterjet cutting head; (f) comparing the signature to the
benchmark; the abrasive waterjet cutting system being notably in accordance with the invention.
Preferably, before step (b) defining a benchmark, the monitoring process may include a step (a)
maintenance of the abrasive waterjet cutting head.

Preferably, the monitoring process may include a step (c) cutting a workpiece with the abrasive
waterjet, the step (d) measuring may be performed during step (c) cutting.

Preferably, if the signature exceeds a tolerance with respect to the benchmark; the monitoring
process may perform a step (g) producing at least one output signal which may be notably used for
controlling the abrasive waterjet cutting head, or notably used for deciding a maintenance
intervention.

Preferably, step (d) measuring may comprise measuring a pressure upstream the orifice, step (e)
processing may comprise computing the static pressure and the dynamic pressure, notably through
Fourier Transform or Wavelet Transform, step (f) comparing may comprise the comparison of said
Fourier Transform or Wavelet Transform-to a first benchmark.

Preferably, the upstream sensor may comprise an upstream microphone and the downstream sensor
may comprise a downstream microphone; during step (e) processing, a net signal may be calculated
with the upstream data and the downstream data, said net signal may be notably calculated by a
decorrelation technique.

Preferably, the abrasive waterjet cutting system may include a workpiece sensor, notably a piezo
electric sensor, which may be fixed to the workpiece, during step (e) processing, the net signal may
be calculated with the upstream data, the downstream data, and the data from the workpiece sensor,
said net signal may notably be calculated by a decorrelation technique.

Preferably, step (e) processing may comprise computation of Fourier Transform or Wavelet
Transform of the net signal, said Fourier Transform or Wavelet Transform may be compared to a
second benchmark during step (f) comparing.

Preferably, the upstream sensor may comprise an upstream accelerometer arranged at the inlet end
of the nozzle and providing an inlet signal, step (e) processing may comprise the estimation of the
Fourier Transform or the Wavelet Transform of the inlet signal, said Fourier Transform or the
Wavelet Transform may be compared to a third benchmark during step (f) comparing.

Preferably, the upstream sensor may comprise an upstream accelerometer, and the downstream
sensor may comprise a downstream accelerometer, step (e) processing may comprise the
calculation of a vibration transmissibility between the inlet end and the outlet end of the nozzle,
said vibration transmissibility may be compared to a fourth benchmark during step (f) comparing.
Preferably, the monitoring process may control iteratively several conformity requirements with
respective benchmarks.

Preferably, the abrasive waterjet cutting system may include a workpiece reception area in which

the workpiece is fixed downstream the downstream sensor.

LU101065
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Preferably, during step (b) defining the benchmark may be computed using same processing as
used for defining the signature during step (e) processing.

Preferably, the benchmark may be computed for different operating setpoints of the abrasive
waterjet cutting head, step (b) defining comprising a training period.

Preferably, at step (f) comparing the signature may be compared against a benchmark
corresponding to an instantaneous setpoint of step (c) cutting.

Preferably, during step (e) processing the downstream data may be divided by the upstream data.
Preferably, during step (e) processing the downstream data may be subtracted from the upstream
data.

Preferably, during step (e) processing the upstream data and the downstream data may be measured
at a same radial distance from the cutting abrasive waterjet. A radial distance may be measured
perpendicularly to the waterjet.

Preferably, during step (f) comparing, the signature may be compared to a theorical benchmark.
Preferably, during step (¢) cutting, the gap between the workpiece and the nozzle may remain
constant.

Preferably, the or each Fourier transform, or the or each Wavelet Transform may be estimated
using an Auto-Regressive-Moving-Average estimation of a raw signal.

Preferably, during step (d) measuring, the distance D2 may remain constant.

Preferably, during step (d) measuring may be continuous.

Preferably, step () processing may bean iterative processing, repeated at a regular time interval,
said regular interval may range from 15 seconds to 25 seconds, on signals which may be windowed
on that interval.

Preferably, in each set of sensors the downstream sensor may be nearer to the workpiece than the
upstream sensor, and/or the upstream sensor may be nearer to the inlet end than the downstream
sensor.

Preferably, step (f) comparing may compare the transmissibility to the fourth benchmark if the
Fourier Transform or the Wavelet Transform of the upstream signal is consistent with the third
benchmark; and/or the Fourier Transform or the Wavelet Transform of the upstream signal may be
compare to the third benchmark third benchmark if the Fourier Transform or the Wavelet
Transform of the net signal is consistent with the second benchmark; and/or the Fourier Transform
or the Wavelet Transform of the net signal may be compared to the second benchmark if the
upstream pressure is consistent with the first benchmark.

Preferably, step (b) defining a benchmark may be performed before step (c) cutting, and/or without
workpiece.

Preferably, during step (a) maintenance, a new nozzle or a new orifice may be mounted in the
abrasive waterjet cutting head, or the nozzle and the orifice may be realigned.

Preferably, the signature may be a vibroacoustic signature.
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Preferably, the abrasive waterjet cutting system may comprise a nozzle area wherein the upstream
sensor and the downstream sensor may be enclosed, the abrasive waterjet cutting system may
further comprise a cutting area between the workpiece and the nozzle area, step (d) measuring may
comprise measuring data with a second upstream sensor and a second downstream sensor within
the cutting area.

Preferably, the upstream sensor and the downstream sensor may be distributed along the abrasive
waterjet flow direction downstream the inlet end of the nozzle, and/or between the workpiece and
the inlet end of the nozzle.

Preferably, during step (d) measuring and/or during step (b) defining, the abrasive waterjet may
flow.

Preferably, at step (b) defining, the benchmark may be defined by the upstream sensor and the
downstream sensor.

Preferably, step (b) defining and step (e) processing may comprise the same calculation steps.

Preferably, the signals may be synchronized.

It is another object of the invention to provide a monitoring process of an abrasive waterjet cutting

system, the abrasive waterjet cutting system comprising:

o an abrasive waterjet cutting head with an orifice, a nozzle guiding an abrasive
waterjet, said nozzle including an inlet end and an outlet end;

o an abrasive waterjet flow direction,

o amonitoring device notably adapted for measuring a wear characteristic of the
nozzle, and/or a characteristic of the abrasive waterjet, and/or an alignment
characteristic of the nozzle with an orifice;

the monitoring process including the following steps:
(c) cutting a workpiece with the abrasive waterjet;
(d) measuring an upstream data at an upstream location and a downstream data at a
downstream location, said location being between the workpiece and the inlet end of the
nozzle;
(f) comparing the upstream data and the downstream data, eventually to each other, the
abrasive waterjet cutting system being notably in accordance with the invention.

Step (b) defining is not an essential aspect of the invention.

Step (e) processing is not an essential aspect of the invention.

It is another object of the invention to provide a computer comprising computer readable code
means, which when run on a computer, cause the computer to run the monitoring process according

to the invention.
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It is another object of the invention to provide a computer program product including a computer
readable medium on which the computer program according to the invention is stored.

It is another object of the invention to provide a computer configured for carrying out the
monitoring process according to the invention.

The different objects of the invention may be combined to each other. The preferable options of
each object may be applied to the other objects of the invention, unless the contrary is explicitly

mentioned.

Advantages of the invention

The invention distributes the plurality of sensors at key locations in the machining system. The
sensors are arranged close to the guide for cutting means, for instance the nozzle, and at remote
locations from said cutting means. The sensors may be arranged on units triggering a machining
effort, or in the environment of the machining system. The invention also allows monitoring of a
sharp cutting tool, and to follow up the corresponding wear state.

In addition, the monitoring method uses the plurality of signals from the plurality of sensors, and
then provides a clean signal corresponding to the working conditions of the cutting means, or of the
corresponding guide if required. In order to improve automation, the invention uses a library of
benchmarks which are defined at installation, or at least during ideal conditions. Algorithms
provide the most relevant benchmark contained in the library such that the real time conditions are
compared against the most suitable reference.

A general understanding of the invention could be to measure one or several characteristic(s) of the
system and/or the workpiece under conform conditions by one or two distant sensors, and then to
monitor the characteristic(s) during cutting by the two sensors. With respect to the two
microphones; one of the two microphones is used to clean the data of the other microphone in order
to separate the contributions of the system from the contributions of the workpiece.

The invention provides an AWC system functioning with a couple of sensors which are arranged at
different locations along the waterjet. At their distant locations, the sensors permit a differential
measurement, and provide different signals which are compared to each other, and/or compared to
a given precise benchmark. The provided monitoring improves the monitoring accuracy, and
consequently the quality of the produced workpieces. Thus, a substantial economy and automation
may be obtained. Moreover, the accurate monitoring optimises the time during which a nozzle may
still be used. Thus, the invention increases the lifetime of nozzle. The high accuracy, and the
multiple signals obtained allows an exploitation during design studies of nozzle or other
components, for better understanding of wear phenomena.

The pair of microphones, optionally in combination with the piezoelectric sensor, permits to isolate

acoustic contribution of the waterjet from the acoustic contribution of environment, particularly the
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workpiece. Consequently, the invention provides separated information of the cutting waterjet
escaping the nozzle and of the workpiece, and allows a detection of the separate features.

The pair of accelerometers offers signals proper to the nozzle. The accelerometers may essentially
be in contact of the nozzle in order to reduce the influence of its supports, or the frame of the AWC
system. Consequently, the obtained vibration transmissibility becomes more relevant and the wear
state may be assessed more precisely.

The invention is of first interest since it provides monitoring data during the cutting operation.
Thus, the monitoring task does not stop the production and does not impact the manufacturing
costs. In addition, the invention provides a better understanding of the AWC system state, and
reduces the computing resources which are required for attaining a given level of knowledge and

accuracy.

Brief description of the drawings
Several embodiments of the present invention are illustrated by way of figures, which do not limit
the scope of the invention, wherein:
- figure 1 provides a schematic illustration of a cut through a machining system in
accordance with a first preferred embodiment of the invention;
- figure 2 provides a schematic illustration of a cut through a machining system in
accordance with a first preferred embodiment of the invention;
- figure 3 provides a schematic illustration of a cut through a machining system in
accordance with a first preferred embodiment of the invention;
- figure 4 provides a schematic illustration of a monitoring method in accordance with a first
preferred embodiment of the invention;
- figure 5 provides a schematic illustration of a monitoring method in accordance with a
second preferred embodiment of the invention;
- figure 6 provides a schematic illustration of a cut through an AWJ system in accordance
with a first preferred embodiment of the invention;
- figure 7 provides a schematic illustration of a cut through an AWJ system in accordance
with a second preferred embodiment of the invention;
- figure 8 provides a schematic illustration of a cut through an AWJ system in accordance
with a third preferred embodiment of the invention;
- figure 9 provides a schematic illustration of a nozzle in accordance with a preferred
embodiment of the invention;
- figure 10 provides a schematic illustration of a monitoring process in accordance with a

preferred embodiment of the invention.

Detailed description of the invention
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This section describes the invention in further details based on preferred embodiments and

on the figures. Identical reference numbers will be used to describe similar or the same concepts
throughout different embodiments of the invention.

It should be noted that features described for a specific embodiment described herein may be
combined with the features of other embodiments unless the contrary is explicitly mentioned.
Features commonly known in the art will not be explicitly mentioned for the sake of focusing on
the features that are specific to the invention. For example, the abrasive waterjet cutting system in
accordance with the invention is evidently powered by an electric supply and pump system, even
though such supply is not explicitly referenced on the figures nor referenced in the description.

In the following description, the words “downstream” and “upstream” are considered in relation
with the abrasive waterjet flow direction. These words also apply before the abrasive waterjet flow

starts, and after the workpiece.

Figure 1 shows a cross section of a machining system 201 with a machining apparatus 202 in
accordance with a first embodiment of the invention. The machining apparatus 202 may comprise
an abrasive waterjet cutting system 203.

The abrasive waterjet cutting system 203 is represented above a workpiece 204 which is currently
cut by the abrasive cutting waterjet 206 which may form cutting means. Cutting means are means
adapted for removing material of the workpiece 204, and/or for severing portions therefrom. The
current cross section is taken along the cut-out of the workpiece 204 which is represented with
hatchings before the kerf, and which is hatching free within the kerf created by the abrasive cutting
waterjet 206. Despite the workpiece 204 is represented under the abrasive waterjet cutting system
203, it is encompassed in the current invention any other orientation. For instance, the workpiece
204 may be beside the abrasive waterjet cutting system 203, and the abrasive cutting waterjet 206
may flow horizontally.

The abrasive waterjet cutting system 203 may include a high-pressure fluid source, notably a high-
pressure water source or high-pressure water vessel. The high-pressure fluid source may comprise a
pump 208. The cutting abrasive waterjet 206 is arbitrarily interrupted downstream the workpiece
204 for representation purpose, and may flow further downstream, notably in a through cut
configuration. The pump 208 may be adapted for providing the fluid at a pressure ranging from
2500 bars to 6900 bars. For instance, the fluid pressure is about 4000 bars. The abrasive waterjet
cutting system 203 may also comprise an abrasive particle supply 210.

The abrasive waterjet cutting system 203 may comprise a first axis 211. The first axis may
correspond to an abrasive waterjet flow direction 212. The abrasive waterjet cutting system 203
may comprise an abrasive waterjet cutting head 214 with a nozzle 216 adapted for guiding the

abrasive waterjet 206 along the abrasive waterjet flow direction 212 and transferring momentum
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from fluid to particles. The nozzle 216 is also known as a “focussing tube”. The nozzle 216 may
generally be considered as a first vibrating component 215. The nozzle 216, respectively the first
vibrating component 215 may form a guide of the machining apparatus 202. The guide is adapted
for guiding cuttings means, notably the abrasive cutting waterjet 206.

The abrasive waterjet flow direction 212 may be directed from the abrasive waterjet cutting head
214 toward the workpiece 204. The abrasive waterjet flow direction 212 may extend beyond the
workpiece 204 and the abrasive waterjet cutting system 203. It may be colinear with the abrasive
cutting waterjet 206.

The machining apparatus 202 may comprise a second vibrating component 217. The second
vibrating component 217 may be an orifice 218. The orifice 218 may be in fluid communication
with the pump 208. The first vibrating component 215 may be at distance from the second
vibrating component 217, notably along the first axis 211. The first and second vibrating
component (215; 217) may be contact free. They may be at distance from the workpiece 204.

The orifice 218 may guide a high-speed waterjet toward the nozzle 216. Upstream the orifice 218,
water may have a high-pressure, and downstream the orifice 218 water may have a high-speed. In
the current context the above water may be understood as substantially “pure” water. The high-
speed water jet may be a single-phase water jet. The high-speed water jet may accelerate the
abrasive particles received in a mixing chamber 220. More precisely, the acceleration of particles is
provided by momentum transfer with the high-speed water jet, and the momentum transfer may
essentially take place in the nozzle 216. The abrasive waterjet cutting system 203 may be adapted
such that the abrasive cutting waterjet 206 reaches a speed in the range of 300 -1200 m/s
downstream the nozzle 216. The abrasive cutting waterjet 206 may be a three phases waterjet, and
may include water, air and particles in suspension.

In order to assess the functioning of the machining apparatus 202, the machining system may
comprise a monitoring device 228. The latter is adapted for monitoring machining conditions of the
machining apparatus and/or machining conditions of the workpiece 204.

The monitoring device 228 may be connected to a computer 230 in order to process signals. More
precisely, the computer 230 may include a computer readable medium 232 on which a computer
program is stored, and a central processing unit (CPU) 233 which is adapted for carrying out the
instructions of the computer program. The monitoring device 228 may include a preamplifier 234
connected to the computer 230, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 235 with an A/D converter may connect the preamplifier 234
to the computer 230.

The monitoring device 228 comprises a plurality of sensors. For instance, the plurality or sensors
comprises at least a first sensor 237 and a second sensor 239. The first sensor 237 and the second

sensor 239 may be separate and distinct. They may be at distance from one another and may be at a
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first location and at a second location respectively, the latter may be at distance from the first
location. They may provide a first signal and a second signal respectively.

The first sensor 241 may be in contact of the first vibrating component 215. As an option, the
second sensor 239 may be in contact of the first vibrating component 215. The first sensor 237 and
a second sensor 239 may be distributed along the first vibrating. component 215, and may notably
be arranged at opposite ends with regard to the direction 212. The second sensor 239 may be
downstream the first sensor 237.

Optionally, the plurality of sensors may comprise a third sensor 241 and possibly a fourth sensor
243. The third sensor 241 and the fourth sensor 243 may provide a third signal and a fourth signal
respectively. The first and second sensors (237; 239) may be arranged between the third and fourth
sensors (241; 243).

The first to fourth sensors (237; 239; 241; 243) may be separate and distinct. They may be at
distance from one another. They may be distributed along the first axis 211.

The third sensor 241 may be in contact of the second vibrating component 217; namely the orifice
218. Accordingly, the third sensor 241 may be designated as an orifice sensor 241. The third sensor
241 may be upstream the first sensor 237.

The fourth sensor 243 may be in contact of the workpiece 204; it may therefore be designated as a
workpiece sensor 243. The fourth sensor 243 may be arranged downstream the first sensors 237;
and notably downstream the second sensor 239.

The plurality of sensors may comprise at least one accelerometer sensor. As an option, each sensors
of the plurality of sensors comprise an accelerometer sensor. The first sensor 237 may comprise a
first accelerometer sensor 238. The second sensor 239 may comprise a second accelerometer sensor
240. The third sensor 241 may comprise a third accelerometer sensor 242. The fourth sensor 243
may comprise a fourth accelerometer sensor 244, also designated as workpiece accelerometer
sensor 244. The accelerometers sensors (238; 240; 242; 244) may comprise
microelectromechanical systems sensors, which are generally designated by the acronym “MEMS”,
The first accelerometer sensor 238 may be in contact of the nozzle 216. Optionally, the second
accelerometer sensor 240 is also in contact of the nozzle. The third accelerometer sensor 242 may
be in contact of the orifice 218. The fourth accelerometer sensor 244 may be in contact of the
workpiece 204.

As an alternative or in addition, the plurality of sensors may comprise at least one strain gauge
sensor. Optionally, each sensor of the plurality of sensors comprise a strain gauge sensor. The first
sensor 237 may comprise a first strain gauge sensor. The second sensor 239 may comprise a second
strain gauge sensor. The third sensor 241 may comprise a third strain gauge sensor. The fourth
sensor 243 may comprise a fourth strain gauge sensor 244, also designated as workpiece strain

gauge sensor 244.
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In an embodiment of the invention, at least one or each sensor of the plurality of sensors comprise
an accelerometer sensor and a strain gauge sensor. It may be considered that at least one or each
sensor of the plurality of sensor is a sensor module combining several sensor elements, the sensor
elements possibly being of different kind. The sensors elements may be distinct and notably at
distance from one another.

As an alternative of the invention, the machining apparatus 202 may be a milling machine. In the
milling machine, the cutting means may comprise a milling cutter. At least one of the first sensor
and the second sensor may be in contact of the milling cutter. The first axis 211 may correspond to
the rotation axis of the milling cutter. The milling cutter may comprise at least one cutting edge, or
a plurality of cutting edge distributed around the first axis. The cutting edge may be a sharp edge.
The second to fourth accelerometer sensors are purely optional in view of the invention. The fact
that the plurality of sensors comprises more than one accelerometer sensor remains an option.

In an embodiment, the plurality of sensors comprises the so called first accelerometer sensor and
the so called third accelerometer sensor; notably without the so called second accelerometer sensor
and/or the so called fourth accelerometer sensor. Other combinations are considered.

In the current embodiment, two vibrating components are defined. However other vibrating
components may be identified in the machining apparatus 202. For instance, a transmission with
gearings, and a hood, may be considered as vibrating components of the machining apparatus.
Similarly, only four accelerometer sensors or only four strain gauge sensors are defined in the
current description. However, the invention considers providing five or more accelerometer
sensors, and/or five or more strain gauge sensors. These further sensors may be arranged at

different locations.

Figure 2 shows a cross section of a machining system 201 with a machining apparatus 202 in
accordance with a second embodiment of the invention. The machining apparatus 202 may
comprise an abrasive waterjet cutting system 203. The second embodiment of the invention is
substantially similar to the first embodiment.

The abrasive waterjet cutting system 203 is represented above a workpiece 204 which is currently
cut by the abrasive cutting waterjet 206 which may form cutting means. Cutting means are means
adapted for removing material of the workpiece 204, and/or for severing portions therefrom. The
current cross section is taken along the cut-out of the workpiece 204 which is represented with
hatchings before the kerf, and which is hatching free within the kerf created by the abrasive cutting
waterjet 206. Despite the workpiece 204 is represented under the abrasive waterjet cutting system
203, it is encompassed in the current invention any other orientation. For instance, the workpiece
204 may be beside the abrasive waterjet cutting system 203, and the abrasive cutting waterjet 206

may flow horizontally.
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The abrasive waterjet cutting system 203 may include a high-pressure fluid source, notably a high-
pressure water source or high-pressure water vessel. The high-pressure fluid source may comprise a
pump 208. The cutting abrasive waterjet 206 is arbitrarily interrupted downstream the workpiece
204 for representation purpose, and may flow further downstream, notably in a through cut
configuration. The pump 208 may be adapted for providing the fluid at a pressure ranging from
2500 bars to 6900 bars. For instance, the fluid pressure is about 4000 bars. The abrasive waterjet
cutting system 203 may also comprise an abrasive particle supply 210.

The abrasive waterjet cutting system 203 may comprise a first axis 211. The first axis may
correspond to an abrasive waterjet flow direction 212. The abrasive waterjet cutting system 203
may comprise an abrasive waterjet cutting head 214 with a nozzle 216 adapted for guiding the
abrasive waterjet 206 along the abrasive waterjet flow direction 212 and transferring momentum
from fluid to particles.

The nozzle 216 is also known as a “focussing tube”. The nozzle 216 may form a guide of the
machining apparatus 202. The guide is adapted for guiding cuttings means, notably the abrasive
cutting waterjet 206.

The waterjet 206 may generally be considered; by convention; as a first sound source since during
operation the machining apparatus 202 emits sounds.

During operation, the workpiece 204 emits sounds. By convention, the workpiece 204 may be
considered as a second sound source 226. The pump 208 may also emit sounds. Therefore, it may —
by convention - be considered as a third sound source 227.

The abrasive waterjet flow direction 212 may be directed from the abrasive waterjet cutting head
214 toward the workpiece 204. The abrasive waterjet flow direction 212 may extend beyond the
workpiece 204 and the abrasive waterjet cutting system 203. It may be colinear with the abrasive
cutting waterjet 206.

The machining apparatus 202 may comprise an orifice 218. The orifice 218 may be in fluid
communication with the pump 208. The orifice 218 may be at distance from the first sound source
226, notably along the first axis 211. The orifice 218 and the first sound source 226 may be contact
free. They may be at distance from the workpiece 204. Thus, the first sound source 226 and the
second sound source may be at distance from one another.

The orifice 218 may guide a high-speed waterjet toward the nozzle 216. Upstream the orifice 218,
water may have a high-pressure, and downstream the orifice 218 it may have a high-speed. The
high-speed water jet may be a single-phase water jet. The high-speed water jet may accelerate the
abrasive particles received in a mixing chamber 220. More precisely, the acceleration of particles is
provided by momentum transfer with the high-speed water jet, and the momentum transfer may
essentially take place in the nozzle 216. The abrasive waterjet cutting system 203 may be adapted

such that the abrasive cutting waterjet 206 reaches a speed in the range of 300 -1200 m/s
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downstream the nozzle 216. The abrasive cutting waterjet 206 may be a three phases waterjet, and
may include water, air and particles in suspension.

In order to assess the functioning of the machining apparatus 202, the machining system may be
equipped with a monitoring device 228. The latter is adapted for monitoring machining conditions
of the machining apparatus and/or machining conditions of the workpiece 204.

The monitoring device 228 may be connected to a computer 230 in order to process signals. More
precisely, the computer 230 may include a computer readable medium 232 on which a computer
program is stored, and a central processing unit (CPU) 233 which is adapted for carrying out the
instructions of the computer program. The monitoring device 228 may include a preamplifier 234
connected to the computer 230, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 235 with an A/D converter may connect the preamplifier 234
to the computer 230.

The monitoring device 228 may comprise a plurality of sensors. For instance, the plurality or
sensors comprises at least a first sensor 237 and a second sensor 239. The first sensor 237 and the
second sensor 239 may be separate and distinct. They may be at distance from one another and may
be at a first location and at a second location respectively, the latter may be at distance from the
first location. They may provide a first signal and a second signal respectively.

Optionally, the plurality of sensors may comprise a third sensor 241 and possibly a fourth sensor
243. The third sensor 241 and the fourth sensor 243 may provide a third signal and a fourth signal
respectively.

The plurality of sensors may comprise at least one microphone sensor. As an option, each sensors
of the plurality of sensors comprise a microphone sensor. The first sensor 237 may comprise a first
microphone sensor 246. The second sensor 239 may comprise a second microphone sensor 248.
The third sensor 241 may comprise a third microphone sensor 250. The fourth sensor 243 may
comprise at least one fourth microphone sensor 52, or set of fourth sensor possibly defining a grid
254. The microphone sensors (238; 240; 242; 244) may comprise microelectromechanical systems
sensors (MEMS sensors).

The first sensor 237 may be for the first sound source 225, notably in order to measure emission
from the latter. The first sensor 237 may be associated with the first sound source 225. The first
microphone sensor 246 may be adapted such that the first signal mainly corresponds to the sound
from the first sound source. Along the first axis 211, the first microphone sensor 246 may be level
with the first sound source 225. The first sound source 225 may be nearer to the first microphone
sensor 246 than to the other microphone sensors of the plurality of sensors. The distance between
the first sound source 225, respectively the support, and the first microphone sensor 246 is smaller
than the distance between the first sound source 225 and any microphone sensor from the second to

the fourth microphone sensor (248; 250; 252). The distance between the first sound source 225,
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respectively the support, and the first microphone sensor 246 is at least two or at least ten time
smaller than the distance with the other microphone sensors of the plurality.

The second sensor 239 may be for the second sound source 226. The second sensor 239 may be
associated with the second sound source 226. The second microphone sensor 248 may be adapted
such that the second signal mainly corresponds to the sound from the second sound source 226.
Along the first axis 211, the second microphone sensor 248 may be disposed between the first
microphone sensor 246 and the second sound source 226. Amongst the microphone sensors of the
plurality of sensors, the second sound source 226 may be closer to the second microphone sensor
248.

The third sensor 241 may be dedicated to the third sound source 227. They may be in the vicinity
from each other. The third microphone sensor 250 may be adapted for sensing sound emitted by the
pump 208. The third sound source 227 may nearer to the third microphone sensor 250 than to the
first, second and fourth microphone (246; 248; 250).

The fourth microphone sensors 252 may define a grid 254. The grid 254 may form a matrix,
possibly with a regular pattern. The fourth microphone sensors 252 may be arranged in a plane.
The fourth microphone sensors 252 may form a beamforming antenna. The fourth microphone
sensors 252 may be above the machining apparatus 202. For instance, the fourth microphone
sensors 252 are, at least, 1 m, or 2 m, away from the machining apparatus 202. Consequently, the
fourth microphone sensors 252 may adapted for sensing the sound emitted within the environment
of the considered machining apparatus 202. The environment may notably comprise other
machining apparatus 202 which are of the same kind, or of different kinds, than the considered
machining apparatus 202.

The second to fourth microphone sensors are purely optional in view of the invention. The fact that
the plurality of sensors comprise more than one microphone sensor remains an option.

In an embodiment, the plurality of sensors comprises the so called first microphone sensor and the
so called fourth microphone sensor; notably without the so called third microphone sensor and/or
the so called second microphone sensor. Other combinations are considered.

In the current embodiment, three sound sources are considered. However, the invention considers
identifying further sound sources, and possibly providing these further sources with further

microphone sensors.

Figure 3 shows a cross section of a machining system 201 with a machining apparatus 202 in
accordance with a third embodiment of the invention. The machining apparatus 202 may be an
abrasive waterjet cutting system 203. The third embodiment of the invention substantially
combines the first embodiment with the second embodiment as previously described.

The abrasive waterjet cutting system 203 is represented above a workpiece 204 which is currently

cut by the abrasive cutting waterjet 206 which may form cutting means. Cutting means are means
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adapted for removing material of the workpiece 204, and/or for severing portions therefrom. The
current cross section is taken along the cut-out of the workpiece 204 which is represented with
hatchings before the kerf, and which is hatching free within the kerf created by the abrasive cutting
waterjet 206. Despite the workpiece 204 is represented under the abrasive waterjet cutting system
203, it is encompassed in the current invention any other orientation. For instance, the workpiece
204 may be beside the abrasive waterjet cutting system 203, and the abrasive cutting waterjet 206
may flow horizontally.

The abrasive waterjet cutting system 203 may include a high-pressure fluid source, notably a high-
pressure water source or high-pressure water vessel. The high-pressure fluid source may comprise a
pump 208. The cutting abrasive waterjet 206 is arbitrarily interrupted downstream the workpiece
204 for representation purpose, and may flow further downstream, notably in a through cut
configuration. The pump 208 may be adapted for providing the fluid at a pressure ranging from
2500 bars to 6900 bars. For instance, the fluid pressure is about 4000 bars. The abrasive waterjet
cutting system 203 may also comprise an abrasive particle supply 210.

The abrasive waterjet cutting system 203 may comprise a first axis 211. The first axis may
correspond to an abrasive waterjet flow direction 212. The abrasive waterjet cutting system 203
may comprise an abrasive waterjet cutting head 214 with a nozzle 216 adapted for guiding the
abrasive waterjet 206 along the abrasive waterjet flow direction 212 and transferring momentum
from fluid to particles. The nozzle 216 is also known as a “focussing tube”. The nozzle 216 may
generally be considered as a first vibrating component 215. The nozzle 216 may generally be
considered; by convention; as a first sound source 226 since during operation the machining
apparatus 202 emits sounds. The nozzle 216, respectively the first vibrating component 215 may
form a guide of the machining apparatus 202. The guide is adapted for guiding cuttings means,
notably the abrasive cutting waterjet 206.

During operation, the workpiece 204 emits sounds. By convention, the workpiece 204 may be
considered as a second sound source 226. The pump 208 may also emit sounds. Therefore, it may —
by convention - be considered as a third sound source 227.

The abrasive waterjet flow direction 212 may be directed from the abrasive waterjet cutting head
214 toward the workpiece 204. The abrasive waterjet flow direction 212 may extend beyond the
workpiece 204 and the abrasive waterjet cutting system 203. It may be colinear with the abrasive
cutting waterjet 206.

The orifice 218 may be at distance from the first sound source 226, notably along the first axis 211.
The orifice 218 and the first sound source 226 may be contact free. They may be at distance from
the workpiece 204. Thus, the first sound source 226 and the second sound source may be at
distance from one another.

The machining apparatus 202 may comprise a second vibrating component 217. The second

vibrating component 217 may be an orifice 218. The orifice 218 may be in fluid communication
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with the pump 208. The first vibrating component 215 may be at distance from the second
vibrating component 217, notably along the first axis 211. The first and second vibrating
component (215; 217) may be contact free. They may be at distance from the workpiece 204.

The orifice 218 may guide a high-speed waterjet toward the nozzle 216. Upstream the orifice 218,
water may have a high-pressure, and downstream the orifice 218 water may have a high-speed. In
the current context the above water may be understood as substantially “pure” water. The high-
speed water jet may be a single-phase water jet. The high-speed water jet may accelerate the
abrasive particles received in a mixing chamber 220. More precisely, the acceleration of particles is
provided by momentum transfer with the high-speed water jet, and the momentum transfer may
essentially take place in the nozzle 216. The abrasive waterjet cutting system 203 may be adapted
such that the abrasive cutting waterjet 206 reaches a speed in the range of 300 -1200 m/s
downstream the nozzle 216. The abrasive cutting waterjet 206 may be a three phases waterjet, and
may include water, air and particles in suspension.

In order to assess the functioning of the machining apparatus 202, the machining system may
comprise a monitoring device 228. The latter is adapted for monitoring machining conditions of the
machining apparatus and/or machining conditions of the workpiece 204.

The monitoring device 228 may be connected to a computer 230 in order to process signals. More
precisely, the computer 230 may include a computer readable medium 232 on which a computer
program is stored, and a central processing unit (CPU) 233 which is adapted for carrying out the
instructions of the computer program. The monitoring device 228 may include a preamplifier 234
connected to the computer 230, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 235 with an A/D converter may connect the preamplifier 234
to the computer 230.

The monitoring device 228 comprises a plurality of sensors. For instance, the plurality or sensors
comprises at least a first sensor 237 and a second sensor 239. The first sensor 237 and the second
sensor 239 may be separate and distinct. They may be at distance from one another and may be at a
first location and at a second location respectively, the latter may be at distance from the first
location. They may provide a first accelerometer signal and a second accelerometer signal
respectively.

The first sensor 241 may be in contact of the first vibrating component 215. As an option, the
second sensor 239 may be in contact of the first vibrating component 215. The first sensor 237 and
a second sensor 239 may be distributed along the first vibrating component 215, and may notably
be arranged at opposite ends with regard to the direction 212. The second sensor 239 may be
downstream the first sensor 237.

Optionally, the plurality of sensors may comprise a third sensor 241 and possibly a fourth sensor

243. The third sensor 241 and the fourth sensor 243 may provide a third accelerometer signal and a
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fourth accelerometer signal respectively. The first and second sensors (237; 239) may be arranged
between the third and fourth sensors (241; 243).

The first to fourth sensors (237; 239; 241; 243) may be separate and distinct. They may be at
distance from one another. They may be distributed along the first axis 211.

The third sensor 241 may be in contact of the second vibrating component 217; namely the orifice
218. Accordingly, the third sensor 241 may be designated as an orifice sensor 241. The third sensor
241 may be upstream the first sensor 237.

The fourth sensor 243 may be in contact of the workpiece 204; it may therefore be designated as a
workpiece sensor 243. The fourth sensor 243 may be arranged downstream the first sensors 237;
and notably downstream the second sensor 239.

The plurality of sensors may comprise at least one accelerometer sensor. As an option, each sensors
of the plurality of sensors comprise an accelerometer sensor. The first sensor 237 may comprise a
first accelerometer sensor 238. The second sensor 239 may comprise a second accelerometer sensor
240. The third sensor 241 may comprise a third accelerometer sensor 242. The fourth sensor 243
may comprise a fourth accelerometer sensor 244, also designated as workpiece accelerometer
sensor 244. The accelerometers sensors (238; 240; 242; 244) may comprise
microelectromechanical systems sensors, which are generally designated by the acronym “MEMS”.
The first accelerometer sensor 238 may be in contact of the nozzle 216. Optionally, the second
accelerometer sensor 240 is also in contact of the nozzle. The third accelerometer sensor 242 may
be in contact of the orifice 218. The fourth accelerometer sensor 244 may be in contact of the
workpiece 204.

As an alternative or in addition, the plurality of sensors may comprise at least one strain gauge
sensor. Optionally, each sensor of the plurality of sensors comprise a strain gauge sensor. The first
sensor 237 may comprise a first strain gauge sensor. The second sensor 239 may comprise a second
strain gauge sensor. The third sensor 241 may comprise a third strain gauge sensor. The fourth
sensor 243 may comprise a fourth strain gauge sensor 244, also designated as workpiece strain
gauge sensor 244.

In an embodiment of the invention, at least one or each sensor of the plurality of sensors comprise
an accelerometer sensor and a strain gauge sensor. It may be considered that at least one or each
sensor of the plurality of sensor is a sensor module combining several sensor elements, the sensor
elements possibly being of different kind. The sensors elements may be distinct and notably at
distance from one another.

As an alternative of the invention, the machining apparatus 202 may be a milling machine. In the
milling machine, the cutting means may comprise a milling cutter. At least one of the first sensor
and the second sensor may be in contact of the milling cutter. The first axis 211 may correspond to
the rotation axis of the milling cutter. The milling cutter may comprise at least one cutting edge, or

a plurality of cutting edge distributed around the first axis. The cutting edge may be a sharp edge.
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The second to fourth accelerometer sensors are purely optional in view of the invention. The fact
that the plurality of sensors comprises more than one accelerometer sensor remains an option.

In an embodiment, the plurality of sensors comprises the so called first accelerometer sensor and
the so called third accelerometer sensor; notably without the so called second accelerometer sensor
and/or the so called fourth accelerometer sensor. Other combinations are considered.

In the current embodiment, two vibrating components are defined. However other vibrating
components may be identified in the machining apparatus 202. For instance, a transmission with
gearings, and a hood, may be considered as vibrating components of the machining apparatus.
Similarly, only four accelerometer sensors or only four strain gauge sensors are defined in the
current description. However, the invention considers providing five or more accelerometer
sensors, and/or five or more strain gauge sensors. These further sensors may be arranged at
different locations.

The plurality of sensors may comprise at least one microphone sensor. As an option, each sensors
of the plurality of sensors comprise a microphone sensor. The first sensor 237 may comprise a first
microphone sensor 246. The second sensor 239 may comprise a second microphone sensor 2438.
The third sensor 241 may comprise a third microphone sensor 250. The fourth sensor 243 may
comprise at least one fourth microphone sensor 52, or set of fourth sensor possibly defining a grid
254. The microphone sensors (238; 240; 242; 244) may comprise microelectromechanical systems
sensors (MEMS sensors).

The first sensor 237 may be for the first sound source 225, notably in order to measure emission
from the latter. The first sensor 237 may be associated with the first sound source 225. The first
microphone sensor 246 may be adapted such that the first signal mainly corresponds to the sound
from the first sound source. Along the first axis 211, the first microphone sensor 246 may be level
with the first sound source 225. The first sound source 225 may be nearer to the first microphone
sensor 246 than to the other microphone sensors of the plurality of sensors. The distance between
the first sound source 225, respectively the support, and the first microphone sensor 246 is smaller
than the distance between the first sound source 225 and any microphone sensor from the second to
the fourth microphone sensor (248; 250; 252). The distance between the first sound source 225,
respectively the support, and the first microphone sensor 246 is at least two or at least ten time
smaller than the distance with the other microphone sensors of the plurality.

The second sensor 239 may be for the second sound source 226. The second sensor 239 may be
associated with the second sound source 226. The second microphone sensor 248 may be adapted
such that the second signal mainly corresponds to the sound from the second sound source 226.
Along the first axis 211, the second microphone sensor 248 may be disposed between the first

microphone sensor 246 and the second sound source 226. Amongst the microphone sensors of the

plurality of sensors, the second sound source 226 may be closer to the second microphone sensor

248.
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The third sensor 241 may be dedicated to the third sound source 227. They may be in the vicinity
from each other. The third microphone sensor 250 may be adapted for sensing sound emitted by the
pump 208. The third sound source 227 may nearer to the third microphone sensor 250 than to the
first, second and fourth microphone (246; 248; 250).

The fourth microphone sensors 252 may define a grid 254. The grid 254 may form a matrix,
possibly with a regular pattern. The fourth microphone sensors 252 may be arranged in a plane.
The fourth microphone sensors 252 may form an antenna. The fourth microphone sensors 252 may
be above the machining apparatus 202. For instance, the fourth microphone sensors 252 are, at
least, 1 m, or 2 m, away from the machining apparatus 202. Consequently, the fourth microphone
sensors 252 may adapted for mainly sensing the sound emitted by the environment of the
considered machining apparatus 202. The environment may notably comprise other machining
apparatus 202 which are of the same kind, or of different kinds, than the considered machining
apparatus 202.

The second to fourth microphone sensors are purely optional in view of the invention. The fact that
the plurality of sensors comprise more than one microphone sensor remains an option.

In an embodiment, the plurality of sensors comprises the so called first microphone sensor and the
so called fourth microphone sensor; notably without the so called third microphone sensor and/or
the so called second microphone sensor. Other combinations are considered.

In the current embodiment, three sound sources are considered. However, the invention considers
identifying further sound sources, and possibly providing these further sources with further

microphone sensors.

Figure 4 provides a schematic illustration of a monitoring method in accordance with a first
embodiment of the invention. The monitoring method is adapted for monitoring a machining
system. The machining system may correspond to the first and/or to the third embodiment of the
invention. The machining apparatus may be the abrasive waterjet cutting system or a milling
machine, or a lathe machine. Other machining apparatus are considered.

The monitoring method may include the following steps, notably performed in the following order:

e initialization 300;

e defining 302 at least one first signature (FS1; FS2; FS3), notably a first benchmark
signature, at least on the basis of the first signal and notably the second signal from the first
sensor and the second sensor respectively;

e machining 304 the workpiece, also designated as operating the machining apparatus in

order to shape the workpiece;
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e measuring 306 the machining conditions of the workpiece and/or of the machining
apparatus by means of the plurality of sensors during the step machining 304, in order to
obtain a plurality of signals (SL38; SL40; SL42; SL44);

o computing 308 a second signature (SS1; SS2; SS3) at least on the basis of a first signal and
notably the second signal measured during step machining;

e comparing 310 the first signature (FS1; FS2; FS3) against the respective second signature
(SS1; SS2; SS3); and optionally

e output 312.

Step initialization 300 may comprise a first installation of a guide such as a nozzle, or of a cutting
tool. Step initialization 300 may comprise a maintenance operation of the machining apparatus.
During such maintenance, a nozzle or a cutting tool may be temporary removed for inspection.

Step initialization 300 may be carried out at regular time interval.

During step defining 302, the at least one first signature may comprise several first signatures, for
instance a first signature FS1, a first signature FS2, and a third signature FS3. Other first signatures
FSj may be defined. These first signatures (FSi) may also be defined by means of the third sensor,
the fourth sensor, and possibly other sensors. The respective signals may be used and computed in

order to obtain the first signature. The first signatures may be benchmark signatures.

Step defining 302 may comprise the same computing operations than step computing 308. Thus,
the first signature (FS1; FS2; FS3) and the second signature (SS1; SS2; SS3) may be obtained
through the same calculations, and on the basis of the same signals. The computing operations of
step computing 308 will be detailed further latter on. As an option the first signature may comprise
a numerical data, for instance a deterministic knowledge which, by contrast over the second
signature, is added. As an alternative, the numerical data may replace a corresponding data of the

second signature (SS1; SS2; SS3).

As an option, the signals (SL38; SL40; SL42; SL44) may be filtered for the purpose of step
calculation 302, and for the purpose of step computing 308. The signals (SL38; SL40; SL42; SL44)
may be filtered in the same manner for each of these two steps. The signals (SL38; SL40; SL42;
SL44) may be filtered with an anti-leakage filter and/or with an anti-aliasing filter. The filtering
may be carried out after the extraction of portions of finite lengths from the respective signals,

notably as mentioned below.

During step computing 308, the first signal and the second signal and possibly additional signals

are continuously provided. These signals may be provided by the first sensor, the second sensors
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and additional sensors respectively. Step computing 308 and/or step defining 302 may use at least:

a first portion of finite length of the first signal, and notably a second portion of finite length of the

second signal. The first portion and the second portion may begin at the same time and may last the
same duration. These portions may last from 10 to 40 seconds. Optionally, these portions last about
20 seconds. After that the use of an initial first or second portion, subsequent first and second

portions are calculated similarly. Thus, the monitoring process is iteratively repeated.

The plurality of sensors may comprise accelerometers; for instance: the first accelerometer sensor,
the second accelerometer sensor, the third accelerometer sensor, the fourth accelerometer sensor,
and possibly further accelerometers sensors as mentioned in relation with figures 1 and 3. These
accelerometer sensors may provide the signals (SL38; SL40; SL42; SL44). These accelerometers
may form pairs of accelerometers. The number of pairs may correspond to all the possible
combinations that may be theoretically defined. As an example, four accelerometers may define six
pairs of accelerometers. As a general approach, it may be considered that the number of pairs is

equal to N*(N-1)/2; wherein N correspond to the number of accelerometers.

Step machining 304 and step measuring 306 may be carried out simultaneously. Step measuring

306 may be performed at a sampling frequency equal or above 10kHz.

Step computing 308 and step defining 302 may comprise calculation of the vibration
transmissibilies between the accelerometers of the pairs of accelerometers. The calculated vibration
transmissibilies may be arranged in an N*N matrix, wherein N corresponds to the number of
accelerometers in the plurality of sensors. The vibration transmissibilies, and notably the N*N
matrix, may form the first signature (FS1; FS2; FS3) and the second signature (SS1; SS2; SS3),
possibly each first signature (FS1; FS2; FS3) and each second signature (SS1; SS2; SS3). The

second signature (SS1; SS2; SS3) may be instantaneous signatures.

As an option or an alternative to the accelerometer sensors, the plurality of sensors comprises strain
gauges, notably the first strain gauge sensor to the fourth strain gauge sensor. Several pairs of strain
gauges may be defined. These pairs may correspond to all possible pair combinations of strain
gauges. Step computing 308 and step defining 302 may comprise the calculation of the vibration
transmissibilies between the strain gauges of each pair of strain gauges. The so calculated vibration
transmissibilies may be arranged in an N*N matrix, wherein N corresponds to the number of
accelerometers in the plurality of sensors. These vibration transmissibilies may be part of the first
signature (FS1; FS2; FS3) and in the second signature (SS1; SS2; SS3), possibly in each first
signature (FS1; FS2; FS3) and in each second signature (SS1; SS2; SS3).
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The machining apparatus may comprise a cutting tool with a cutting edge. The machining
apparatus may be a milling machine, or a lathe machine. These machines each shape the workpiece
by material removal through physical contact with the cutting tool sharp edge. The plurality of
sensors may comprise a tool sensor providing a tool signal. More precisely, the tool sensor may be
adapted for sensing the vibrations of the cutting edge.

The tool signal from said tool sensor may be used during step defining 302 and during step
computing 308 for the first signature (FS1; FS2; FS3) and for the second signature (SS1; SS2;
SS3). The tool signal may be used in a (N+1)*(N+1) matrix, which may enclose the N¥*N matrix as

mentioned above.

The plurality of sensors may comprise a workpiece sensor providing a workpiece signal which is
used during step defining 302 and during step computing 308 for the first signature (FS1; FS2;
FS3) and the second signature (SS1; SS2; SS3).

Step computing 308 and/or step defining 302 may each comprise the calculation of the Fourier
Transform or the Wavelet Transform of the first signal and the second signal (SS1; SS2; SS3), or of
each signal from the plurality of sensors. The corresponding Fourier Transforms FT or the
corresponding Wavelet Transforms WT of each signal (SL38; SL40; SL42; SL44) from the
plurality of sensors may be part of the first signature (FS1; FS2; FS3) and of the second signature
(SS1; SS2; SS3). The Fourier Transforms FT or the corresponding Wavelet Transforms WT may

be calculated after filtration as previously presented.

The first signature FS1 and the second signature SS1 may be calculated on the basis of the signal
SL44 from the sensor(s) measuring the workpiece vibrations. The first signature FS2 and the
second signature SS2 may be calculated on the basis of the signal from the third sensor, thus the
third signal SL42.

The first signature FS3 and the second signature SS3 may be calculated on the basis of the first
signal SL38 and the second signal SL40, which are respectively provided by the first sensor and the
second sensor. After calculation of the Fourier Transform FT or the Wavelet Transform WT, the
first signature FS3 and the second signature SS3 may comprise an Operational Transfer Path
Analysis (OPTA). As an option, the first signature FS3 and the second signature SS3 are
additionally calculated by means of the third signal. In an embodiment of the invention, the

monitoring method is only carried out with the first signature FS3 and the second signature SS3.

During step comparing 310, a potential deviation between the first signature (FS1; FS2; FS3) and
the second signature (SS1; SS2; SS3), or between each first signature FSi and the corresponding

second signature SSi is analysed. In the current example i = 1; 2; or 3. The deviation may be
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assessed by a control logic of the monitoring device. Machine learning may be used in this context

in order to improve relevance of the results.

The monitoring method may comprise a training period 314 during which operation conditions of
the machining apparatus are changed in order to change the first signal, the second signal, possibly
the third signal and any other signal. Thus, a library of first benchmark signatures may be created.
The library of first benchmark signatures may be established on the basis of the sensor group
comprising: the first sensor, the second sensor, the third sensor, the fourth sensors, further sensors;
or any combination thereof. By way of example, the operation conditions may be changed by
setting different cutting speeds, different worked materials, different worked geometries, different
fluid pressures, or different cutting depths. The training period 314 may be carried out, at least

partially, during step defining 302.

The monitoring method, for instance step comparing 310, may comprise a step selecting 316 a first
benchmark signature from the library, the selected first benchmark signature of the library being
the one with the smallest difference between its machining conditions and the machining
conditions corresponding to the second signature (SS1; SS2; S83) and/or between features of the
first signature (FS1; FS2; FS3) and features of the second signature (SS1; SS2; S83). The
differences may be assessed on the vibration spectrum; notably after calculations of the Fourier

Transforms FT or the Wavelet Transforms WT.

Step output 312 may comprise communication of a message. It may request a message for
intervention. It may comprise an instantaneous tracking of the product quality. As an option, a
visual output is communicated through a Graphical User Interface (GUI). Analog and/or digital
signals may be provided to a controller in order to automatically adjusting the operating

parameters.

Figure 5 provides a schematic illustration of a monitoring method in accordance with a second
embodiment of the invention. The monitoring method is adapted for monitoring a machining
system. The machining system may correspond to the second and/or to the third embodiment of the
invention.

The monitoring method may include the following steps, notably performed in the following order:

e initialization 300;
e defining 302 at least one first signature (FS1; FS2; FS3), notably a first benchmark
signature, at least on the basis of the first signal SL46 and notably the second signal SL.48

from the first sensor and the second sensor respectively;
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* machining 304, or operating 304 the machining apparatus in order to shape the workpiece;

* measuring 306 the machining conditions of the workpiece and/or of the machining
apparatus by means of the plurality of sensors during the step machining 304, in order to
obtain a plurality of signals (SL46; SL48; SL50; SL52);

e computing 308 a second signature (SS1; SS2; SS3) at least on the basis of a first signal
SL46 and notably the second signal SL48 measured during step machining 304;

e comparing 310 the first signature (FS1; FS2; FS3) against the corresponding second
signature (SS1; SS2; SS3); and optionally

e output 312.

Step initialization 300 may comprise a first installation of a guide such as a nozzle, or of a cutting
tool. Step initialization 300 may comprise a maintenance operation of the machining apparatus.
During such maintenance, a nozzle or a cutting tool may be temporary removed for inspection.

Step initialization 300 may be carried out at regular time intervals.

During step defining 302, the at least one first signature may comprise several first signatures, for
instance a first signature FS1, a first signature FS2, and a third signature FS3. Other first signatures
FSj may be defined, wherein “j” stands for a numerical indicium. These first signatures (FSi) may
also be defined by means of the third sensor, the fourth sensor, and possibly other sensors. The
respective signals may be used and computed in order to obtain the first signature(s). The first

signatures may be benchmark signatures.

Step defining 302 may comprise the same computing operations than step computing 308. Thus,
the first signature (FS1; FS2; FS3) and the second signature (SS1; SS2; SS3) may be obtained
through the same calculations, and on the basis of the same signals. The computing operations of
step computing 308 will be detailed further latter on. As an option the first signature may comprise
a numerical data, for instance a deterministic knowledge which, by contrast over the second
signature, is added. The numerical data may comprise a theorical data. As an alternative, the

numerical data may replace a corresponding data of the second signature (SS1; SS2; SS3).

As an option, the signals (SL48; SL46; SL50; SL52) may be filtered for the purpose of step
calculation 302, and for the purpose of step computing 308. The signals (SL46; SL48; SL50; SL52)
may be filtered in the same manner for each of these two steps. The signals (SL.46; SL48; SL50;
SL52) may be filtered with an anti-leakage filter and/or with an anti-aliasing filter. The filtering

may be carried out after the extraction of portions of finite lengths from the respective signals,

notably as mentioned below
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During step computing 308, the first signal SL46 and the second signal SL48 and possibly
additional signals are continuously provided. These signals (SL46; SL48; SL50; SL52) may be
provided by the first sensor, the second sensors and additional sensors respectively. Step computing
308 and/or step defining 302 may use at least: a first portion of finite length of the first signal
SL46, and notably a second portion of finite length of the second signal SL48. The first portion and
the second portion may begin at the same time and may last the same duration. These portions may
last from 10 to 40 seconds. Optionally, these portions last about 20 seconds. After that the use of an
initial first or second portion, subsequent first and second portions are calculated similarly. Thus,

the monitoring process is iteratively repeated.

The plurality of sensors may comprise microphone sensors; for instance: the first microphone
sensor, the third microphone sensor, the third microphone sensor, the fourth microphone sensor,
and possibly further microphone sensors as mentioned in relation with figures 2 and 3. These

microphone sensors may provide the signals (SL48; SL46; SL50; SL52).

Step machining 304 and step measuring 306 may be carried out simultaneously. Step measuring

306 may be performed at a sampling frequency of at least 50kHz.

The machining apparatus may comprise a cutting tool with a cutting edge. The machining
apparatus may be a milling machine, or a lathe machine. These machines each shape the workpiece
by material removal through a physical contact with the cutting tool sharp edge.

The tool signal from said tool sensor may be used during step defining 302 and during step
computing 308 for the first signature (FS1; FS2; FS3) and for the second signature (SS1; SS2;
SS3). The tool signal may be used in a (N+1)*(N+1) matrix, which may enclose the N*N matrix as

mentioned above.

The plurality of sensors may comprise a workpiece microphone sensor providing a workpiece
signal which is used during step defining 302 and during step computing 308 for the first signature
(FS1; FS2; FS3) and the second signature (SS1; SS2; SS3).

Step computing 308 and/or step defining 302 may each comprise the calculation of the Fourier

Transform or the Wavelet Transform of the first signal and the second signal, or of each signal

from the plurality of sensors. The corresponding Fourier Transforms FT or the corresponding
Wavelet Transforms WT of each signal (SL38; SL40; SL42; SL44) from the plurality of sensors
may be part of the first signature (FS1; FS2; FS3) and of the second signature (SS1; SS2; SS3). The
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Fourier Transforms FT or the corresponding Wavelet Transforms WT may be calculated after

filtration as previously detailed.

At least the first sensor and the second sensor comprise microphones. The microphones may be
dedicated to identified sound sources such as the cutting means, the workpiece, a pump, an engine,
a transmission. The first signature FS1 and the second signature SS1 may be calculated on the basis
of the signal SL48 from the sensor(s) measuring the workpiece sound emission, notably the second
microphone sensor. After an optional filtration, the Fourier Transform FT or the Wavelet

Transform WT of the signal SL48 is calculated in order to obtain the signatures FS1 and SS1.

The first signature FS2 and the second signature SS2 may be calculated on the basis of the signal
SL48, the signal SL50 from the third microphone sensor, and the signal SL52 from the fourth
microphone sensors. The latter may form a grid, notably an antenna. Their Fourier Transform FT or
their Wavelet Transform WT may be calculated. Thereafter, an intermediate signal may be
calculated, notably through a blind separation technique and/or an acoustic beamforming. The
acoustic beam forming may provide a graphical virtual representation of sound sources, and
overlay this information on a computed picture of the environment. Consequently, relevant sound
sources may be identified and located with their respective acoustic emission levels. The

intermediate signal may be used for the signatures FS2 and SS2.

The first signature FS3 and the second signature SS3 may be calculated on the basis of the first
signal SL46, which is provided by the first microphone sensor. After calculation of the Fourier
Transform FT and/or the Wavelet Transform WT of signal SL46 a net signal is calculated. The net
signal may use a separation technique using the intermediate signal. Therethrough, the first
signature FS3 and the second signature SS3 may be obtained. As a general aspect, the first
signature FS3 and the second signature SS3 may each comprise calculations on signals SL.48;

SL50; SL52 and SL46.

As a general aspect of the invention, it may be considered that the monitoring method comprises
extraction(s) of finite length portions of the first signal and of the second signal, then filtering of
the finite length portions, then the calculation or the Fourier Transform(s) FT and/or the Wavelet
Transform(s) WT of the filtered finite length portions, and then a calculation with a blind

separation technique and/or an acoustic beamforming.

During step comparing 310, a potential deviation between the first signature (FS1; FS2; FS3) and
the second signature (SS1; SS2; SS3), or between each first signature FSi and the corresponding

second signature SSi, is analysed. In the current example i = 1; 2; or 3. The deviation may be
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assessed by a control logic of the monitoring device. Machine learning may be used in this context

in order to improve relevance of the results.

The monitoring method may comprise a training period 314 during which operation conditions of
the machining apparatus are changed in order to intentionally change the first signal SL46, the
second signal SL48, the third signal and any other signal. Thus, a library of first benchmark
signatures may be created. The library of first benchmark signatures may be established on the
basis of the sensor group comprising: the first sensor, the second sensor, the third sensor, the fourth
sensors, further sensors; or any combination thereof. By way of example, the operation conditions
may be changed by setting different cutting speeds, different fluid pressures, or different cutting

depths. The training period 314 may be carried out, at least partially, during step defining 302.

The monitoring method, for instance step comparing 310, may comprise a step selecting 316 a first
benchmark signature from the library, the selected first benchmark signature of the library being
the one with the smallest difference between its operating conditions and the operating conditions
corresponding to the second signature (SS1; SS2; SS3) and/or between features of the first
signature (FS1; FS2; FS3) and features of the second signature (SS1; SS2; S83). The differences
may be assessed on the vibration spectra; notably after calculations of the Fourier Transforms FT

or the Wavelet Transforms WT.

Step output 312 may comprise communication of a message. It may request a message for
intervention. It may comprise an instantaneous tracking of the product quality. As an option, a
visual output is communicated through a Graphical User Interface (GUI). Analog signals may be
provided to a controller in order to automatically adjusting the operating parameters of step

machining 304.

According to an embodiment of the invention, the plurality of sensors comprises accelerometer
sensors and microphone sensors, and possibly strain gauge sensors. These sensors provide a
plurality of signals, the first signature and the second signature being each computed by means of
said plurality of signals. By way of example, the signatures may comprise a (A*SG)* (A*SG)
matrix, wherein A correspond to the number of accelerometers and SG corresponds to the number
of strain gauges. The (A*SG)* (A*SG) matrix may merge the N¥*N matrix as describes in the first

embodiment and the hereabove second embodiment.

Figure 6 shows a cross section of an abrasive waterjet cutting system 2 in accordance with a fourth

embodiment of the invention. The abrasive waterjet cutting system 2 is represented above a

workpiece 4 which is currently cut by the abrasive cutting waterjet 6. The current cross section is
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taken along the cut-out of the workpiece 4 which is represented with hatchings before the kerf, and
which is hatching free on the kerf created by the abrasive cutting waterjet 6. Despite the workpiece
4 is represented under the abrasive waterjet cutting system 2, it is encompassed in the current
invention any other orientation. For instance, the workpiece 4 may be beside the abrasive waterjet
cutting system 2, and the abrasive cutting waterjet 6 may flow horizontally.

The abrasive waterjet cutting system 2 may include a high-pressure fluid source 8, notably a high-
pressure water source or high-pressure water vessel. In the current figure, the high-pressure fluid
source 8 is arbitrarily cut and may extend further upstream. Similarly, the cutting abrasive waterjet
6 is arbitrarily interrupted downstream the workpiece 4 for representation purpose, and may flow
further downstream, notably in a through cut configuration. The high-pressure fluid source 8 is
adapted for providing the fluid at a pressure ranging from 2500 bars to 6900 bars. For instance, the
fluid pressure is about 4000 bars. The abrasive waterjet cutting system 2 may also comprise an
abrasive particle supply 10.

The abrasive waterjet cutting system 2 exhibits an abrasive waterjet flow direction 12 and an
abrasive waterjet cutting head 14 with a nozzle 16 adapted for guiding the abrasive waterjet 6 along
the abrasive waterjet flow direction 12, and adapted for transferring momentum from fluid to
particles. The nozzle 16 is also known as a “focussing tube”.

The abrasive waterjet flow direction 12 may be considered as a geometrical axis. It is directed

from the abrasive waterjet (AWJ) cutting head 14 toward the workpiece 4. It projects beyond the
workpiece 4 and the abrasive waterjet cutting system 2. It may be colinear with the abrasive cutting
waterjet 6.

An orifice 18 may be in fluid communication with the high-pressure fluid source 8. It may guide a
high-speed waterjet toward the nozzle 16. Upstream the orifice 18, water may have a high-pressure,
and downstream the orifice 18 it may have a high-speed. The high-speed water jet may be a single-
phase water jet. The high-speed water jet may accelerate the abrasive particles received in a mixing
chamber 20. More precisely, the acceleration of particles is provided by momentum transfer with
the high-speed water jet, and the momentum transfer may essentially take place in the nozzle 16.
The abrasive waterjet cutting system 2 may be adapted such that the abrasive cutting waterjet 6
reaches a speed in the range of 300 -1200 m/s downstream the nozzle 16. The abrasive cutting
waterjet 6 may be a three phases waterjet, and may include water, air and particles in suspension.
The abrasive waterjet cutting head 14 may include a main support 22. The main support 22 may
bear the orifice 18, and/or may be in contact with the high-pressure fluid source 8. The mixing
chamber 20 may be formed therein. The abrasive particle supply 10 may cross it.

The abrasive waterjet cutting head 14 may comprise a casing 24 supporting the nozzle 16. The
casing 24 may encapsulate the nozzle 16. The casing 24 may form a sleeve surrounding the nozzle

16. The casing 24 may be colinear with the abrasive waterjet flow direction 12. The casing 24 may

be in contact of the main support 22. It may be fixed thereon, notably by reversible fixation means
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26 such as screws. These reversible fixation means 26 permit a fast access to the nozzle 16 in order
to replace it, for instance during a maintenance operation requiring a nozzle replacement
subsequently to an excessive wear state detection.

In order to assess the functioning of the abrasive waterjet cutting system 2, a monitoring device 28
is provided. The latter is adapted for measuring at least one wear characteristic or the wear
characteristics of the nozzle 16, and/or at least one characteristic of the abrasive waterjet 6 or the
characteristics of the abrasive waterjet 6, or at least one alignment characteristic or the alignment
characteristics of the nozzle 16 with the orifice 18. The abrasive jet characteristic may be a feature
strictly depending on the acoustic pressure it generates and can be related to the quality of the cut it
produces. In other words, the sound generated by the waterjet is measured, therefrom a feature is
extracted, and according to that feature it may be monitored whether the cut is good or
compromised.

The monitoring device 28 may be connected to a computer 30 in order to process signals. More
precisely, the computer 30 may include a computer readable medium 32 on which a computer
program is stored, and a central processing unit (CPU) 33 which is adapted for carrying out the
instructions of the computer program. The monitoring device 28 may include a preamplifier 34
connected to the computer 30, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 35 with an A/D converter may connect the preamplifier 34 to
the computer 30.

The monitoring device 28 includes at least one set of sensors. The monitoring device 28 may
include two sets of sensors, with a first set 36 of sensors and a second set of sensors 38. These sets
of sensors may be an upstream set 36 of sensors associated to the nozzle, and a downstream set 38
of sensors arranged in the cutting area 37 between the nozzle 16 and the workpiece 4. Each set of
sensors may consist in a pair of sensors. In each set, the sensors may be at distance with respect to
the abrasive waterjet 6, or to the axis formed by the former.

The abrasive waterjet cutting system 2 may exhibit a workpiece reception area 39. The workpiece
reception area 39 may enclose fixation elements (not represented) for fixing the workpiece 4 to the
framework of the system 2.

The upstream set 36 may include accelerometers (40; 42), notably an upstream accelerometer 40
and a downstream accelerometer 42. The accelerometers (40; 42) may be fixed to the nozzle 16; for
instance by gluing or by screws (not represented) engaging the casing 24. The accelerometers (40;
42) may be disposed in the thickness of the casing 24.

The signal from the upstream accelerometer 40 may be correlated to the conditions under which the
pure waterjet from the orifice 18 impinges the inlet section of the nozzle 16. Data processing
performed by the computer 30 enables a misalignment detection between the orifice 18 and the
facing nozzle 16. Computing the signals of both accelerometers (40; 42) allows at least to measure

the nozzle wear.
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The accelerometers (40; 42) may be nano-accelerometers. The accelerometers (40; 42) may be
three dimensional accelerometers, which are adapted for measuring accelerations and thus
vibrations of the nozzle 16 in three perpendicular directions.

The downstream set 38 may include microphones (44; 46), notably an upstream microphone 44 and
a downstream microphone 46. At this location, the microphones (44; 46) are sensitive to the sound
produced by the workpiece 4. Within the corresponding set, the upstream microphone 44 is the
nearest from the nozzle outlet whereas the downstream microphone 46 is the nearest from the
workpiece 4.

These microphones (44; 46) are arranged between the lower end of the casing 24 and the upper
face of the workpiece 4. Thus, the microphones (44; 46) may be arranged in the cutting area 37.
The microphones (44; 46) are adapted for measuring acoustic pressure downstream the abrasive
waterjet cutting head 14, and in turn for measuring sound generated by the abrasive cutting waterjet
6 which permits to obtain a jet characteristic.

The abrasive waterjet cutting system 2 may include a frame 48. The frame 48 receives the upstream
microphone 44 and the downstream microphone 46. The frame 48 may include a transversal
portion 49. This transversal portion 49 may project perpendicularly from the abrasive waterjet flow
direction 12, and/or from the abrasive cutting waterjet 6. The transversal portion 49 permits to set a
fixed distance between the microphones and the abrasive cutting waterjet 6.

The frame 48 is adapted for maintaining a constant distance D2 between the microphones (44; 46).
This distance D2 may be larger than a distance D1 between the outlet end of the nozzle 16 and the
upstream microphone 44. This means that, along the abrasive waterjet flow direction 12, the
upstream microphone 44 may be closer to the nozzle 16 than to the downstream microphone 46.
As apparent from figure 6, the set 36 of accelerometers (40; 42) and the set 38 of microphones (44;
46) may be distant and distinct. They may be geometrically separated with respect to the abrasive
waterjet flow direction 12. Indeed, there may be a distance D3 between the sets of sensors. The
distance D3 may also be set by the frame 48.

The distances (D1; D2; D3) may be considered along the abrasive waterjet flow direction 12.

The abrasive waterjet cutting system 2 may comprise a workpiece sensor, notably a piezoelectric
sensor 50. The piezoelectric sensor 50 may be added to the abrasive waterjet cutting system 2. The
piezoelectric sensor 50 is adapted for measuring vibrations. It may be associated with the
workpiece 4, and may notably be fixed thereon on the face in front of the abrasive waterjet cutting
head 14. In this configuration, the piezoelectric sensor 50 permits to sense vibrations generated
and/or borne by the workpiece 4; notably in response to the cutting operation of the abrasive
cutting waterjet 6.

The abrasive waterjet cutting system 2 may enclose an orifice sensor 52. The orifice sensor 52 may

be upstream the orifice 18. The position in the current figure is merely illustrative. The orifice

sensor 52 is structurally and functionally adapted for measuring the fluid pressure upstream the
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orifice 18. The orifice sensor 52 may be a strain gauge sensor, for instance adapted for measuring
pressure applied on its support. The pressure upsiream the orifice 18 may then be estimated,

notably in order to estimate the orifice wear.

Figure 7 shows a cross section of an abrasive waterjet cutting system 2 in accordance with a fifth
embodiment of the invention. The fifth embodiment of the invention is substantially similar to the
first to fourth embodiment. The fifth embodiment may be essentially free of the microphones
which have been previously presented.

The abrasive waterjet cutting system 2 is represented above a workpiece 4 which is currently cut by
the abrasive cutting waterjet 6. The current cross section is taken along the cut-out of the workpiece
4 which is represented with hatchings before the kerf, and which is hatching free on the kerf
created by the abrasive cutting waterjet 6. Despite the workpiece 4 is represented under the
abrasive waterjet cutting system 2, it is encompassed in the current invention any other orientation.
For instance, the workpiece 4 may be beside the abrasive waterjet cutting system 2, and the
abrasive cutting waterjet 6 may flow horizontally.

The abrasive waterjet cutting system 2 may include a high-pressure fluid source 8, notably a high-
pressure water source or high-pressure water vessel. In the current figure, the high-pressure fluid
source 8 is arbitrarily cut and may extend further upstream. Similarly, the cutting abrasive waterjet
6 is arbitrarily interrupted downstream the workpiece 4 for representation purpose, and may flow
further downstream, notably in a through cut configuration. The high-pressure fluid source 8 is
adapted for providing the fluid at a pressure ranging from 2500 bars to 6900 bars. For instance, the
fluid pressure is about 4000 bars. The abrasive waterjet cutting system 2 may also comprise an
abrasive particle supply 10.

The abrasive waterjet cutting system 2 exhibits an abrasive waterjet flow direction 12 and an
abrasive waterjet cutting head 14 with a nozzle 16 adapted for guiding the abrasive waterjet 6 along
the abrasive waterjet flow direction 12 and transferring momentum from fluid to particles. The
nozzle 16 is also known as a “focussing tube”.

The abrasive waterjet flow direction 12 may be considered as a geometrical axis. It is directed

from the abrasive waterjet cutting head 14 toward the workpiece 4. It projects beyond the
workpiece 4 and the abrasive waterjet cutting system 2. It may be colinear with the abrasive cutting
waterjet 6.

An orifice 18 may be in fluid communication with the high-pressure fluid source 8. It may guide a
high-speed waterjet toward the nozzle 16. Upstream the orifice 18, water may have a high-pressure,
and downstream the orifice 18 it may have a high-speed. The high-speed water jet may be a single-
phase water jet. The high-speed water jet may accelerate the abrasive particles received in a mixing

chamber 20. More precisely, the acceleration of particles is provided by momentum transfer with

the high-speed water jet, and the momentum transfer may essentially take place in the nozzle 16.
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The abrasive waterjet cutting system 2 may be adapted such that the abrasive cutting waterjet 6
reaches a speed in the range of 300 -1200 m/s downstream the nozzle 16. The abrasive cutting
waterjet 6 may be a three phases waterjet, and may include water, air and particles in suspension.
The abrasive waterjet cutting head 14 may include a main support 22. The main support 22 may
bear the orifice 18, and/or may be in contact with the high-pressure fluid source 8. The mixing
chamber 20 may be formed therein. The abrasive particle supply 10 may cross it.

The abrasive waterjet cutting head 14 may comprise a casing 24 supporting the nozzle 16. The
casing 24 may encapsulate the nozzle 16. The casing 24 may form a sleeve surrounding the nozzle
16. The casing 24 may be colinear with the abrasive waterjet flow direction 12. The casing 24 may
be in contact of the main support 22. It may be fixed thereon, notably by reversible fixation means
26 such as screws. These reversible fixation means 26 permit a fast access to the nozzle 16 in order
to replace it, for instance during a maintenance operation requiring a nozzle replacement
subsequently to an excessive wear state detection.

In order to assess the functioning of the abrasive waterjet cutting system 2, a monitoring device 28
is provided. The latter is adapted for measuring at least one wear characteristic or the wear
characteristics of the nozzle 16, or at least one alignment characteristic or the alignment
characteristics of the nozzle 16 with the orifice 18. The abrasive jet characteristic may be a feature
strictly depending on the acoustic pressure it generates and can be related to the quality of the cut it
produces. In other words: the sound generated by the waterjet is measured, from a feature is
extracted, and according to that feature it may be monitored whether the cut is good or
compromised.

The monitoring device 28 may be connected to a computer 30 in order to process signals. More
precisely, the computer 30 may include a computer readable medium 32 on which a computer
program is stored, and a central processing unit (CPU) 33 which is adapted for carrying out the
instructions of the computer program. The monitoring device 28 may include a preamplifier 34
connected to the computer 30, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 35 with an A/D converter may connect the preamplifier 34 to
the computer 30.

The abrasive waterjet cutting system 2 may exhibit a workpiece reception area 39. The workpiece
reception area 39 may enclose fixation elements (not represented) for fixing the workpiece 4 to the
framework of the system 2.

An upstream set 36 of sensors may include accelerometers (40; 42), notably an upstream
accelerometer 40 and a downstream accelerometer 42. The accelerometers (40; 42) may be fixed
against the nozzle 16; for instance, by gluing or by screws (not represented) engaging the casing
24. The accelerometers (40; 42) may be disposed in the thickness of the casing 24.

The signal from the upstream accelerometer 40 may be correlated to the conditions under which the

pure waterjet from the orifice 18 impinges the inlet section of the nozzle 16. Data processing
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performed by the computer 30 enables a misalignment detection between the orifice 18 and the
facing nozzle 16. Computing the signals of both accelerometers (40; 42) allows at least to measure
the nozzle wear.

The accelerometers (40; 42) may be nano-accelerometers. The accelerometers (40; 42) may be
three dimensional accelerometers, which are adapted for measuring accelerations and thus
vibrations of the nozzle 16 in three perpendicular directions.

The abrasive waterjet cutting system 2 may enclose an orifice sensor 52. The orifice sensor 52 may
be upstream the orifice 18. The position in the current figure is merely illustrative. The orifice
sensor 52 is structurally and functionally adapted for measuring the fluid pressure upstream the
orifice 18. The orifice sensor 52 may be a strain gauge sensor, for instance adapted for measuring
pressure applied on its support. The pressure upstream the orifice 18 may then be estimated,

notably in order to estimate the orifice wear.

Figure 8 shows a cross section of an abrasive waterjet cutting system 2 in accordance with a sixth
embodiment of the invention. The sixth embodiment of the invention is substantially similar to the
fourth embodiment. The sixth embodiment may be essentially free of the accelerometers which
have been previously presented.

The abrasive waterjet cutting system 2 is represented above a workpiece 4 which is currently cut by
the abrasive cutting waterjet 6. The current cross section is taken along the cut-out of the workpiece
4 which is represented with hatchings before the kerf, and which is hatching free on the kerf
created by the abrasive cutting waterjet 6. Despite the workpiece 4 is represented under the
abrasive waterjet cutting system 2, it is encompassed in the current invention any other orientation.
For instance, the workpiece 4 may be beside the abrasive waterjet cutting system 2, and the '
abrasive cutting waterjet 6 may flow horizontally.

The abrasive waterjet cutting system 2 may include a high-pressure fluid source 8, notably a high-
pressure water source or high-pressure water vessel. In the current figure, the high-pressure fluid
source 8 is arbitrarily cut and may extend further upstream. Similarly, the cutting abrasive waterjet
6 is arbitrarily interrupted downstream the workpiece 4 for representation purpose, and may flow
further downstream, notably in a through cut configuration. The high-pressure fluid source 8 is
adapted for providing the fluid at a pressure ranging from 2500 bars to 6900 bars. For instance, the
fluid pressure is about 4000 bars. The abrasive waterjet cutting system 2 may also comprise an
abrasive particle supply 10.

The abrasive waterjet cutting system 2 exhibits an abrasive waterjet flow direction 12 and an
abrasive waterjet cutting head 14 with a nozzle 16 adapted for guiding the abrasive waterjet 6 along
the abrasive waterjet flow direction 12 and transferring momentum from fluid to particles. The

nozzle 16 is also known as a “focussing tube”.

The abrasive waterjet flow direction 12 may be considered as a geometrical axis. It is directed
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from the abrasive waterjet cutting head 14 toward the workpiece 4. It projects beyond the
workpiece 4 and the abrasive waterjet cutting system 2. It may be colinear with the abrasive cutting
waterjet 6.

An orifice 18 may be in fluid communication with the high-pressure fluid source 8. It may guide a
high-speed waterjet toward the nozzle 16. Upstream the orifice 18, water may have a high-pressure,
and downstream the orifice 18 it may have a high-speed. The high-speed water jet may be a single-
phase water jet. The high-speed water jet may accelerate the abrasive particles received in a mixing
chamber 20. More precisely, the acceleration of particles is provided by momentum transfer with
the high-speed water jet, and the momentum transfer may essentially take place in the nozzle 16.
The abrasive waterjet cutting system 2 may be adapted such that the abrasive cutting waterjet 6
reaches a speed in the range of 300 -1200 m/s downstream the nozzle 16. The abrasive cutting
waterjet 6 may be a three phases waterjet, and may include water, air and particles in suspension.
The abrasive waterjet cutting head 14 may include a main support 22. The main support 22 may
bear the orifice 18, and/or may be in contact with the high-pressure fluid source 8. The mixing
chamber 20 may be formed therein. The abrasive particle supply 10 may cross it.

In order to assess the functioning of the abrasive waterjet cutting system 2, a monitoring device 28
is provided. The latter is adapted for monitoring at least one characteristic of the abrasive waterjet 6
or the characteristics of the abrasive waterjet 6. The abrasive jet characteristic may be a feature
strictly depending on the acoustic pressure it generates and can be related to the quality of the cut it
produces. In other words: the sound generated by the waterjet is measured, from a feature is
extracted, and according to that feature it may be monitored whether the cut is good or
compromised.

The monitoring device 28 may be connected to a computer 30 in order to process signals. More
precisely, the computer 30 may include a computer readable medium 32 on which a computer
program is stored, and a central processing unit (CPU) 33 which is adapted for carrying out the
instructions of the computer program. The monitoring device 28 may include a preamplifier 34
connected to the computer 30, and amplifying electric signals from sensors, notably the sensors as
set forth below. An acquisition board 35 with an A/D converter may connect the preamplifier 34 to
the computer 30.

The abrasive waterjet cutting system 2 may exhibit a workpiece reception area 39. The workpiece
reception area 39 may enclose fixation elements (not represented) for fixing the workpiece 4 to the
framework of the system 2.

A downstream set 38 of sensors may include microphones (44; 46), notably an upstream
microphone 44 and a downstream microphone 46. At this location, the microphones (44; 46) are
sensitive to the sound produced by the workpiece 4. Within the corresponding set, the upstream
microphone 44 is the nearest from the nozzle outlet whereas the downstream microphone 46 is the

nearest from the workpiece 4.
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These microphones (44; 46) are arranged between the lower end of the nozzle 16 and the upper
face of the workpiece 4. Thus, the microphones (44; 46) may be arranged in the cutting area 37.
The microphones (44; 46) are adapted for measuring acoustic pressure downstream the abrasive
waterjet cutting head 14, and in turn for measuring sound generated by the abrasive cutting waterjet
6 which permits to obtain a jet characteristic.

The abrasive waterjet cutting system 2 may include a frame 48. The frame 48 receives the upstream
microphone 44 and the downstream microphone 46. The frame 48 may include a transversal
portion 49. This transversal portion 49 may project perpendicularly from the abrasive waterjet flow
direction 12, and/or from the abrasive cutting waterjet 6. The transversal portion 49 permits to set a
fixed distance between the microphones and the abrasive cutting waterjet 6.

The frame 48 may be fixed to the main casing 22 by means of reversible fixation means 26, which
indirectly permit to fix the upstream microphone 44 and the downstream microphone 46 to the
main casing 22.

The frame 48 is adapted for maintaining a constant distance D2 between the microphones (44; 46).
This distance D2 may be larger than a distance D1 between the outlet end of the nozzle 16 and the
upstream microphone 44. This means that, along the abrasive waterjet flow direction 12, the
upstream microphone 44 may closer to the nozzle 16 than to the downstream microphone 46.

The distances (D1; D2) may be considered along the abrasive waterjet flow direction 12.

The abrasive waterjet cutting system 2 may comprise a workpiece sensor, notably a piezoelectric
sensor 50. The piezoelectric sensor 50 may be added to the abrasive waterjet cutting system 2. The
piezoelectric sensor 50 is adapted for measuring vibrations. It may be associated with the
workpiece 4, and may notably be fixed thereon on the face in front of the abrasive waterjet cutting
head 14. In this configuration, the piezoelectric sensor 50 permits to sense vibrations generated
and/or borne by the workpiece 4; notably in response to the cutting operation of the abrasive
cutting waterjet 6.

The abrasive waterjet cutting system 2 may enclose an orifice sensor 52. The orifice sensor 52 may
be upstream the orifice 18. The position in the current figure is merely illustrative. The orifice
sensor 52 is structurally and functionally adapted for measuring the fluid pressure upstream the
orifice 18. The orifice sensor 52 may be a strain gauge sensor, for instance adapted for measuring
pressure applied on its support. The pressure upstream the orifice 18 may then be estimated,

notably in order to estimate the orifice wear.

Figure 9 shows a nozzle 16 for an abrasive waterjet cutting system, for instance an abrasive
waterjet cutting system similar or identical to the ones described in relation with figures 1 to 3
and/or figures 6 to 8. The nozzles of figures 1 to 3 and/or figures 6 to 9 may be similar or identical.

For the sake of clarity, only a portion of the casing 24 is represented with dotted lines.
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The nozzle 16 essentially comprise a tubular body 54. In order to resist to abrasion and erosion
from abrasive particles, the body 54 may be formed from of an essentially hard material. Tungsten
carbide may be used. The nozzle may exhibit a passage 56 through the tubular body 54, for
instance a straight passage. The passage 56 may be colinear with the abrasive waterjet flow
direction 12. In the current view, the passage 56 is arranged vertically. The passage 56 may present
a conical portion forming a hoper 58 communicating with the mixing chamber 20.

The nozzle 16 exhibits an inlet end 60 and an outlet end 62 which are disposed upstream and
downstream respectively, and which are joined by the cylindrical outer surface 64 of the nozzle 16.
The nozzle 16 exhibits two opposite end sections, notably an upstream section 66 and a
downstream section 68, in contact of the inlet end 60 and of the outlet end 62 respectively. Each
section may project along at most: 20%, or 10%, of the length of the nozzle 16. These sections (66;
68) may be separated by a central section 70, which may extend along the majority of the nozzle
length, for instance along at least: 70%, or 80% of the nozzle 16. The central section 70 may be
sensor free. The length may be measured along the abrasive waterjet flow direction 12.

The upstream section 66 and the downstream section 68 may both receive a sensor, notably an
upstream sensor or a downstream sensor. The sensors may be in contact of the cylindrical outer
surface 64. Each sensor may be centred with respect to the corresponding section (66; 68). These
sensors may correspond to the upstream accelerometer 40 and to the downstream accelerometer 42.
The sensors may be held in position by screws (not represented) engaging the casing 24.
Alternatively, or in addition; the sensors may be held by adhesive 72 at the interface with the
cylindrical outer surface 64.

The casing 24 may exhibit pockets 74, for instance an upstream pocket and a downstream pocket
receiving the upstream accelerometer 40 and the downstream accelerometer 42 respectively. The
pockets 74 may be open on the nozzle 16. They may also exhibit apertures at the opposite for
wirings (not represented). The inner surfaces of the pockets 74 may be distant from the sensors.
Consequently, the pockets 74 may be free of contact with the sensors in order to not interfere with
their measurements.

Figure 10 provides a schematic illustration of a monitoring process of an abrasive waterjet cutting
system. The abrasive waterjet cutting system may correspond to one of those described in relation
with figures 1 to 3 and/or 6 to 9.

The monitoring process may include the following steps, notably performed in the following order:
(a) maintenance 100 of the abrasive waterjet cutting head;

(b) defining 102 a benchmark of the abrasive waterjet cutting head by means of at least one of the
upstream sensor and the downstream sensor;

(c) cutting 104 a workpiece with the abrasive waterjet;

(d) measuring 106 an upstream data and a downstream data with the upstream sensor and the

downstream sensor respectively;
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(e) processing 108 the upstream data and/or the downstream data in order to define a signature of
the abrasive waterjet cutting head;

(f) comparing 110 the signature to the benchmark;

(g) producing 112 one or more output signals.

Step (a) maintenance 100 may comprise the mounting of a new nozzle, or the replacement of a
worn nozzle by an unworn one. Step (a) maintenance 100 may include a correction of the
alignment between the nozzle and the orifice. Alternatively or in addition, step (a) maintenance 100
may comprise a replacement of the orifice and/or a tightening of any screw connection.

At step (b) defining 102 a benchmark, the benchmark may be defined by means of in situ
measurements. The measurements may be obtained by one of the sensors, notably one of the
microphones and/or one of the accelerometers. If necessary, the benchmark may be determined by
means of the orifice sensor, and/or the piezoelectric sensor.

Accordingly, the benchmark may be defined by at least one of, or any combination of the
followings: an inlet signal A40 from the upstream accelerometer, an outlet signal A42 from the
downstream accelerometer, an upstream signal M44 from the upstream microphone, a downstream
signal M46 from the downstream microphone, a workpiece signal P50 from the piezoelectric
sensor, and an orifice signal S52 from the orifice sensor.

At step (b) defining 102, the benchmark may enclose several sub-benchmarks. For instance, the
benchmark may enclose a first benchmark B1, a second benchmark B2, a third benchmark B3, a
fourth benchmark B4, a fifth benchmark, and so on. Each of these sub-benchmarks may be
representative, independently, from one characteristic of the abrasive waterjet cutting system.

In addition, the benchmarks (B1-B4) may be calculated for one operating setpoint of the AWJ head
as for a group of setpoints. This group of setpoints may form an Operation Space Domain (OSD).
The OSD may enclose any setpoint expected during operation. The OSD may reduce to one point if
the head is expected to operate only at one single setpoint.

Step (b) defining 102 may comprise a training period during which the benchmarks (B1-B4) are
calculated for each setpoint of the OSD. During the training period, the set point is varied within
certain discrete points of OSD in order to explore it with sufficient resolution, and the
correspondent benchmark may be recorded. Then, a general benchmark may be defined. The
training period may be considered as an initial calibration, for instance carried out immediately
after installation of a new nozzle. At step (f) comparing 110, the signature is compared against the
corresponding benchmark for the instantaneous setpoint used at step (c) cutting 104.

The first benchmark B1 may be defined by means of the orifice sensor. The second benchmark B2
may be defined by means of the upstream microphone, the downstream microphone, and optionally
the workpiece sensor. The third benchmark B3 may be defined by means of the upstream
accelerometer. The fourth benchmark B4 may be defined by means of the upstream accelerometer

and the downstream accelerometer. The benchmarks B1-B4 may be calculated by means of the
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computer, on previous signals which are eventually amplified, then acquired synchronously and
A/D converted by means of acquisition board.

Alternatively, the benchmark may be theorical. It may correspond to a stored benchmark.

Step (d) measuring 106 may be continuous. Acquisition and A/D converting may also be
continuous. Thus signal(s) may be continuously provided. The signals may be synchronized, and
may form windowed signals. It may be understood that the windowed signals are signals of fixed
time length.

At step (e) processing 108, the signature may encompass several sub-signatures, for instance a first
signature S1, a second signature S2, a third signature S3, a fourth signature S4, and so on.

At least step (d) measuring 106, step (e) processing 108 and step (f) comparing 110 may be
performed during step (c) cutting 104. Thus, the monitoring process may run continuously during
cutting operations, and may go on running provided conformity requirements are met. Otherwise,
step (g) producing 112 may be triggered during step (c) cutting 104.

Step (e) processing 108 may start every minute or every 20 seconds on the windowed signals
within that time interval. For instance, windowed signals measured during 20 second are selected,
and then processed in order to provide (a) corresponding signature(s). Thereafter, next windowed
signals of 20 second are selected and processed. This may be repeated continuously, meaning that
the monitoring is continuous. 20 seconds windows may be comprised between time resolution and

frequency resolution.

Step (d) measuring 106 may comprise a measurement of the pressure upstream the orifice. The
orifice signal S52 from the orifice sensor may be used.

Subsequently or simultaneously, step (e) processing 108 may comprise computing the static
pressure and the dynamic pressure by means of Fourier Transform or Wavelet Transform. The
latter may form the first signature S1. The first signature S1 may comprise a portion cotresponding
to the static pressure, and another portion corresponding to the dynamic pressure. Step (f)
comparing 110 may comprise the comparison of said Fourier Transform or Wavelet Transform —
the first signature S1 — to the first benchmark B1. The result may inform about the current orifice

wear.

During step (d) measuring 106, sound pressures may be measured by the microphones. Their
upstream signal M44 and their downstream signal M46 may be used.

During step (e) processing 108, a calculation step 120 may provide a net signal NS on the basis of
the signals M44 and M46. The net signal NS may carry information about the acoustic contribution
of the abrasive waterjet from which the contribution from the workpiece is removed. In a general
way, it may be considered that the contribution of the environment is removed from the acoustic

contribution of the abrasive waterjet. A decorrelation technique may be used for computing the net




10

15

20

25

30

35

47

signal, notably by a Singular Value Decomposition (SVD) algorithm. The pressure emitted by the
abrasive waterjet may be isolated, and its quality may be precisely assessed.

During step (e) processing 108, a further calculation step 122 may compute the Fourier Transform
or the Wavelet Transforms of the net signal NS. An Auto-Regressive Moving Average (ARMA) of
the net signal NS may be computed and used for computing the Fourier Transform or the Wavelet
transform in order to provide an output, notably a signature or a part of a signature. The calculation
step 122 may provide the second signature S2.

Alternatively or in addition, a workpiece signal P50 from the piezoelectric sensor may be used.
This workpiece signal P50 may be used during the calculations step 120. The net signal NS may be
calculated by a decorrelation technique, for instance with a Singular Value Decomposition (SVD)
algorithm. Similarly, the net signal NS may carry information about acoustic contribution of
waterjet from which the contribution from workpiece, and more generally the contribution of the
environment, is removed. Then, the workpiece signal P50 may also be used for the computation of
the second signature S2.

During step (f) comparing 110, the second signature S2 is compared to the second benchmark B2.
The result of this comparison may provide teaching about the characteristic of the abrasive

watetjet, notably the quality of the cut it produces.

During the step (d) measuring 106, accelerations of the nozzle may be measured by the
accelerometers. The inlet signal A40 and the outlet signal A42 may be used.

During step (e) processing 108, a calculation step 124 may provide Fourier or Wavelet Transform
of the inlet signal A40. The Fourier transform or Wavelet Transform can be eventually computed
on the ARMA estimate of the signals. This Fourier transform or Wavelet Transform may form a
signature or a part of a signature. It may be a third signature S3, which may notably be compared to
the third benchmark B3.

Due to the location of the upstream accelerometer, the third signature S3 may be correlated to jet-
impinging conditions at the inlet section of the nozzle, and therefore to an eventual misalignment
between the orifice and the nozzle. This misalignment may result from wear of the orifice, or from
an misalignment of components during operation. The inlet signal A40 may be used, for instance

alone.

During step (e) processing 108, a calculation step 126 may provide the Fourier Transforms or the
Wavelet Transform of the upstream signal A40 and of the downstream signal A42. Through these
Fourier Transforms (FTs) or Wavelet Transorms (WTs), a further calculation step 128 may provide
the vibration transmissibility TR between the inlet and the outlet of the nozzle, for instance the

vibration transmissibility TR between the inlet section and the outlet section of the nozzle. The

vibration transmissibility TR may be obtained by dividing the Fourier Transform or Wavelet

LU101065




10

15

20

25

30

35

438

Transform of the upstream signal A40 by the Fourier Transform or Wavelet Transform of the
downstream signal A42. In other words, the transmissibility TR may be computed as the ratio
between the two spectra from Fourier Transforms of the accelerometer signals.

Such transmissibility TR is a structural feature of the nozzle; therefore, it may be correlated to its
wear condition. The transmissibility TR may be considered as a signature or a part of the signature.
It may be a fourth signature S4, and may be compared to the fourth benchmark B4 in order to

control the nozzle wear.

As apparent from the current description, step (b) defining 102 and step (d) measuring 106 may use
the same signals A40, A42, M44, M46, P50 and S52. However, these steps compute the signals at
different periods. These signals may change due to step (c) cutting 104, and due to the changing
characteristics of the abrasive waterjet cutting system.

According to an option of the invention, each benchmark (B1-B4) may be calculated by means of
the same calculation step(s) as its associated signature (S1-S4). An associated signature may be a
signature to which a benchmark is compared.

Thus, the second benchmark B2 may be calculated on the basis of the signals M44, M46 and
possibly M50, and by means of the calculation step 120 and the further calculation step 122 as set
forth above. The calculation step 120 may be performed provided the workpiece is disposed in the
abrasive waterjet cutting system. If the benchmark is calculated without workpiece, the calculation
step 120 may be by-passed.

The third benchmark B3 may be calculated on the basis of the signal A40 and the calculation step
124 as set forth above. The fourth benchmark B4 may be calculated on the basis of the signals A40
and A42, and through the calculation step 126 and the calculations step 128 as set forth above.

The monitoring process may be an iterative monitoring process. It may repeat the calculations of
signatures during step (e) processing 108, and the comparison of the signatures to their associated
benchmarks during step (f) comparing 110. Yet, the measures of signals during step (d) measuring
106, may be continuous.

In a general way, N signatures are compared against the respective benchmarks (N represents a
naturel number). And N output digital signals are outputted according to the comparison and they
can be used for deciding whether performing maintenance or not, what kind of maintenance

eventually, and/or controlling.

The monitoring process performs step (g) producing 112 an or several output signal(s) only if the
signature exceeds a tolerance with respect to the benchmark. The output signal, for instance a
digital signal, is notably used for controlling or correcting a set point of the abrasive waterjet

cutting head, or notably used for deciding a maintenance intervention.
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It should be understood that the detailed description of specific preferred embodiments is given by
way of illustration only, since various changes and modifications within the scope of the invention
will be apparent to the person skilled in the art. The scope of protection is defined by the following

set of claims.
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Claims

1. Machining system (201) comprising:

10

15

20

25

30

¢ amachining apparatus (202), notably a cutting machine, said machining apparatus

(202) being adapted for machining a workpiece (204);

* amonitoring device (228) adapted for monitoring machining conditions of the
machining apparatus (202), the monitoring device (228) comprising a plurality of
sensors, said plurality of sensors comprising a first sensor (237) at a first location
and a second sensor (239) at a second location which is distant from the first

location.

The machining system (201) in accordance with claim 1, wherein the first sensor (237)
comprises a first accelerometer sensor (238), the second sensor (239) comprises a second
accelerometer sensor (240), the plurality of sensors further comprising a third
accelerometer sensor (242) at a third location which is distant from the first location and
the second location, and a fourth accelerometer sensor (244) intended to be in contact of
the workpiece (204).

The machining system (201) in accordance with any one of claims 1 to 2, wherein the first
sensor (237) comprises a first strain gauge sensor, the second sensor (239) comprises a
second strain gauge sensor, the plurality of sensors further comprising a third strain gauge
sensor at a third location which is distant from the first location and the second location,

and a fourth strain gauge sensor intended to be in contact of the workpiece (204).

The machining system (201) in accordance with any one of claims 1 to 3, wherein the first
sensor (237) comprises a first microphone sensor (246), the second sensor (239) comprises
a second microphone sensor (248), the plurality of sensors possibly further comprising a
further sensor configured for measuring acoustic emissions from the workpiece (204) and

which is at a third location which is distant from the first location and the second location.

The machining system (201) in accordance with claim 4, wherein the plurality of sensors
further comprises a grid of fourth microphones sensors (252) above the machining

apparatus (202).

The machining system (201) in accordance with any one of claims 1 to 5, wherein the
machining apparatus (202) comprises a guide for cutting means, the first location is at a
first distance from the guide, and the second location is at a second distance from the
guide; the second distance being at least two times larger than the first distance, possibly at

least ten times larger, or at least fifteen times larger.
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The machining system (201) in accordance with any one of claims 1 to 6, wherein the
machining apparatus (202) is at least one of: an abrasive waterjet cutting system (203), a

milling machine, a lathe machine, a press machine, a sparkplug machining machine.
Monitoring method of a machining system (201) which comprises:

a machining apparatus (202), notably a cutting machine, adapted for machining a
workpiece (204);

a monitoring device (228) which monitors machining conditions of the workpiece
(204) and/or the machining apparatus (202), the monitoring device (228)
comprising a plurality of sensors, said plurality of sensors comprising a first sensor
(237) at a first location, a second sensor (239) at a second location distant from the
first location and possibly additional sensors (241; 243) which provide a first
signal (SL38; SL46), a second signal (SL40; SL48) and possibly additional signals

respectively;
the monitoring method comprising the steps of:

e defining (302) a first signature (FS1; FS2; FS3), notably a first benchmark
signature, at least on the basis of the first signal (SL38; SL46) and notably
the second signal (SL40; SL48);

e machining (304) the workpiece (204);

e measuring (306) the machining conditions of the workpiece (204) and/or

of the machining apparatus (202) by means of the plurality of sensors;

e computing (308) a second signature (SS1; SS2; SS3) at least on the basis
of a first signal (SL38; SL46) and notably the second signal (SL40; SL48)

measured during step machining (304);

e comparing (310) the first signature (FS1; FS2; FS3) against the second
signature (SS1; SS2; SS3), the machining system (201) being notably in

accordance with any one of the claims 1 to 7.

The monitoring method in accordance with claim 8, wherein step defining (302) first
signature (FS1; FS2; FS3) comprises the computing operation of step computing (308) a

second signature (SS1; SS2; SS3), and additionally comprises numerical data.

The monitoring method in accordance with any one of claims 8 to 9, wherein during step
computing (308) a second signature (SS1; SS2; SS3), the first signal (SL38; SL46) and the
second signal (SL40; SL48) and possibly additional signals are continuously provided, step
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computing (308) a second signature (SS1; SS2; SS3) and/or step defining (302) a first
signature (FS1; FS2; FS3) using at least: a first portion of finite length of the first signal
(SL38; SL46), and notably a second portion of finite length of the second signal (SL40;
SL48), the first portion and the second portion start at the same time and have a same time

length.

The monitoring method in accordance with any one of claims 8 to 10, wherein the plurality
of sensors comprises accelerometers, notably the first accelerometer sensor (23 8) to the
fourth accelerometer sensor (244), forming pairs of accelerometers, step computing (308)
and step defining (302) comprising calculation of the vibration transmissibilies between the
accelerometers of the pairs of accelerometers, said vibration transmissibilies being part of
the first signature (FS1; FS2; FS3) and of the second signature (SS1; SS2; SS3).

The monitoring method in accordance with any one of claims 8 to 11, wherein the plurality
of sensors comprises strain gauges, notably the first strain gauge sensor to the fourth strain
gauge sensor, forming pairs of strain gauges, step computing (308) and step defining (302)
comprising calculation of the vibration transmissibilies between the strain gauges of the
pairs of strain gauges, said vibration transmissibilies being part of the first signature (FS1;

FS2; FS3) and of the second signature (SS1; SS2; SS3).

The monitoring method in accordance with any one of claims 8 to 12, wherein the
machining apparatus (202) comprises a cutting tool with a cutting edge, the plurality of
sensors comprising a tool sensor providing a tool signal, the tool signal from said tool
sensor being used during step defining (302) and during step computing (308) for the first
signature (FS1; FS2; FS3) and for the second signature (SS1; SS2; SS3).

The monitoring method in accordance with any one of claims 8 to 13, wherein the plurality
of sensors comprises a workpiece sensor (243) providing a workpiece signal which is used
during step defining (302) and during step computing (308) for the first signature (FS1;
FS2; FS3) and the second signature (SS1; SS2; SS3).

The monitoring method in accordance with any one of claims 8 to 4, wherein step
computing (308) and/or step defining (302) comprise the calculation of the Fourier
Transform (FT) or the Wavelet Transform (WT) of the first signal (SL38; SL46) and the
second signal (SL40; SL48), or of each signal from the plurality of sensors, said Fourier
Transform (FT) or Wavelet Transform (WT) of each signal from the plurality of sensors
being part of the first signature (FS1; FS2; FS3) and of the second signature (SS1; SS2;
SS3); before step calculation the first signal (SL38; SL46) and the second signal (SL40;
SL48), or each signal from the plurality of sensors, are filtered with an anti-leakage filter

and/or an anti-aliasing filter in order to provide filtered signals.
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The monitoring method in accordance with any one of claims 8 to 15, wherein at least the
first sensor (237) and the second sensor (239) comprise microphones, step computing (308)
and step defining (302) comprising calculation of a clean signal of the first signal (SL38;

SL46) through a blind separation technique or an acoustic beamforming,

The monitoring method in accordance with any one of claims 8 to 16, wherein the plurality
of sensors comprises accelerometer sensors (238; 240; 242; 244) and microphone sensors
(246; 248; 250; 252), and possibly strain gauge sensors, providing a plurality of signals, the
first signature (FS1; FS2; FS3) and the second signature (SS1; SS2; S83) being each

computed by means of said plurality of signals.

The monitoring method in accordance with any one of claims 8 to 17, wherein during step
comparing (310), a potential deviation between the first signature (FS1; FS2; FS3) and the
second signature (SS1; SS2; SS3) is analyzed, notably by a control logic of the monitoring
device (228).

The monitoring method in accordance with any one of claims 8 to 18, wherein the
monitoring method comprises a training period (314) during which machining conditions
of the machining apparatus (202) are changed in order to change the first signal (SL38;
SL46) and the second signal (SL40; SL48), and in order to create a library of first
benchmark signatures from which said first signature (FS1; FS2; FS3) is part, the first
benchmark signatures of the library being defined at least on the basis of the first sensor

(237) and notably the second sensor (239).

The monitoring method in accordance with claim 19, wherein the monitoring method
further comprises step selecting (316) a first benchmark signature from the library, the
selected first benchmark signature of the library being the one with the smallest difference
between its machining conditions and the machining conditions corresponding to the
second signature (SS1; SS2; SS3) and/or between features of the first signature (FS1; FS2;
FS3) and features of the second signature (SS1; SS2; SS3).

A computer program comprising computer readable code means, which when run on a
computer (230), cause the computer (330) to run the monitoring method according to any

of claims 8 to 20.

A computer program product including a computer readable medium (232) on which the

computer program according to claim 21 is stored.

A computer (230) configured for carrying out the monitoring method according to any of

claims 8 to 21.
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Revendications:

1. Systeme de mise en forme (201) comprenant :

¢ un appareil de mise en forme (202), notamment une machine de découpe, ledit
appareil de mise en forme (202) étant adapté pour mettre en forme une piece brute

(204) ;

e un dispositif de surveillance (228) adapté pour surveiller des conditions de mise en
forme de I'appareil de mise en forme (202), le dispositif de surveillance (228)
comprenant une pluralité de capteurs, ladite pluralité de capteurs comprenant un
premier capteur (237) a un premier emplacement et un deuxiéme capteur (239) aun

deuxieme emplacement qui est éloigné du premier emplacement.

2. Systeme de mise en forme (201) selon la revendication 1, caractérisé en ce que le premier
capteur (237) comprend un premier capteur accélérométre (238), le deuxiéme capteur (239)
comprend un deuxiéme capteur accéléromeétre (240), la pluralité de capteurs comprenant en
outre un troisieme capteur accélérométre (242) a un troisiéme emplacement distant du premier
emplacement et du deuxiéme emplacement, et un quatriéme capteur accélérométre (244)

destiné a étre en contact de la piéce brute (204).

3. Systeme de mise en forme (201) selon I'une quelconque des revendications 1 a 2,
caractérisé en ce que le premier capteur (237) comprend un premier capteur jauge de
contrainte, le deuxiéme capteur (239) comprend un deuxiéme capteur jauge de contrainte, la
pluralité de capteurs comprenant en outre un troisiéme capteur jauge de contrainte a un
troisieme emplacement qui est distant du premier emplacement et du deuxiéme emplacement,

et un quatrieme capteur jauge de contrainte destiné a étre en contact de la piéce brute (204).

4. Systéme de mise en forme (201) selon l'une quelconque des revendications 1 a 3,
caractérisé en ce que le premier capteur (237) comprend un premier capteur microphone
(246), le deuxieme capteur (239) comprend un deuxiéme capteur microphone (248), la
pluralité de capteurs comprenant éventuellement en outre un autre capteur configuré pour
mesurer les émissions acoustiques provenant de la piéce (204) et qui est situé a un troisiéme

emplacement qui est éloigné du premier emplacement et du deuxiéme emplacement.
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5. Systéme de mise en forme (201) selon la revendication 4, caractérisé en ce que la pluralité
de capteurs comprend en outre une grille de quatriémes capteurs microphones (252) au-dessus

de l'appareil de mise en forme (202).

6. Le systeme de mise en forme (201) selon l'une quelconque des revendications 1 a 5 ,
caractéris¢ en ce que I'appareil de mise en forme (202) comprend un guide pour des moyens
de coupe, le premier emplacement est & une premiére distance du guide et le deuxiéme
emplacement est a une deuxieme distance du guide ; la deuxiéme distance est au moins deux
fois plus grande que la premiére distance, éventuellement au moins dix fois plus grande ou au

moins quinze fois plus grande.

7. Systéme de mise en forme (201) selon I'une quelconque des revendications 1 4 6,
caractérisé en ce que I’appareil de mise en forme (202) est au moins l'un des éléments
suivants : un systéme de découpe par jet d'eau abrasif (203), une fraiseuse, un tour, une

presse, une machine d'usinage par électroérosion.

8. Procédé de surveillance d'un systéme de mise en forme (201) qui comprend :

un appareil de mise en forme (202), notamment une machine de découpe, adapté pour

mettre en forme une piéce brute (204);

un dispositif de surveillance (228) qui surveille des conditions de mise en forme de la
piéce brute (204) et/ou de l'appareil de mise en forme (202), le dispositif de
surveillance (228) comprenant une pluralité de capteurs, ladite pluralité de capteurs
comprenant un premier capteur (237) a un premier emplacement, un deuxiéme capteur
(239) situé a un deuxiéme emplacement distant du premier emplacement et
éventuellement des capteurs additionnels (241; 243), fournissant un premier signal
(SL38; SL46), un deuxiéme signal (SL40; SL48) et éventuellement des signaux

additionnels respectivement;
le procédé de surveillance comprenant les étapes consistant a :

e définir (302) une premiére signature (FS1; FS2; FS3), notamment une premiére signature de
référence, au moins sur la base du premier signal (SL38; SL46) et notamment du deuxiéme

signal (SL40; SL48);
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e mettre en forme (304) la piéce brute (204);

* mesurer (306) les conditions de mise en forme de la piece (204) et/ou de I'appareil de mise

en forme (202) au moyen de la pluralité de capteurs;

e calculer (308) une deuxieme signature (SS1; SS2; SS3) au moins sur la base d'un premier
signal (SL38; SL46) et notamment du deuxiéme signal (SL40; SL48) mesuré pendant 1’étape

mettre en forme (304);

e comparer (310) la premicre signature (FS1; FS2; FS3) 4 la deuxiéme signature (SS1; SS2;
SS3), le systeme de mise en forme (201) étant notamment conforme a l'une quelconque des

revendications 1 a 7.

9. Procédé de surveillance selon la revendication 8, caractérisé en ce que 1'étape définir (302)
une premiere signature (FS1; FS2; FS3) comprend I'opération de calcul de I’étape calculer

(308) une deuxiéme signature (SS1; SS2; SS3), et comprenant en outre données numériques.

10. Procédé de surveillance selon 1'une quelconque des revendications 8 4 9, caractérisé en ce
que, pendant I'étape calculer (308) une deuxiéme signature (SS1; SS2; SS3), le premier signal
(SL38; SL46) et le deuxieéme signal (SL40; SL48; ) et éventuellement des signaux
additionnels sont fournis en continu, 1’étape calculer (308) une deuxiéme signature (SS1; SS2;
SS3) et/ou I’étape définir (302) une premiére signature (FS1; FS2; FS3) utilisant au moins:
une premicre partie de longueur finie du premier signal (SL38; SL46), et notamment une
deuxieme partie de longueur finie du deuxieme signal (SL40; S1.48), la premiére partie et la

deuxiéme partie commencent au méme moment et ont une méme durée.

11. Procédé de surveillance selon 1'une quelconque des revendications 8 a 10, caractérisé en
ce que la pluralité de capteurs comprend des accélérometres, notamment le premier capteur
accéléromeétre (238) au quatrieme capteur accélérometre (244), formant des paires
d'accélérometres, 1’étape calculer (308) et 1'étape définir (302) comprenant le calcul des
transmissibilités de vibrations entre les accélérométres des paires d'accéléromeétres, lesdites
transmissibilités de vibrations faisant partie de la premiére signature (FS1; FS2; FS3) et de la

deuxiéme signature (SS1; SS2; SS3 ).

12. Procédé de surveillance selon 1'une quelconque des revendications 8 & 11, caractérisé en

ce que la pluralité de capteurs comprend des jauges de contraintes, notamment le premier
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capteur jauge de contrainte au quatriéme capteur jauge de contrainte, formant des paires de

Jauges de contrainte, I’étape calculer (308) et étape de définir (302) comprenant le calcul des
transmissibilités de vibration entre les jauges de contrainte des paires de jauges de contrainte,
lesdites transmissibilités de vibrations faisant partie de la premiére signature (FS1; FS2; FS3)

et de la deuxieme signature (SS1; SS2; SS3).

13. Procédé de surveillance selon I'une quelconque des revendications 8 a 12, caractérisé en
ce que I’appareil de mise en forme (202) comprend un outil de coupe avec un bord tranchant,
la pluralité de capteurs comprenant un capteur d'outil fournissant un signal d'outil, le signal
d'outil dudit capteur d'outil étant utilisé pendant I'étape définir (302) et pendant I'étape
calculer (308) pour la premiére signature (FS1; FS2; FS3) et pour la deuxiéme signature (SS1;
SS2; SS3).

14. Procédé de surveillance selon I'une quelconque des revendications 8 & 13, caractérisé en
ce que la pluralité de capteurs comprend un capteur de piéce brute (243) fournissant un signal
de piéce brute qui est utilis€ lors de I’étape définir (302) et de 1’étape calculer (308) pour la
premiére signature (FS1; FS2; FS3) et la deuxiéme signature (SS1; SS2; SS3).

15. Procédé de surveillance selon 'une quelconque des revendications 8 a 14, caractérisé en
ce que l'étape calculer (308) et/ou I'étape définir (302) comprennent le calcul de la
transformée de Fourier (FT) ou de la transformée en ondelettes (WT) du premier signal
(SL38; SL46) et du deuxieéme signal (SL40; SL48), ou de chaque signal provenant de la
pluralité de capteurs, ladite transformée de Fourier (FT) ou ladite transformée en ondelettes
(WT) de chaque signal de la pluralité de capteurs faisant partie de la premiére signature (FS1;
FS2; FS3) et de la deuxiéme signature (SS1; SS2; SS3); avant le calcul, le premier signal
(SL38; SL46) et le deuxiéme signal (SL40; SL48), ou chaque signal provenant de la pluralité
de capteurs, sont filtrés avec un filtre antifuite et/ou un filtre anti-repliement afin fournir des

signaux filtrés.

16. Procédé de surveillance selon l'une quelconque des revendications 8 a 15, caractérisé en
ce qu’au moins le premier capteur (237) et le deuxiéme capteur (239) comprennent des
microphones, 1’étape calcul (308) et I'étape définir (302) comprenant le calcul d'un signal
propre du premier signal (SL38; SL46) par une technique de séparation aveugle ou une

formation de faisceau acoustique.
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17. Procédé de surveillance selon I'une quelconque des revendications 8 & 16, caractérisé en
ce que la pluralité de capteurs comprend des capteurs accélérométres (238; 240; 242; 244) et
des capteurs microphones (246; 248; 250; 252), et éventuellement des capteurs jauge de
contrainte, fournissant une pluralité de signaux, la premiére signature (FS1; FS2; FS3) et la
deuxiéme signature (SS1; SS2; SS3) étant chacune calculée au moyen de ladite pluralité de

signaux.

18. Procédé de surveillance selon 1'une quelconque des revendications 8 a 17, caractérisé en
ce qu’au cours de I'étape comparer (310), un écart potentiel entre la premiére signature (FS1;
FS2; FS3) et la deuxieme signature (SS1; SS2; SS3) est analysé, notamment par une logique

de contrdle du dispositif de surveillance (228).

19. Procédé de surveillance selon 1'une quelconque des revendications 8 a 18, caractérisé en
ce que le procédé de surveillance comprend une période d'apprentissage (314) pendant
laquelle les conditions de mise en forme de l'appareil de mise en forme (202) sont modifiées
afin de modifier le premier signal (SL38). ; SL46) et le deuxiéme signal (SL40; SL43), et afin
de créer une bibliotheque de premiéres signatures de référence dont ladite premiére signature
(FS1; FS2; FS3) fait partie, les premiéres signatures de référence de la bibliothéque étant
définies au moins sur la base du premier capteur (237) et notamment du deuxiéme capteur

(239).

20. Procédé de surveillance selon la revendication 19, caractérisé en ce que le procédé de
surveillance comprend en outre une étape choisir (316) une premiére signature de référence
dans la bibliothéque, la premicre signature de référence sélectionnée dans la bibliothéque
étant celle avec la plus petite différence entre ses conditions de mise en forme et les
conditions de mise en forme correspondant a la deuxiéme signature (SS1; SS2; SS3) et/ou
entre des caractéristiques de la premiére signature (FS1; FS2; FS3) et des caractéristiques de

la deuxiéme signature (SS1; SS2; SS3).

21. Programme d'ordinateur comprenant des moyens de code lisible par ordinateur qui,
lorsqu'il est exécuté sur un ordinateur (230), améne 'ordinateur (330) a exécuter le procédé de

surveillance selon l'une quelconque des revendications 8 a 20.

22. Produit programme d'ordinateur comprenant un support lisible par ordinateur (232) sur

lequel le programme d'ordinateur selon la revendication 21 est enregistré.
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23. Ordinateur (230) configuré pour mettre en ceuvre le procédé de surveillance selon 1'une LU101065

quelconque des revendications 8 a 21.
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