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(57) Abrege/Abstract:
A method for monitoring the quality of an industrial working process, which includes identifying defects of the working process, of

the type comprising the steps of:

acquiring (100) at least one signal (x(t)) having multiple frequency components from the industrial working process (10),
According to the invention, the method further comprises the operations of:

decomposing (200) said at least one signal having multiple frequency components (x(t)) In signals having single frequency
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components (IMF....IMF_ ., OIMF....OIMF_ ),
calculating (300) the information content (var,...var_ ) for each signal having a single frequency component (IMF....IMF_ ., OIMF,
..OIMF_ ),
analyzing (400) the information content (var,...var_ ) for each signal having a single frequency component(IMF....IMF_ ., OIMF,
..OIMF_ ,), and

It the value of the information content (var_,) of the signal at the lowest single frequency component (IMF ., OIMF_ ) does not
represent a main percentage of the information content of the whole acquired signal (x(t)), saild acquired signal having multiple
frequency components (x(t)) Is evaluated as Indicative of a working process with defects and a defect analysis step (500) Is
performed on said signal having multiple frequency components (x(t)).
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ABSTRACT

F

A method for monitoring the quality of an industrial working

process, which includes identifying defects of the working

=
o

process, of the type comprising the steps of:

acquiring (100) at least one signal (x(t)) having multiple

frequency components from the industrial working process (10),

According to the invention, the method further comprises the

g
—

operations of:

decomposing (200) said at least one signal having multiple

frequency components (x(t)) 1n signals having single frequency
components (IMF;..IMF,.;, OIMF;.0OIMF,-1),

calculating (300) the 1information content (var;..varp-;) for
each signal having a single frequency component (IMF;.IMF,-;,
OIMF,..OIMF,-4),

analyzing (400) the information content (varj..var,;) for

each signal having a single frequency component (IMF;..IMF, g,
OIMF,..QIMF,_;), and

if the wvalue of the information content (var,-;) of the

signal at the lowest single frequency component (IME,.;, OIMF;-1)

p—

does not represent a main percentage of the information content
of the whole acquired signal (x(t)), said acquired signal having

multiple frequency components (x(t)) 1s evaluated as 1indicative

of a working process with defects and a defect analysis step

b

(500) 1is performed on said signal having multiple frequency

components (x(t)).
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1

“A method for monitoring the quality of industrial processes and
system therefrom”

* % %

TECHNICAL FIELD
" The present invention relates to methods for monitoring the

quality of an industrial working ©process, which 1ncludes
identifying defects of the working process, of the type

comprising the steps of:
acquiring a signal having multiple frequency components from

the i1ndustrial working process,

evaluating said signal having multiple frequency components
acquired from the industrial working process to indicate 1f said
defects and a defect analysis step is performed on salid signal
having multiple frequency components, said evaluation beilng
performed without comparing said signal having multiple frequency
components acquired from the 1ndustrial working process to a
stored reference signal.

BACKGROUND OF THE INVENTION
Monitoring defects in industrial processes 1is assuming a

growing economic importance due to i1ts impact in the analysis of
the quality of industrial products. The ability to obtain an
assessment of the quality of the industrial process on line and
automatically has many advantages, both in economic terms and 1n

terms of process velocity. Therefore, the desirable

characteristics of the system are:

— on line processing;

- ability to recognize the main production defects with accuracy.
Currently, the problem of recognizing the qguality of an

industrial process, and thus of identifying any defects, takes

place through an off-line 1inspection conducted by experts, or

with automatic methods which, through sensors, identify only some

of the aforementioned defects, in a manner that 1s not

satisfactory and that 1s also sensitive to the different settings

of the machine.
Methods and systems for monitoring the quality of industrial
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processes are known, for instance applied to the on-line
monitoring of the laser welding process, 1n particular 1in the
case of metal plate welding. The monitoring system 1s able to
assess the presence of porosities in the welded area or, 1in the
case of butt-welded thin metal plates, the presence of defects
due to the superposition or to the disjunction of the metal
plates.

Such systems in use base quality monitoring on a comparison
between the signals obtained during the process and one oOr more
predetermined reference signals, indicative of a high quality
weld. Such reference signals, usually 1n a varilable number

between two and ten, are predetermined starting from multiple

samples of high quality welds. This manner of proceeding implies

the presence of an experienced operator able to certify the
quality of the weld at the moment of the c¢reation of the
reference signals, entails time wastage and at times also
material wastage (which 1s used to obtain the samples needed to
obtain the reference signals). It would therefore be necessary,
given a similar procedure, onerous in itself in terms of time and
cost, for the subsequent procedure of comparison with the
reference signal to be able to operate rapidly, in real time and
at low cost, which does not take place 1n currently known

systems.
SUMMARY OF THE INVENTION

The object of the present invention 1is to overcome all the

atoresaid drawbacks.
In view of achieving said object, the invention relates to a

method for monitoring the quality of industrial processes having
the characteristics set out 1n the foregoing and further
characterized by the fact that it further comprises the
operations of:

decomposing said at least one signal having multiple
frequency components in signals having single frequency
components,

calculating the information content for each signal having a
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single frequency component,

analyzing the information content for each signal having a
single frequency component, and

1f the value of the information content of the signal at the
lowest single frequency component does not represent a mailn
percentage of the information content of the whole acquired
signal, said acquired signal having multiple frequency components
1s evaluated as 1indicative of a working process with defects and
a defect analysis step 1s performed on said signal having
multiple frequency components.

In the preferred embodiment, said informative content 1s
evaluated by calculating the variance of signals having single
frequency components. The method 1is applied preferably to laser
working process acquiring as signal acquired from the process
radiation emitted by the process.

Naturally, the 1invention also relates to the system for
monitoring the quality of industrial processes which implements
the method described above, as well as the corresponding computer
product directly loadable into the memory of a digital computer
such as a processor and comprising software code portions to
perform the method according to the invention when the product 1s
run on a computer.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional characteristics and advantages of the present

invention shall become readily apparent from the description that
follows with reference to the accompanying drawlings, provided
purely by way of explanatory and non limiting example, 1n which:

- Figure 1 1s a Dblock diagram showing a system that
implements the method according to the invention;

- Figure 2 shows a basic flow diagram of the method
according to the invention;

~ Figure 3 1s a flow diagram representing an embodiment the
method according to the invention;

- Figure 4 shows signals processed by a step of the method

according to the invention;
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- Figure 5 and Figure ©6 represent diagrams 1indicating
respectively a defective process signal and the defective process
signal with defects marked by the method according to the

invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In order to better understand the method according to the

invention, some mathematical concepts are here first briefly

introduced.

The present method 1s aimed to apply such mathematical
instruments to methods for monitoring the quality of an
industrial working process, which includes identifying defects of
the working process to defect analysis of signals acquired by

working processes. A more complete description ot such

mathematical concepts can be found in the publications: = N.
k. Huang, 2. Shen and S. R. Long, et al., "The empirical mode

decomposition and the Hilbert spectrum for nonlinear and non-
stationary time Series Analysis”. Proc. Royal Society, vol. 454,

pp.903-995, London, 1998, and
- Tian-1i Huang, Wei-xinRen and Meng-lin Lou, “The

orthogonal Hilbert—-Huang Transform and 1its application 1n
earthquake motion recordings analysis”. The 14th World Conference
on Earthquake Engineering October 12-17, 2008, Beijing, China.
With respect to t.he context of the invention, the Hilbert-
Huang transform 1s chosen starting from the consideration that
the signal acquired from the process, x(t), 1is usually a

multicomponent non-stationary signal, 1i.e, a signal whose

frequency changes over time. For these signals, the instantaneous
frequency, ®, 1s an 1important characteristic: 1t 1s a time-
varying parameter which defines the 1location of the signal’s
spectral peak as it varies with time. The latter may be roughly
regarded as a sine wave whose frequency sweeps with time. On the
contrary, a stationary signal 1s one whose where frequencies do
not change over time.

In most cases, the signal acquired from the working process

x(t) cannot be analysed by the Fourier transform, because any
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non-linear distorted waveform <can be regarded as harmonic
distortions, which are a mathematic artificial consequence of
imposing a linear structure on a non-linear system. They may have
mathematical meanings but not physical. Therefore, it 1s chosen
here to describe a non-linear system by way of the instantaneous
frequency.

The Hilbert transform 1s the easiest way to compute
instantaneous frequency, through which a complex conjugate vy (t)
of any real value function can be determined by:

y(t) = H[x(t)] = ;II-PV f°° X r

=0 f-—T

PV 1ndicates the principal value of singular integral. In other
words, the Hilbert transform consists of passing the signal
acquired from the working process x(t) through a system which

leaves the magnitude unchanged, but changes the phase of all

frequency components by /2.

The analytic signal z(t) 1s defined as:

z(t) = x(t) + iy(t) = a(t)e W)

where
a(t) = +x%2+y? istantaneous amplitude
0(t) = arctan (y/x) phase function
w =doe/dt instantaneous frequency

Using the Hilbert transform directly would cause a problem,
and the instantaneous frequency could not be correctly evaluated.

In fact, the Hilbert transform works well if applied to narrow

band-passed signal.

Unfortunately, most signals are not band limited.

In N. E. Huang, 4. Shen and S. R. Long, et al., "The
empirical mode decomposition and the Hilbert spectrum for
nonlinear and non-stationary time Series Analysis”. Proc. Roval
Society, vol. 454, pp.903~-995, London, 1998, it 1s shown a
method, called a sifting process, that decomposes a wide class of
signals 1into a set of band-limited functions (Intrinsic Mode
Functions, IMFs). By the proposed decomposition, it is possible
to extract 1nstantaneous information from the signal.

For what regards specifically the EMD (Empirical Mode
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Decomposition), such decomposition includes the assumption that
any data consists of different simple intrinsic models of
osclllations. Each intrinsic mode, no matter if 1linear or not,
represents an oscillation, which will have the same number ot
extrema and zero-crossings, and then the oscillation will Dbe
symmetric with respect to the local mean. Usually, the data may
have many different oscillations which can be represented by the
intrinsic mode functions (IMF) with the following definition:

- in the whole dataset, the number of extrema and the
number of zero-crossings must either equal or differ at most by
one, and

= at any point, the mean value of the envelope defined by
the local maxima and the envelope defined by the local minima 1s
Zero.

An 1intrinsic mode function IMF is much more general than an
osclllation mode Dbecause it has a variable amplitude and

frequency as a function of time.
According to the definition for the intrinsic mode function

IMF, any function can be decomposed by the following operations:

— first, find all the local maxima extrema of the signal
x(t),

- interpolate (preferably by a cubic spline fitting)
between all the maxima extrema ending up with some upper envelope

Cmax (t);
— find all the local minima extrema;

- interpolate (cubic spline fitting) between all the
minima extrema ending up with some lower envelope epin(t):

- compute a mean envelope m; between upper envelope

Enax (t) and lower envelope epin(t):
my = lepmin(t) + emax(t)]/2

— compute a residue h;:
h’l —_ x(t) - m1
= then a critical decision must be made by evaluating a

stoppage criterion. Given:
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T

SDe = ) [|(hae-(® = hase®)[ /R ey ®)]

t=0

if this squared difference SD, is smaller than a predetermined

threshold, the sifting process will be stopped.
Ideally, the residue h; should satisfy the definitions of an

intrinsic mode function IMF, so it should be symmetric and have

all maxima positive and all minima negative. However, the hump on
slope may become a local maximum after the first round of
sifting, and then the residue may not satisfy the definitions of
an intrinsic mode function IMF.

Such sifting process has two purposes, to eliminate riding

waves, and to make the wave profiles more symmetric.

The first purpose 1is designed for the Hilbert transform to
give a meaningful instantaneous frequency, the second purpose 1s
designed in case the neighbouring wave amplitude have too large
disparity. For these two purposes, the sifting process should be
repeated until to extract the residue satisfying the definition

of an intrinsic mode function IMF.

In the next step, residue h; is treated as a new data; then:

hiy =h, —my,

After repeating sifting process, up to a number k kof times,
residue h;; becomes an IMF function; that 1is:

Rk = Ryge—1y — Mg

Then, it 1s designated as:

C1 = hyy
the first intrinsic mode function IMF from the data. Once the
first IMF component c¢; has been found, it should contain the
finest scale or the shortest period component of the signal. The
rest of the data 1s that:

r, =x(t) —c¢

Since the residue r; still contains longer period variations
in the data, it is treated as the new data and it is repeated the

same sifting process with respect to it. The result 1is:
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h =Th-1 —Cn
No matter how small the component ¢, or the residue r, 185,

or no more IMF s can be extracted, the final residue still can be

different from zero.

Figure 4 is a diagram showing the EMD decomposition in IMF
components, or more specifically the components c¢; and final
residue of a signal acquired from the working process x(t) which
is a temperature signal, also shown in figure 4, detected during
the laser welding of polymers by the system 10 described 1in the
following with reference to figure 1. By summing up the previous
equations it 1is obtained that the signal acquired from the
working process x(t) is a summation of components c¢; and residue
In:

x(t) =Xio 6+ 1

Thus, an n-empirical mode decomposition is achieved, and the
residue r, 1s obtained.

The components of the EMD decomposition are usually
physically meaningful, for the characteristic scales are defined
by the physical data.

After the empirical mode decomposition, it 1s possible apply
the Hilbert transform to each IMF component, and compute the

instantaneous frequency.

Orthogonalization of the IMF functions can Dbe also

performed. This is made in order to ensure that the IMF functions
got by EMD decomposition could re-compose original signal and
that there are orthogonality among IMFE components.

Orthogonalization of the IMF functions is described 1in the above
cited publication Tian-1i Huang, Wei-xin Ren and Meng-lin Lou,
“The orthogonal Hilbert—-Huang Transform and 1its application 1n
earthquake motion recordings analysis”, The 14th World Conference
on Earthquake Engineering October 12-17, 2008, Beijing, China.

In order to check the orthogonality of the function IMF

obtained from EMD decomposition it is known also from to define
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an overall index of orthogonality IOy and a partial 1index of

orthogonallty for any two components IOk, as follows:

107 = ?i“if:cj(t) ck(t)dt/f x%(t)dt = ’i"zﬂi c,lck,/i x?
k i=1
3

j=1 k=1 j=1 k=1 j=1
K+ j k+j

(ITT.3)

10, = fo ch(t)ck(t) / fo Tc,? (t)dt + L Tc,z (t)dt = Z Cui / Z -+ 2,

If the IMF components from EMD are exactly orthogonal to

each other, the value of I0; should be zeros, a total energy of
decomposed signal E:,+ should be invariable and the energy leakage
between any two IMF components Ejx should be zero. Generally,
because the function IMFs from EMD decomposition are not
theoretically orthogonal, the wvalue of orthogonality index 1s
about from 107 to 107°.

The method according to the 1i1invention shall now Dbe

exemplified with reference to a laser welding method. Said laser
weldirig method, however, constitutes only a non limiting example
of industrial process which can be applied to the method for
monitoring the quality of industrial processes according to the
invention.

With reference to Figure 1, the reference number 10 designates
a system for monitoring the quality of a laser welding process. The
example refers to the case of two polymer work pieces 2, 3 which
are welded together by means of a laser beam 20. The number 11
designates a laser source represented by a laser diode, coupled via
a optic fiber 12 to a welding optic 13. In particular this 1is
obtained by the head of a Laserline LDF400-200 fiber coupled diode
laser, which laser beam 20 is guided via an @400 pm optical fiber
12 to the welding optic 13. The diode laser 11 is operated at 940 #*
10 nm wavelength and the focal length used is 100 mm resulting an
#0.6 mm focal spot on the work piece.

The welding optic 13 is schematically shown as including a
mirror 13a, which can be also a beam splitter or semi-reflecting
mirror beyond which sensors can be arranged to detect quantities

from the welding process, such as radiation, and a focusing lens
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13a whereat arrives the laser beam originated by the laser source
represented by the laser diode 11.

The welding optic 13 1s represented as 1ncluding also a
camera 15 and a pyrometer 14. The camera 15 acquilres an 1mage of
the welding spot while the pyrometer 14 measures the temperature
of such welding spot through the emitted radiation. The output

iy

signals of the camera 1l4a and a pyrometer 14b are sent to an

acquisition board 8 which acquires and performs the necessary

conversions on the signal and supply them to a personal computer

9 for analysis and processing.

It 1is here noted that the method according the 1nvention

preferably acquires a signal generated by the working process,

l1.e. a radlation emitted by the process as a result of the

P

development of the working process, not a signal from the tool

performing the process.

 ad

The pyrometer 14 1n the exemplary embodiment of Figure 1 1s

on axlis 1n the welding optics 13. For instance a Dr Mergenthaler

GmbH infrared pyrometer with Lascon controller 1s used. Pyrometer

model 1is EP100P/PCI and maximum sampling rate 1is 10kHz. In the

experiments the used sampling rate was 5 kHz. To limit the amount

of data points the data was saved at 500Hz. The pyrometer 14 1s

gr—

used only for observation of weld temperature to see how defects

affect the temperature.

The work pieces 2, 3 are clamped by a pneumatic clamping
device (not shown) equipped wilith pressure control, to supply the
needed pressure on the work pieces 2,3 during welding. During
welding laser head 11 and welding optic 13 are Kkept stationary
and a clamping Jjig with work pieces 2,3 1s moved by a XY unit
with constant speed on 10mm/s.

In particular, the material used 1n the examples here

gr—

discussed was polypropylene Sabic 579S with thickness of 1mm.

In polymer welding, the welded parts have to Dbe kept

together during welding to be able to conduct heat from lower

part to upper part.

The temperature signal acquired by the pyrometer during time
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11

1s 1ndicated in the following with x(t), and 1t 1s the signal

having multiple frequency components acquired from the industrial

P

working process, which will be discussed by way of example 1n the

following to 1llustrate the method according to the 1nvention.

With reference to the basic flow diagram of figure 2, the

following

Lad

method according to the 1invention envisages the

operation:

- an acquiring step 100 of the signal having multiple

frequency components acquired from the industrial worklng process

x(t), generated from the sensor, for instance the pyrometer 14;

— a filtering 200 of the signal x(t) to decompose the

signal x(t) in a plurality of monocomponent signals, 1ndicated as

Intrinsic Mode Functions IMF;..IMF,_;;

P
—

— a step 300 of analysis and <calculation of the

et

informative content of each monocomponent signal represented by

Intrinsic Mode Functions IMF;..IMF,.;, for 1instance their variance

var;.varnp-j;

F
e

- a step 400 of comparison of the wvalue o

b1

the

information content of the lowest single frequency component or

function IMF,.; in order to verify 1f it greater than a given K

value so that represents the main percentage of the information

content of the whole acquired signal x(t):

P ﬁ

- if the result of the comparison step 400 indicates that

the information content of the at the lowest single frequency

component or function IMF,-; 1s not the greater percentage of the

pr—

information content of the whole acquired signal x(t), such

signal x(t) 1s considered as defective, and, optionally, a defect

analysis procedure 500 1is performed which can lead to 1identify

one or more defect D, and, possibly their type.

Vb

In figure 3 an embodiment of the method of figure 2 1s

detailed.

The acquired signal x(t) coming from acquire operation 100

18 shown.

P

In a step 110 it is evaluated if the signal acquired from

the process x(t) oscillates within a allowed range, specifically
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a temperature range TR, between minimum temperature Tni, allowed

ﬁ

and a maximum temperature Tpix. I1f the acquired signal x(t) 1s

within such range TR, the analysis is carried out by passing to

the decomposition step 200, else the method comes to a stop 120.

F

The filtering step 200 of the signal x(t) to decompose the

signal x(t) in a plurality of monocomponent signals, 1ndicated as

Intrinsic Mode Functions IMF;..IMF,.; uses an Empirical DMode

Decomposition procedure to decompose the signal x(t) and get the

Intrinsic Mode Functions IMF,..IMF._;

Then, a step 250 of orthogonalization of the Intrinsic Mode

Functions  IMF;..IMF,.; 1is ©performed, obtaining orthogonalized
Intrinsic Mode Functions OIMF;..OIMF,_;.

Then in a step 255 partial indexes of orthogonality between

two components j, and k, in the set of orthogonalized Intrinsic
Mode Functions OIMF;..OIMF,.;, I0;, among all the components are

calculated, without considering the residue. This yields also a

matrix IO of 1indexes. Such indexes IO are defined 1in the
publication by Tian-1i Huang, Wei-xinRen and Meng-1lin Lou, "The
orthogonal Hilbert-Huang Transform and 1its application 1n

earthquake motion recordings analysis”, The 14th World Conterence

on Earthquake Engineering October 12-17, 2008, Beijing, China.

g p—
p—

Further in a step 260 an evaluation of the wvalues of the

matrix IO 1s performed to control that the maximum of the

absolute value of the 1indexes (max(abs(I0O)) 1in the matrix 1s

lower that a given value, for instance 1x107'?. This ensures that

there is not an actually severe energy leakage when applied EMD

.

for the decomposition of time signals. If the condition of step

o

260 1s not satisfied, through a step 265 a refinement of the

orthogonalisation, going back to steps 250, 255, 1s performed.

Then, a step 300 of analysis and calculation of the

informative content of each monocomponent signal IMF;..IMF,, which
is performed in this embodiment on the orthogonalized components

OIMF,..OIMF,.;, 1s carried out
To this regard, it 1is to be noted that once the Intrinsic

Mode Functions IMF;..IMF,.; have Dbeen orthogonalised, some
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parameters from IMEF components can help to analyze the signals:

—

the percentage of energy content represents that how much

enerqgy each component or function IMF; contains;

)
I't

the wvariance var; indicates the amount of 1nformation of
each IMF;;

the iteration indicates the computational cost of each

component IMF;.

According to an aspect of the inventlion, the variance values
var; have been specifically selected to be calculated i1n the step

300 to analyze the welding quality without using any signal as

reference.

In the following, it 1is explained how the step 400 of

P

comparison of the informative component of a given component,

IMF,-1, with respect to the other components, IMFy..IMF,-1,

specifically operates. The IMF, component corresponds to residue
rn.
Generally speaking, the temperature signal x(t) referred to

C

the welding of polymeric materials without defect, presents slow

F

oscillations within a fixed temperature range. In presence oL

defects, due to different causes, the signal x(t) varies more oOr

less abruptly. Since the EMD decomposition step 200 alms 1n

F
e
b

general at decomposing a signal x 1into a finite sum O:

components, or modes, hi;,..,hy, and a residue r, where the modes

are less oscillating with increasing index of the mode, taking

gp—

into account that the varliance indicates the amount of

information of each component IMF;, it is considered that 1f the

last orthogonal component OIMF  (hy-1), which 1s the 1less
oscillating mode, contains the highest variance value (highest

st
—

amount of information) the process signal cannot present any

defect.

In figure 4 the orthogonalized components OIMF;.OIMF, ; and

P

the residue r, of the temperature signal x(t) are shown for a

better understanding.
Additionally, since it might happen that the last component

IMF,_; contains the maximum energy and also the highest wvalue of
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variance, but the signal contains defects, to overcome this
problem, it is preferably envisaged to impose that:

1) the last component IMF,.; must contain the highest
variance value;

2) the last component IMF,.; must contain at least a major

of the information, by way of preferred example the

-y

percentage K

80% of information;
3) none of the remaining component IMF;..IMF,., must singly

Q

contains more than a second percentage K2, namely 10%, of

information.
The values of percentages K1, K2 of 80 and 20% are preferred

values for laser welding, of course other values can be chosen
for different processes, provided that the major percentage Kl 1s
substantially greater than the second percentage KZ2Z.

Thus, summing up, the step 400 comprises ©preferably
evaluating 1f the above three conditions are satisfied. In the
affirmative, 1t 1s considered that the signal does not present
relevant defects (block 600) and the method 1i1s stopped (block

120).
Otherwise, the defect analysis procedure 500 can be started

to detect the defects of the signal x(t).
Therefore 1n a step 510, without considering the residue,

the Hilbert-Huang transform of the signal x(t) 1s evaluated. The
output 1s a Hilbert Spectrum HS to be shown in a 2D or 3D 1mage

in step 520.

Once the Hilbert Spectrum HS has been obtained, 1ts second

order moment 1n time 1s calculated in step 530:
fm = [ F HS(L 1) Af /[, HS(t, f) df

B2 (t) = [ | ruse.par/[ nsen df]-- fn(0)°

With f,(t) 1s indicated the first order moment in time and
describes the averaged positions of the signal. The second order

moment B‘(t) indicates the instantaneous bandwidth, f 1indicates
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the frequency. The second order moment describes the spread 1in

A~

time of the signal. The step 530 includes also calculating the

standard deviation of the second order moment std B.

By the step 540 are identified, for an index k which

varles

from 1 to the length of the vector B°, e.g. the number of samples

pr—

exceed the standard deviation std_B2are

In step 550 then a new signal

sig(k),

of vector B°, the samples of the second order moment B° (k) which

classified as defects

representing the

defect positions, 1s built with samples x (k) verifying the

F P

condition of step 540. If no sample x(k) veri:

"ies the condition,

by a step 560 signal sig(k) is placed equal to null and control

is passed to step 570 to compose the final signal sig(k) and then

a detected signal with marked defects D

1s produced.

In figure 5 the signal x(t) for a welding with ailr gaps

between the parts to be welded along with the maximum temperature

Tmax and the minimum temperature Tmin.

shown the corresponding quality evaluation,

signal with marked defects D 1s shown,

In figure © then

signal representing the defect positions sig(k) (the

defects are indicated by crosses).

step 510-570 described to perform the de:
EP-A-1767308 or 1n

500, such as the method described 1n
1275404.

Thus, the method described above allows to evaluate a

acquired by a working process, having

having multiple frequency components, which by,

single components and analysis, allows

are present.

1t 1s

where the detected

by superimposing the

single

F

Of course other known procedures can be used instead of the

fect analysis procedure

EP-A-

signal

decomposition 1n

to detect 1f the defects

The method therefore allows to determine 1n a qulck way and

without use of comparison to a reference signals,

generated by process are 1indicative

analyzed in detail to determine the position and/or the type of

which signals

of defects and can be

P

defects. Clearly, this allows to spare time and computational

power, avoiding to evaluate in depth all the acquilred signals and
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concentrating only on the defective signals.

pl—

The quick operation and absence of reference determine a

method and system  that operates very quickly, lowering

conslderably the costs i1involved.

Naturally, without altering the principle of the 1nvention,

the construction details and the embodiments may vary widely from
what 1s described and 1llustrated purely by way of example
herein, without thereby departing from the scope of the present

invention.

The step of comparison of the informative component of a

girven component, IMF,.;, with respect to a sum of the other

components, IMF1l..IMFn-1 uses a tunable threshold, which can be

P

established on the basis of the knowledge of the specific

process. It 1s possible also that the threshold 1s obtained by a
learning process.

The method 1s directed to laser welding process, but also to
other working process, 1in particular 1involving laser, such as

laser cutting processes.

i

The 1informative content 1s preferably chosen to Dbe

represented by a variance, 1in particular for welding processes,

but it can be represented also by the entropy of the signal or by

the autocorrelation.

The sensor used to acquire the signal from the process can

— g

be any of the sensors used in the known techniques of quality

pr—

monitoring of 1ndustrlial working processes produclng a non-

F

stationary signal. By way of example, with reference to laser

welding or cutting, the sensor can be a photodiode acquiring the

radiation reflected by the spot on which the laser operates.
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CLAIMS

1. A method for monitoring the gquality of an 1industrial

working process, which includes 1identifying defects of the
working process, of the type comprising the steps of:

acquiring (100) a signal (x(t)) having multiple frequency

components from the industrial working process (10},
evaluating (200, 300, 400) sald signal (x(t)) having
multiple frequency components acquired from the 1ndustrial

working process (10) to indicate if said signal 1s defective and

a defect analysis step (500) is performed on said signal having
multiple frequency components (x(t)), said evaluation Dbeing
performed without comparing said signal (x(t)) having multiple
frequency components acquired from the 1ndustrial working
process (10) to a stored reference signal,

characterized in that it further comprises the operations
of:

decomposing (200) said signal having multiple frequency
components (x(t)) into signals having single frequency
components (IMF;..IMF, ;, OIMF;.0OIMF, 1),

calculating (300) an information content (varj.varp-;) for
each signal having a single frequency component (IMF;..IMEF, i,
OIMF:..OIMF,_;),

analyzing (400) the information content (var;.var,.;) for
each signal having a single frequency component (IMF;...IMF,- ;,
OIMF;..OIMF,-1), and

if a value of the information content (varp-;) of the signal

at the lowest single frequency component (IMF,.;, OIMF,_;) does
not represent a main percentage (K, Kl, K2) of the information
content of the whole acquired signal (x(t)), said acquired
signal having multiple frequency components (x(t)) 1s evaluated
as 1indicative of a working process 1including defects and a
defect analysis step (500) 1is performed on said signal having

multiple frequency components (x(t)).
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2. The method as claimed in claim 1, characterized i1n that
said analyzing (400) the 1information content (var;..var,-;) for
each signal having a single frequency component (IMF;..IMF, 1,
OIMF;..OIMF,_;) includes evaluating as 1ndicative of a working

process with defects the acquired signal having multiple

frequency components (x(t)) 1if the wvalue of the information

F

content (varp,-;) of the signal at the 1lowest single frequency

component (IMF,.;, OIMF, ;) does not represent a given major

percentage (K1) of the information content of the whole acquired

signal, and

if the signal at the lowest single frequency component

(IMF,.;, OIMF,.;) has the highest information content value and

none of the other frequency components (IMF4...IMF,_»,
OIMF;..OIMF,.2), singly, has value representing more than a second
given percentage (K2), lower than said maln percentage of
information content.

3. The method as claimed in claim 1 or 2, characterized 1n

that said information content 1s represented by a variance of

said signals having single frequency components (IMF;..IMF,.;1,
OIMF;..OIMF,_.7) .

4. The method as claimed in claim 1 or 2, characterized 1n

said information content 1s represented by the entropy or by the

autocorrelation of sald signals having single frequency

components (IMF;..IMF,.;, OIMF;.0OIMF,_1) .
5. The method as claimed in any one of claims 1 to 4,

characterized in that decomposing (200) said signal having
multiple frequency components (x(t)) 1n signals having single
frequency components (IMF,...IMF,_q, OIMF,;..OIMF,_7) includes

performing an—-Empirical Mode Decomposition (EMD).

6. The method as claimed in claim 1, characterized 1n said

decomposing (200) sald signal having multiple frequency
components (x(t)) 1nto signals having single frequency
components (IMF,..IMF,_;, QOIMF;..OIMF,_;) includes performing an

orthogonalization step (250) to compute orthogonalized single
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frequency components (OIMF,;..0IMF,_;1) .
7. The method as claimed in c¢laim 6 characterized 1n that

includes computing (255) indexes of orthogonality (IOjx) between
components in a set o0of orthogonalized single frequency
components (OIMF;..0IMF, ;) and controlling (260) that a maximum of

an absolute value of the indexes 1s lower than a given value.

8. The method as claimed in any one of claims 1 to /,
characterized 1in that said acquiring (100) the signal (x(t))
having multiple frequency components from the industrial working
process (10) includes sensing (14) a signal generated by the

working process.
9. The method as claimed 1in any one of claims 1 to 8,

characterized in that said industrial process 1s a laser welding

process or a laser cuttlng process.
10. The method as claimed in claim 8, characterized 1in that

said sensing (14) a signal generated by the working process
includes sensing a temperature by a temperature sensor oOr

sensing a radiation by a photosensor, in particular a

photodiode.
11. The method as claimed in claim 8 or 9, characterized 1n

that said defect analysis step (500) performed on said signal
having multiple frequency components (x(t)) 1ncludes

performing (510) a Hilbert-Huang transform of the acquired
signal ((x(t)) to obtain an Hilbert Spectrum (HS), showing (520)

salid Hilbert Spectrum in a 2D or 3D 1mage,

calculating (530) from said Hilbert Spectrum (HS) 1ts second

order moment 1n time (Ef(t)) and 1ts standard deviation,
identifying and classifying (540) as defects samples of the

second order moment (Eﬁ(k)) which exceeds 1ts standard deviation
(std B%),
marking as defects (550) the samples of the acquired signal

(x(k)) for which the second order moment (B°(k)) exceeds its

standard deviation (std B°).

12. A system for monitoring the quality of an 1ndustrial
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process, comprising:
sensor means (14) for measuring o©one Or mOore PpProcess
parameters, and
an electronic control and processing unit (8, 9) for

processing the signals emitted by said sensor means (14),
characterized 1n that:
said electronic control and ©processing unit (9) 1s

configured to process the signals emitted by sald sensor means

(14) and to perform the method for monitoring the quality of an

F

industrial process as claimed in any one of claims 1 through 11.

13. A computer product directly loadable into the memory of

an electronic computer and comprising software code portions to
perform the method as claimed in any one of the claims 1 through

11 when the product 1s run on the computer.

14. The method of claim 10 wherelin the temperature sensor

1s a pyrometer.



CA 02792209 2015-03-26

1/6

T 'S

T

OT




CA 02792209 2015-03-26

2/6

¢ ‘31

d
l —— 009
> Fapn ‘ N 00b

“ipntapa
I ] oom
D VTRSE ]
I i. OON
(1)X

I l. OOH

vl



CA 02792209 2015-03-26

= Tﬁ - _ 00V
_ - m

—

| (1).8 _Illf uz

I-u ool — ~GG¢ G9¢
dWIO""4WIO -
d [-u ool . I!i _ M/
JWNI 4N —1 |M_/ 0C7
! 00¢

oﬁ.\@z WL
OTT




CA 02792209 2015-03-26

4/6

(s) swn v 3l
GCO0 [l S1T°0

(1)x




CA 02792209 2015-03-26

5/6

G "bi4
(S) swn

ST°0

- AN W emormomod W N W aewmoEww W W R E e - e e

"‘!'.’-"l'l""‘-i”i-"‘.'.’“i---'!i’o’“.""‘..’."’

- . gm wm am Ae e A AT W
e oy vk e W A I W W

MW ammod W W N P W R W S M WM R HEm wm m e om e e e

W % & e m o am vm wm o ar v W e AR TR R W e s W W

a e w o mm % 4 W W B M aasm = m m Esom o v Wi o e

L

e

-

ey RN

09¢ 5,11

L

ARF R

b

I

r

T - T T Y %
[ [ i 1 [ 3
P P I B R I I T L . T r F A T . - AN S TR S SN T S VA S I ) ﬂ-& @ & @ M owm A A AN N % oy WX Y A& g e A ¥R w0t o R T L L N R T ) v? . . R S R DR T e © A T uﬁ v oy % e L W W ~ T S A A J
i { \ b - ¢ ;
t 1 [ b t
] t I F ' '
$ ¢ t i b
W : 1 b ) ’ .
. f C ¢ § ¢ w
m 1 ¥ [ i ¥ ,.
¢ [ y ' ( [ :
| _ . " . " |
f " .
mn-.u-annnwnﬁwlﬁ-u.-ucauu...an-nnan...!.. | & (R EBIERAE d.nn-,aava.-oahqnnn:.uuannuv.av.:w.g-an-nua-u..nn.--a-Iacsunutnua-..qncl-au-cﬂcacaﬁv-ﬁcuauadwia-uw
A t 1 ] t i .
] ‘ $ _ ' .
¥ 3 v b t X .
cuﬁc ' ; } b ¢
. ] t t ] t
1 ' ) 1 3 w
[ ) F § 1 :
) [} 1 ] | &
¢ ' ' 1 '
t ) { ( [ £
l.‘l""-i"""i‘l’tI"’.t’"’"‘-‘[i' ..'i"s\‘.*‘i'-’t""ﬂ"f‘.""'-“‘.‘ *"""-‘;"”‘".’-".’.tl.ill’"’l-i“’"'.'-—‘1"1}-‘}"‘-”","l.‘l-"'--Jt"i"“'l'lt-"
¢ } 1 ¥ [ M”
H ¥ | t ] :
L] ¢ ] ] t .
L L] k ¢ 8 M
| ) 4 ¢ '
3 1 | § ! 4
¢ 1 ' [ ' 1 m
m ' ! ¢ 1 '
¥ 3 i i i b
w,‘. PO N . . A TR & v R Mn e OW E R e W A YA A A W R el Nl N e B 4 . 6”..... A P ¥ oA @ = A& o N N F R e % kA 3 x & ¢ & X 2K .w AL OW e % o M A A A A R s W X M e e Y e AL v ".x.. R T N TR - T TR N S < SR S B LR L N . . SN R t_" N L A . YR T S R G I B T L L T D
| 3 I | [ §
w $ r I '
i F i ¢ 3 3
“ 1 i ¢ ] (] 5
5 } ' ’ ¢ ’ G
7 ! i i ' :
m ' i B ' $ 1
2 t 1 1 ] [
¥ i L i | 3
W’*“""',,’;.’Dq-.'-'l"-"r"!il'i“l"*"."'-""1“-“"--!."""“‘,!-‘ ‘."’h’!"i.“-‘I‘""'.b"’-"’.".‘.—’s"'.-l‘l"i"."*'-‘ .‘.‘l!‘.‘“.“""""""**"l.’..i
b L t | ) ]
w $ t 1 | |
3 ] ) 1 | ]
1 t | ¢ L4
W i L ¢ ] }
; 2 ' “ x ¢ ¢
m [ ' . ¢ ¢
X i q t § }
1 3 ] 1 b r
t | ¥ ' b 1
lil"l’..f.’.l..l.l...l.II.I...'I.l.lvl-l'...l""'.-lllllat‘)-.ti’a?'-,l||.l‘.'.l"!'l.lllll't.xtt.,.0,‘-'.". W N W M e e m omom e L - A W W wm o m t.c”’..’!!.Ol‘.lll.l.l.....l-03."*."'f“.ll'l!“""'lllI.I‘.lll.lf‘li-#
] 3 ¥ 3 1 y
? 1 1 1 :
' | 1  §
4 [ b F '
. 1 ' b [ t
' ¢ I } k 3
: 4 [ i b b :
. 1 ; ' ' y w.
. § i ; i ] 3
| L] e 5 | M
a PR TR S S T Y x Y. A& o FYTY PO “ . . [PRE Y Q. A oy AOYA ™ & ok L n oz e & . s T ST P YR ] I ] - N 2 Yy S .~ A o <~ X U Ny oW e N - & ¥ o v N, < “ Y N ‘ & - s Y HY ¥ A - 0 M5 - N o~ <, v 2 - LY P ] - ‘.v = W NN NN ~ L3 - x  J ) N s ~ o - -~ < o -~ &‘ td a v », Y. N -~ * o M > A <+ P 04 L v e £ W
t i i 4 i i
S ¢ 1 i ) ' _m
4 1 L ] |
: t [ | i \ m
W ’ [ 1 F ' :
3 b 1 1 ¥
m 3 ' } t i
& 4 t t I »
3 1 ' b ¥ "
ERSCBAFRICUSRAAENNRUEEDY -Ilum..ﬂ--.-!.-.-I-QQ.A-.-.v.a-naa-un-nuuﬁnnnu.n&unnau"n'-n-a.--I.uua-.l.?-un-l.-caan.a-an-n--w-.&.u-.annuu.ﬁonnwcn‘.h'-.u.
' \ ' ) b
] § ¢ i
w . . . : XU
1 1 L |
i 1 | 1
' 1 1 ¢
t t ] ¥
] 4 1 §
k b t |
w ! Yo <
¥ ¢ |
¥ ¢ L
m : )
: | |
! . .
: ! L
w . ‘
| ¢
[ L
| [
&

|
i
|

Lealie

*P{ S ey [P Wy ST Sy Sy o e s A A A - A haSa-adie

}

PP AP g S, S V- . = PR, o AR o0

= . i P 3 .-’ e oy o o ey L s WA N W A A -

w
|




CA 02792209 2015-03-26

6/6

v

(s) awn
2’0 20 Q10 1’0 G0'0

4 /pppp— . suas TP ——— Pr—— v . r—— A T———— I - v g - aypp—— ———
¥ ¢ ¥ = ¥
L o wm e w e o om o ok N G lm o o W P T oam om ow kW Ao o mbde M W R o W R W N W N e ok @ W Em W o o kW S B omomoan A M W m om Ak @ T T o ome B W W o e & B O o oahovh W W m M WA M T m mowk e A e ommom oW MW Om o cm e A v ) w0 m o e o m owm oW MM W WA W M W o ow e v W W ull e ke o W W A om o o w m W My om omr oy PO M om o w swoow Yn M om o w A
¢ ¥ L L]
! 1 k ‘ L
* 1 2 ] ’ [
L ¥ i . t
¢ A 1 v t
b % ] ” )
b r t |
$ 4 ] ¢ r
) ) £ “ i
t 1 - [ ]
¥ 1 ¥
K o i w ¥
- R W B e oumowm N W R aoaw o m Ve e S m o wh W A W B g W AR W W gy R W B W W e W e AV e Y g W - Mo e W L W ™ M e m o sk oM e W oK E gy o W AN W o A W R W R oW Ak WM & m o W TROE W m o oo s e ow W W A omow oW W W Ao omowm o o A R am omom W WA Mg W m T e B R MW TR M M AN B B W o o e W om W o owr A
a . (4 - )
A F- ] ]
* ¢ [} » t
¥ : J 1 ~ t
? ¥. [ 4 . ’
2 » 3 - [
L | * $ - '
’ L] ] w 1
] X ] Eo) [}
H t 4 3 3}
] L4 + a2 B
e Em W o M A W ow e B A m e W W W W o e e, m o R L. T . I I T T R Soai.ll..llt.l‘lul.!fi,lli..r’ttlllli.?ill.#(as!!.ll.,r('(c!.'il‘?Of.al'.ll.t.oi?ill.f"-h
i 4 i o L
1 Py [ ] - 3
’ 3 L] ¥ ¢
) ¥ [} 3 1
: 5 s “ +
b ¥ * * » "
i + } b 1
y ) f - 2
! % | L} [ ]
3 1 a '
¥ ¢ % L
< ¢ N 4 4
e A M M e e he M MR N e o W AN TR W e R W T ok M W T W A W WO e W e W R R W W W W M W W g oy S e T AT e A W e m o e i e R L L B B B A i R S B A i L I SN B A S B L B S I B R | WO R o B W AR W W M b e L W TR ™ my mr wen mh & M wp ow o
. ‘ . d. 0143
H L] L) ; v
$ ¥ i b L
. . . IS 3 .
¥ T t % 5
t + 4 . ;
, + . ‘ . o
¢ 1 1 !
§ R i 1
L ¥ L 3
. , u . 0S¢
N ¢ e W PO FURN woE o ' o .A._.ﬂ L room A 0 LI R S T SR R B > N ,d oL r& F X L L I CE A T TR [ T R ,..d L I R I A A WA hoow ~ v oA f .# v w o« B L A S T S L T L P T ‘._
| s # t b
n ® t F
} s * Y '
L b i (]
* t | 3
4 ¢ | b
t $ k
b x ¥ ’
H H i ]
| T ’ |
$ 5 [ 1
- M E Em o om de A ME O ar oum o B W W o A M M W W By e e W W ey W R MM W aer W W AR m W ey W W M m W e W m Wl Em En o s MU W W o W A W B o o W W TR R m e e W - N W womodn R M M - o o o - MW % o om w on N WMo o om o w M m o W o A B m W o M A WO B A R W W OTR o e M N e ow 4
* i ¥ +
5 L4 [ 1
4 ¢ % 4
4 w i 1 [ ]
] T ] e T
2 % i P2 i
t N + 3
¢ . ¥ Y '
b ) 4 " t
1 % ’ - .
’ # L v 5
i ¥ \ b, ] N
T I T I T Y I B A T T T T L S S S A I O T P Y P R . T ST S S R [’y L I S A % B K womk oA LN o oA W B x G A A A e s omomo2 N e b i » a - 2o
Kk v [ ] 2 |
H £ ¢ v i
! ] ] - k
i 2 4 r L
i t A © b
3 ¥ L] L, 0
’ ¥ | »~ [
? # i i
| T ) 4 $
| ¢ [ ) A. t
r A i - k
S— - e iataliat St ottt i PP e i-rET i v — slarwrtm, s, A Al s vl ——

08



100 — |-~
G
200 —_ |~
IMF,...IMF__,
Vv
300 /|~
var,...var,
400 ——_ var, , <K
500 — [

| D



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - abstract drawing

