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1. Introduction

In many production processes, rotating rolls are
used to form the final product. This is the case
for papermaking, steel and non-ferrous metal
manufacturing, and plastic film production. Im-
perfections in the roll geometry, caused by the
manufacturing process, and errors in the mount-
ing procedure generate vibrations in the ma-
chines. These vibrations affect the quality of
the end product. In particular, the final quality
is subjected to periodic variations, with a peri-
odicity that depends on the rotational frequency
of the rolls [2]. The extent of the variation im-
posed by a single roll is related to its run-out,
which is the sum of the central axis movement
and the surface roundness profile.

To reduce production waste and, therefore, in-
crease production efficiency, it is fundamental to
measure and control quality variation. Different
quality parameters can be measured on the final
product and their variation can be categorized
in terms of amplitude, frequency, and direction.
The main directions in which the paper is exam-
ined are machine direction (MD), the direction
of the flow of material in the machine, and cross
direction (CD), the direction perpendicular to
MD.

Nowadays, sensors placed on the machine, mea-
suring, for example, vibrations or acoustic emis-
sions, are used for conditioning monitoring pur-
poses. Moreover, different paper parameters are
continuously measured in the end product but,
currently, there is no procedure to directly re-
late quality variation to a specific component of
the machine. This study analyzes a method to
separate the effect of machine components, par-
ticularly rolls, on paper parameter variations in
MD.

It was already demonstrated through several
past studies (for example [3] and [2]) that defects
in machine rotating components manifest them-
selves in the signals acquired by the sensors mea-
suring product quality parameters as harmonics
with a frequency that is equal to or a multiple
of their rotational frequency. As an example,
roll unbalance manifests in parameter variation
occurring one time per revolution while bending
stiffness variation two times per revolution.
This means that the frequency of occurrence of
a defect remains constant from when it is gen-
erated until when it is measured. When the
product passes through the rolls the material
stretches and the distance between defects in-
creases (Figure 1). However, the thickness of the
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Figure 1: Distance between defects along the machine. When the product passes through the rolls the
material stretches and the distance between defects increases.

paper decreases as well, and if no volume of ma-
terial is lost, the velocity increases. In this way,
the temporal frequencies of the phenomena re-
main constant through the production line even
though the spatial frequencies change.

In theory, the Discrete Fourier Transform (DFT)
can be applied to estimate the signal spectrum
and to extract the harmonic components. Al-
though it is a very light method from the com-
putational point of view, it presents some limi-
tations. The DFT, indeed, has a frequency res-
olution limited by the sampling frequency and
the length of the signal, i.e., Af = fs/N, and
it is not efficient in presence of a high level of
noise. In paper machine manufacturing many
rotating machine elements have almost identi-
cal sizes and rotational speeds and the measure-
ment environment is quite noisy. The proposed
method, which is an optimal filter inspired by
the principle used in the Amplitude and Phase
Estimation (APES) method, overcomes some of
the limits of the DFT, having as its main ad-
vantage the possibility to arbitrarily choose the
frequency to be extracted, regardless of sampling
frequency and DF'T bin spacing.

2. Materials and Method

The method is first applied to different artifi-
cially generated signals to test its effectiveness
and limitations and then to data measured on a
strip of paperboard. A comparison with exist-
ing software able to extract the periodic patterns
from signals measured offline is also performed.
Two sets of data from a paper production line
are available. One is acquired online, on the
running machine, and the other offline, through
laboratory instruments.

2.1. Optimal APES filter

As previously stated, the selected method is an
optimal filter based on the principle of the APES
method. The selected type of filter is optimal
in a mathematical sense since it minimizes the
mean square error between the filter output (yx)
and the desired output (g;) under the constraint
that the filter should pass the content at spe-
cific frequencies undistorted. It is therefore for-
mulated as a convex optimization problem with
equality constraints (Equation 1).
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The chosen filter is specifically designed for pe-
riodic signals, and this makes it suitable for this
application. The desired output, in fact, is de-
fined as a sum of sinusoids with frequencies mul-
tiple of a fundamental frequency. Moreover, the
method is efficient for different values of signal-
to-noise ratio (SNR) and signal-to-interference
ratio (SIR) [1].

One of the filter hypotheses is to have as input a
stationary periodic signal of N samples, affected
by white Gaussian noise and composed of a lim-
ited number of harmonics, Li. Additionally, the
filter length M must be lower than N/2+1.

In this case, it is reasonable to model the sig-
nal produced by the machine elements as a pe-
riodic multi-pitch harmonic signal consisting of
sinusoids with different amplitudes and frequen-
cies that are integer multiples of the fundamen-
tal frequencies. The fundamental frequencies of
the signal should correspond to the rotational
frequencies of the rolls. The length of the sig-
nal, N, and of the filter, M, should be chosen to



ensure stationarity and as a trade-off between
accuracy and computational complexity.

2.2. Tests on synthetic and measured
data

In an industrial application, the hypotheses of
the method are not entirely satisfied. There-
fore, a synthetic signal is built, and the filter
is applied in non-ideal conditions, to verify its
applicability. The synthetic signal is generated
based on the analysis of measured data. It is
composed of 9 harmonic series, having different
fundamental frequencies. The base frequencies
are chosen from the list of roll frequencies of a
paper production plant. Each harmonic series is
composed of 30 harmonic components with ex-
ponentially decreasing amplitude values. It is
impossible to exactly define the type and the
amplitude of the noise in the production envi-
ronment, which is caused by the structure vi-
bration, electrical noise, and measurement noise.
For this reason, different types of noise, white
and pink, and RMS values are analyzed.

The filter requires as input the frequency to be
extracted. One possible problem can arise when
the frequency of occurrence of defects does not
perfectly correspond to the set point of the ro-
tational frequency. This can be due to some loss
of material or a commonly used control strat-
egy that consists in adjusting the rotational fre-
quency, making it oscillates around the set point.
A frequency detection is proposed as a solution
to this problem. A range of frequencies contain-
ing the set point is defined. The filter is applied
for the frequencies of the interval chosen, start-
ing from the lowest one, and the RMS of the ex-
tracted signal is computed. The algorithm stops
when a maximum of the RMS is found, and the
corresponding frequency is selected and used to
extract the final result.

Tests are conducted to evaluate the effect of dif-
ferent signal lengths and non-stationarity in the
signal. The ability of the filter to reject noise
and distinguish two similar frequencies is also
analyzed. In all the cases, performances are eval-
uated by computing the signal-to-distortion ra-
tio (SDR). The parameter is calculated as the
inverse of the RMS of the difference between
the extracted signal and the generated one. The
closest the signals are, the lower the RMS value
of their difference and the higher the SDR.

After performing tests on the synthetic signal,
the filter is also applied to the measured data.
Generally, different parameters can be measured
to evaluate paper quality, such as thickness,
gloss, moisture, or basis weight. The relevant
parameters depend on the grade and end use of
the produced paper or cardboard. Quality pa-
rameters can be measured online with a quality
control system (QCS) placed at the end of the
machine or offline in laboratories. In this case,
caliper and basis weight measurements acquired
online and offline on the same strip of paper-
board are available. The online data are ac-
quired with a sampling frequency of 25 Hz, while
offline data have a resolution 40 times higher.
The filter is applied to the signals to derive the
impact of each roll on the quality parameters
and list the rolls according to how much they
affect the quality. The influence of each roll on
the quality variation is estimated by computing
the RMS of the signal obtained by applying the
filter to the original signal, considering an input
frequency equal to the rotational frequency of
the roll under investigation.

A final comparison with a software currently
used in the laboratory analysis of paper qual-
ity is performed. This software can extract from
the signal acquired offline by an analyzer the ef-
fect of the machine components with the highest
impact on quality.

3. Results

One of the tests performed on the synthetic sig-
nal is done by varying the signal length and com-
puting the SDR for all 9 fundamental frequen-
cies of the signal. The result is shown in figure
2. As expected, the performance increases by
increasing the number of samples, especially for
the lower numbers of samples, at the expense of
the computational time. To clarify the meaning
of the SDR parameter, an example is reported in
figure 3. In this figure, the amplitude values of
the harmonic components obtained by extract-
ing one of the harmonic series of the signal are
reported and compared with the ones of the cor-
responding series in the generated signal. In this
case, the SDR is equal to 4.48 pm. To this SDR
value corresponds an average error of 0.014 pm
in the amplitude values. The other results ob-
tained on the generated signal are commented
on in the Section 4 of this article.
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Figure 2: Performance evaluation for different
numbers of samples when the signal is built with
a sampling frequency of 1000 Hz. The outcome
is shown for all 9 fundamental frequencies of the
signal.

In the followings, the results obtained by apply-
ing the filter on the set of data measured offline
are reported. Indeed, after some experiments on
the online measurements, it is concluded that
the results obtained with these data are not re-
liable due to the low sampling frequency. As an
example, the rolls with the highest impact on
caliper variation are reported in Table 1. The
higher the RMS of the output signal, the higher
the impact of the roll. Figure 4, instead, shows
the effect of the thermo roll in the calender sec-
tion on the caliper. Only the first 10 harmonic
components are extracted, being the most signif-
icant. The high amplitude of the first harmonic
component indicates that the caliper variation
is mainly caused by defects occurring once per
revolution, e.g., a roll deflection.

Regarding the comparison with the software
cited before, the result is shown in Figure 5.
The frequency extracted by the software is 3.64
Hz. This frequency is close to 3.566 Hz, the
frequency of a component in the machine. The
optimal filter is applied with a frequency detec-
tion in the range £0.5%wy where wy is equal to
the frequency of the machine component, 3.566
Hz. The fundamental frequency detected by the
optimal filter is 3.560 Hz.

4. Discussion

From the tests done on the synthetic signal, it
can be stated that, as expected, the performance
improves by increasing the number of samples.
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Figure 3: Bar plot of the amplitude values when
the extracted frequency is 8.585 Hz. SDR: 4.48
1/um. Average error in the amplitude values:
0.014 pm.

On the other hand, the computational time in-
creases with O(N?). The calculation can be par-
allelized to decrease the overall computational
time. Thanks to parallelization, the effect of
all rolls can be extracted together instead of in
sequence. The window length must be chosen
according to the minimum acceptable level of
performance, and therefore it depends on the
specific application. For example, for a signal
with white noise characterized by an SNR al-
most equal to 1.5 and a window length of 20000
samples, an average error in the amplitude val-
ues of the harmonic components of 0.014 pm is
obtained in the worst case. However, the perfor-
mance is not only connected to the number of
samples but also the sampling frequency. Low-
ering the sampling frequency, the maximum de-
tectable frequency decreases, but a higher per-
formance is obtained using the same number
of samples. Moreover, the signal length should
be chosen to reduce as much as possible non-
stationarity. The filter is found to have a bad
performance when the signal to be extracted
presents a base frequency variation.

The filter shows quite robust behavior when pink
noise is added to the signal, even though this dis-
agrees with the hypothesis. With pink noise, the
filter can still extract the periodic signal of in-
terest but with lower performance, especially for
the lowest frequencies, which are more affected
by the noise.

The filter is not able to completely reject the
noise. Indeed, when the filter input frequency
is absent from the signal, the amplitude of the
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Roll Rotational freq. [Hz] | RMS [pm]
Thermo roll in valzone calender 2.352 1.328
Deflection-compensated calender roll 4.539 1.084
Forming roll in the body wire 2.439 0.833
Press 1 pick-up driving roll 3.730 0.819
Back wire driving/pulling roll 3.094 0.777

Table 1: Rolls with the highest impact on caliper variation.

Roll with rotational frequency of 2.352 Hz
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Figure 4: Impact of the thermo roll in the calender section on caliper variation. The top figure shows
the caliper signal (blue) together with the signal extracted by the filter (red). The bottom figures show
the amplitude values of the extracted harmonic series and the effect on the caliper of one revolution
of the roll.

harmonic components extracted by the filter is
not null. However, the noise is attenuated by
Single Revolution (3.560 Hz) passing through the filter, especially for lower
T s noise levels.
i ‘ - In case of a wrong input frequency, frequency
| detection brings an improvement in the results.
When this procedure is applied, the method
is almost insensible to errors in the input fre-
quency.
Lastly, the capability of the filter to separate the
effect of similar frequencies is limited. The fil-
ter performance strongly decreases when the dif-
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20 a0 135 180 205 270 315 360 ference between two frequencies is around 0.02
Angle [] Hz. Particular caution should be exercised in

Figure 5: Comparison between the signal ex- th(? presence Of such fsufmlar f1.requ§nc1es.
tracted by the SOS tool and the one extracted Wlﬂ?OUt addltlonal H_l (.)H_natlon_ rlom thelpro—
by the optimal filter. duction environment, it is impossible to evaluate

the correctness of the results when dealing with
measured data. However, the frequencies of the



peaks visible in the signal spectrum correspond
to the fundamental frequencies of the extracted
signals with the highest RMS.

Furthermore, the filter leads to a better result
than the existing software. Indeed, the fre-
quency found by the filter is closer to that of
the machine component than that found by the
software. Additionally, the current software is
not suitable as a condition monitoring tool since
it can only be used offline.

In general, the number of harmonics to extract
should be chosen according to the application.
The target is to reproduce the most significant
part of the signal. For high harmonic numbers,
the amplitude value is generally small and can
be confused with noise.

5. Conclusions

This work analyzes a procedure for separating
repeating patterns from machine direction qual-
ity variation. This can be used to monitor the
condition of the machine and act on the compo-
nent or machine section that causes the highest
variations.

The filter was first applied to a signal gener-
ated to reproduce realistic situations that de-
viate from the ideal condition. The aim was to
test the robustness of the method when some of
the hypotheses are not satisfied. Subsequently,
the filter was applied to available measured data
from a production plant. Satisfying results were
obtained in both cases, and the filter was finally
validated through a comparison with a currently
used software, showing an even better result.
This work represents an initial study of the
method. It does not provide a ready-to-use tool
for industries.

As a first improvement, better understanding
the type and amplitude of the noise in the ma-
chine environment can help generate an artificial
signal that more closely reproduces the real one.
To complete the study, further tests should be
performed on the data acquired on the running
machine. The sampling frequency of the avail-
able set of data was, in fact, too low to provide
good results.

Another interesting analysis might be to collect
signals related to different quality parameters to
understand which sections or components im-
pact a particular parameter the most. For ex-
ample, the press section can have, in general, a

higher impact on basis weight.

Additionally, simulations in the production envi-
ronment should be carried out to have practical
feedback on the results and to modify the choice
of filter parameters according to the outcome.
A further possible investigation is to compare
the extracted harmonic series with known roll
run-out data to determine if they are correctly
related.

Finally, to improve the accuracy of the result,
data should be acquired on different CD posi-
tions, deriving the outcome as an average of the
results obtained for each point. In the present
case, the probe of the sensor was held stationary
in a single position.
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