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ANALYSIS OF CHATTERING PHENOMENON IN INDUSTRIAL S6-HIGH
ROLLING MILL
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Abstract

Chatter in rolling mills is the undesirable vibration observed in most of the rolling mills operating
at high speed and rolling thin strip. In this work the authors discuss some problems relative to the
vibrations occurring in a S6-high cold rolling mill. It can result in not good surface finish for some
applications and, rare cases, in gauge variations in the rolled strip and it is considered to be the result
of interaction between rolling mill structure and rolling-process. Three basic types of chatter can be
classified in rolling mills: torsional, third-octave mode, and fifth-octave-mode chatter.

S6-high rolling mill is an innovative mode to work the steel: it allows the use of very small work
rolls laterally guided by individually adjustable side support rolls, which are supported by two rows
of roller bearings mounted in cassettes. It has six rolls able to roll steel strip coming directly from hot

rolling mill train.

A proposed solution based on empirical observations, vibration analysis and considerations of a
model is described with the aim to improve the quality of the product and increasing production.

Keywords: Chatter, vibration analysis, S6-high rolling mill.

1. INTRODUCTION

Due to their excellent features, the S6-high rolling
mills are increasingly used for steel strip rolling. The
integrated tandem S6-high rolling mill studied in this
paper is positioned  at the entry section of the
annealing and pickling line. Using the integrated
treatment line at S6-High, the strip is transported to
the processing line, laminated, annealed and pickled in
one step thus obtaining a semi-finished product but
already laminated, workable again (also on the same
line) or marketable. The market share of products
perfectly stackable is relevant and the use of this
technology offers new scenarios for the steel industry
of the future. The attention is focused on the
vibrations generated in the rolling mill with the aim
to investigate the problem of chatter marks generation.
Such marks are regular, parallel marking across the
width of strip metal that not only significantly affects
the mill performance, but also reduces surface quality
of the strip steel. The defects of the strip are the
consequence of insurgence of vibrations, generically
denominated 'chatter'. Its manifestation is the classical
regular, parallel marking across the width of strip
metal called "chatter marks" or skid marks [1-5].
There are several types of rolling mill vibration that
can have a significant impact on the quality and
productivity of the cold rolling process. Under
extreme conditions of chatter, strip rupture or damage
to the rolling mill can also occur.

Chatter in rolling is considered to be the result of
interactions between the mill structure and the rolling

process. The dynamic forces which are generated in
the rolling process deflect the structure of the mill,
leading to variations in the roll gap, rolls speed,
tension ,etc . These, in turn, result in further variations
in the rolling forces. Self-excited systems begin to
vibrate of their own accord spontaneously, the
amplitude increasing until some non-linear effect
limits any further increase. Chatter is a particular case
of self-excited vibrations: the alternating force that
sustains the motion is created by the motion itself and
stops when the motion stops. Three basic types of
rolling chatter have been observed in rolling mills
which causes significant chatter bands across the strip
and small thickness fluctuations. Torsional chatter,
occurs in the 5-25Hz range. Third-octave-mode
chatter, which produces large thickness variations and
strip rupture, lies in the 125-240Hz range. Fifth-
octave-mode chatter occurs in the 500—-800Hz range.
The third-octave-mode chatter is considered the most
critical because it generates large gauge variations in
the rolled materials. It therefore has the most
detrimental effects in terms of loss productivity due to
the lower rolling speeds required to avoid the
phenomenon [6-11]. To understand the conditions
which lead to the dynamic instability of the rolling
process suggests the solutions able to limit the
phenomena. Thus, the interaction between the
structural dynamics of the mill and the dynamics of
the rolling process must be investigated [12-13]. This
investigation is often carried out by modelling the
rolling mill and the rolling process and their
interaction. Figure 1 describes the closed loop diagram
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representing schematically the interaction between the
structure and the process [14-16].

STRUCTURE

FORCES DEFLECTIONS

PROCESS

Fig. 1. Diagram scheme

A number of model have been proposed and
developed to better understand the rolling process
[17].

Unimodal e multimodal structural models have
been developed together with models of the rolling
process [18-21]. Lumped parameter models have been
widely used to represent the mill dynamic [22-26].

1 S6-HIGH ROLLING MILL: CHATTER
MARKS AND VIBRATION ANALYSIS

The S6-high cold rolling has six rolls with
different diameters arranged horizontally one above
each other and symmetrically to the neutral rolling
plane. The six rolls are: the work rolls (WRs) the
intermediate rolls (IRs), and the backup rolls (BURs).
The IRs are the only ones motorized ad transmit the
rotation to the stand through gear-boxes linked by
means of spindles. In addition there are four cassettes
fixed with an additional cylinder called Side Support
Roll (SSR). The aim of the SSR is to support the

R
q. @

-
[

horizontal load created on the work roll during the
process (Figure 2).

The vertical rolling force is transmitted through an
hydraulic system that acts on back-up rolls which then
transmit the force up to the work rolls. The cassettes
have the function to get a rolls packing condition
helpful to provide a sufficient compression inside the
rolling stand. The two rows of roll bearings have the
axis parallel to the side support roll and they have the
function to reduce the strokes originated by work rolls
during the process. During the rolling process the WR
is pushed on SSR because of the horizontal force and
transmitted to the roll bearings with the aim to restrain
the force. Little fluctuations on the process parameters
take to little fluctuations on the forces values so that
WR is pushed towards SSR with a vibration mode.
When the WR pushes SSR towards its roll bearings
with little force, SSR must react to follow the WR
contact in order to damp the stroke effects of the
following load increasing. This is the important role
played by the springs located on the extremities of the
SSRs necks into the cassette. The SSRs rolls have a
limited grinded life of about some hundreds of rolled
strip because they have to resist to the horizontal loads
and because they are made with a softer material than
the WRs [25-26].

The analyzed plant presents the problem of chatter
marks on the strip.

The aim of this paper is to investigate the reason of
chatter-marks using a vibration analysis and
understand which of parameters is involved in the self-
exiting behaviour and how a rolling mill can be
adjusted to ensure highest quality and maximum
productivity.

Work Roll

Bearing

Horizontal loades

Rolling direction

Fig. 2. S6-high rolling mill and side support cassettes
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Since the start-up of the plant a series of chatter
marks, perpendicular to the rolling direction,
compromising the aesthetically quality of the product
was noted.

The frequency of the skid marks was about two
marks per centimeter so that for a rolling speed of 40
m/min gives a characteristic frequency of about 130
Hz. Because an inaccurate grinding of involved rolls
in the process can be a cause of defects a promptly
analysis of the grinding process parameters,
measurements and inspection reports checks was
carried out but results excluded this hypothesis.
Experimental evidences showed that the gravity
occurrence of chatter marks followed a periodic trend
of rolling mill campaigns with to the replacement of
SSR cassettes. Particularly chatter marks were noted
on SSRs’ surfaces the so called facets so that after just
150 km of rolled strip the cassettes had to be replaced.
Disappearing the problem with the replacement of the
cassettes, the immediate relationship between the age
of the SSR rolls and the chatter marks on the strip was
deduced. Vibration measurements made directly on
the motor gear-box systems and the rolling mill stands
for the rolling speeds 40 m/min in order to investigate
the origin of chatter.

Since the vibration behavior of the gear-box
systems presents a prevalent and admissible
component attributable to tooth mesh frequency the
gear-box system was left out the possible origin of
self-excited vibration.

The vibration measurements made directly on the
rolling stand before (in red) and after (in blue) the
change of the cassettes, showed a critical value of
124.5 Hz at 40 m/min rolling speed (Figure 3) and 249
Hz at 80 m/min (Figure 4). This results show the
origin of the chatter inside the stand and specifically in
the cassettes.

wmsfmis

1201

al L.l L“IL]l " ik

0 2 40 60 80 W0 L) W0 WO 10 A0 2D M0 20 20 A0 D M0 M B0 A0

Fig. 3. Measures at 40 m/min
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Fig. 4. Measures at 80 m/min

3. PROPOSED MODEL

In order to investigate the influence of individual
parameters on the dynamic instability, a lumped
parameter model of the rolling mill have been
proposed, as the conventional, linear-mass-damping-
spring system [21] [24-26]. Firstly a model having ten
degree of freedoms (Figure 5-a) where the masses are
reduced to the ten rolls involved in the process can be
considered but, to simplify the problem, the stand was
assumed symmetrical in relation to the rolled strip and
symmetrical to the vertical axis of the stand so that the
ten degrees of freedoms model was reduced into the
simplest system with two degree of freedoms (Figure
5-b).

Equations for the two degree of freedoms model
are:

L M A RN

This model takes into account the equivalent mass
m; of the working rolls, the intermediate rolls and the
back-up rolls and the equivalent mass m, of the side
support rolls.
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mb_u

F1

mb_d

(a)

K3
mz

Ky G
Kz

(b)

Fig. 5. Lumped parameter model with 10 DOF (a) reduced to a model with 2 DOF (b)

Then k; e c; represent the stiffness and the
damping of the mass frame connection, k, the contact
stiffness between working rolls and side support rolls,
and k; is the stiffness of spring in the cassettes. The
vertical component F of the rolling force acting
between strip and working rolls can be evaluated by a
wide used model: the slab theory (Figure 6).

dp =2y + 2P 4 2k 2
y oy

It supposes infinitesimal segments in deformation
delimited by two surfaces that remain flat during the
process where p is the rolling pressure,u is the
coefficient of friction and k is the mean yield stress in
plane strain [1][22]. The model determines the rolling
force that, assuming that the roll radius is constant,
may be implicitly written as a function of several
variables :

F :F(ye,ydﬂo-xe’o-xdﬂzu9ﬂ) (3)

where y., yq4, are the half thickness of rolled strip at the
entry and at the exit of the stand, oy ,0xg, are the
horizontal tensile stress at entry and at exit of the stand
and A is the resistance to deformation dependent on
strain hardening characteristics [23-25].

p p
T T

X Gx+dGX

[¢)
2% - - 2y-2dy T
Oy

dx

p

dx

Fig. 6. Slab analysis
4. PROPOSED SOLUTION

The disturbances and the variations of the strip
thickness due to roll vibration generate the dynamic
component of the rolling force. This dynamic
component deflects the structure of the mill leading to
variations in the roll gap, y;, which in turn result in
further variations in the rolling force. Under certain
conditions, however, this interaction between the
structure and process leads to dynamic instability. By
applying the Laplace transform to the above equations
(1), the following relationships are obtained:

L m,s® +kg, +k,
% =Gle)= (Ms* +¢,5+ lin + Ky )(M,S* +)kSW +k)—Kg,

“)

M — Gz(S) — ksw (m252 + ksw + ks)
L[F] (M, S +Ky, +K,) (M,S” +C,5+K, +Kg, )(M,S™ +Kg, +K) =Ky,
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On the basis of the model a proposed solution for
improve the productivity of the plant is the change of
spring stiffness in the cassettes in order to have an
anti-resonance at 124 Hz. Figure 7 shows the diagrams
of G1(s) with two different values of k: the red line
regards the system with the current value of 260
N/mm and the blue one with the proposed value of
485 N/mm. Immediately after replacing the springs the
presence of skid marks appeared after 350 km of
rolled strip so that the proposed solution has resulted
in doubling of the side support rolls life [25-26].

Bode Diagram

778 rad/sec

-350 - :
10 10 10 10
Frequency (rad/s)

Fig. 7. Frequency response G1(s):the blue line with
the proposed value of ks the red line with the current
value of ks

5. CONCLUSION

In this work the source of the chatter in a rolling
mill was identified in side support rolls so that a
proposed solution based on a linearized two degrees of
freedoms model has improved the mill performances.
This just the beginning of the study of chatter problem
in the analyzed plant; the authors are going to
investigate the phenomenon with a more complex
models using non-linear models in closed loop and
considering more refined model of the process (e.g.the
Orowan’s model) with the aim to analyze the problem
and further increase the productivity of the mill.
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Abstract

In rotating machinery, actions of the moving parts take place at specific angular positions rather than at
specific times. For this reason, having a geometrical reference, such as the one provided by an encoder, and
studying the Instantaneous Angular Speed (IAS) variations can provide a large amount of information about the
health status of the machine. In fact, from the variation of the IAS during the machine loads’ cycle it is possible
to identify defects and faults. The current work focuses on the estimation of the IAS through the Elapsed Time
(ET) method, using a counter in order to measure the time elapsed between the pulses of an encoder. Both IAS
and vibration measurement are conducted on an asynchronous four poles electrical motor driven by 50Hz line
current, without load. The study compares the order analysis of both signals. The bearing’s Fundamental Train
Frequency is detected using IAS estimation.

Keywords: instantaneous angular speed, encoder, elapsed time method, AC DC electrical machine, slip effect.

1. ENCODER-COUNTER SYSTEM

Among the different processing strategies to
obtain IAS [Li et al - 2005], in this study, the
Elapsed Time (ET) method is used. In this case, the
counter measures the time elapsed between two
successive pulses of the encoder. With this
approach there are as many measurement values as
there are pulses/revolution of the encoder. The
frequency of the counter and the number of pulses
determine the resolution of the IAS estimates. The
method is strictly correlated to the real rotational
angle of the shaft, except from the encoder
tolerances. [André, et al - 2012], [Youssef, et al -
2011], [Renaudin, et al - 2010]. A National
Instruments 80MHz counter is used for the
measurements  described in the following
paragraphs. The selected board allows a choice
between three counting methods: the Elapsed Time
(ET) method, using one counter, and the High-
Frequency (HF) and Large-Range (LR) methods,
using two counters. A comparison between these
methods is reported in [Spagnol, et al - 2013]. In
this paper ET method is used: the rising edge of the
input signal of the encoder triggers the counting of
the timebase ticks (Fig. 1). Since the timebase is of
a known frequency, the frequency of the input
signal can be obtained as (3).

fooun = 80MHZ )
Atcount = fc;ﬁnt = 1’25 x 10_8 S (2)
fo-_ 1 -

input n At

count count

IAS measurement errors come from different
sources. Generally speaking, the absolute error
value, increases linearly with the speed and the
resolution of the encoder, considering that the upper
measured speed limit is the ratio between the
encoder’s resolution and the clock frequency of the
counter.

The ideal encoder assumes exactly equal
geometric segments and any variation causes the
ET to be sampled on a non-uniform angular basis.
Since the spacing pattern repeats itself after each
revolution, the error manifests itself as high-level
content at integer multiples of the shaft running
speed. It is possible to use the synchronous
averaged encoder passage times to correct for the
uneven encoder spacing [Resor, et al - 2005]. These
errors are unavoidable, but the production standards
are very high and great precision can be obtained.

The ET measurement depends on the achievable
time resolution, governed by the clock rate and the
zero crossing detection circuit. These lead to two
main problems: the counting method and the clock
stability. Different authors [Youssef, et al - 2011],
[André, et al - 2012] have analysed the problems
and have suggested appropriate remedies.

Further errors can be experienced if the sensor
undergoes lateral movement, if it is installed with
eccentricity or misalignment, or if any light-path
transmission variations are present, as shown from
the test setup (Fig. 2).
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Period

Input Signal

|||||| ||||| ||||H_ﬂ_ Internal Timebase

Fig. 1. Digital signal frequency measured with ET
method

Fig. 2. Test setup: encoder 1000ppr, accelerometer
PCB, 1kW 4 poles induction motor

2. EXPERIMENTAL RESULTS

In this paper, the IAS is compared to the
vibration measurement obtained from
accelerometer data . The motor used for the test is a
1kW 4 poles electric induction motor. It is driven
by 50Hz line current 380V. The test was conducted
without load in order to emphasize speed variations.
The encoder has 1000 pulse per revolution (ppr)
and its shaft is rigidly connected to the motor’s one.
The encoder’s body is fixed at the baseplate
through a spring. The accelerometer is a PCB
356A16 with the X axis in tangential, the Y in the
axial and the Z in the radial direction. The
acquisition system is based on National Instruments
hardware. Analog signals are collected at 51.2kHz,
while the encoder’s signal uses a 80MHz counter.
A MATLAB software does the necessary signal
processing. Due to the motor type, the slip effect is
present. It is possible to view this phenomenon in
Fig. 3, where signals from an AC and a DC motor
are compared. The main component of the signal is
the electro-magnetic force seen by the rotor and its
frequency is given by (4), where p is the number of
poles, f, is the mechanical rotational frequency and
fo is the electrical rotational frequency. In
time/angular-domain, it appears as a shifting
waveform due to the fact that there is a difference
between the rotating speed to the magnetic field and
the rotor. This effect doesn’t appear with
synchronous or DC machines because mechanical
and electrical speeds are synchronized.

f, = It B:oe:iﬂ (4)
1-s2 1-s2
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Fig. 3. Three cycles at 0-360° and zoom at 180-
270°: a) AC motor, 150rpm, encoder 1000ppr, with
slip effect; b) DC motor, 515rpm, encoder 120ppr,

without slip effect

Table 1. Characteristic orders, bearing 6204-2RS1

Defect Order

Bass Pass Frequency - BPFI 4.948
Inner
Bass Pass Frequency - BPFO 3.052
Outer

Fundamental Train FTF 0.382
Frequency (Cage)
Ball Spin  Frequency BSF 1.992

(Rolling element)
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The motor under test has a working history. The
measurements present electric phase imbalance
since the fourth order is dominant. The
characteristic frequencies of the installed bearing
(type 6204-2RS1) are listed in Table 1.

In order to compare the measurements from the
encoder and the accelerometer, an order analysis is
performed. To visualize the results the order
domain is chosen. The encoder signal is already in
the proper domain, while the accelerometer output
needs an angular resampling. The comparison
presents the IAS orders obtained with the ET of the
1000ppr encoder signal and the accelerometer
signals resampled at 1000ppr. The encoder signal
shows that at low order, the signal is good, while at
higher order there is some quantization error,
[André, et al - 2012]. The higher the speed, the
bigger the quantization effect.

The order analysis from IAS and accelerometer
data presents similar sidebands in the low order
region. f,, is the mechanical frequency, f, is the
electrical supply frequency, f; is the synchronous
frequency and depends on the number of poles. The
motor actual speed is 1497 rpm while the
theoretical is 1500rpm. The slip (6) between the
two is 0.002, that appears in the orders plot.

- 2f, :%5on = 25Hz (5)
oo fo=fn _25-2495 .. ©)
f 25

S
It is present an order 0.008 due to the slip and
pole pass. In this case there arefour poles, so pps is
obtained in (7).
pps=p-s=4-0.002=0.008 )
Due to (4), the phase imbalance is present at 20,
obtaining order 4.008, (9).
1 p_ 1 4

0, = - 2 22004 )
1-s2 1-0.0022

20, = 2-2.004 = 4.008 )

40, =4-2.004=8.016 (10)

60, = 6-2.004 =12.024 (11)

Figure 4 presents four plots around orders 2, 4,
8 and 12. Orders at slip frequency harmonics are
shown. The 4.008 order has the highest amplitude.
There are sidebands at 0.008 around each peak.
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Fig. 4. IAS: slip order 2.004 and its harmonics
4.008, 8.016 and 12.024
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Figures 5-7 show IAS plots from encoder's data
in the first subplot, while in the following three,
acceleration's data in the three directions are
reported. Figure 5a presents the measurement from
0 to the maximum order (500), while Fig. 5b zooms
from O to the 10 order. Encoder's main orders are 1,
2, 4.008, while acceleration's main orders are 1,
4.008 and 8.016. Figure 6 zooms around the fourth
order where the 4.008 order appears in all signals.
All the peaks are surrounded by sidebands at 0.008.
These are more evident at higher orders, especially
in accelerometer data. 1AS also shows sidebands at
FTF order 0.382. The same sidebands are present in
accelerometer data, but at higher orders and the
peaks are smeared. Other sidebands are present at
order 0.064. These are related to the number of
rotor bars, 32. Figure 7 zooms around the 8 order.
The 8.016 order is shown and sidebands at 0.008
are present. The sidebands at 0.064 are not
symmetrical.
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Fig. 5. IAS and accelerometer order analysis. The
first subplot represents the encoder’s data, while the
three under are the accelerometer’s data in X,Y, and
Z directions. a) full scale plot, 0-500 order; b) zoom

plot 0-10 order
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Fig. 6. IAS and accelerometer order analysis. The
first subplot represents the encoder’s data, while the
three under are the accelerometer’s data in X,Y, and

Z directions. a) zoom plot, 3.5-4.5 order; b) zoom

plot 3,9-4,1 order
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Fig. 7. IAS and accelerometer order analysis. The
first subplot represents the encoder’s data, while the
three under are the accelerometer’s data in X,Y, and

Z directions. a) zoom plot, 7.5-8.5 order; b) zoom

plot 7.75-8.25 order

3. CONCLUSIONS

This research shows the capability of IAS to
identify FTF bearing defect. The electrical
behaviour is the principal element of IAS order
analysis, so the method can be used for diagnosis
for electrical and mechanical defects. Further
analysis has to be done to improve the signal
processing technique but the comparison between
IAS and acceleration measurements showed
interesting differences.
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Summary

The modern engineering applications using virtual environment to simulating calculations conducting
finds wider use in the process of projecting and structure dynamic analysis of machine engines and
devices. Utilization of the modal analysis, aiming on the aid of transmission technical state description
process brought to obtainment of three modal model parameters that describing the studied object. The
analysis of results allowed to the qualification of characteristic modal parameters set for chosen technical
state and introducing the natural frequency shapes for given modal model parameters of the studied
mechanical construction. The LMS Test.Lab software with Modal Analysis Lite module was used for
modal analysis. The results of investigations were a modal model parameters and mode shapes of
investigated transmission.

Keywords: operational modal analysis, diagnostic inference

BADANIA DIAGNOSTYCZNE PRZEKEADNI DMG-1A Z ZASTOSOWANIEM METOD
EKSPLOATACYJNEJ ANALIZY MODALNEJ

Streszczenie

Metoda eksploatacyjnej analizy modalnej jest jedng z wielu technik wirtualnych wykorzystywanych w
aspekcie diagnozowania maszyny i urzadzen. Istotng zaleta, szczegolnie dla przemystu jest fakt, ze
eksploatacyjna analiza modalna umozliwia identyfikacje parametrow modelu modalnego jedynie w
oparciu o pomiar odpowiedzi tego uktadu w trakcie eksploatacji. Podstawowym zatozeniem w tej
metodzie jest to, ze wymuszenie w trakcie pracy uktadu mechanicznego ma charakter losowy, a mierzony
sygnat odpowiedzi uktadu na to wymuszenie jest niestacjonarny w czasie. W artykule przedstawiono
metode eksploatacyjnej analizy modalnej jako skuteczng forme¢ diagnozowania maszyn. Przeanalizowano
ponadto zachowanie si¢ tej metody w przypadku wprowadzanych zmian do uktadu mechanicznego.
Eksploatacyjng analiz¢ modalng zastosowano do identyfikacji parametréow modalnych rzeczywistego
uktadu mechanicznego jakim byta przektadnia zgbata DMG-1A.

Stowa kluczowe: eksploatacyjna analiza modalna, wnioskowanie diagnostyczne

1. Introduction

The development and progress of the human
civilization is guided by the desire of difficult
questions solving often connected with the varied
fields of the science. However very often takes place
the situation that introduced solutions are more
difficult than on the beginning. In modern technical
constructions this problems are also similar. From
that reasons new devices and new diagnostics
methods are developing which will be able to
provide a valuable information about technical state
of that products.

Vibroacoustics is one from these fields of the
science which rise on the needs of diagnosing the
current machine engines and devices technical
condition. Using emitted vibrations, received during
machine engine exploitation process as a valuable

information about dynamic properties drawing ahead
machine and other aspects or possible relationships
among them. The most valuable information about
current machine engine technical state we could
obtain during machine natural loads without
disturbing this process. This kind of information
obtainment is the basic domain of the technical
diagnostics. Up to now an existing diagnostic
procedures based on state symptoms slowly changes
into diagnostics process based on machine engines
models that describing their properties analysis.
Used in the diagnosing process models are
identified basis on the real object investigative
results. During diagnostics process we could create
two kinds of diagnostic models: functional or
structural. In diagnostics aspects of investigations,
the structural models are more valuable, because
they enable to show relations between current
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elements of construction and model specific
properties. The diagnostics procedure for structural
model requires the identification guidance of the
model parameters and monitoring of these
parameters changes on the basis of measurements
guided during exploitation. Therefore this
relationship between individual parameters and
pointed construction elements are the basis for
estimation of current dynamic state of investigated
machine. Periodical monitoring of this relationship
may manage to detection, locating and evaluation of
the waste stage or damages of given mechanical
unit.

Nowadays one of the most known way to
structural model creation of machine engines is
modal analysis models utilization: experimental or
operational modal analysis methods. The method
choice depends on this what kind the input function
character of the investigative object during the
experiment has to have. Operational modal is the
name for the technique to do modal analysis on
operational data - cases where we do not excite the
structure artificially but just allow the natural
operating loads to excite the structure. Thanks to this
during investigations we receive investigative data
for real object working process in chosen measure
points in relation to reference points.

Preparation process for diagnostics investigations
in these methods contain measure and reference
points disposal and also frequency range define. The
advantage of this method in use to identification of
objects dynamic profiles is shore conditions and
loads retain that are characteristic for these objects
exploitation. Basis on measured signals on the
output of object received in chosen measure and
reference points for unknown natural loads of the
arrangement, the estimation of modal parameters is
proceed. Modal poles and natural frequencies are
identified ant then the mode shapes are estimated.

This way of parameters estimation could procure
some doubt — we have to take it into consideration
during final analysis. The biggest problem of this
method is that we do not know the value of exciting
force on the arrangement. The exciting forces with
random character doesn’t have one point of reaction
on investigated mechanical structure so received
exploitation forces structural schedule is unable to
identification.

The more important is also fact that lots of
machine engines used in industry cooperates with
other technical objects, not necessarily with the
same characters of dynamics loads. Best way to
solve this problem will be separation from others
machines the investigated machine engine.
Unfortunately it refer with the machine engines
working process stop so this action is unacceptable
in this method usage. Disturbances triggered from
next machine engines could causes the formation of
additional poles on the created stabilization diagram.

2. Modal parameters estimation

In modal analysis we had two ways of modal
model parameters estimation: in time and frequency
domain. Time domain estimation basis on
information from vibrations in time domain and
arrangement response. Estimation of modal model
parameters in frequency domain basis on the input
and output signal spectrum

Nowadays during investigative process we often
use the modal model estimation in frequency domain
because there is possibility of limitation frequency
range to this value in which we could recognize
change of vibroacoustics signal during machine
exploitation. The most valuable advantages of this
method are:

e casiest possibilities of investigative data
averaging which is used for noise reduction from
signal,

e high precision of received results in case when
exist an influence of vibration that lay behind of
investigative range of vibrations,

o high precision of received results in case when is
the high value of damping.

The frequency domain disadvantages are:

e the possibility of local minimum existence for
signals with high noise level,

e the possibilities of troublesome mistakes
connected with spectrum leak, existence of
incorrect frequencies component in the signal
and others.

Introduced below disadvantages and advantage of

time domain modal model parameters estimation has

similar sights to frequency domain, but this method
is better in case, when we have to estimate:

o data with high level of noise,

e wide range of frequency during estimation.

It is also possible to use both of these methods in
case, when we have measured vibrations in time
domain booth from input and output source.

The LMS TestLab software with Modal
Analysis Lite module was used for modal model
poles estimation and analysis of mode shapes for
multidegree arrangements with PolyMAX method.

PolyMAX method in frequency domain basis on
the proper matrix formulation in frequency domain

in shape:

(o, =14, 1
where:
|_H ( Jo, )J — FRF matrix with spectrum functions
between all inputs m and all outputs /,
[B ( Jo, )] =27, [ﬂk]sl; — polynominal matrix
numerafor, |
[A( Joy )] =27, [a f ]S; — polynominal matrix
denominator.

Marking of mode shapes of mechanical
construction is connected with utilization of Least
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Squares Frequency Domain (LSFD) method in
frequency domain.

3. DMG-1A transmission investigations

The investigations of transmission DMG-1A
were conducted in the investigative laboratory in
UTP Bydgoszcz. During investigations mass and
springily properties of transmission were analysed.
The main parts of transmission were:

e commutated engine,
e spur gear transmission,
e toothed pomp.

DMG-1A transmission enable to provide
measurement for chosen technical states. During
investigations  there  were simulated four
transmission cases:

e transmission in fit condition,

e transmission with broken tooth,

e transmission with skew axis,

e broken tooth and skew axis of transmission.
Figure no 2 presents the simulated technical state of
transmission, when transmission is exploited with
broken tooth.

{ " .'Ij"[ﬂli_;lﬂﬁfﬂ'llln
ivh .{hﬂ 1] I!-l:l -

)

Figure 2. Transmission with the broken tooth
[own picture]

Investigations were realized for three different
rotation speed: (400, 600, 800 [min']). Measure
points were put on the bearing chassis of
transmission. In each of measure points were
realized measurements in  three  mutually
perpendicular directions. Figure no 3 presents
transmission DMG-1A geometrical model used for
analysis with signal acquisition points.

The dynamic signal LMS SCADAS III recorder
was used for signal acquisition. During
investigations conducted 8 measuring sessions in
which were recorded 13 signals of vibration
acceleration, one of them was from reference point.
The highest measure frequency range were definite

till 400 [Hz]. In case of proper qualification of
measure frequency range for DMG-1A transmission
investigations the preliminary measurements were
conducted with use of the impulse input function for
chosen construction areas.

Figure 3. Transmission DMG-1A geometric model
with mark of signal acquisition points [own source]

There were recorded per 300 seconds time
response function with 512 [Hz] testing frequency.
The essential aspect of the conducted investigative
process was the proper modal model for the given
construction  technical condition obtainment.
Observations of modal model individual parameters
changes could enable to establish what influence of
introduced changes call out in the construction
through investigations in reference to transmission
in fit condition. On figure no 4 were introduced
respective stages of conducted investigations.

I - simulation of object fit condition
| - measurement point set
Investigative 1 - Sensors mount process
object set - meflsur{ng system connegtion process
| - calibration of the measuring system
| - initial start-up test of investigative object

T

’
Measurements - proper rotation speed set and control I
- measuring the tested structure response I
i measured data acquisition I
I
]

- real object geometric model analysis

Results analysis ‘ - initial observation matrix
|

- stabilization diagram estimation
- modal model parameters estimation

R_esm‘ts I~ estimated parameters correctness analysis
validation - modal model validation

. application of received modal model for !
Final analysis object dynamic analysis |
- final observation modal matrix estimation |
I

Figure 4. Respective stages of conducted
investigations [own source]

It was decided during the experiment realization
that measurement of time response courses will be
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realized both for the input function and for the
arrangement answer on this input function — this
possibility will enable the estimated poles proving
process in both (time and frequency) domain. For
the proper data usage in Modal Analysis Lite
module the recorded time response signals have to
be transformed to the spectral figure (Crosspower)
using Op. Data Collection module. Figure no 5
presents sample of Op. Data Collection module
window during investigations.

D L RXEDRAE B Y

- FlgureS Sample of Op. Data Collectlon module
window during investigations [own source]

This data transformation enable to modal model
estimation basis on stabilisation diagram analysis,
where we mark order of modal model and damping
factor for estimated natural frequency of object.
Figure no 6 presents sample of stabilisation diagram
with usage of PolyMax method during investigations
for modal parameters estiation.
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Figure6. Sample of stabilisation diagram with usage
of PolyMax method used for results
obtainment [own source]

Analysing individual simulated cases on the
investigative transmission during investigation
received set of stabilization diagrams, on which
stable poles were mark. The stable pole marks
parameters: frequency, modal damping and the
mode shapes vector. The stabilization process ran
with tolerance of individual modal parameters: 1%
for frequency, 5% for modal damping and 2% for
mode shapes vector. In such case as this, where the
operational modal analysis is applied, there is only
this mode shapes identification possibility which
became sufficiently well extorted during the
experiment identification.

Table no 1, 2 and 3 presents only the chosen part

of results received during modal identification of
transmission for transmission with broken tooth for
five sensors (the first one was reference sensor) after
stabilization diagrams analysis.

Table 1. Observation matrix for transmission with
broken tooth for 400 min™' rotation speed

Transmission with broken tooth

Rotation speed [min™']
400

Natral Damping Modal

Frequency factor model

[Hz] [%] Order
49,916 0,57 9
100,295 0,65 11
199,925 0,05 9
C1- 250,888 0,75 12
=] 299,966 0,01 12
371516 | 1,23 24
384,296 2,15 8
49,916 0,57 9
100,295 0,65 11
199,925 0,05 9
250,888 0,75 12
299,966 0,01 12
371,018 1,02 20
383,860 2,15 11
49,916 0,57 9
100,295 0,65 11
199,925 0,05 9
250,888 0,75 12
299,966 0,01 12
372,020 1,17 26
382,921 1,72 19
49,916 0,57 9
100,295 0,65 11
199,925 0,05 9
250,888 0,75 12
299,966 0,01 12
372,029 1,21 23
382,921 1,72 19
49,916 0,57 9
100,295 0,65 11
199,925 0,05 9
250,888 0,75 12
299,966 0,01 12
372,029 1,21 23
384,296 2,15 8




) DIAGNOSTYKA, Vol. 14, No. 3 (2013) 19
LUKASIEWICZ, KALACZYNSKI, LISS, KASPROWICZ, Diagnostics investigations of DMG-1A transmission...

Table 2. Observation matrix for transmission with
broken tooth for 600 min™ rotation speed

Transmission with broken tooth

estimated natural frequencies. For example the
figure no 7 present a sample of mode shapes
visualization for transmission in fit condition, in
which all estimated shapes has very similar character
of movement. In this case of mode shapes, we could

Rotation speed [min" ']
600

Natral Damping Modal

Frequency factor model

[Hz] [%] Order
20,628 0,93 21
50,070 0,75 19
Cl1- 99,889 0,15 14
LU 199 898 0,01 14
99875 | 0,01 19
370,101 2,96 10
20,628 0,93 21
50,070 0,75 19
99,889 0,15 14
199,898 0,01 14
299,875 0,01 19
370,628 2,90 7
20,628 0,93 21
50,070 0,75 19
99,889 0,15 14
199,898 0,01 14
299,875 0,01 19
370,628 2,96 10
20,628 0,93 21
50,070 0,75 19
99,889 0,15 14
199,898 0,01 14
299,875 0,01 19
370,628 2,96 10
20,628 0,93 21
50,070 0,75 19
99,889 0,15 14
199,898 0,01 14
299,875 0,01 19
370,628 2,96 10

recognize only the movement of bearings casing.

Table 3. Observation matrix for transmission with
broken tooth for 800 min™' rotation speed

Transmission with broken tooth

On the basis of results introduced in tables we
could conclude, that with growth of transmission
rotation speed the number of estimated stable poles
and recognised natural frequency decrease. The
proper recognition of stable poles has influence
directly on the respective mode shapes of
construction. Under introduced figures presents most
interesting mode shapes of transmission recognized
during investigations, that shows more important
construction properties. Comparing got results and
individual mode shapes were noticed the change of
all modal parameters. In case of modal model
parameters manifested itself by natural frequency
and damping factor value change. The transmission
with broken tooth case is the best example for
analysis of damping factor and suitable natural
frequency value increase changes. The mode shapes
change analysis is also valuable tool for construction
analysis between all simulated transmission
conditions that will marks the differences for all

Rotation speed [min" ]
800
Natral Damping Modal
Frequency factor model
Point [Hz] [%] Order
100,013 0,37 21
C1- 199,948 0,01 8
reference | BT eRY 0,08 22
372,545 | 223 11
100,013 0,37 21
C2 199,948 0,01 8
299,931 0,24 22
371,775 2,07 14
100,013 0,37 21
199,948 0,01 8
299,931 0,01 22
371,775 2,07 14
100,013 0,37 21
199,948 0,01 8
299,931 0,28 22
371,775 2,07 14
100,013 0,37 21
199,948 0,01 8
299,931 0,89 22
371,775 2,07 14
.- -

Figure 7. Mode shapes visualization for 49,917 [Hz]
frequency for 400rpm [own source]

In case of transmission with broken tooth, the
most important marked natural frequency was
384,296 [Hz] and their visualization. The extreme
movement of mode shapes for this frequency present
figure no 8.
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Figure 8. Mode shapes visualization for 384,296
[Hz] frequency for 400rpm [own source]

Only one broken tooth in DMG-1A transmission
caused significant change for all mechanical
arrangement. The most visible was the specific
deformation of bearing casing in direction of axis x,
on which was situated shaft with broken toothed
gear. The estimated mode shapes for frequency
384,296 [Hz] has bend phenomena.

In case of transmission with skew axis
simulations the most important marked natural
frequency was 49,716 [Hz] that has most complex
phenomena. This frequency has shapes with twirl
and bend phenomena on this transmission
construction. Figure no 9 present estimated mode
shapes visualization for transmission with skew axis
simulations.

Figure 9. Mode shapes visualization for 49,716 [Hz]
frequency for transmission with skew axis for
400rpm [own source]

In case of simulation of broken tooth and skew
axis of transmission, two most important natural
frequencies were recognized — each for one
simulated damage of transmission. The first natural
frequency 374,400 [Hz] in case of gear with broken
tooth and the second frequency 379,022 [Hz] in case
of skew axis of transmission.

The most important aspects of these diagnostics
investigations is facts, that all marked natural
frequencies are directly connected with simulated
technical state and they are not marked for
transmission in fit condition. This testifies about
this, that in case of appearing damage in the
transmission the completely new natural frequency

appears in stabilization diagram, that is directly
connected with specific kind of simulated damage.
Also interesting phenomena is fact, that the mode
shapes descend from transmission toothed gear
damage is strictly connected with damping factor
value increasing. In this case of mode shapes, the
average value of damping factor has value in range
from 2,07 [%] till 2,23 [%]. The average value of
damping factor for other estimated mode shapes has
value in range from 0,01 [%] till 0,93 [%].

4. Conclusions

The results of investigations were a modal model
parameters and mode shapes estimations of complex
mechanical object and structures basis on
transmission DMG-1A investigations example. The
most important natural frequencies and mode shapes
were recognized. The sample results were
introduced in tables and figures. As a final results
we obtain the dynamic state description of real
technical object with estimation of predominant
properties of natural frequency and mode shapes.

The advantage of this method is fact that
investigated object could be recognized during
normal process of exploitation and modern
engineering applications using virtual environment
to simulating calculations lowering costs of
investigations with higher precision of estimated
results basis on real data measured during
exploitation.

This paper is a part of investigative project
WND-POIG.01.03.01-00-212/09.
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SYSTEM OF GEOMETRIC PARAMETERS MONITORING DURING CUTTING
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Summary

The steel plate cutting is performed on a special pro-duction lines to enable longitudinal and
lateral cut. Input material is usually a metal ring of weight about 32 tons. The cutting process is
preceded by an operation of straightening the cutting section. So far, during this operation
parameters such as wave cut off sheets, the thickness of the material were not monitored. This
paper presents a system of continuous monitoring of sheets parameters constructed by the authors.
It was mounted on the process line-cutting and slitting of one of the companies cutting sheet metal.
Such approach allows to improve quality control.

Keywords: diagnostics, steel plate cutting.

SYSTEM MONITOROWANIA PARAMETROW GEOMETRYCZNYCH PODCZAS CIECIA BLACH

STALOWYCH

Streszczenie

Proces rozkroju blach stalowych wykonywany jest na specjalnych liniach technologicznych
umozliwiajacych cigcie poprzeczne oraz wzdluzne. Materialem wejsciowym jest zwykle krag
blachy o wadze ok. 32 ton. Operacja cigcia poprzedzona jest procesem prostowania przy rozkroju
poprzecznym. Dotychczas przy wykonaniu tej operacji nie monitorowano parametrow rozkroju
takich jak falisto$¢ ucietych arkuszy, grubos¢ materiatu. W pracy przedstawiono wykonany przez
autorOw system ciaglej kontroli parametrow blachy. Zostat on zamontowany na linii
technologicznej cigcia poprzecznego oraz cigcia wzdtuznego w jednym z przedsiebiorstw rozkroju
blach. Zastosowanie powyzszego rozwigzania umozliwito poprawe kontroli jakosci produkc;ji.

Stowa kluczowe: diagnostyka, cigcie blach stalowych.

1. INTRODUCTION

The process of cutting steel sheets takes place on
the special process lines in order to enable
longitudinal and transverse shearing. Usually, the
process starts with introducing a coil of 32 tons. The
cutting process is proceeded by straightening,
especially in case of transverse shearing. At this
point, parameters of cuttings, sheets corrugation,
metal thickness and its level of crescent shape were
not examined. Presented in this paper, the system of
constant monitoring of sheets parameters was
installed on transverse and longitudinal cutting lines.
Measurements of thickness, corrugation and the
level of crescent shape of a sheet, performed by laser
transducers is linked to the system of production
process monitoring.

2. ANALYSIS OF METAL ROLLING
DEFECTS

Minor defects of surface which result directly
from rolling, but do not influence parameters of the
final product are accepted. It refers to the top side of
sheets or the outside of coils. Physical and
technological properties should suit requirements
given in the PN-EN 10025:2002.

Sheet surface defects include:

- surface defects — the surface of the rolled metal
should contain no cracks, blisters nor tears, remains
of the shrinkage cavity, delamination and cracks
which are visible to the naked eye are not
acceptable,

- surface defects such as cracks, minor scales and
overlapping, non-metallic inclusions, corrosion pits,
bulging, dents, mill scales and roughness are
acceptable on condition that:

»  they do not exceed deviation limits,
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. they do not exceed 0,5 mm for 25 mm thick
coils, 0,7 mm for thicker coils.

Moreover, it is important to determine the
longitudinal and transverse corrugation of the initial
material and cut sheets.

Rolling defects always result from differences of
sheet thickness and its width. This difference defines
zones of tension which seem flat and zones of
bumps which resemble a kind of 'pocket' folds.
Through constructing rollers it is possible to form
working rolls in order to press their longitudinally
fibre-pulled parts so that they are pushed to the free
zones.

Depending on the place in which 'pockets' are,
rollers are precisely set in

a specific way. It must be always checked
whether the end line does not have a double tail.
Entering material into the straightening machine
may damage straightening rolls. Figure 1 shows the
screen of the system which controls the rollers
power and allows removing sheet waves. Figures 2-
5 illustrates forms of transverse waviness.

e -
| — L

Fig.1. Screen of the system which
controls the rollers power enabling the
removal of sheet waviness

g O 0B
D 8000 G

Fig.2. Outline of side wave formation
process

11t ]

DO DD

Fig.3. Outline of central wave
formation process

The above-mentioned wavy parts of sheets are
removed through pressing them by rollers set in so-
called negative parabola.

D0 D0g

Fig. 4. Outline of one-sided wave
formation process

Straightening of this wave is possible by
lowering down rollers in the deformed areas

Fig. 5. Outline of the longitudinal
waviness

3. MEASUREMENTS OF SHEET
PARAMETERS ON THE TRANSVERSE
CUTTING LINE

Within this process of monitoring sheet
parameters system, measurements of sheet thickness
and waviness of its surface had to be separated.
Measuring devices were installed in two different
places.

Waviness measurement of the sheet 1 which was
from 250 to 2050mm wide is performed on the
transporting table 2 (fig. 6). Measurement is
recorded by two detectors 5 located around 50 mm
from the edge of the sheet. Detectors are
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automatically spaced according to the set sheet
thickness with the aid of the drive 6. Detectors 5 are
located on trucks 4 moving on the lead 3. The sheet
waviness is examined with reference to the laid
down criterion of a given sheet thickness. The sheet
which does not fulfill the criterion is classified as the
one of lower quality.

.,/5,/ qj__r_v
=

oy

N !
2
Fig.6. Outline of the sheet waviness

measuring machine

Waviness measuring is constantly recorded and
accompanied by its simultaneous graphic and sign
presentation. Thickness measuring is recorded by
detectors located in the differential gear in the place
the most convenient because of the risk of
unexpected transverse vibrations of the sheet
(especially at the end of the unrolling sheet). Figure
7 illustrates the measuring system installed on the
transverse cutting line.

Fig. 7. Waviness measuring system on
the transverse cutting line, on the right
carriage from the wired side

A special rail protecting detectors against bumps
of the end of cut sheet was installed on the line. The
monitoring system of sheet transverse cutting is
based on the independent measuring system with the
parameters presentation seen on a separate screen.
The screen shown on the figure 8 presents digital
information of the thickness parameter and under it
the waviness parameter of the left side, then the one
of the right side. Measurement of waviness is
performed at the individual programmed distance for
sheets, usually it is 50 mm. Differences between
measurement points of waviness and thickness
cause a delay of thickness parameters comparing to
the waviness ones resulting from the distance
between detectors. On the right side of the screen
(fig. 8) operators' identifiers and parameters of the
working material. When the programmed tolerance
threshold are exceeded, numbers become red and a
red column signaling device is activated (optionally
with the sound information).

Fig.8. Screen of the thickness and
waviness measuring system

Figure 9 shows the location of transducers for the
differential measurement of sheet thickness.

- PP
Fig.9. Measuring system of sheet
thickness

Laser transducers of LD type OMRON company,
starting signals of which are initially processed by a
single-integrated circuit microcomputer. Within
waviness measuring system, the same computer is
responsible for the control of trucks locating laser
transducers. Computer data are transferred through
the interface RS485 to the controlling computer
storing data and monitoring sheet cutting process.
On the touchscreen (fig. 10), important changes of
initial parameters may be done as well as they can be
observed while being measured.
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system screen (in the middle)

4. MEASURING SHEET PARAMETERS ON
THE LONGITUDINAL CUTTING LINE

Straightness  measurement (the sheet is
longitudinally wavy which needs to be specified
before longitudinal cutting) is performed after
straightening unrolling line. A technical system in
accordance with the patent 185472 entitled ,,Device
measuring straightness of moving and/or fixed” was
implemented on this line; it uses a projection device
and a slider with a measuring detector moving along
the object 1 (of a cut sheet) where straightness of the
latter is measured.

Within the implementation of the above-
mentioned technical system described in the patent,
the projection device which constitutes a
straightness model (fig.11) consists of a fixed axis 2
with a ball screw; on the axis there are sliders 3 with
measuring detectors 5 moving along the cut sheet 1.
A step motor was used as a drive. The location of
sliders depends on the width of the sheet, and
detectors measure the straightness of the sheet
thanks to the implementation of an appropriate
measuring system. As detectors, measuring strips 5
can be used, they consist of magnetic circuit, a
keeper of which is fixed and connected with the
slider 3 and active elements (magnetic field
detectors) are located above the projection device 2
in the air slit 6 situated between permanent magnets
and connected to the keeper. The measuring strips
connected with the slider through elastic elements
protecting against possible vibrations which occur
during sheet cutting process.

During the measurement, measuring
magnetic circuit which consists of
permanent magnets, keepers and the air split goes
along the examined edge of the sheet and
simultaneously moves along the projection device.
The magnetic field detector functions as a measuring
element; it measures transverse movement of the
magnetic circuit depending on the sheet waviness.

direction of
sheet metal
movement

Fig.11. Outline of the adopted
technical system

The use of this device will enable to eliminate
segments of sheet strips of undesired thickness and
the ones which do not satisfy longitudinal waviness
edge requirements.

5. PROGRAM SOLUTIONS APPLIED IN
PARAMETER MEASUREMENTS IN THE
ASSEMBLY LINE

Software enabling permanent measurement of
both the thickness and waviness is used in the
parameter measurements in the assembly line. Data
shown on the screen of the controlling
computer are presented in the alphanumeric form as
well as diagrams of the thickness and two waviness
detectors (fig. 12).
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Fig. 12. Main window of the
measuring program on the transverse
cutting line
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In order to quickly space measuring devices, the
program uses the data base about sheet metal. The
data may be changed and extended by workers
responsible for the process. In order to enter data
more quickly, the automatic generation of tolerance
values calculated on the basis of entered sheet
parameters can be applied (fig. 13).

PLPILC - POMIAR GRUBOSCI | SERPOWATOAC ELACHY x|
FLC l FRACA ] AACHIWIZALLA MATERLAL ] USTAWENS
HATERIL — -
iR —
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matariah: |
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Whtop:
Szerkodd from]
Gruboge: .| Imml
Dihugose Iml
Dlschy Toleraneje |
5 TW - GW Nomme. Dsirzezene._Alerm
(gL |
s loeg - B - [
nabasy | 4
- - 5_ ....... |
5 5 :
| DODAJ USUN

Fig. 13. Tab enabling the material
base management

Moreover, workers team responsible for the
process is also recorded. All information registered
by detectors, including data of the working material
and workers responsible for the process is stored on
the controlling computer. The archive is saved in
* xls files which allows to see quickly data, and with
the use of MS Office scripts it is possible to
generate immediately diagrams of both the waviness
(fig. 14) and the thickness of a given sheet.

. F1g 14. Example excerpt from the
waviness diagram

The access to saved data can be direct on the
computer responsible for the process, through the
user's interface (fig.15) or indirect through the LAN

network.
L PILC - POMIAR GRUBOSCIT FALISTOSCI BLACHY =
PILC [ PRACA I ARCHIWIZACIA I MATERIAL I USTAWIENIA
REPDRTY
Falisto$é Grubosé o Podsumowanie
1
Otworz raport ‘ Otwérz raport ‘ Otwrz raport ‘
Wk aportoe
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ot Drukuj raport
Statystyka
Ogolna: Miesigczna: Tygodniowa:
0 0 1]
Alarmy: 0 0 1]

Fig. 15. User's interface enabling
archive checking

The quick access from any computer connected
with the network is possible thanks to the program
attached which additionally renders the management
of the working sheet base possible (fig. 16).
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Fig. 16. Tab to manage the material
base from computers connected to the
LAN network

6. CONCLUSION

The measuring system of sheet parameters on the
transverse and longitudinal cutting that has been
designed and constructed functions as an
independent product quality control system. The
implementation of the automatic control and
reporting is the basis for the introduction of the
quality management. At the stage of improving
metrological characteristics of the system, it was
indispensable to use the system of
program filters adjusted specially to the
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confounders.  Recursive filters with selectable
factors which include: material type, vibration level
and sampling frequency were used as basic filters.
The acquisition of greater knowledge thanks to the
examined process will enable further improvement
of the program tools.
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Summary

The article contains survey and analysis of electronic security systems used in the public
transport. The systems are based on comprehensive approach to many security issues such as
monitoring (e.g. railway station), access control (e.g. access to service rooms of railway station),
GPS tracking (e.g. private or service car), fire protection systems (e.g. passenger train), wireless
alarm signals transmission through GMS modules (e.g. car anti-theft systems).

Keywords: security systems, video monitoring, transport, CCTV, GSM.

LOKALIZACJA GSM I MONITORING WIZYJNY W TRANSPORTOWYCH ELEKTRONICZNYCH
SYSTEMACH BEZPIECZENSTWA

Streszczenie

Artykul zawiera przeglad i analiz¢ systeméw zabezpieczen opartych na lokalizacji GSM i
monitoringu wizyjnym, wykorzystywanych w §rodkach transportu. Systemy te charakteryzuja si¢
kompleksowym podejsciem do problematyki bezpieczenstwa. Obejmuja one monitoring (na
przykladzie zastosowania na dworcu kolejowym), kontrol¢ dostgpu (w przypadku dostepu do
stuzbowych pomieszczen dworca kolejowego), namierzanie GPS (w przypadku samochodu
prywatnego lub stuzbowego), a takze transmisj¢ sygnalow alarmowych droga bezprzewodowa
poprzez moduty GSM (w przypadku systemoéw zabezpieczajacych przed kradzieza samochodu).

Stowa kluczowe: systemy bezpieczenstwa, monitoring, transport, telewizja przemystowa, GSM.

1. INTRODUCTION

Current state of the telecommunication
solutions and satellite navigation allows to use the
integrated network services based on determining
the position of vehicles and trains in real time. It
also allows to control and automatic supervision of
the state of the cargo. Traffic telecommunication is
very important factor of effective control systems
of vehicles and trains.

Positioning system allows to observe the
vehicles routes, searching vehicles, and changing
the strategy or their destinations. Continuous
monitoring gives important information in case of
theft, change of logistic decisions or in the event of
unexpected difficulties in traffic. The main receiver
of such services are: transport industry and national
railways where the information received from
monitoring systems are connected directly with the
company operating income.

Localization system is also very helpful in
managing the transport of dangerous or very
valuable cargo, limiting the risk of traffic disaster,
thefts, and helping to localize the vehicle in case of
theft. Effective response in real time to events such

as disruptions in planned routes is important not
only because the optimal use of trains but more
likely because the security of transport.

Availability of satellite monitoring and
localization of the vehicles in every place and time
has significant value wherever there is poor
infrastructure and many roads are in bad condition,
for example in Poland and other countries of
Eastern Europe.

It is very important that systems to be created
in the future will be available to localize the
vehicles and to transmit data, basing on the Global
System for Mobile Communications (GSM). In the
same time they could be reliable source of
information about location of companies’ objects

[3].

2. GSM TERMINAL LOCALIZATION
USED IN ALARM SYSTEMS

TDoA' is one of methods which manages to
determine the subscriber localization with big
accuracy. It relies on terminal localization which is

! Time Difference of Arrival.
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determined as a source of electromagnetic waves.
The time of propagation of the signal measured in
different positions is compared to each other. It is
required that the subscriber terminal should be at
range of at least three BTS’s” equipped with a time
measure device.

y [km} :
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1-%"
s 1,7
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Fig. 1. Determination of electromagnetic wave
source position. (M — emission source, A, B, C —
BTS).

Station A is the master, and stations B, C are
slaves. In this case, the differences between times
of signal propagation to the stations can be
determined as follows:

AtAj = é(RjM _RAM) )

where:

j=BorC;

Rjm — distance between emission source to B or C;
Rnm — distance between emission source to A;

¢~ 3-10% m/s (velocity of electromagnetic wave).

Distance differences can be stated as follows:

ARy =Ry = Ry 2)

The TDoA method also known as reverted
hyperbolic system, is characterized by good
accuracy, despite of using antennas with non—
directional characteristics. Theoretical model of this
thread assumes that signals transmitted by the
source reach the ith transceiver after time ti.
Measured time ti is not very useful at that time. The
parameters used in the TDoA method is the
difference between times of signal propagation
between pairs of stations. And that differences give
information which is used to forward signal
processing.[1]

According to fig. 1 the following devices need
to be added to Base Transceiver Stations: block of
the time standard, receiver and the sampling
module for received signal. Output product of
added block is precisely marked sequence of signal
samples transmitted by terminal and received by the
BTS. This information can be transmitted forward
to the TDoA processor localized inside or outside
any BTS. Compared sequences of time samples in

2 Base Transceiver Station.

the processor could determine time differences of
their arrival and on this basis the precise location of
terminal is possible. This data can be transmitted to
the monitoring centre where they can be
implemented on digital maps.

3. VISION MONITORING IN RAILWAYS

The development of technology allowed to
connect the cameras with computer networks in
direct way. According to this there are wide
possibilities of watching images from camera
located in very different localizations from
whichever camera by wusing any computer
connected to the network in any place in the world
(we can use PC or laptop). The network camera has
network interface and has assigned its own IP
address.

IP monitoring is the kind of technology
designed especially for new-built installations.
While in small, local monitoring systems there will
be built systems based traditionally on digital
record on hard disks, insomuch that in large
systems, in diffuse objects, in new—built houses
with  modern  structure  of  teletechnical
communication installations there is need to imply
monitoring based on CCTV?® IP technology. The
usage of monitoring inside the network based on
TCP/IP protocol gives widespread possibilities of
organizing large and extensive installations.[9]

One of many international companies
constructing monitoring systems, integrates under
its services more than 290 monitored buildings
spread in 60 countries. In this installation there is
more than 2700 cameras working condensed in one
system.

In such form general monitoring of i.e. petrol
station or water intake sources in one region
territory is not considered as very difficult task.
However, because of the simplicity of structure and
big possibilities of replacement of the staff through
the software support these systems are worth of
building for only few cameras. There are
predictions that in next five years the monitoring IP
will be the standard of security installations. The
structure and architecture of monitoring IP is very
similar as the proper computer network. The
devices used for image signal processing have their
own IP addresses. It is possible to use the analog
parts of monitoring systems such as cameras, wall
of analog cameras applying analog to digital signal
converters considered as webservers. In the
opposite way the communication is supported by
decoders.

The recording of the signal can be carried on
locally in traditional DVRs" as well as in stream
signal recorder using remote control.

3 Closed—Circuit Television.
* Digital Video Recorder.
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Fig. 2. Simplified scheme showing the genesis of
the CCTYV installation in IP network, where:
1 — analog camera, 2 — wall of analog cameras,
3 — one—channel webserver, 4 — IP camera,
5 — four—channel webserver, 6 — rotary IP camera,
7 — digital to analog decoder,
8 — multichannel digital to analog decoder,
9 — Network Video Recorder (NVR),
10 — digital monitor, 11 — analog monitor,
12 — wall of analog monitors

In fig. 2 there is presented simplified scheme of
CCTV installation in IP network, where there are
included analog as well as digital parts of
installation (black colour — analog part, red colour —
digital IP part).

This type of system as well as in more advanced
configurations can be easily applied in new-built
transport objects.

Fig. 2 shows that structure of CCTV network is
quite simple and its modernization with adding new
cameras is easy. The cameras can be plugged in
whichever place and sharing the image can be
easily configured. For example part of the recorded
images in CCTV can be shared with technical
supervision and serve inspection of the building.
Other images from the network can be shared with
security guards and other forces. The most
important images can be send to the police in real
time. The basic and the new one element of such
installations is IP camera which in special
conditions is considered as computer. IP camera
can be plugged directly into LAN od wireless
network through FME connector with bandwidth
10/100 Mb/s (RJ45 jack). IP cameras are
independent network devices which can be used to
monitoring offices, warehouses, shops, etc. They
are equipped with ports RJ45 (Fast Ethernet),
WLAN 54 Mb/s and client station 802.11b/g’
(WiFi). Built-in WWW server allows to do remote
configuration of the cameras and sending images to
Internet browsers. The cameras can be configured
also from the managing software level which

> One of the WLAN standards with bandwidth up to
54 Mb/s.

5 =
| =
M1 12
= 52
analog transmission
IP network

allows to watch images from many cameras at one
time and to save them on the hard drives
continuously or automatically. The new items in the
system are also independent and freestanding
devices designed for saving the images from IP
cameras — NVR recorders. Some IP cameras own
the alarming port which allows to connect outside
sensors and RS—485 port allowing to connect the
camera turntable. The cameras can also be adapted
for outdoor installations through applying hermetic
case. Few models wusing built-in infrared
illuminators have possibility for working at night
and can record the sound.[4]

IP camera digitizes the analog video signal. The
computational efficiency of built—in processor is
very important factor because it is strictly
connected with the quality of image sent through
the network and thereby installation functionality —
so significant for extensive transport objects and
systems. The camera with frame rate 25 fps and
with QCIF® can be applied only in systems with
small responsibility in opposite to camera with 25
fps and Full D17,

Very important features of IP cameras are:

— connection to the Internet allows every user to
watch in real time the images from office,
hotel, city or transport object (i.e. railway
station, airport, etc.);

— they allow to watch images from other
location;

— in case of using the analog cameras there is
possibility for usage network video server to
allow watching images from any place or
quickly and cheaply expand the supervision
system,

— the usage of network camera does not require
additional costs, instead of buying separate
monitor for camera, the already working PC
monitor can be used;

— there is no need to organize new wiring,
already existing computer wiring is used;

— network cameras technology eliminates the
necessity of replacement the tapes in video
recorder — the images are saved on PC hard
disk or in NVR recorder.[2]

4. VISION MONITORING SYSTEM
INCLUDING THE TCP/IP PROTOCOL

The client—server architecture and TCP/IP
protocol can be used for wide communication in
different types of data networks. The system allows
to transmit to monitoring centre the view, the sound
or any other digitized signal. The basic architecture
of such system is showed in fig. 3.

% Quarter Common Intermediate Format — recording
format with resolution 176 x 144 pixel.

7 Resolution of 720 x 576 for PAL and 720 x 480
for NTSC.
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Max 16 cameras (solid or PTZ)

PAL NTSC

1st hub

Max 20
NO/NC devices

Security systems:
alarm, access control,
fire protection

nth operator -)E
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PSTN, ISDN, LAN,
WAN, GSM, VSAT e

1st operator

Fig. 3. Architecture of electronic security system including vision monitoring
and other alarm systems of M’S type

The main element of the M’S ® system is the
multimedia hub M?C which collects every data
incoming  from local systems (cameras,
microphones, sensors, etc.). The hub converts them
to the digital signals, compress them and saves.
Every data can be transmitted through the network
to the managing station in monitoring centre. Every
hub has 4+16 video inputs and 5+20 programmable
bistable inputs (NO/NC®). Image coding is
implemented by programmed coder working in
JPEG or Wavelet standard. Hubs provide the
communication with Pan-Tilt-Zoom'® cameras
allowing their remote control. Alarm systems, fire
protection or access control systems can also be
added to hubs. In one system there could be many
M’C working at one time and their number is
limited only by network bandwidth.

The managing station for M’S system is
concerned as a personal computer with adequate
software, including graphic user interface for
administration and monitoring the signals incoming
from the hubs. This station has role of the digital
map that shows working of every connected
systems, receives and decodes the video stream and
allows to control the cameras. There is possibility
of observing the view from 16 cameras at one time
on one monitor and view from one camera can be
displayed in full screen mode on one monitor.
Operating of managing station is supported by so—
called quick automatic response scenarios. [8]

The existence of defined event in alarm system
or movement detection in view of camera causes

¥ Multi Media Monitoring and Surveillance.

? Normally Open/Normally Closed.

' Pan—Tilt-Zoom — provides remote control (rotary
movement, zoom, etc.)

automatic reaction of M’S system (notification of
the operator, start of recording, change of recording
mode, start of video stream transmission from
defined camera, notification of the security service,
etc.). The architecture of the security system
presented on fig. 3 including vision monitoring and
other alarming systems is characterized by:

— remote monitoring and supervision of distant and
distracted on large area objects throughout
available transmission links (networks PSTN'!,
ISDN'2, GSM, GPRS", Ethernet, Token ring,
Frame Relay, ATM, VSAT);

— digital recording of events with possibility of
simultaneous replaying of the recording and on—
line preview;

— high and stable quality of recorded image and
long time of recording (limited only by hard disk
drive capacity);

— parameters such as recording, transmission,
control are defined independently for each
camera;

— digital transmission of encoded video streams and
signals incoming from other electronic security
systems plugged into M’S system;

— coding of video streams in JPEG and Wavelet
standards;

— remote control of Pan—Tilt-Zoom cameras;

— video multicast allowing to view the image from
one camera by many operators;

— sound communication between operator and
monitored object is provided by duplex
transmission;

" Public Switched Telephone Network.
2 Integrated Services Digital Network.
1 General Packet Radio Service.
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— observation of the state of alarm inputs and
possibility of change of the state of control
outputs;

— NO/NC sensors handling;

— monitoring of working of other electronic
security systems, i.e. access control, fire
protection system with cautionary sound system;

— event recording in the data base with description
including date, time of occurrence and
description of the event;

— automatic connection setup with managing
station after alarm occurrence;

— support of video stream in PAL' and NTSC"
standards;

— archiving of video record on DAT tapes and
DVD-RAM disks;

— recorded images archive management;

— cooperation with Uninterruptible Power Supply
(UPS) devices;

— easiness of adding new cameras and operating
stations;

— simple management of the system, easy
configuration, open architecture.

5. SUMMARY

Constant radio connection with at least three
Base Transceiver Stations is necessary for precise
definition of terminal localization. This case is
fulfilled in urban agglomerations, city areas or their
nearest neighbourhoods where there is one network
operator. In weakly urbanized areas the condition of
subscriber connection with three BTS’s will be very
difficult to fulfill or impossible. The cooperation
between network operators in rescue—alarm surface
will be solution to this situation. System
cooperating with European emergency telephone
number (112) improves the security of the
subscribers and allows to provide them prompt
assistance in emergency of life and health treats.

Vision monitoring based on TCP/IP protocol
largely facilitates administrative activities in the
system. It allows to operator to control the whole
system in real time. It gives the user elastic
possibility of checking the state of the system from
every place connected to the Internet. The
specifications of the system allow digital recording
and archiving of the image and diagnostic
parameters on optical data carriers and hard disk
drives. The system is protected against sudden
decline of power by using the UPS’s and immediate
notification of the operator about emergency
situation that has occurred. It is provided by
Internet communication or GSM cellular network.

' Phase Alternating Line.
' National Television System Committee.
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Summary

The article presents an original model supporting the design of AOI systems aimed at the
detection of surface defects. The analysis of the state of the art shows that the problem of the
design of automated systems employing noninvasive measurement methods, including AOI
methods, dedicated to specialist tasks connected with surface quality control, is actually a
prospective future research direction, as it is directly connected with the need to speed up and
rationalise the design processes. The research problem presented in the article was defined through
the determination of the scope of automated tasks aimed at the support of the design of AOI
systems and methods for their execution. The research method consisted in the analysis of the
available numerical methods and computer simulations enabling the selection of the solution
facilitating the effectiveness of the decision-making process.

Keywords: expert system, automatic optical inspection, quality control, designing

MODEL KOMPUTEROWEGO WSPOMAGANIA PROJEKTOWANIA SYSTEMOW
AOI DETEKCJI WAD POWIERZCHNIOWYCH

Streszczenie

Artykul przedstawia autorski model wspomagania projektowania systemoéw AOI
przeznaczonych do detekcji wad powierzchniowych. Analiza stanu wiedzy wskazuje, ze
problematyka projektowania zautomatyzowanych systeméw wykorzystujacych nieinwazyjne
metody pomiarowe, w tym metody AOI, dedykowanych do specjalizowanych zadan zwigzanych z
kontrolg jakosci powierzchni jest perspektywicznym kierunkiem w rozwoju badan naukowych, co
spowodowane jest konieczno$cia przyspieszenia 1 jakoSciowego usprawnienia procesow
projektowania. Problem badawczy podejmowany w artykule okreslony zostal poprzez ustalenie
zakresu zautomatyzowanych dziatan, ktorych celem jest wspomaganie prac projektowych nad
systemami AOI oraz metod przeznaczonych do ich realizacji. Metoda badawcza polegata na
przeprowadzeniu analizy dostgpnych metod numerycznych, oraz symulacji komputerowych w
celu wylonienia rozwigzania, umozliwiajacego skuteczne wspomaganie proceséw decyzyjnych.

Stowa kluczowe: system ekspertowy, automatyczna optyczna inspekcja, kontrola jakosci, projektowanie

1. INTRODUCTION

The automation of manufacturing processes [1]
is a contemporary element of progress. The demand
for such systems is constantly growing, which is
mainly caused by the decrease in the costs of
production and the concurrent increase in the quality
of the manufactured goods. Another reason behind
the growing interest in the topic of the automation of
manufacturing processes is the technological
progress connected with the growing complexity of
final products and processes for their inspection and
control. The organoleptic quality inspection has
numerous disadvantages that stem from the
limitations of the human senses and manual
dexterity [2]. The repeatability also plays a crucial
role here. Any human feels the effects of long work,
which has a negative influence on the outcomes of
the undertaken tasks. The automation of the

production process ensures higher quality and
greater repeatability, and therefore results in
increased efficiency and effectiveness of a process.
With reference to the technical equipment, the
automation has an impact on the reliability and the
availability of machines participating in the
manufacturing processes. It also reduces the costs of
servicing and maintenance.

The design of quality inspection systems is a
complex issue [3]. The designers of such solutions
have to have broad knowledge on mechanics,
automation, electronics, information technologies,
optics, etc. The design of an effective system that
can be incorporated into a technological line requires
a lot of experience and makes the entire process
costly and time-consuming. What is required in the
case of AOI systems [4] is the ability to solve
interdisciplinary R&D tasks in the area of
acquisition methods, digital image processing and
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analysis, metrology, applied informatics, or
knowledge and software engineering.

The analysis of the state-of-the-art suggests that
the issue of the design of automated systems in
which non-invasive measurement methods are used,
including AOI methods, and which are dedicated for
specialised tasks in the area of the inspection of
quality of surfaces, constitutes a potential long-term
research direction [5,6,7,8,9], which is particularly
due to the following:

- The potentially vast possibilities for the design
processes to be speeded up and their quality to be
improved by means of the application of knowledge
and competencies of the design teams, specialised
databases and a holistic direction of the entire design
process;

- The possibility for design works to be
supported with the procedures for the selection of
measurement methods determining the efficiency of
the system, and the simulation of system operation
for different application options, which enables the
quick adjustment to the specific technical and
functional requirements defined by the final user;

- The possibility to decide on the configuration
of the system, particularly the multifunctional
system that can be wused in changeable
manufacturing conditions, and select AOI methods
that are most effective when it comes to the
detection of surface defects and the image analysis.

The above listed reasons generate the necessity
to develop the models and applications intended for
the solution of such tasks. One of the ideas has the
form of the developed original model aimed at
supporting the design of the automatic quality
inspection systems based on optical inspection and
enabling the detection of surface defects.

2. MODEL FOR THE SUPPORT OF THE
DESIGN OF AOI SYSTEMS

The proposed solution consists in the
replacement of the classic and time-consuming
design stage [10,11] composed of numerous
analyses, the determination of optimisation criteria
and the design and synthesizing of a model
constituting the solution to the posed research
questions, with an expert system linked to the
knowledgebase (Fig. 1).
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Figure 1. An expert system-based and
knowledgebase-coupled model and a traditional
model for the design of AOI systems for surface

defect detection
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The systemised knowledge of the experts [22]
accumulated in the knowledgebase facilitates a more
efficient creation of systems adjusted to new
products or surface defects. The fact that some of the
tasks previously executed personally by the designer
are now performed by the IT expert system proposed
in the model created, enables the costs of the design
process to be cut, and the time needed for the
development of a solution, satisfactory in terms of
its design, reduced. IT models enabling parts of a
classic design process to be replaced can differ.
They can use simulation systems [13] and complex
algorithms based on Al [14], including artificial
neural networks, genetic algorithms, cellular
automata, fuzzy logic, etc, which aim at the
recreation of the phenomenon and the preservation
of the real object with the use of numerical models.

In the proposed model, the classic design process
was replaced with automatic inference with the
configuration of the AOI system (hardware unit of
the AOI system), and the structure of a detection
algorithm (software unit of the AOI system) (Fig. 2).
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inapecred defect
L I

Inforonce using
Knowledgs == 3, oxpert systom [ fofarencs imodele
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Figure 2. Functional model for the support of the
design of AOI systems based on expert system-
based inference

A characteristic feature of the developed expert
model is, apart from the possibility of its adaptation
to different types of surface defects and test objects,
the feedback between the set of faulty products and
the knowledgebase, which helps to supplement the
existing knowledge on the types of surface defects,
and therefore increases the effectiveness of the
model. The structural model of the developed
solution is presented in Fig. 3.
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Figure 3. Structural model of the system for the
support of the design of AOI systems intended for
the detection of surface defects

The main element of the structural model is the
expert system composed of two inference modules
including the module of the automatic configuration
of the vision system, and the automatic model for
the selection of the detection algorithm. Other
elements of the expert system are a knowledgebase
built of facts and rules, a system of knowledge
update, and inference models. The other two
elements of the model include a database supplying
the expert system, and a data update system. The
model cooperates with the system for the detection
of defects, whose such elements as the vision system
or the detection algorithm are selected with the use
of the expert system.

3. METHODOLOGY FOR THE
CONFIGURATION OF VISION SYSTEM

The model of a vision system intended for the
detection of surface defects in machine parts is
composed of a camera with an optical system, whose
role is to observe the surface of the inspected object
onto which a beam of light is projected. The model
of the vision system in three different configurations
is presented in Fig. 4.
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Figure 4. Model of the vision system intended
for the detection of surface defects in three
configurations of the light source §,,S,,S, , where

K — camera with an optical system; g, 3,, 3, -
angles at which light is projected

The two essential configurations of the vision
system consist in the adjustment of the angle at
which light is projected onto the surface of the
inspected object, and the adjustment of the light
range in a way enabling the defect to stand out with
reference to the remaining area of the surface of the
object.

The configuration of the vision system is a
multistage process that requires knowledge on
numerous issues. The proposed methodology for the
configuration of the vision system assumes the
following stages: the determination of the lighting
range, the setting of the angle at which the light is
projected, the setting of camera parameters, the
selection of the camera model, the determination of
the values of the parameters of the lens, the selection
of the lens model. The setting of the lighting range
and the angle of light projection is executed with the
use of fuzzy inference based on a Mamdani model.
The determination of all the other output values is
based on a classic two-valued logic in which a
regression algorithm is used. In the process executed
by the regression algorithm, individual hypotheses
that are the goal of the inference, are either
confirmed or abolished, based on the authenticity of
the facts and rules. Such type of inference cannot be
executed without thy hypothesis being determined
and defined as goal driven. At each of the stages of
the configuration of the vision system, the inference
module is fed with knowledge necessary for the
determination of the value of the required input
parameters. In the case when the satisfactory
configuration of the vision system that complies
with all the design requirements cannot be set based
on the knowledge accumulated in the
knowledgebase, the combination of several
configuration options into one functional structure is
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allowed. In such case, the vision system can be
composed of numerous illuminators or cameras. The
defect detection process is then performed through
the sequential analysis of images from individual
configurations included in a complex structure of the
vision system (Fig. 5).
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Figure 5. Defect detection process in a complex
structure of the vision system

The next stage in the development of the AOI
system consists in the determination of the structure
of the detection algorithm intended for the
processing and analysis of digital images.

4. METHODOLOGY FOR THE SELECTION
OF THE STRUCTURE OF THE
DETECTION ALGORITHM

Detection algorithms are built of numerous
methods connected with image analysis and
processing, therefore their selection has to be a
complex process. The classification parameters in
detection algorithms depend on the type of the
inspected object and the types of defects that occur
within the analysed surface. The main part of the
algorithm is a set of methods for image processing
and analysis (Fig. 6).
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Figure 6. Structure of detection algorithms used in
AOI systems for the detection of surface defects

The methods most commonly used in the
structures of detection algorithms include the
following: segmentation, morphological
transformations, and image recognition. During the
process of segmentation, the pixels are assigned to
classes according to specific criteria such as
location, or statistical distribution of brightness, or
colour. Morphological methods enable the
processing of the shapes of objects by image
analysis using the so-called structurising elements
[15], which are sections of the image with a
highlighted focal point. Image recognition is an
automatic identification of classes of objects and
phenomena recorded in images [16]. The pattern
recognition and pattern matching are related to
image recognition. The inference concerning the
structures of detection algorithms is performed
based on the two-valued logic with the use of the
progression model, where based on the facts and
rules accumulated in the knowledgebase, new facts
are generated up to the moment when a fact
consistent with a proposed hypothesis, being an
inference goal, can be found among the generated
facts. A big advantage of such type of inference is
the set of new facts, which can constitute valuable
knowledge for the designers of detection algorithms.
The methods included in the structure of detection
algorithms are sequential, conditional or iterative,
depending on the complexity of the defect detection
problem. The developed methodology for the
selection of the structure of the detection algorithm
for use in the detection of surface defects involves
the following stages: the determination of the area of
image analysis, the verification of the need for the
execution of the process for the improvement the
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quality of images, the determination of the method
for the improvement of image quality, the
verification of the need for the image segmentation
process, the determination of the method for image
segmentation, and the determination of the image
recognition method.

5. SUMMARY

The developed model for the support of the
design of AOI systems significantly enhances the
processes of vision system and detection algorithm
creation, as it applies systematised knowledge and
computing intelligence enabling the automatic
inference. The adaptation of AOI systems to new
types of products and surface defects occurring in
technological lines is much easier, quicker and
cheaper when the developed solution is applied.
Through the application of the feedback loop
between the set of faulty goods and the
knowledgebase, a problem of information supply
has been solved, which results in the increased
effectiveness of the inference process. The
formalisation of the structure of data representing
selected thematic areas enables a quick exchange of
information between the designers using the
developed solution, whereas the separation of the
expert knowledge from detection algorithms
influences the reduction of numerical calculations.
The opportunity to explore more efficient structures
of detection algorithms for the analysis of digital
images is an innovative approach that has not yet
been taken into account in the literature. Knowledge
presented in form of rules and facts has a lot of
advantages, e.g. inference explanation facility. The
mechanism of explanation presents how individual
conclusions are drawn. Retrospective, hypothetical
explanations and explanations against the facts are
possible. The first enable the investigate the entire
inference process from the stage of conclusion and
comments to the rules, the second allows to check
how the conclusion would change in the case when
different values were assigned to the facts, whereas
the third enable the explanation why it was
impossible for a given conclusion to be drawn. The
future extension and optimisation of the
methodology is possible. It seems crucial to include
the impact of external factors on the structure of the
vision system. In such a case, the influence of the
external factors could be included through the
analysis of the probability of their occurrence with
the use of Bayes networks or physical analysis
employing numerous simulation methods based on
the method of finite elements. Noteworthy are also
data mining methods enabling the determination of
associations (the creation of knowledge based on
data) concerning the existing AOI systems, e.g. AIS,
SETM, APriori, Elat, Levelwise, FreeSpan, etc. The
methods of this kind are usually equipped with
specific measures describing, inter alia, confidence,

which would also constitute a crucial element
supporting the designers of AOI systems.

REFERENCES
[1] Przybylski  W.,  Technologia  maszyn i
automatyzacja produkcji. Wydawnictwo

Politechniki Gdanskiej, Gdansk, 2001.

[2] Gawecka J., Jedryka T., Analiza sensoryczna.
Wybrane metody i przyklady zastosowan.
Wydawnictwo Akademii Ekonomicznej w
Poznaniu, Poznan, 2001.

[3] Hamrol A., Zapewnienie jakosci w procesach
wytwarzania. Wydawnictwo Politechniki
Poznanskiej, Poznan, 1995.

[4] Batchelor B., Waltz F., Intelligent machine
vision. Springer-Verlag Limited 2001, pp. 18-20.

[5] Malamas E., Petrakis E., Zervakis M., 4 survey
on industrial vision systems applications and
tools. Image and Vision Computing 21(2), 2003.

[6] Mery D., Berti M., Automatic detection of
welding defects using texture features. Insight
45(10), 2003.

[7] Yan T.S., Cui D.W., The method of intelligent
inspection of product quality based on computer
vision. 7th Int. Conf. on Computer-Aided
Industrial Design and Conceptual Design
(CAIDCD '06), Hangzhou, 2006.

[8] Meola C., Carlomagno G., Squillace A., Vitiello
A., Non-destructive evaluation of aerospace
materials with lock-in thermography.
Engineering Failure Analysis, vol. 13, issue 3,
2006.

[9] Shih-Chieh L., Chih-Hisien C., Chia-Hsin S., 4
development of visual inspection system for
surface mounted devices on printed circuit
board. Proceedings of the 33rd Annual
Conference of the IEEE Industrial Electronics
Society (IECON) Taipei, Taiwan, 2007.

[10] Gasiorek E., Podstawy projektowania
inzynierskiego. Wydawnictwo Akademii
Ekonomicznej we Wroctawiu, Wroctaw, 2006.

[11] Gawrysiak M., Mechatronika i projektowanie
mechatroniczne.  Politechnika  Biatostocka,
Bialystok, 1997.

[12] Kwasnicka H., Sztuczna inteligencja i systemy
ekspertowe: rozwdj, perspektywy. Wydawnictwo
Wyzszej Szkoly Zarzadzania i Finanséw we
Wroctawiu, Wroctaw, 2005.

[13] Kelton D., Law M., Simulation Modeling and
Analysis. Third Edition, McGraw-Hill, 2000.

[14] Russell S., Norvig P., Artificial Intelligence. A
Modern Approach Third Edition, Prentice-Hall,
2010.

[15] Tadeusiewicz R., Korohoda P., Komputerowa
analiza i przetwarzanie obrazow. Wydawnictwo
Fundacji Postgpu Telekomunikacji, Krakow,
1997.

[16] Hundt Ch., Liskiewicz M.:, Two-Dimensional
Pattern Matching with Combined Scaling and
Rotation. Springer, Berlin, 2008.



40 ) DIAGNOSTYKA, Vol. 14, No. 3 (2013)
WOJCICKI, Model Of A Computer Support For Design Of AOI Systems ...

Tomasz WOJCICKI,
Employee of  the
Information Technology
Department  at  the
Institute For Sustainable
Technologies in Radom,
author of IT solutions in
the field of image

analysis, artificial
intelligence, 3D
modeling, vision

systems in technical
diagnostics.




DIAGNOSTYKA, Vol. 14, No. 3 (2013) 41
PRUDYUS and Others, Scanning Television Optical Microscope For Diagnostics Of Microobjects ...
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Summary
Scanning television optical microscope (STOM) developed by authors will enable to diagnose
microobjects which size exceeds 0,1 microns. Diagnostics can be carried out by supervision over
researched microobjects during influence on them of various reagents and catalysts, and also definition of
parameters of microobjects: the sizes, speed of movement, acceleration, growth rate, change of density,

etc.

Ways of the scanning television microscope construction which can be used for the biological
microobjects research are analyzed. The Microscope capabilities are expanded due to a raster formation
in television and little-frame modes. Ways of the raster size change are offered at preservation of the

microobject image resolution.

Key words: scanning microscope, electron beam tube, microobject, diagnostics

SKANUJACY TELEWIZYINY OPTYCZNY MIKROSKOP DLA DIAGNOSTYKI MIKROOBIEKTOW
W MEDYCYNIE

Streszczenie

Skanujacy telewizyjny optyczny mikroskop (STOM) skonstruowany przez autoréw pozwoli na
diagnozowanie mikroobiektow ktorych rozmiar nie przekracza 0,1 mikrona. Diagnoza moze byc¢
przeprowadzona poprzez obserwowanie badanych mikroobiektow podczas oddzialywania réznych
reagentow 1 katalizatoré6w, oraz w celu okreslenia parametrow fizycznych mikroobiektow: wielkosci,
predkosci, przyspieszenia ruchu, tempa wzrostu, zmian gestosci itp.

Sposob skonstruowania skanujacego telewizyjnego optycznego mikroskopu powala na badania i
analizy mikroobiektow biologicznych. Mozliwosci mikroskopu zostalty rozszerzone w stosunku do
skanowania rastrowego 1 trybow malo-kadrowych. Zaproponowane zostaly sposoby rastrowej zmiany
rozmiaru ekranu przy zachowaniu rozdzielczos$ci zdjecia mikroobiektu.

Stowa kluczowe: skanujacy mikroskop, lampa kineskopowa, mikroobiekt, diagnoza

INTRODUCTION

Scanning television optical microscope (STOM)
developed by authors will enable to diagnose
microobjects which size exceeds 0,1 microns [1-3].
Diagnostics can be carried out by supervision over
researched microobjects during influence on them of
various reagents and catalysts, and also definition of
parameters of microobjects: the sizes, speed of
movement, acceleration, growth rate, change of
density, etc [4-7]. As a light source in such
microscope electron beam tube (EBT) of the high
resolution is used. Very short time of afterglow such
EBT allows to use a mode of a running beam.
Advantage of such microscope in comparison with a
video television microscope consists in an
opportunity of formation of the image of
microobject (MO) which will consist of 5000
elements of decomposition on each coordinate. In
comparison with electronic microscope STOM

provides an opportunity to carry out researches in
real time on alive MO. Advantage of the STOM in
comparison with a laser microscope consists in
much smaller energy of illumination that liquidates
influence of a source of illumination on alive MO.
Use of change of the sizes of a scanning raster will
provide formation of image of MO with change of
its scale without loss of the resolution of the image.

1. SCANNING MICROSCOPE STRUCTURAL
SCHEME

The structural scheme of the STOM is submitted
on fig. 1. Into its structure enter: the block of
forming of scanning raster BFSR, block EBT of the
high resolution BEBT, the block of management of
operating modes scanning EBT BMOM, two block
of the optical channel BOC1 and BOC2, researched
microobject MO, the block of photoelectronic
multiplier BPEM, the block of formation of video
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signal BFVS, the television monitor TM, the block
of processing of video signal BPVS, personal
computer PC with its monitor M.

BFSR BEBT >< BOCI >< MO

—

I ¢ ><
PC BMOM BPEM >< BOC2
1=

l

BPVS BFVS ™

)

Figure 1. STOM provides formation of MO image
on the screen of the television monitor which is used
for the snap analysis of MO condition by the
operator in real time. On results of the analysis by
the operator it is made a decision on methods of the
further research: increase in the image of all MO or
its separate fragment, overlapping of a researched
fragment with the center of EBT screen, discrete
scanning with the increased resolution, increase of
contrast of MO image, measurement of static and
dynamic MO parameters, archiving of the image,
etc. Results of processing of MO image are
displayed on the monitor of a personal computer M

2. PRINCIPLE OF WORK

The principle of work of STOM will consist in
the following. On screen of EBT the light scanning
raster which with the help of optical channel block
BOCl is projected on researched microobject MO is
formed. Light which has passed through MO, or was
beat off from it moves on a photosensitive target of
photoelectronic multiplier PEM. On an output of the
block of the photoelectronic multiplier BPEM the
signal which instant value is proportional to quantity
of light which has arrived on a photosensitive target
is formed. On an output of the block of formation of
video signal BFVS the signal in the television
standard which moves on television monitor TM and
the block of processing of video signal BPVS is
formed. BPVS makes an analog strip filtration of
video signal and regulation of contrast. The block of
management of operating modes BMOM chooses
the following operating modes according to a
command of the operator [1,7]:

- a television mode of formation of a scanning
raster;

- a discrete mode of formation of a scanning raster
with various resolution;

- a discrete mode of formation of a scanning raster
with various frequency;

- a discrete mode of formation of a miniraster;

- a discrete and analog mode of formation of a
scanning raster of the changeable sizes;

- a discrete and analog mode of moving of a
scanning raster.

The personal computer is used for a choice of
operating modes of STOM, processing of MO image
by standard programs, archiving of the images, the
automated definition of parameters MO - the sizes,
the area, speed of movement, growth rate and others.

The internal structure of separate units of the
STOM will be determined by a place of its possible
use: a) research laboratories of the small medical
organizations (the cheapest and simple STOM); b)
research laboratories of the medical organizations
(rather cheap with more wide opportunities); c)
branch research laboratories for which the STOM
should have the widest functionalities.

For the first case the most suitable is use of
STOM with the minimal functionalities which works
in a standard television mode. At use of PC cheap
and standard systems of input and processing of
images are applied to input of images researched
MO in PC. Use in such microscope cheap EBT
because in this case not necessarily to provide
scaling the image researched MO due to change of
the sizes of a scanning raster in wide borders is
possible. Change of the sizes of a scanning raster
and its displacement is expedient for making simple
analog circuits.

In the second case use of an electron beam tube
of the high resolution will be necessary. Formation
of sweep which is equivalent to decomposition of
the image 1000x1000 elements, it is possible to
carry out as analog (with very small factor of
nonlinearity of sweep), and digital way. Input of the
image in a personal computer is necessary for
carrying out with preliminary digitization of the
image, therefore standard videoblasters for input of
the image in a personal computer do not approach.
Besides for processing images with the big digital
files use of the difficult expensive specialized
programs is necessary.

In the third case the STOM should have the
greatest possible functionalities with the purpose of
carrying out of the difficult specialized researches.
Formation of sweep should provide decomposition
of the image on 5000x5000 elements. For the snap
analysis it is necessary to provide a television mode
of formation of a scanning raster for input of the
image in a personal computer, and for the detailed
analysis digital sweeps which will provide high
accuracy of formation of a scanning miniraster in
any point of EBT screen with the purpose of
detailed research of separate fragments of image
MO can be used. In such microscope it is necessary
to provide wide opportunities on change of factor of
increase, sensitivity, regulation of contrast in wide
borders, etc.

On fig. 2. the preparation of blood of the person
on the monitor of a scanning electronic microscope
(the top line) and blood unguent of the person on
monitor of STOM (the bottom line) is represented.
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Figure 2. EBT together with electromagnetic
electron-optical units of formation and management

of electronic beam (focus-deflection complex) it is
submitted on fig. 3. The basic condition of reception
on EBT screen of a light spot of the minimal sizes is
mutual adjustment axes of an electronic beam and an

optical axis of a lens. Into the focus-deflection
complex enter (from left to right): two

electromagnetic systems of adjustment, the coil of

focusing astigmatism correction and the coil of a
coordinate deflection

Figure 3. The device will consist of liquid crystal
display (LCD), control panel (CP), microcontroller
(MC), the block of measurements (BM) and the
switchboard (S) and has the following
characteristics

Use of STOM in comparison with other devices
which use for research of biological and medical
microobjects (MO), has such advantages:

- very small exposition of illumination that allows
to investigate alive MO in real time;

- ultrahigh resolution of used EBT for scanning
MO in comparison with used devices of display
(the monitor of the personal computer, the
television video-control device) allows to change
scale of formed image of MO without loss of
resolution;

- flexibility of formation of a scanning raster
allows to choose operatively fragment of MO
and to display its image in the increased scale on
the television monitor;

- considerably the big depth of sharpness of the
formed image in comparison with optical and
video microscopes;

- an opportunity of MO illumination in a ultra-
violet range with use specialized EBT and
formation of MO image in a seen spectrum;

- absence of necessity of a putting researched MO
in vacuum;

- simplicity of MO preparation to research;

- an opportunity of research of MO internal
structure;

- an opportunity of research dynamic MO, etc.

Essential advantages of CTOM in comparison
with video, optical and electronic microscopes
enable to speak about their wide use in those
branches where it is necessary to diagnose and
define parameters of alive MO in real time without
preliminary processing and harmful influence on
MO, first of all, in medicine and biology.

The basic technical parameters of a laboratory
breadboard model of a microscope [7]:

- the maximal factor of increase — 20000%;
- factor of smooth change of scale — 1...10;
- the minimal size of a scanning element on
researched object — 0,1 microns;
- a maximum of a spectrum of a luminescence of
the screen of a tube — 0,54 microns;
- the minimal size of a light spot on the screen of a
tube — 10 microns;
- amode of scanning — TV the standard.
power consumption — 150 W;
- overall dimensions - 240x350%700 (mm);
weight — 22 kg.

3. SUMMARY

The developed scanning television optical
microscope provides diagnostics of medical and
biological microobjects which sizes exceed 0,1
microns in a wide spectral range of illumination in
real time.
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Summary

Acquisition and subsequent processing of vibration data for fault diagnosis of rotating
machinery with multiple bearings, such as Turbo-generator (TG) sets, can be quite involved, as
data are usually required in three mutually perpendicular directions for reliable diagnosis.
Consequently, the task of diagnosing faults on such systems may be daunting for even an
experienced analyst. Hence, the current study aims to develop a simplified fault diagnosis (FD)
method that uses just a single vibration and a single temperature sensor on each bearing. Initial
trials on an experimental rotating rig indicate that supplementing vibration data with temperature
measurements gave improved FD when compared with FD using vibration data alone.
Observations made from the initial trials are presented in this paper.

Keywords: Vibration Monitoring, Condition Monitoring, Rotating Machinery, Fault Diagnosis, Principal
Component Analysis

1. Introduction

Acquisition and subsequent processing of
vibration data for rotating machinery fault diagnosis
can be quite intricate; as data are usually required in
three mutually perpendicular directions for accurate
fault diagnosis (British Standards Institution, 2009).
To say the least, the processing of data acquired
from complex systems such as turbo generating sets
that consist of several stages of operations with
multiple bearings is tedious, data intensive and
consequently costly. Though traditional practice in
vibration-based condition monitoring (VCM) is a
mature technique for fault diagnosis of rotating
machines, it is a relatively involved process that
mandates judgment and expertise from a trained
analyst. Additionally, the task of diagnosing faults
on these systems may be daunting, if not
impossible, for even an experienced analyst. Thus a
more simple but robust technique is usually
required and would be well appreciated by the
relevant industries.

Recent studies (Elnady, et al, 2012; Elbhbah
and Sinha, 2013; Sinha and Elbhbah, 2013) have
suggested VCM methods that require significantly
reduced number of vibration sensors. Elnady, et al
(2012) proposed the use of the on-shaft vibration
(OSV) measurement technique that requires special
arrangement of the measurement instrumentation.
Elbhbah and Sinha (2013) and Sinha and Elbhbah
(2013) used just a single vibration sensor on each
bearing by fusion of data in; the composite
spectrum and higher order spectra respectively.
However bot methods were slightly
computationally involved. The present study aims
to keep both data acquisition and processing simple

and develop a diagnosis technique that uses fewer
sensors while preserving moderate computational
load. With the wide availability of temperature
monitoring systems on rotating machines in
industries and studies confirming the sensitivity of
temperature to rotating machinery faults (Gaberson,
1996; Sabnavis, et al., 2004; Craig, et al, 2006;
Nembhard, 2011; Yong-Wei and Jian-Gang, 2011),
an opportunity exists to integrate temperature and
vibration data for effective fault diagnosis. Hence, a
simplified fault diagnosis (FD) method is proposed
that uses just a single vibration and a single
temperature sensor on each bearing. The
temperature  measurement is  expected to
compensate for the reduction in vibration sensors
while replacing the need for advanced and complex
signal processing of the vibration data in the fault
diagnosis process.

The proposed vibration and the temperature
measurements are made on an experimental rotating
rig with two coupled rotors supported through 4
ball bearings (Nembhard, et al, 2013a). Different
faults are simulated in the rig and both vibration
and temperature measurements are collected and
analysed in Section 2. Earlier studies used Principal
Component Analysis (PCA) as a tool for the
diagnosis in rotating machines (Li, et al, 2003;
Liying, et al, 2012; Elnady, et al, 2012), so this
method is applied in the present study. Results from
analyses done are presented and discussed in this

paper.
2. Experimental set up

Figure 1 shows a photograph of the
experimental rig used for the experiment
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(Nembhard, et al, 2013a). The set up consists of
two 20 mm nominal diameter dissimilar length (100
mm and 50 mm) rigidly coupled rotors that are
supported by four grease lubricated ball bearings.
These are secured atop flexible steel pedestals that
are bolted to a large lathe bed secured to the

Flexible® &

Coupling%
;\ B%ci‘/

Disk "\

Balante
Disk 2, ©

Rigid ™~
Coupling,,

b

Balance

Disk 3

concrete flooring. Machined sections
accommodating balancing disks are mounted on
each rotor. System drive is provided by a 0.75kW, 3

phase, 3000 rpm motor that is mated to the rotor-
bearing system via a semi-flexible coupling. The
main dimensions of the rig are provided in Figure 2.

Rotor 2

B2 B3 B4

Note: All dimensions shown inem

Figure 2. Schematic of experimental rig with dimensions

The instrumentation and software schematic
for the set-up is depicted schematically in Figure 3
(Nembhard, et al, 2013a). Rig speed is varied with
a speed controller that is operated from a personal
computer. The dynamic response of the system is
then measured with 100 mV/g accelerometers.
Each bearing location has two accelerometers that
are mounted with adhesive in mutually
perpendicular directions. The vibration data are
transmitted through two four channel signal
conditioners to a 16 Bit Analogue to Digital (A/D)

Data Acquisition System. Data logging software then
stores the digitized vibration data on the personal
computer. To measure the thermal response of the
system, K-type thermocouples are attached between
the bearing casing and outside of the outer race of
each bearing. This mounting position was used to get
the most immediate and accurate temperature
measurements  possible. All  four temperature
readings were captured with an eight channel data
logger and saved to the personal computer for later
analysis.
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Figure 3. Schematic of software and instrumentation

3. Experiments

On starting system from rest, bearing temperatures
were recorded for a period of ten minutes at 5 second
intervals. Vibration data, at a sampling frequency of 10
kHz, was collected at the ten minute point for a total
sample time of one minute. After each experiment the
system was allowed to cool to ambient temperature
before configuring the rig for a different scenario.
Experiments were performed at 2400 rpm (40 Hz).
Data for the healthy machine condition was first
collected in order to establish baseline conditions for
the rig. Data were then collected for three fault
conditions; cracked rotor, rotor rub and coupling
misalignment. The cracked rotor condition was
simulated with the crack in three different positions. In
each case a “breathing crack” (Sabnavis et al, 2004),

e

0.25mm Wide x
4mm Deep

with a depth of 20% shaft diameter was created (see
Figures 4(a),(b)).

Rub was simulated by a Perspex apparatus consisting
of a base bolted to the lathe bed (at 115 mm from
bearing 4) and a stand with a 22 mm diameter hole
drilled parallel to the axial centre line of the shaft. The
shaft passes through the hole and rub its inner bore (see
Figure 5). Misalignment was the final scenario tested in
order to minimise the effect of any residual
misalignment that could be retained in the system after
testing. A steel shim was installed under Bearing 3
housing to induce angular misalignment in the y-z
plane across the rigid coupling located between
Bearing 2 and Bearing 3 (see Figure 6). Further details
of experiments done are given by Nembhard, et al
(2013b). Table 1 summarizes the experiments and data
collection procedure employed.

0.24mm thick

. \ / shim

Adhesive

Figure 4. Details of apparatus used for rub simulation



48

DIAGNOSTYKA, Vol. 14, No. 3 (2013)
NAMBHARD, SINHA, PINKERTON, ELBHBAH, Fault Diagnosis Of Rotating Machines Using Vibration ...

Rigid
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Figure 6. Details of Misalignment simulation at Bearing 3.

Table 1. Summary of experimental procedure used. One fault scenario was simulated at a time

No Code* Scenario Name

1 Healthy Healthy

2 CrNr1 Crack near Bearing 1
3 CrNr2 Crack near Bearing 2
4 CrNr3 Crack near Bearing 3
5 Mlign Misalignment

6 Rb Nr4 Rub near Bearing 4

*Same nomenclature is used in figures throughout rest of paper

4. Data Analysis

For each machine condition, the acceleration
spectrum was generated from data measured in the
horizontal radial direction between 5 Hz and 1 kHz.
Each spectrum was analysed to gain insight into to
the condition.

Principal Component Analysis (Jolliffe, 2002)
was then performed; first with vibration data only
and then with vibration and temperature data.
Firstly, for each machine condition, the measured
vibration data was segmented into 20 observations.
Each observation was used to compute one time
domain feature (root mean square [rms]) and three

frequency domain features (amplitudes of 1x, 2x and
3x harmonic components). Each bearing location was
treated as a separate set of features. Hence a total of
16 features (4 bearings x 4 features) were computed.
These were used to populate a feature matrix, X,, for
loading to the PCA algorithm. Each scenario
simulated was treated as a different set of
observations; hence matrix X, would have 16 rows
(features) and 120 columns (6 scenario x 20
observations). Before computing of Principal
Components (PCs), each element in X, was
converted to zero mean and unit variance (Jolliffe,
2002; Elnady, et al, 2012).
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Temperature measurements were processed to
add to this vibration data. Since temperatures were
recorded during machine run up it was necessary to
extrapolate it to obtain steady state bearing
temperatures and for this a simple thermodynamic
model of the bearing plus curve fitting process
were used. Assuming the majority of heat loss from
a bearing was via conduction to the steel pedestals,
which could have acted as a large heat sink, the
bearing temperature change values would be as
shown in Equation (1).

AT = (Tmax _To)e_At

(where AT is temperature increase, T, is steady
state temperature, T, is ambient temperature, A4 is
an arbitrary variable and 7 is time).

Unknown variables in the equation for each
condition were adjusted until the model (dashed
lines) matched the warm up curves (solid lines) as
shown in Figure 7(a). These variables were then
used to generate full steady state curves (as shown
in Figure 7(b)) for each fault condition. Full
interrogation of the acceleration spectra was also
done to ascertain if any bearing fault was present;
as this would have affected the temperature
measurements. The steady state temperatures
calculated for each bearing were included as an
additional feature, which resulted in a 20 x 120
feature matrix, X. The process of normalizing
elements in X, was repeated and PCs were
calculated.

1z

10

Temperature Rise, AT (°C)

200

€]

5. Results and Discussion
5.1 Spectral Analysis of vibration data only

Figure 8 shows the typical amplitude spectra at
Bearing 2 for all conditions tested. It can be seen that
the method did give an indication of the presence of
fault conditions, as there were noticeable increases in
the 1x component for all fault conditions relative to
the healthy spectrum. However, fault diagnosis was
not possible as different faults generated similar
spectral features. In an attempt to improve the
diagnosis, the amplitudes of the 4x, 3x and 2x
harmonic components for each bearing location at all
conditions tested was normalized with their
respective 1x component. These were used to
generate plots of the normalized 3x harmonic
component against the normalized 2x harmonic
component and the normalized 4x harmonic
component against the normalized 2x harmonic
component, as shown in Figures 9(a) and 9(b)
respectively. The main objective of normalizing with
the 1x component is to remove the effects of
unbalance which would be present across the
spectrum. Consequently this would leave the spectral
features present fully representative of the condition
present on the rig. It was expected that different
faults would form clusters in each plots, however, the
results obtained did not show any useful
discriminative feature. As expected, it seems the
simple spectrum is not adequate for the diagnosis of
these simulated faults without phase information

Temperature Rise, AT ()

o so0 1000

(Sinha, 2002; Sinou, 2009).
—Breg.1
Brg.2
—Brg.3
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Figure 7. Sample showing progression of temperature trends in curve fitting process: a) transient curve fitting and b)

generation of steady state curves
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Figure 8. Typical amplitude spectra at Bearing 2 for
all conditions tested.
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Figure 9. Comparison of spectral features for all
conditions tested at 40 Hz: Healthy, Crack near
Bearing 1, Crack near Bearing 2, Crack near
Bearing 3, Misalignment and Rub near Bearing 4.

5.2 Fault Classification with vibration data only

Figure 10 shows a two dimensional (2D) PC
plot which correlates the 2nd PC (PC2) against the
1st PC (PC1). Healthy condition did not occupy a
defined space as there was some overlap with it and
the Rub near bearing 4 data points. It was also
observed that there was overlap between
Misalignment and Crack near bearing 1 and 3 data.
This is analogous to results obtained in the
spectrum analysis (see Figure 8) where it was not
possible to distinguish cracked rotor from
misalignment. It therefore appears that PCA with
vibration data alone is no more useful than
spectrum analysis in this case.

T
Healthy
CrNrl ||
CrNr2 H
CrNr3
Miign ]
Rb Nr4 1]

PC1
Figure 10. Fault Classification by PCA without
Temperature - 40 Hz
5.3 Fault Classification with vibration and
temperature data

Figure 11 shows the 2D PC plot that was
produced. It can be seen that the addition of
temperature fully separates healthy from all faulty
data. The overlap between Misalignment and Crack
near bearing 1 and 3 that was noticed in PCA with
vibration data only (in Figure 10) does not exist in
this plot. It was interesting to note that the Crack near
bearing 2 condition was mostly unperturbed by the
addition of temperature. Notwithstanding, the
addition of temperature puts each fault condition in a
clearly defined region, which may be useful for fault
diagnosis. Additionally, when compared to the
simple spectrum in Figure 8(c); where Crack near
bearing 2 was observed to be the most severe fault
(possessing the largest 1x component and with
noticeable increase in 2x harmonic component with
respect to the healthy spectrum), a similar
observation is made here, as the said condition has
the greatest separation from the healthy case.
Therefore, in addition to fault classification, it seems
this method may be able to provide useful
information on fault severity. Further
experimentation would be required to verify this.

[CWNIN]

Figure 11. Feature classification by PCA, with
Temperature - 40 Hz.

Conclusion

A fault diagnosis technique for rotating
machinery, rotor-related faults is proposed using a
single vibration sensor together with a simple
temperature sensor on each bearing. |Initial trials
show that supplementing vibration data with
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temperature measurements gives better separation
of healthy and faulty data, allowing clearer
diagnosis of faults when compared with vibration
data alone. The proposed method also seems to be
simple and non-intrusive and thus have the
potential for future application. However further
experimentation on different rigs with different
faults is required to fully explore the potential and
validate the usefulness of the method.
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Summary

The field of condition monitoring (CM) systems has developed significantly in recent decade. Due to
constant improvement of embedded computing, complex vibration data processing can be now
implemented for a much larger group of machines, e.g. wind turbines.

One of the key outcomes of this process is increase in the number of signal features calculated online.
Instead of a dozen of broadband values, we now have more than a hundred for a typical wind turbine.
Such a situation creates information overload for the operators. On one hand, it is now possible to detect
machine failure at an early stage, but on the other — a person monitoring a few dozens of turbines, each

generating over a hundred features is not able to properly organize all the information from CM systems.

Therefore, we have proposed the hierarchical informational structure for condition monitoring system
of wind turbines, based on the data fusion methods. The information about feature values and statuses is
combined into higher levels, e.g. main bearing, gearbox and generator together with the information about
its severity and novelty.

Keywords: data fusion, condition monitoring, fault detection and identification, vibration, wind turbines

NOWATORSKA INTUICYJINA STRUKTURA HIERARCHICZNA SYSTEMU MONITOROWANIA
STANU TURBIN WIATROWYCH

Streszczenie

Na przestrzeni ostatniego dziesigciolecia zaobserwowaé¢ mozna byto szczegbélny rozwdj na polu
monitorowania stanu maszyn i urzadzen. Stato si¢ tak dzigki wykorzystaniu bardziej zaawansowanych
systemow wbudowanych oraz skomplikowanych algorytmoéw przetwarzania sygnatow drgan, ktore
obecnie moga by¢ zastosowane do oceny stanu znacznie wigkszej grupy maszyn, takich jak np. turbiny
wiatrowe.

Jednym z najwazniejszych efektéw tego procesu jest zwigkszenie iloSci wskaznikéw
diagnostycznych, ktéore mogg zosta¢ obliczone w czasie rzeczywistym — zamiast kilkunastu warto$ci
szerokopasmowych, obecnie otrzymuje sie ich ponad sto dla typowej turbiny wiatrowej. W rezultacie
prowadzi to do przecigzenia ilo$cig informacji, jakie jest stanie przetworzy¢ wykwalifikowany pracownik
utrzymania ruchu. Z jednej strony, istnieje obecnie mozliwo$é wykrycia uszkodzenia maszyny w
najwczesniejszym jego stadium, z drugiej natomiast — inZynier utrzymania ruchu monitorujacy
kilkadziesiat turbin, z ktérych kazda generuje ponad sto wskaznikow informujacych o stanie maszyny, nie
jest zdolny do wlasciwej oceny wszystkich informacji z systemu diagnostycznego.

W zwiazku z tym, zaproponowana zostata hierarchiczna struktura informacyjna dla systemow
monitorowania stany turbin wiatrowych oparta na metodach integracji danych. Informacja o wartosciach
oraz stanach wskaznikow diagnostycznych laczy si¢ na wyzszych poziomach, tj. tozyska gltéwnego,
przektadni oraz generatora razem z informacja o ich o wazno$ci oraz aktualno$ci.

Stowa kluczowe: integracja danych, monitorowanie stanu, wykrywanie i identyfikacja uszkodzenia,
analiza drgan, turbiny wiatrowe

1. INTRODUCTION

Nowadays condition monitoring (CM) systems are
much more robust than, for instance, 10 years ago [1].
This is due to the accelerated development of complex
signal  processing  techniques and  computing
effectiveness caused by demanding applications.
Important field is wind power generation especially
offshore [2, 3]. That in turn makes the diagnostic
process of machinery more precise and quicker, since it

enables the maintenance engineer to detect fault
development at the earliest stage it occurs. Many
researchers develop new fault detection methods using
numerous approaches, ranging from knowledge-based
methods [4, 5] to numerous natural/soft computing
techniques [6, 7]. There are also practical approaches,
using data available from SCADA systems [8].
Important review papers in this field is [9].

On the other hand, the rapid development of
diagnostic capabilities causes the information overload.
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For example, in wind turbine industry, the maintenance
engineer typically is obligated to analyze more than a
hundred different diagnostic features that describe the
technical state of each turbine. Examples of such might
be root mean square, peak to peak and kurtosis as
broadband indicators, and ball passing frequency of
outer ring and higher harmonics presence as the
narrowband ones. Gears are probably the most
important component of wind turbines, therefore
several new methods have been recently proposed [10,
11, 12, 13]. Taking into account all the features
calculated from 6-8 vibration signals, for a wind park
consisting of few dozens of wind turbines the amount
of information is overwhelming. Responding to
individual threshold violations may as a consequence
lead to the situation when alarms that are crucial for the
operation of machine and thus should be analyzed in
the first place are pushed to the side by the minor ones.

Therefore there is a need to organize the diagnostic
analyses (i.e. features) into the reasonable order (also
referred as structure) to improve embracing diagnosis
of machinery with growing number of diagnostic
features by maintenance engineer. The proposed
structure shall be both intuitive and accessible in order
to increase proper justification of a problem and
simplify the further maintenance steps.

The paper is organized as follows. After the
introductory part the wind turbine design is briefly
discussed along with typically used wind turbine
diagnostic hierarchical structures that are used to
describe technical state of the machine. Next, the
proposal of more intuitive approach is presented. The
block diagram is described together with new way of
categorizing alarm level violations. Ideas of data
fusion, alarm novelty and severity are discussed in the

separate subsections. The results are described and
followed by the conclusions.

2. STATE OF THE ART

Since organization of diagnostic features is

supposed to be easily interpretable for the maintenance
engineer it shall be based on the scheme of turbines
operation. Such arrangement is aimed at proper
justification of  machine operation, easier fault
recognition and proper planning of further actions.
Thus it is important to describe the kinematic chain of
a typical wind turbine.
Such a kinematic scheme is presented in Fig. 1. The
main rotor is driven by three blades and supported by
the main bearing. It passes the torque to the planetary
gearbox. Second bearing supporting the rotor is
incorporated into the gearbox. The planetary gear has
three planets, which are driven by the planet carrier.
The planets transmit the torque to the sun gear, in the
same time increasing the rotational speed. The sun
shaft passes the torque from the planetary gear to the
two-stage parallel gear. The parallel gear contains three
shafts: the slow shaft clutched to the sun shaft, the
intermediate (sometimes called middle) shaft and the
high speed shaft, which drives the generator.

Typical requirement for wind turbine drive-train
condition monitoring systems is to measure vibrations
with six measurement channels that each covers
separate area of drive-train [1, 3]. Namely: main
bearing, planetary gearbox, 1st stage of parallel
gearbox, 2nd stage of parallel gearbox, front of the
generator (driven end — DE) and back of the generator
(non-driven end — NDE).

Rotor ;Flanetary gearbox  Parallel gearbox stage |  Parallel gearhox stage IT  Generator
' / / f /
[ T
[ | 1 [ |
— — L - L L L - L L | L
— — — [ — | M |/ — ‘ ™
T— | I
— | = [

Figure 1. Kinematic scheme of a typical geared wind turbine
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Additional required measurement covers rotational
speed in order to asses acquired vibration data to
proper operational state. In majority of condition
monitoring systems dedicated for wind turbines value
of generated power and wind speed are measured along
with calculation of the diagnostic features.

There are two standard types of condition
monitoring structural trees used in industrial condition
monitoring systems that cover typical vibration
analysis used in diagnostic process. The main idea in
each of them is to reveal the information about the state
of machine from the analysis level in the most
convenient way.

2.1. Sensor based hierarchy

The first type of a structure is based on the
measurement channels. It is presented in Fig. 2. As
each of the hierarchical structures, it consists of
information levels (or layers), which narrow down
from the vibration signal analyses via the channel layer
to the machine which is monitored, i.e. wind turbine. It
is easy to notice that the channel layer corresponds
with the (typically) six vibration sensors used for CM
of wind turbine. First, the vibration data should be
validated, as it was shown than wind turbines vibration
depend highly on the operational state and are prone to
multiple noise sources [14, 15]. Data acquired from the
sensor is a subject of numerous analyses concerning
energy levels, the character of its fluctuation and
presence of particular frequency components in signals.
The number of such signal features, and therefore
elements on the analysis level, is typically in range of
150 as presented in Tab.l. The analyses most
commonly used in wind turbine diagnostics are listed
in the table attached at the end of the article (Tab. 2).

Tab. 1 Summary of basic commonly used wind turbine
diagnostic features

Kinematic Number of Total number
elements features per of kinematic
kinematic element elements
Broadband 8 48
Narrowband 4 72
bearings
Narrowband 3 15
shafts
Narrowband 3 9
gears
Total - 144

In practice, the information about violated threshold

limit on particular analysis is propagated directly to the
higher level, i.e. to the channel layer and then to the
examined machine. Such an approach impede quick
defect diagnosis and is time consuming.
It is due to the fact that the condition monitoring
engineer receives information about raised level of one
or more analyses located in the ‘analyses layer’. The
features are not divided into segments regarded to the
kinematic elements (whether it concerns gears, shafts
or bearings) they indicate about. Therefore in such
situation, one has to refer the particular (raised)
analysis to the appropriate fault-susceptible element
and estimate the severity of the problem by himself.
Moreover, in the presented approach there is no
separation between crucial alarms and simple
informative warning. Similarly, such structure suffers
lack of indication of novelty of the alarm. For example,
if the engineer decides to deal with some major alarm
at first, the remaining alarms verified as less important
after time will still be unmarked, just as new ones,
what might be misleading afterwards. As a result, the
hierarchy presented in the Fig. 2 looks transparently,
however it does require additional substantial time and
effort to identify the severity of information

@
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2.2. Component based hierarchy

The second standard type of condition monitoring
hierarchy is based on the real mechanical elements in
wind turbine, i.e. gears, shafts, bearings and rotor. It is
intuitive from the practical point of view. It is
presented in Fig. 3. For a single wind turbine the
structure is divided into 5 main layers, namely:

- the machine that is being monitored,

- types of kinematic elements, i.e. gears, shafts,
bearings and rotor,

- particular kinematic elements, e.g. planetary gear,
generator shaft or main bearing,

- location of a sensor, one of six typically used
sensor locations used for wind turbines, as
mentioned above,

- signal features (i.e. analyses), used for fault
detection of particular kinematic element at
particular sensor location.

The main advantage of this approach is the ability
to localize fault development according to the
kinematic element, however it is hindered as well.
Practically, the maintenance engineer has to deal with
mix of the sensor locations within the structure. In fact
it does not concern the engineer from which sensor the
faulty signal used for the particular feature comes from.
It is important whether the analysis level is high, its
dynamic changes rapidly over time and whether the
machinery may run for the time necessary for
preparation of the repair or it has to be stopped
immediately to prevent more serious breakdown.

It is always worth mentioning that early detection
and preventing crash of machinery is one of the basic
objective of CM systems. For instance, if the alarm

threshold violates for the middle shaft harmonic
analysis, the system informs of the exceeding within
the group of shafts, then on the middle shaft. Next the
structure of the system reveals that the violation is
obtained from signal measured on either stage | or Il of
parallel gearbox. Finally, the analysis related to
particular harmonics of the shaft rotation are obtained.
Such diffuse can be confusing. Separating shafts or
bearings without placing them within the kinematic
scheme makes finding the reason of potential fault
more complex. Furthermore, the described structure
does not carry information about the severity nor about
the novelty of the alarm, similarly to the first type of
hierarchy.

3. NEW HIERARCHICAL STRUCTURE

The proposed hierarchical structure aims to overcome
problems and difficulties related to previously
described structures. As presented in Fig. 4 the
information about feature values and statuses is
combined into higher levels, i.e. rotor, gearboxes and
generator that correspond with the kinematics of a
wind turbine. If diagnosis concerns bigger kinematic
element it is categorised under such label, e.g. a
malfunction of one of middle shaft’s bearings falls into
the following sections: middle shaft bearing, middle
shaft, parallel gearbox, gears generally. It is because, at
the first place, defect of the bearing affects operation of
this particular shaft, subsequently parallel gearbox (it is
not important which stage of the gearbox), and gears
altogether.
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Figure 3. Hierarchical structure based on groups of kinematic elements
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The significant amount of techniques performed
within the analysis layer may be reduced using data
fusion methods with no harm or even with a benefit to
the correctness of evaluation. It is discussed in the
subsections below along with procedures used to define
the severity and novelty of alarms. The propagation of
the alarm in the proposed structure assumes its
flexibility and is described afterwards.

3.1 Severity

The main reason for introducing the severity feature is
to help to distinguish the important information from
not-so-important. The main approach to avoid the
information overload is extension of signal parameters
by adding the field of priority, which we will later call
severity. The severity parameter should inform the
operator how important is the message about a
violation of an alert threshold. There should be 4-6
levels of severity, e.g.:

- critical,

- important,

- early warning,

- information

For example, the increase in the overall signal energy
with dominant first harmonic component on the
generator should be treated with the upmost priority.
This can be a sign of an unbalance, leading to a
catastrophic failure. On the other hand, a relatively
small increase on the BPFO frequency is typically not

critical. It should be monitored, but there is no need to
stop the machine and perform a maintenance action.

Severity should also depend on the rate of change
of the feature. For a majority of mechanical faults in
wind turbines, the process of the development is
relatively slow and takes weeks or even months. If a
situation is detected when the rate of change suggests a
problem within a shorter time, e.g. hours, the user must
be notified with much higher priority.

3.2 Novelty

The next extension of signal parameters, which we
propose to take into account is the novelty of the
information. Such an approach shall create a dynamic
system, which uses the rules of human perception. In a
live situation, when a small team must supervise
several hundred machines, generating all together
many thousands of features it is a normal situation that
many threshold violations are active in the same time.
There must be a method to attract the attention of
operators to newly detected events. This should be
achieved by increasing the weight of the information
right after it is detected and decreasing it as it gets
older.

One way to implement at least a part of this
mechanism is to adopt the acknowledgement of events.
The operator must manually acknowledge the
information from the system about the threshold
violation. The system shall store the time of detection
and the time of acknowledgment. This is, however,
only the basic level of such an approach.
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3.3 Data fusion

The main reason to use the data fusion method is to
decrease the amount of information [16, 17, 18]. The
idea of employing data fusion methods for diagnostics
of wind turbine comes from two facts. Firstly, for a
single wind turbine one may distinguish more than a
hundred diagnostic features, which creates information
overload for the operators. Secondly, one does not need
to know, for instance, which particular component of a
rolling bearing generates an alarm, because the
maintenance staff will replace the whole bearing
anyway. Thus, information should be integrated to a
form comprehensible for people without detailed
diagnostic knowledge.

The integration of data is carried out at the analysis
level. Its block design, presented in Fig. 5, enables
synthesis of the features regarding to particular
kinematic element of the machine.

Analyzes

Analysis 1 Anahysis 2 Analysis 3 Analysis Analysis n

Figure 5. Hierarchical structure based on kinematic
elements

The most efficient method available for data fusion
is the weighted average of lower level signal features.
It can be used for a single estimator of a
gearbox state and it can be obtained from integration of
harmonics using weighted average [19]:

X=-5 ()

i=1

where n; represents i" analysis and w; stands for weight
assigned to the i™ analysis. Such an approach does not
need to follow exact model, where all the analyses are
only at the lowest level. It is possible that more
complex features, e.g. referring to modulations coming
from the gearbox or from faulty bearings [20] or even
to the whole machine [21, 22] can be integrated at a
higher level.

Such a simple approach may also be used for
combining information related to shaft’s rotational
speed harmonics or gear mesh harmonics.

3.4 Flexibility

If an informational hierarchy should be efficient, it
also needs to be flexible. The hierarchy should take
into account all the three proposed features. In such a
system, if a threshold violation is detected on a lowest
level, the information is propagated up to the top level
of the wind turbine (see Figure 4). The different groups
of users will move from the top to the level, which
gives sufficient information for the observer. On the
Fig. 4, such levels are:
- wind farm: the turbine number X has a problem
- single WT level: there is a problem with generator

- component: the generator bearing has a problem
- analysis: one of bearing parts (e.g. outer race) is
damaged
In order to achieve the flexibility, users should be
able to view the data from different angles. For
example, one may need to see the most critical events,
the most recent events, all the events referring to the
generator etc.

4. CONCLUSIONS

In the paper we have proposed transparent,
expanded and unequivocal hierarchical structure that
simplifies diagnostic process for the maintenance
engineer and enhances the correct fault recognition.
The structure is built based on the approaches of
severity and novelty were presented. Data fusion
algorithms are proposed in order to limit diffuse of
diagnostic information. Only relatively simple
elements of the proposed hierarchy were shown in this
paper, this issue is our main area of research.

Further research are necessary in this field. Main
directions should be:
- determine the detailed structure for certain wind

turbine types
- selection of more efficient data fusion techniques
- definition of normal states and a method to

calculate the distance between one of “good” states

and the current one

The real data (laboratory data, real wind turbines)
should be applied to the proposed structure in order to
fine tune the proposed information system.

The ultimate goal is implementation of the
proposed method in a real world condition monitoring
system.
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Appendix
Tab. 2 Diagnostic features assigned to kinematic elements of a typical wind turbine
Kinematic | Bandwidth Feature Formula
element
General Broadband | RMS - root mean square 1 2
Upms = ?uz (t)dt
Broadband | PP — peak to peak Uy = max(u(t))— min(u(t)) 3
Broadband | ZP — zero to peak = En;aoT((u(t)) 4
Broadband | Crest factor u 5)
c=—2
pp
Broadband | Kurtosis 1 on R
pt 2= ) (®)
K = —4 =
o 1oy 52
Nzi 1(x; — %)
Bearing Narrowband rE;ZEO — ballpass frequency of outer g £ ( 1-2c0s Oc) ©)
Narrowband | BPFI — ballpass frequency of inner n d (8)
race Efr (1 D% °<)
_ i 1 d
Narrowband | FTF — fundamental train frequency =5 £ ( 1— = cos o() 9)
Narrowband | BSF (RSF) — ball (roller) spin D d 2 (10)
frequency f= 2d 1- (5 cos oc)
Narrowband | Cepstrum (11)
Ca(v) = F{log A(f)}
Narrowband | Bispectrum (12)
bisp(f f2) = 77 2 Xn(£) - Xon(£)
X?n(fl + /f2)
Shaft Narrowband | Higher harmonics of rotational f=rf (13)
speed f =2f,
f =3f.
Gear Narrowband | TSA — time synchronous averaging 1 N-1 (14)
Vo) =7 ) ¥t +nT)
n=0
Narrowband | GMF — gear meshing frequency four = GMF = fiv, = f, v, (15)
femr = 2GMF
fGMF = 3GMF
Narrowband | Cepstrum As above
Narrowband | Bispectrum As above

Notation in the table:

u — time domain signal, £, - shaft speed, n - number of rolling elements, o - the angle of the load from the radial plane,
d - ball diameter, D - pitch diameter (distance between opposing balls in a bearing); F - Fourier transform A —
Amplitude, f — narrowband frequency; f; — fundamental frequency, f,— first harmonic frequency, Xy, - short-time Fourier
transform, t — time, T — time interval for avering.
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Summary
The paper presents an application of the cointegration technique for temperature effect removal in
Lamb wave data. The method is based on the analysis of cointegration residuals and stationary
statistical characteristics. The experimental results on Lamb wave responses from undamaged and
damaged aluminium plates show that the cointegration process can remove undesired temperature
effects and accurately detect damage.

Keywords: structural health monitoring, Lamb waves, cointegration, temperature effect removal

WYKRYWANIE USZKODZEN PRZY POMOCY FAL LAMBA - KOMPENSACJA WPLYWU
TEMPERATURY OPARTA O METODE KOINTEGRACII

Streszczenie

Fale Lamba stosowane sg do wykrywania uszkodzen w konstrukcjach ptytowych. Wplyw
temperatury na amplitud¢ oraz faze fal Lamba jest jedng z gtownych przeszkéd w powszechnym
zastosowaniu tej metody w praktyce inzynierskiej. W pracy zastosowano metod¢ kointegracji do
kompensacji wplywu temperatury na propagacj¢ fal Lamba. Metoda oparta jest na badaniu
stacjonarno$ci sygnatow. Zastosowane podejscie pokazane jest na przykladzie wykrywania szczelin
zmeczeniowych w ptytach aluminiowych. Wyniki pokazuja, ze metoda kointegracji skutecznie usuwa
z fal Lamba wszystkie efekty zwigzane z wplywem temperatury, przyczyniajac si¢ do wykrycia

badanych uszkodzen.

Stowa kluczowe: wykrywanie uszkodzen w konstrukcjach, fale Lamba, kointegracja, kompensacja wptywu
temperatury

1. INTRODUCTION

Lamb waves are the most widely used guided
ulstrasonic waves for structural health monitoring
(SHM) applications. Various damage detection
methods — based on Lamb waves — have been
developed for the last few decades, as reported and
reviewed in [1-5]. However, despite many research
developments, practical engineering applications are
still limited. This is not only due to complex
physical wave propagation mechanisms (e.g.
multiple modes or dispersive nature) but also due to
damage sensitivity that is often affected by
operational and environmental conditions [6]. It
appears that temperature variability (instantaneous,
daily or seasonal) is one of the major problems [7,8].
Therefore it is important for practical applications of
Lamb waves to develop methods that are sensitive
only to damage but insensitive to operational-
environmental conditions, to avoid false-positive
and false-negative damage detection scenarios.

Various approaches were developed to deal with
undesired effects of operational and environmental
variability in SHM data, as presented in [6]. The

cointegration method — developed originally from
the field of econometrics [9] — has been proposed
recently in process engineering for abnormality
detection [10] and in structural damage detection for
the removal of temperature effect from bridge
vibration data and Lamb wave responses [11, 12].
The major idea used in these investigations is based
on the concept of stationarity of time series.
Monitored variables are cointegrated to create a
stationary residual whose stationarity represents
normal condition. Then any departure from
stationarity can indicate that monitored structures
are no longer operating under normal condition.

This paper builds upon previous investigations
on the cointegration technique for trend removal in
Lamb wave data. The major objective is to present a
new approach based on cointegration for the
removal of temperature variability and damage
detection based on Lamb waves. The augmented
Dickey-Fuller (ADF) test [13] is used not only to
test the degree of non-stationarity of variables, but
also to create a damage detection indicator.
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2. PREVIOUS STUDY ON TEMPERATURE
EFFECT REMOVAL IN LAMB-WAVE-
BASED SHM

Lamb-wave-based SHM in principle is based on
guided ultrasonic waves introduced into a structure
at one point and sensed at a different location.
Damage in a structure can be then identified by
monitoring changes in the output signal. Signal
attenuation and/or mode conversion is sufficient to
detect various types of damage such as cracks in
metallics or delamination in composites [2]. Lamb-
wave-based damage damage techniques have shown
great potential for SHM applications since they
feature [3]: (1) the ability to inspect large structures
as well as insulated structures (e.g. pipeline under
water); (2) the ability to examine the entire cross-
sectional area of a structure including both internal
damage and surface defects; (3) the capability of
classifying various types of damage using different
wave modes; (4) excellent sensitivity to damage
with high precision of identification; and (5) low
energy consumption and great cost-effectiveness.

However, as discussed above temperature
variability has a dominant effect on Lamb waves
therefore various approaches have been proposed to
overcome this effect in which some representative
works are summarised hereinafter.

The early proposed approaches are based on
soft computing [14, 15]. The first publication
reported a unique combination of time series
analysis, neural networks, and statistical inference
techniques. Several methods — such as feature
extraction based on signal decomposition and
principle component analysis — were investigated in
the second publication. Various machine learning
tools that could be used in these approaches were
reviewed and extensively discussed in [16].

Two different methods were presented in [17].
The first one proposed to record reference signals
over a range of temperatures and then to use these
signals in the ensemble that best matches a
subsequent signal for subtraction. The second
method relies on the improvement of sensitivity via
an exact compensation scheme for the temperature
change. Both methods would require large reference
databases in practical applications. This could be
often expensive and not always possible. Efficient
modeling could ease this task, as demonstrated in
[18].

A reference-free approach — based on properties
of fundamental Lamb wave mode propagation — has
been proposed in [19]. Baseline subtraction methods
— based on multiple baselines — have been proposed
in [8]. Instead of using a single baseline for
subtraction purposes, a series of baselines are used,
covering the range of operating conditions of the
structure. This approach is known as Optimal
Baseline Selection (OBS). More recently, a new
Baseline Signal Stretch (BSS) method have been

proposed in [20]. A combined strategy that uses both
OBS and BSS was also considered in this work.

A model that accounts for relevant temperature-
dependent Lamb wave propagation parameters was
investigated in [7]. This work underlines the effect
of temperature on transducer properties. The role of
piezoceramic adhesive layers in structures exposed
to elevated temperatures was investigated.

3. COMMON TREND REMOVAL BY USING
THE COINTEGRATION METHOD

For the sake of completeness this section briefly
introduces the concept of cointegration. Firstly,
stationarity and non-stationarity are explained.

For a given time series Y; presented in the form
of the first-order Auto-Regressive process AR(1),
which is defined as

Vi =i + & (1)
where &; is an independent Gaussian white
noise process with zero mean, three different time

series can be distinguished. These are [21]:

e stationary time series (|¢|<1) — the process
looks irregular, but always oscillates around the
mean;

e non-stationary time series (¢ >1) — the process
is initially smooth but eventually becomes
rough;

e random walk (@#=1) — the process moves up
and down; it behaves as a non-stationary time
series, but slowly.

In practice time-invariant behaviour can be
indicated by statistical moments of the process. A
stationary process would have time invariant
moments while a non-stationary process would
exhibit some time dependence in moments. It is well
known that the most simple stationary time series is
the independent Gaussian white noise process [21].
The time series Y; in Eq. (1) is an integrated series
of order 1, denoted I(1), if it has the form of
random walk (i.e. ¢ =1) without a trend [22]. When
¢=1,Eq. (1) yields

AYt =Yt = Yr1 = & ()

This clearly shows that, the first difference of

Y is just a white noise process &;, i.e. a stationary

time series. The consequence is that a non-stationary

I(1) time series becomes a stationary |(0) time

series after the first difference. In a similar way, a

non-stationary 1(2) time series would require

differencing twice to induce a stationary 1(0) time
series. The number of differences required to
achieve stationarity is called the order of integration.

Thus time series of order d are denoted as 1(d).

Following this short introduction, the concept of
cointegration can be introduced. Let
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Yi =it Yot Ynt )T denote an (nx1) vector
of (1) time series. Then Y; is cointegrated if there

exists an (N x 1) vector B=(1,-f,,....,—f, )T
such that

it
¥y
Y, =[l -B, ... -B]| 7|~
\_Y_} L J
Y
Cointegration nomalized Yut
residual cointegrating
vector  cointegrated
variables

In other words, the non-stationary I(1) time

series in Yy are cointegrated if there exists (at least)

a linear combination of them that is stationary or has
the 1(0) status. The linear combination, denoted

,BTYt ~1(0), is referred to as a cointegration
residual or a long-run equilibrium relationship
between time series [22]. The £ vector is called a
normalized cointegrating vector. It can be noticed
that the action of creating the cointegration residual
(U = ,BT Y, ) is the action of projecting the (nx1)
Y; vector on the cointegrating vector 3, or in other
words applying the cointegrating vector [ to the

(nx1) Yy vector.

Testing for cointegration is in essence testing
for the existence of long-run equilibriums (or
stationary linear combinations) among the elements
of Y; [22]. However, before any attempt is made to
test for that existence, two constraints (or pre-
requirements) related the time series in Y; need to
be fulfilled. Firstly, the analysed time series must
have at least a common trend. Secondly, the
analysed time series must have the same degree of
non-stationarity, i.e. they must be integrated of the
same order.

If the (Nx1) vector of I(1) time series in Y,
is cointegrated with 0 < <N cointegrating vectors
then there are N—Tr common stochastic trends [22].
For n wvariables, the cointegration process may
create as many as N—1 linearly independent
cointegrating vectors. To illustrate the duality
between cointegration and common trends, let

T
Y =Y, Y2t) ~1(1) and
T
& = (&, 6x,63) ~1(0) (3)
and suppose that Y; is cointegrated with the

normalized cointegrating vector S =(1,—/5, )T )

This cointegration relationship may be represented
as

t
Vit =Pr) 615 +63  and
s=1
t
Yot = 2 €15 + &t 4
s=1
. t
where the common trend is Z o1
below, the cointegration process removes the
common stochastic trend and the cointegration

&5 - As illustrated

residual ﬁT Y, obtained is a stationary 1(0) time
series, 1.€.

/BTYt =Yit = 5o Yat

t t
= ﬁZZgls &y _ﬁZ(zgls +‘gzt)
s=1 s=l1
= &3t — Préy ~ 1(0) O]

One of the most common approaches used to
determine the existence of cointegration and the
number of linearly independent cointegrating vectors
(or relationships) among multivariate non-stationary
time series in Y; were developed in [23]. This so-

called Johansen’s cointegration procedure basically
is a combination of cointegration and error
correction models in a Vector Error Correction
Model (VECM) form. This is a sophisticated
sequential procedure and thus is not presented in this
paper. For a complete description of the Johansen
procedure, readers are referred to [23]. In this study,
the Johansen’s cointegration procedure was realized
by using the Econometrics Toolbox [24].

Next, an example that uses the Johansen’s
cointegration procedure to remove common trends
in the simulated data is presented. The Weierstrass-
Mandelbrot (W-M) cosine fractal function is used in
the analysis because of its non-linear and non-
stationary nature. The W-M cosine fractal function
is given by [25]

l—cosBjL

N
W= — (6)
i it B(2-D)j

where i =1...N p» with N p is the total number of

data samples; and the parameter D and B must be
inthe range 1< D <2 and B >1, respectively.

In this example, three W-M cosine fractal
functions (e.g. variables x, y, z) are used (see Fig. 1).
Clearly, they share one common stochastic trend, i.e.
the positive drift (or upward trending). When these
three variables — sharing a common trend — are
cointegrated, the cointegration process results in two
cointegrating vectors (i.e. I =2), in which
The first cointegrating vector is:

A=l -1.62 199 0.16] (7)

The second cointegrating vector is:
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fr=[1 012 -121 2.03] ®)
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0 2000 4000 0 2000 4000 0 2000 4000
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Fig. 1. Three W-M cosine fractal functions (x, y, z).

Next, projecting three variables (x, y, z) on the
two obtained cointegrating vectors that results in two
cointegration residuals in Fig. 2 and Fig. 3. It is easy
to observe that the cointegration residual in Fig. 2 —
which uses the first cointegrating vector is more
stationary than the one in Fig. 3 — which uses the
second cointegrating vector. The results obtained in
Fig. 2 and Fig. 3 also showed that the positive drift

trending was removed from the W-M variables.

5 4

6 4

—12F 4

—13F 4

I I I I I 15
1500 2000 2500 3000 3500 4000
Data samples

I I
0 500 1000

Fig. 2. The first cointegration residual obtained when three W-M
variables are projected on the first cointegrating vector.

1l 4

I I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000
Data samples

Fig. 3. The second cointegration residual obtained when three W-
M variables are projected on the second cointegrating vector.

4. LAMB WAVE EXPERIMENTAL DATA
WITH TEMPERATURE TRENDS

Experimental data used in this paper originate
from a series of tests described in [15]. Lamb waves
were propagated in an aluminium plate (200 x 150 x
2 mm) aluminum plate of 2 mm thickness was used
in these experiments. Two low-profile, surface-
bonded piezoceramic Sonox P155 transducers
(diameter 10 mm and thickness 1 mm) were used for
Lamb wave generation and sensing.

A five-cycle 75 kHz cosine burst signal was
used for Lamb wave generation. The excitation
signal was enveloped using a half-cosine envelope.
The maximum peak-to-peak amplitude of the
excitation signal was equal to 10 V. This excitation
led to the so-called single Lamb wave mode
propagation, i.e. the A0 fundamental Lamb wave
mode was generated whereas the amplitude of the
SO mode was negligible. The excitation signal was
generated using the TTi TGA 1230 arbitrary
waveform generator. Lamb wave responses were
acquired using a digital 4-channel LeCroy LT264
Waverunner oscilloscope. Both instruments, i.e. the
signal generator and the oscilloscope, were
controlled in MATLAB through the General
Purpose Control Bus (GPIB) protocol standard,
running on a standard PC. Fig. 4. shows a schematic
diagram of the experimental arrangement.

LeCroy
— - LT264
Oscilloscope
Thermal
) Sensor probe
Aluminum
plate Odamag
I—I1—V
Actuator
LTE Scientific Oven
TGA 1230
Function ———
Generator

Fig. 4. Experimental arrangement.

The plate was placed in a 100 liter LTE
Scientific oven to obtain data for various temperature
levels. The temperature on the surface of the plate
was measured using a thermal probe. Firstly, the
experimental tests were performed using the intact
plate. The plate was firstly heated up (from 35°C to
70°C) and then cooled down (from 70°C to 35°C)
with a step change of 5°C. The heating and cooling
cycles were performed twice to address the problem
of repeatability and check for possible hysteresis
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between cycles. Then, a hole was drilled the middle
of the plate and the entire experimental work was
repeated.

The analysis presented in this paper utilised
lamb wave data for the undamaged plate and the
damaged plate with 5 mm hole — measured at four
different temperatures (i.e. 35, 45, 60 and 70°C).
Altogether twenty Lamb wave responses were used
for each single combined damage-temperature
condition and each response measurement consists
of 5000 data samples acquired using the sampling
rate of 10 MHz. Strong influence of temperature on
lamb wave responses was observed, as reported
previously in [15, 18].

5. EXPERIMENTAL RESULTS

This section presents the temperature effect
removal and damage detection results based on the
proposed cointegration-based method. Lamb wave
experimental data described in the previous section
were used in this analysis.

The cointegration analysis and the ADF test
were performed using the Lamb wave experimental
data. The entire procedure consists of three schemes:

(1) ADEF test on the “pre-cointegrated data”;
(2) Cointegration of Lamb wave responses;

(3) ADEF test on the “post-cointegrated data”.

It is well known that whenever the cointegration
method is used, the ADF test is firstly performed to
measure the degree of stationarity or non-stationarity
of the analysed variables. In principle, the more
negative the ADF t-statistic value is obtained, the
more stationary the signal is, as shown in [11,12].
The assumption is that damage introduced to the
plate can change stationarity of Lamb wave data. In
addition, different severities of damage can produce
Lamb wave responses with different stationary
characteristics. If this is the case, then not only the
existence of damage can be detected, but also its
severity can be assessed. Hence, the ADF test can be
used not only to test for stationarity but also to
detect damage and judge its severity. Following
[12], the average ADF t-statistics are used in this
study to assess the degree of stationarity of the
analysed data and to detect possible damage.

In the first scheme, twenty Lamb wave
responses from each single combined damage-
temperature condition were directly used in the ADF
test. This analysis resulted in ADF t-statistic
features, in which each feature consists of twenty
ADF t-statistic values that correspond to twenty
Lamb wave responses used in the ADF test. The
results in Fig. 5 are presented for the undamaged
plate and the damaged plate with 5 mm hole at four
different temperatures investigated. All statistics
vary abruptly and do not exhibit any immediate
patterns. Lamb wave responses are corrupted by
temperature and the relevant average ADF t-
statistics are also influenced by this effect. The

average ADF t-statistics for the undamaged plate
and the damaged plate are relatively separated when
the temperature is equal to 35°C. However, once the
temperature increases these statistics are overlapped.
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Fig. 5. ADF test results for the pre-cointegrated Lamb wave data.

In the second scheme, twenty Lamb wave
responses from each single combined damage-
temperature condition were cointegrated by using
the Johansen’s cointegration procedure. For the data
used the cointegration process creates as many as
nineteen linearly independent cointegrating vectors,
which subsequently can be used to produce nineteen
cointegrating residuals (i.e. post-cointegrated Lamb
wave responses) after the data projection process.

In the third scheme, nineteen cointegrating
residuals obtained from the second scheme were
used in the ADF test (or in other words, the ADF
test was performed on the post-cointegrated Lamb
wave responses. This analysis resulted in ADF t-
statistic features, in which each feature consists of
nineteen ADF t-statistic values that correspond to
nineteen cointegrating residuals obtained from the
cointegration process.

The results in Fig. 6 for different temperatures
investigated show that the average ADF t-statistics
for the undamaged plate and the damaged plate are
very well separated. Interestingly, these statistics
display large negative values (i.e. smaller than -25)
for the first cointegrating residual; whereas, the
relevant statistics for the remaining residuals are
relatively stable and remain between -10 and -5. In
this case, the 1% cointegrating vector created the
most stationary cointegrating residual. The statistics
for the damaged plate with the 5 mm hole increase
monotonically from the 2" to the 19™ residual. It is
important to emphasize that these statistics are quite
similar for all temperatures investigated. This is due
to the fact that the temperature effect was purged
from the Lamb wave data by the cointegration
process. Therefore, the ADF test was applied
effectively to the cointegrating residuals that were
free from temperature variations. This is why these
statistics are relatively stable if compared with the
relevant statistics in Fig. 5.
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Fig. 6. ADF test results for the post-cointegrated Lamb wave data.

6. CONCLUSIONS

By applying the cointegration analysis, the
varying temperature effect is successfully removed
from Lamb wave responses and therefore the
cointegrating residuals obtained are free from
temperature variations.

When the ADF test is applied to the
temperature-effect-purged cointegrating residuals,
the damaged plate with 5 mm hole can be easily
detected.

Although, the results obtained are interesting,
further research work is required to confirm these
findings. This work should focus on: more complex
structures, real damages (e.g. fatigue cracks in
metals or delaminations in composites) and different
damage detection strategies (wave propagation
paths, transducer schemes, etc.).
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EVALUATION OF THE WEAR OF FRICTION PADS RAILWAY DISC BRAKE
USING SELECTED FREQUENCY CHARACTERISTIC OF VIBRATIONS
SIGNAL GENERATED BY THE DISC BRAKE
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Summary
The article presents a new method for diagnosis of the wear of friction pads railway disc brake
through analysis of the braking vibration during braking with the constant braking power and
during braking to stop by making the analysis of signals in the frequency domain. At the time of
research there are vibration acceleration generated by the caliper with brake pads during two types

of braking.

Keywords: railway disc brake, diagnostics of brake, frequency analysis

OCENA ZUZYCIA OKLADZIN CIERNYCH KOLEJOWEGO HAMULCA TARCZOWEGO
NA PRZYKLADZIE WYBRANYCH CHARAKTERYSTYK WIDMOWYCH SYGNALU
DRGANIOWEGO GENEROWANEGO PRZEZ HAMULEC

Streszczenie
Artykul przedstawia autorskg metode diagnozowania zuzycia oktadzin ciernych poprzez
analize¢ drgan ukladu hamulcowego na przykladzie hamowania na spadku jak i hamowania
zatrzymujacego, dokonujac analizy sygnalow w dziedzinie amplitud. W czasie badan rejestrowano
przyspieszenia drgan generowane przez obsady hamulcowe z oktadzinami w czasie hamowania.

Stowa kluczowe: kolejowy hamulec tarczowy, diagnostyka hamulca, analiza widmowa

1. INTRODUCTION

Because of complex braking system in rail cars
and locomotive, most often consisting of 8
individual brake cylinders, application of one
diagnostic system to assess the wear of all friction
sets is impeded [8]. Few disadvantages of disc brake
include a lack of possibility of controlling the
condition of the friction set: brake and pad in the
whole operation time. It is particularly observable in
rail cars, where disc brakes are mounted on the axle
of the axle set between the wheels (Fig. 1) [9]. To
check the wear of friction pads and brake discs it is
necessary to apply specialistic station e.g. inspection
channel to carry out inspections, and to carry out
replacement of friction parts in case they reach their
terminal wear.A system for video inspection and
diagnostics worked out in Rail Vehicle Institut
TABOR in Poznan is the most advanced system do
diagnose disc brake. Diagnosing system [3] provides
complete information about the wear of friction pads
and brake disc in each operation moment. Worked
out solutions, becasue of complex and expensive
measuring set consisting of a digital film camera and
a software to convert the picture, after successful

tests at reasearch station, have not been applied by
railway industry yet.
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Fig. 1. View of two friction set mounted on axl
passenger car

In rail technique, also rail track stations are used
to diagnose the wear of friction pad. At these
stations friction set consisting of disc brake and
friction pad is photograhed during train ride.
However, it is not a very precise method because, on
the basis of registered pictures the thickness of
frction pads of disc brake is only assessed. When
pads’ thickness amounts to approx. 10mm tram
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driver receives information that limitary acceptable
wear of pads on a certain axle of axle set has been
reached. Rail track stations to diagnose the wear of
friction pads are used by German, British and French
railways.

Fig. 2. System of signaling braking mounted on
passenger car 136: a) excluded brake, b) other state
of the brake: 1 — green colour it is excluded brake, 2
—rectangle crossed out that is other the state of the
brake e.g. is missing airs in the brake installation, 3
— manometer pressures

In railway vehicles, systems signaling braking
process and easing process, visible for the service
from the inside and outside of the vehicle, are the
most often applied. Those systems enable to check
during train ride in which car braking system is
bloked (Fig. 2). Nevertheless, rail technique lacks an
objective method of quantitive assessment of the
wear of friction pads.

The purpose of this research is to apply
frequency analysis to evaluatnion of the wear of
friction pads on the base vibration signal generated
by caliper with pads disc brake lever set.

2. METHODOLOGY AND RESEARCH
OBJECT

The research was carried out at internal station
for tests of railway brakes. A brake disc type
590x110 with ventilation vanes and three sets of
pads type 175 FR20H.2 made by Frenoplast
constitute the research object. One set was new -
35mm thick and two sets were worn to thickness of
25mm and 15mm. A reasearch program 2B1 (II)
according to instructions of UIC 541-3 was applied.

The braking was carried out from speed of
80km/h and it was the braking with the constant
braking power P=45kW. During the research pad’s
pressures to disc N of 25kN was realized as well as
braking masses per one disc of M=5.7T and during
braking to stop [6].

1 3 2 4 5 6
Fig. 3. View of disc brake lever set: a) caliper with
vibration converter mounted in side of cylinder
casing (is not visible in the picture), b) caliper with
vibration converter mounted in side of piston rod,
1- brake cylinder casing, 2- brake cylinder piston
rod, 3- left main level, 4- right main level, 5- caliper
with vibration converter (is not visible in the picture)

signal 1

Measuring case type Data
BAK 3050-A-060 || base

System software
PULSE 16.0

signal 2

Vibration converter B&K
type 45044

Fig. 4. Measurement set of vibrations generated by
caliper with pads

This research was carried out in accordance with

principles of active experiment [4]. After carrying
out a series of brakings the friction pads were
changed and values of instantenuous vibration
accelerations were registered.
Vibration converters were mounted on pad calipers
with a mounting metal tile, which is presented in
Fig. 3a and 3b. During the research signals of
vibration accelerations were registered in three
reciprocally orthogonal directions [10]. To acquire
vibration signal a measuring system consisting of
piezoelectric vibration accelerations converter and
measuring case type B&K 3050-A-060 with system
software PULSE 16.0 was used. Fig. 4 presents the
view of the measurement set [1, 2].

3. RESEARCH RESULTS

The purpose of spectrum analysis of signals of
vibration accelerations was to determine frequency
bands connected with change of pad’s thickness
during operation of braking system. Figure 5, 6, 7
and 8 presents exemplary amplitude spectra of
vibration accelerations for various pad’s thicknesses
received during braking with constant braking power
from speed of 80km/h and braking to stop with the
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same speed braking. Spectrum received on
measurement of vibrations in direction perpendicular
to friction surface of the disc (direction Y).
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Fig. 5. Dependence of amplitude of vibration
accelerations on frequencies for different pad’s
thicknesses during braking with constant braking
power from speed of 80km/h in direction Y1: a)
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Frequency analysis were part of the first 20
seconds with a constant braking power and the last 5
seconds to stop braking. In the case of braking to

stop only last 5 seconds allows braking to observe
changes in the spectrum of vibration accelerations.

a)
Z 0,2
E 015
2 01
< 005
b) 0 1000 2000 3000 4000 5000 6000
- Frequency, f[Hz]
B o02

E o015

2 01

T

< 005 | fa e i

o 1000 2000 3000 4000 5000 6000
Frequency, f[Hz]

c)

‘l: 0,2
E 015
2 01

R TR
[} 1000 2000 3000 4000 5000 6000
Frequency, f [Hz]
Fig. 8. Dependence of amplitude of vibration
accelerations on frequencies for different pad’s
thicknesses during braking to stop (speed at the
beginning of braking v=80km/h) in direction Y2: a)
pad’s thickness G1=35mm, b) pad’s thickness
G2=25mm, ¢) pad’s thickness G3=15mm
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Fig. 9. Signal of vibration accelerations registered on
pad caliper in direction Y; for different thickness of
pads during braking with the constant braking power
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Fig. 10. Signal of vibration accelerations registered

on pad caliper in direction Y, for different thickness

of pads during braking to stop (Speed at beginning
of braking v=80km/h)

Figure 9 and 10 shows an exemplary signal of
instantaneous values of vibration accelerations of
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caliper and pad registered in direction Y, (orthogonal
to the disc) during station research.
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Frequency, f[Hz]
Fig. 11. Dependence of amplitude of vibration
accelerations on frequencies for internal station for
tests of railway brakes after brake (speed at the
beginning of braking v=80km/h)

Frequency analysis has been also the vibrations
generated by the internal station for tests of railway
brakes during speed v = 80 km/h, it was found that
2kHz do not analyze the spectrum changes
depending on the thickness of the friction pads

Research on measurement of vibration
accelerations of brake calipers in frequency domain
showed that it is possible to find frequency bands, in
which dependence of RMS value of vibration
accelerations Arys (equation (1)) [4] on various
pad’s thicknesses in considered range of speeds at
the beginning of braking is observed.

T

= [P at

0

1)

ARMS =

where:
T - average time [s],
s(t) — instantaneous value of vibration
accelerations, in [m/s?].

Table 1 and 2 presents frequency range, in which
dependence of amplitude value of vibration
accelerations on the wear of pads is observed.
Additionally, dynamics of changes according to
dependence (2) [6] of an examined diagnostic
parameter for a certain frequency band and at a
certain speed at the beginning of braking and values
of correlation coefficients for linear dependence of
amplitude value of vibration accelerations on
examined friction pad’s thicknesses is presented. On
this basis it was concluded that diagnosing the wear
of frictions pads can be carried out independently
from the type of braking for certain frequency bands.

A,
D= ZOlg(—] 2
A
where:

A; — the wvalue of point parameter
determined for pad G; or G, in [m/s?],

A, — the value of point parameter
determined for pad G, in [m/s?].

Table 1 measurement results for braking with the
constant braking power

Measurement of vibrations in direction Y

Value of RMS value Dynamics of
Frequency m/s’ changes dB
Hz Pad Pad Pad G2/ G3/
35mm 25mm | 15mm Gl G1
4600-
4800 1,68 2,75 3,76 427 | 6,96
Measurement of vibrations in direction Y,
4600-
4800 0,45 1,44 2,11 10,1 13,4

Table 2 measurement results for braking to sop

Measurement of vibrations in direction Y

Value of RMS value Dynamics of
Frequency m/s’ changes dB
Hz Pad Pad Pad
35mm | 25mm | 15mm ©G2/G1 | G/CL
2800-
3000 0,345 | 0,148 | 0,078 | -7,36 | -12,88
Measurement of vibrations in direction Y,
2800-
3000 0,443 | 0,231 | 0,142 | -565 -9,26

Figure 12 and 13 presents dependence of friction
pad’s thickness of disc brake G on RMS value of
selected two bands frequency. selected point
parameters of vibration accelerations. For RMS
value of band frequency, also obtained from
measurement in direction Y; by using linear
approximating functions described with
dependences (3-6) for speeds at the beginning of
braking v=80km/h during braking with the constant
braking power and during braking to stop, the
following equations defining friction pads’ thickness
were introduced:

G =69,682 - Ay vy es) 711,733 (3)

G =-9,6426 - A5 v1er) 91372 (4)
G =64,3% - Ayerace (v185) T 72718 (5)
G =-11,862 - Ayerace (v1, ) + 40,871 (6)

where:

G - thickness of pad [mm],

Ay — RMS value from band frequency
[m/s?],

BS - braking to stop (band frequency
2800-3000H2z),

BP — braking with constant braking power
(band frequency 4600-4800Hz).
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Fig. 12. Dependence of pad’s thickness in function
of RMS value of vibrations accelerations for
frequency band 2800-3000Hz
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The inaccuracy of the linear regression models
described dependencies (3-10) present table 3 and 4.

Table 3 Error in % in the application models in
estimating linear regression actual thickness of brake pad
for braking with the constant braking power

Measurement of vibrations in direction Y

4. CONCLUSION

The reseach at internal station for tests of railway
brakes showed that it is possible to diagnose the
wear of friction pads by using analysis of the values
of the vibration acceleration caliper by defining in
frequency domain.

Analysis of caliper vibrations in frequency
domain enables to diagnose the wear of friction pads
in band: 4600-4800Hz during braking with the
constant braking power P=45kW. Another band
2800-3000Hz of frequency analysis of vibrations
signals also checked during braking to stop at the
beginning of speed braking v=80km, pressures to
disc N of 25kN and braking masses per one disc of
M=5,7T.

For analysis in frequency domain, coefficients of
dynamics of changes equals 4-6dB (direction Y,),
10-13dB (direction Y,) for braking with the constant
braking power. And coefficients of dynamics of
changes equals 7-12dB (direction Y;), 5-9dB
(direction Y;) for braking to stop. Using RMS value
of vibration accelerations it is possible to use
diagnostic models to define the wear of friction pads
during braking with the constant braking power.
Error diagnosis using regression diagnostic models
equaled 0,3-5% for braking with the constant
braking power (for both direction measurement) and
2-12% for braking to stop also for both direction
measurement.

The project is funded by the National Center for
Science, N N504 644840
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Diagnostyka lokalnych
uszkodzen w
przekladniach zebatych

DIAGNOSTYRA
LOKALNYCH USZKODZEN
W PRZEKLADNIACH ZEBATYCH

W monografii opisano

metody diagnostyczne
umozliwiajace identyfikacje
lokalnych uszkodzen

przektadni zgbatych. Takie
ujecie pozwala na doktadng
lokalizacje ~ miejsc  ich
wystapienia. W odréznieniu od metod globalnych
przydatnych w detekcji uszkodzen przektadni,
metody prezentowane w monografii zdecydowanie
przewyzszaja dotychczasowe podejscie odnosnie
identyfikacji 1 lokalizacji uszkodzen zwiazanych ze
wspotpracg poszczegolnych par zebow przekladni.

Zaproponowane metody, w czesci odwotujace si¢
do transformat rézniczkowych (np. operator
energetyczny  Teagera-Kaisera), pokazuja, ze
mozliwe jest dotarcie do zrodla informacji
diagnostycznej  bez  uzywania ~ powszechnie
stosowanych transformat catkowych. Pozwalaja na
identyfikacje rodzajow uszkodzen i ich lokalizacje
zardbwno w kategoriach uszkodzen poszczegdlnych
walow (np. pojawienie si¢ bicia, czy uszkodzenie
sprzegta), jak i uszkodzen poszczegdlnych zgboéw
zgbnika lub kota. Odwolujg si¢ bezposrednio do
sygnatlow czasowych pomijajac w  wigkszosci
skomplikowane procedury catkowania. Ich zaleta jest
prostota i szybko$¢ dzialania majace ogromne
znaczenie w autonomicznych systemach
diagnostycznych przektadni oraz rozproszonych
systemach diagnostycznych pracujacych online.

W ksigzce zaprezentowano szereg nowych metod
diagnostycznych. Cze$¢ z nich wykorzystuje sygnat
przektadni synchronicznie usredniony w ramach
pojedynczego obrotu watu zebnika. Tak wykonane
usrednianie sygnatu eliminuje wplyw szumow oraz
zaktocen zwigzanych z pracg pozostalych watow
przektadni.  Umozliwia  segmentacje  sygnalu
pozwalajac na powigzanie wydzielonych jego
fragmentow z kinematyka wspolpracy zgbow kota na
wale zgbnika. Pozwala tym samym na lokalizacje
uszkodzen z rozdzielczoscia pojedynczych zebow
ilatwiejsze diagnozowanie przyczyn wystgpowania
miejscowych zmian w sygnale zwigzanych z
rozwojem uszkodzen walu i zgbdéw. Opracowane
metody analizy sygnaléw umozliwiaja wykrywanie
chwilowych niestacjonarnosci sygnatu
spowodowanych lokalnymi uszkodzeniami
przektadni. Metody te wykorzystuja m.in. entropi¢
Shannona i dywergencje¢ Kullbacka oraz analizg
chwilowych zmian mocy sygnatu prowadzona
zaréwno z wykorzystaniem obwiedni sygnatu, jak i
operatora  energetycznego Teagera-Kaisera. Do
wykrywania lokalnych zaburzen wykorzystano
obwiedniowy wskaznik przyporu (ECF),
porownujacy segmenty sygnaldow zwigzane z
kolejnymi przyporami zebow zgbnika.

Zaproponowana w monografii parametryczna
reprezentacja sygnatu przektadni na torusie 7° stata
sie punktem wyjscia do budowy nowej przestrzeni
obserwacji sygnatu nazwanej lokalng plaszczyzna
zazgbienia. Metoda bazuje na segmentacji sygnalu
przekfadni lub sygnalu z niego przetworzonego.
Poszczegodlne segmenty sa powigzane z kinematyka
wspolpracy zazgbienia, zas wynik jest prezentowany
we wspolrzednych zeby zebnika % zeby kola.
Definicja  plaszczyzny lokalnej umozliwia
tabelaryzacje segmentow sygnaléw zwigzanych ze
wspotpraca poszczegdlnych par zebow. Poszczegdlne
rodzaje uszkodzen pozostawiaja na tej plaszczyznie
swoja sygnature, po ktorej mozna rozpoznaé¢ rodzaj i
wielko$¢ uszkodzenia. Metoda ta, wigzac zmiany w
sygnale ze wspdlpracg okreSlonych par zgbow
zgbnika 1 kota, pozwala na obserwacje trendow tej
wspotpracy podczas zycia maszyny, umozliwiajac
oceng jakosci wspotpracy poszczegdlnych par zebow.

Opracowane metody diagnostyczne zostaly
przebadane na modelu symulacyjnym przektadni
pozwalajacym  na  uzyskiwanie  przebiegéw
czasowych poprawnie odwzorowujacych zachowanie
rzeczywistej przektadni w obecnosci symulowanych
uszkodzen zmgczeniowych zebow oraz bledow
wykonawczo-montazowych. Model przektadni zostat
rowniez wykorzystany do prezentacji zjawisk
majagcych wplyw na sposdb generacji sygnatlu
wibroakustycznego przez wspodlpracujace  pary
z¢bow. Jego zastosowanie pozwolito na zbadanie
korelacji migdzy miejscem wystapienia lokalnych
zaklocen w sygnale, a kinematyka i dynamika pracy
przekfadni, szczegdlnie wchodzeniem w przypor
i wychodzeniem z przyporu par zebow. Jak wykazaty
symulacje obserwacja tych miejsc w sygnale jest
szczegolnie informacyjna w konteks$cie pojawiania
sie wezesnych faz rozwoju uszkodzen par zebatych.

Metody  diagnostyczne  przetestowano  na
stanowisku ~ mocy  krazacej podczas  badan
trwatosciowych przektadni zgbatych dotyczacych
zjawisk pittingu oraz wylamania zgbow a takze na
przektadni przemystowej. Eksperymenty te, w czgsci
przytoczone w pracy, potwierdzity skutecznosé
opracowanych metod. Pozwolily na zaproponowanie
nowej procedury oceny stanu technicznego
przektadni bazujacej na obserwacji sygnalow na
plaszczyznie lokalnej zazebienia. Takie podejscie,
zuwagi na prostote metody i male wymagania
sprzgtowe, moze wypehié luke polegajaca na braku
metod  diagnostycznych ~ pozwalajacych  na
jednoznaczng ocen¢  poprawnosci  wspOlpracy
zazgbienia poprzez pomiar wibroakustyczny.

W monografii przedstawiono nowe ujecie metod
numerycznych majacych zastosowanie w diagnostyce
przektadni. Analiza sygnatu na plaszczyznie lokalnej
pozwala  na oceng¢  jakosci wspotpracy
poszczegblnych par zebow. Opracowane metody
pozwalaja prowadzi¢ modelowo wsparta analizg
lokalnych  uszkodzen przektadni  zebatych i
uzyskiwac informacje o pracy przektadni niemozliwe
do otrzymania dotychczas stosowanymi metodami.
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