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Abstract. In an industrial environment, a large part of the solutions used
in machine parks is based on rotating systems. Therefore, the branches of
diagnostics in this area are subjected to extensive research so that they
effect with more and more new solutions. This article presents the problem
of selected most common faults in a low-speed machinery environment.
Presented chapters define the concept of symptoms and diagnostics and
define its goals. Selected issues of the analysis of diagnostic signals were
also discussed.

1 Low speed rotating machinery

Slow-speed rotating machines are the basis of operating in many production branches all
around the world. The one, specific definition of the speed at which low-speed machines
rotate does not exist. However, the speed of 600 rpm is generally considered to be the
minimum for the machines rotating at medium speed. For this reason, machines with a
rotational speed of less than 600 rpm are commonly classified as slow-running machines
[1]. Also, there are studies and articles available according to which low-speed machines
are those whose rotational speed does not exceed several dozen revolutions per minute [2].
These machines tend to be large and are critical components in production lines. An
example of the use of low-speed machines are small hydropower plants. Due to the low
failure rate of the elements of the above-mentioned machines, monitoring the condition of
this type of machines was not a priority for many years. However, in the event of a
breakdown, the costs caused by line downtime or the mere replacement of an element bring
huge losses.

It should be noted that the diagnostics of slow-rotating machines is a demanding
process. Defects can develop very slowly until they are revealed (to a noticeable failure) -
then it is only possible to apply corrective measures not preventive ones [3]. Moving
elements of these machines, such as bearings, gears, rotors, gears of shafts, which are
subjected to degradation over time, require sustained monitoring. At the same time, they are
exposed to a certain range of repeatable errors and faults, thanks to which we are able to
focus on the signals and monitor machines for the exclusion of known faults. The most
common ones are presented in the following chapter.
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2 Diagnostic, signals and symptoms

Diagnostic research is aimed at determining the state of a technical object, the process at
the moment considered important for a particular research. Determining this state is
essential to compare the actual state with the reference state and decide on the suitability or
unfitness of a given technical object or process course. On the basis of such a comparison,
forecasts of future states of technical facilities are also made [4, 5].

The aim of technical diagnostics is to determine the condition of a technical object by
means of direct tests of their properties as well as indirect examination of the
accompanying processes, the so-called residual processes. With each useful process
performed by a technical object, there is also a generation of residual processes, e.g.
thermal, vibroacoustics, thermal, etc. The impact of the machine on the environment is
shown in Figure 1.
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Fig. 1 Influence of the machines on the environment [6].

The purpose of machine diagnostics can be characterized as follows:

e diagnosis - determining the current technical condition,

e genesis - determining the causes of the current state,

e forecast - determining the time of a future change in the technical condition [7].
Features of the diagnostic signals of a device with a specific technical condition are
symptoms of this condition. The symptoms of the state cannot be identified with the
technical condition of the machine, because the symptoms are correlated with the state of
the object. An objective assessment of the machine condition can be done by diagnostic
inference of the observed symptoms [6, 8]. A state symptom has three sets of characteristics
and parameters that can be observed. The first is the machine's working and functional
parameters, such as speed, power, etc. The second are the parameters and characteristics
that are a direct symptom of wear, such as deviations in shape and dimensions in relation to
the pattern, clearances. The third is the research on residual processes, e.g. noise,
vibrations, etc. It is necessary to verify the possible methods of damage in the facility and
indicate the symptoms accompanying their operation, which will react from the beginning
of the appearance of the defect in the shortest possible time [8].
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Fig. 2 The life curve of the machine [8].

Figure 2 shows the idea of machine operational diagnostics along with the machine
wear curve. The use of technical diagnostics methods at each stage of the machine
operation and analysis of the generated signals determines their condition. This allows you
to anticipate the necessary inspections and repairs. Such information is very important,
especially in strategic branches of the economy, such as power engineering, where shutting
down a technical facility from operation carries large consequences and costs.

Technical diagnostics of machines can be broadly divided into two classes:
symptomatic diagnostics and model-supported diagnostics. Symptomatic diagnosis is based
mainly on an active and passive diagnostic experiment. The essence of model-supported
diagnostics is to compare the results of observation of a working device with the results of
its operation simulated by a model [4, 9].

3 The most common faults

Since the problem of damage to rotating devices is a very large area of research, the scope
of this work must be limited. The most common flaws were selected on the basis of a
literature analysis of the issue. The most common fault is unbalance, partly because of the
fine tolerances used in the machines, but also because of the relationship between defects
and unbalance. Misalignment can also be identified as another common malfunction. The
defects will also be characterized: a bent shaft and damage to the bearings. Note that
defects are not mutually exclusive, even though they have been classified into several
categories. There are visible dependencies between some of the errors [10].

3.1 Unbalance

Unbalance is one of the most common defects in rotating objects. Every rotating object has
an inherent degree of unbalance. Thus, an unbalance beyond a certain tolerance level can be
defined as a fault [10]. It is the centrifugal force of an unbalanced mass in the rotating
assembly that causes the object to vibrate. This happens when the centre of gravity of the
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rotating rotor is not on the axis of rotation [11]. “Rotor unbalance is a condition in which
the mass distribution around the spin axis is such that during spinning the resultant
centrifugal force causes a variable load on the rotor supports and its bending. The
amplitude of machine vibrations is directly proportional to the amount of unbalance” [8].
Unbalance gives symptoms of intense vibrations of bearings, rotor, frame and foundations.
This can lead to the destruction of bearings and entire machines.

Numerous experiments and theoretical considerations show that the increase in engine
vibration velocity is due to unbalance. This can be observed in particular by measuring
vibrations on bearings in the horizontal direction, i.e. the direction with the lowest stiffness.
The vibration intensity of the object is approximately proportional to the square of the
rotational speed; outside the resonance areas, it is not directly dependent on the load
change[8, 12]. “The spectrum of the vibration velocity is polyharmonic with an unequivocal
dominance of the component corresponding to the rotational speed. For example, for a
squirrel-cage induction motor these are the vibrations with the rotation frequency" [8]:

_n_h
fr—@—

1-s) (1)

where: n- rotor speed, s - slip, p - number of pole pairs, fi - supply network frequency.

Balancing is the process of correcting the weight distribution of, for example, an
impeller or shaft. This process is carried out by adding or subtracting such a correction
mass on the correction radius so that the sum of the centrifugal forces (sum of unbalances)
is equal to zero. A necessary condition for the operation of any machine is its correct setting
and balance. Symmetrically distributed masses in relation to the axis of rotation of the
device balance the centrifugal forces, i.e. balance the object. Then the device works with
little vibration and calmly [8, 12].

The most common causes of unbalance are: design errors, material defects, assembly
errors, loosening and displacement of rotor elements, corrosion, thermal deformation,
erosion and deposits on the rotor, cavitation, hydroaerodynamic factors, rotor abrasion, and
creep.

3.2 Misalignment

Misalignment can be identified as another common fault that can result in significant
damage to rotating equipment. Defect relationships are often closely related. In many cases,
the misalignment itself may not be the cause of the failure, but may lead to, for example,
abrasion of the casing [10]. Incorrect alignment of the shafts leads to: damage to the shaft
itself and the clutch, damage to the bearings and seals, excessive loss of lubricant (through
seals), an increase in vibration and noise, an increase in friction - an increase in energy
consumption, damage to foundation bolts.

Misalignment occurs when the propeller shaft is misaligned in terms of the load or
when the component connecting the engine to the load is misaligned. The following types
of misalignment can be distinguished:

e angular misalignment: shaft centrelines are not parallel but intersect,

e Parallel misalignment: shaft centrelines are not concentric but parallel,

e Complex misalignment: this is a combination of angular and parallel misalignment
[10,13].
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Fig. 3 A — angular misalignment, B — parallel misalignment [13].

3.3 Bearings failure

Bearing failure is a very common cause of failure of rotating machinery. In all power
generators, the bearing is one of the key components. In addition to electric motors,
bearings are also found in shaft supports, gears, clutches and electric motors. Thus, bearings
are a common element of mechanical engineering and the share of bearings in the final cost
of the device is usually small. However, in terms of the functions they perform and taking
into account the statistics of their damage, it should be noted how important an issue in
operational practice is the diagnostics of these elements [8, 10].

In electric motors, mainly rolling bearings are used. Their use determines the maximum
load and limit rotational speeds. Plain bearings are used for engines with higher powers.
The literature analysis of the operation of engines with plain and rolling bearings shows
that engine failures caused by damage to the plain bearings are rare. Plain bearing failure
tends to be slow, unlike rolling element bearings, which fails rapidly.

Two natural wear processes occur in rolling bearings: abrasive wear on the working
surfaces and fatigue wear. The abrasion of the surfaces of the rolling parts increases with
their service life. Rolling over the rolling parts of the bearing causes quality changes in the
material. At the end of the bearing's service life, fragments of the bearing material begin to
crumble and this phenomenon is called fatigue wear, and it proceeds like an avalanche. A
damaged bearing results in an increase in the level of vibrations and noise, as well as an
increase in friction - this is accompanied by an increase in the temperature of the bearing
arrangement and lubricant leakage [8, 14].

By systematizing the types of damage most often given in the literature, we can list:
flaking, sticking, cracks and chipping, damage due to the flow of electric current, seizure
and corrosion. Another classification of the types of wear of rolling bearings has been
introduced by the International Standard ISO 15243 Rolling bearings - Damage and failures
- Terms, characteristics and causes. This division is shown in the figure below.
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Fig. 4 Breakdown of damage to rolling bearings according to ISO 15243 [15].

3.4 Bent shaft

In the operation of power equipment, it is also encountered with a bent rotor shaft. This
defect gives similar symptoms in the drag signal as in the case of a device with an
unbalance. Determining the case of a bent shaft consists in measuring the vibrations on the
bearings in the axial direction and verifying whether the phase angle of the rotational
component measured in relation to the mark on the shaft shows a 180 degree difference in
phase. Then, measurement of the bearings in the radial direction and verification whether
the phase angle of the rotational component measured in relation to the mark on the shaft
shows 0 degrees of difference in phase. The method of carrying out the measurement is
shown in the figure below. Both conditions regarding the phase angle must be met [8].
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Fig. 5 Recognition of a bent shaft — measurement method [8].

4 Analysis of diagnostic signals — selected issues

Before starting the diagnostic measurements, it is necessary to carefully analyse the
mechanism of the selected failure, which results in the failure. It is necessary to define the
symptoms accompanying the occurrence of a given fault during the operation of the device,
which indicate the possibility of a fault occurring in the near future.

A signal is a course of any physical quantity that can carry information. A diagnostic
signal is signal carrying information about the state of an object. Models of physical signals
can be divided into determined and indeterminate signals, i.e. random signals. The analysis
of the determined signals can be performed with strict mathematical relationships. On the
other hand, the analysis of undetermined signals can only be carried out with the help of
certain averaged static characteristics, because they occur randomly and therefore cannot be
described with strict mathematical relationships [8, 16]. Figure 6 shows a general
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Fig. 6 General classification of signals [8].
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"In practice, the basic analysis of the diagnostic signal is performed in the time domain -
the signal waveform, the graph of the function in time, and in the frequency domain - the
signal spectrum, the graph of the effective values for individual signal components as a
function of frequency” [8]. The analysis of dynamic processes of machines (acoustic and
material vibrations) shows that they are created together by undetermined processes and
determined processes. Determined signals appear in the form of physical phenomena that
describe various mechanisms, e.g. vibrations of an unbalanced rotor, etc. In technical
practice, there are many physical phenomena that can be described with high accuracy by
exact mathematical relationships [8, 16]. Harmonic signals belong to the group of periodic
signals. They occur, for example, with vibrations of an unbalanced rotor or vibrations in
voltage. In signal analysis, harmonics are one of the simplest functions of time and can be
described by the function:

X (t)=A - cos 2-mfot+ ¢) 2)

where: A - signal amplitude (e.g. in mm), f, - frequency (in Hz, i.e. the number of cycles
per second), 2-n-f, = wo - angular frequency (in rad / s), ¢ - phase shift (rad ), t - considered
moment of time (s).

Polyharmonic signals can be described as a function of time by means of a linear
combination of harmonics. The number of these components may in general be infinite. For
a signal to be considered polyharmonic, the frequency of each of its components must be an
integer multiple of a certain frequency called the fundamental frequency. Physical
phenomena described by these signals appear much more often than phenomena expressed
by harmonic functions. Almost periodic signals are created by summing several (many)
harmonics with frequencies where at least one quotient is irrational. The base period of this
signal is infinity. Transient (transient) signals are all non-periodic signals that are not nearly
periodic signals. Transient signals cannot be represented by a discrete spectrum. Examples
include an impulse, a rectangular input, or an exponential process. Random signals describe
physical phenomena that cannot be described with unambiguous mathematical relationships
due to the fact that each observation gives only one of many possible results. Single time
functions describing a random phenomenon are called random realizations or functions.
Execution in a finite period of time is an observed signal. The set of all random functions
that constitute the implementation of a given random phenomenon is called a stochastic
process or a random process [8, 16].
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Fig. 7 Sample waveforms of signals: 1) non-periodic, 2) periodic: a) harmonic, b) polyharmonic, 3)
random [17].
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5 Summary

The constant development of industry and technology allows us to constantly improve the
monitoring and diagnostic techniques that are already known to us. At the same time, we
increasingly look at the future of technology through the prism of artificial intelligence or
machine learning and the possibility of their application on an industrial scale.
Undoubtedly, diagnostics and monitoring of managed systems is important for the
operation of many industrial activities, and thanks to the diagnostic methods available,
practiced and improved over the years, we are able to prevent serious failures and
production downtime generating huge costs. The above article presents the most common
faults in the discussed technology and a short cross-section of the possibilities of analysing
diagnostic signals.
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