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Abstract: For driving belt condition monitoring, the main interest is the certification of the capacity to keep their qualities
unchanged over a long period of time and secondary to detect the imminence of the catastrophic failure. This paper presents
a study on the behaviour detection and description of a flat driving belt health condition, used in a rotary machine
electrically driven, particularly a lathe headstock gearbox running idle. It was discovered that in the mechanical power
transmitted from electromotor to gearbox via a flat belt some specific sinusoidal components (a fundamental and some
harmonics) of variable power are generated. The description of these power components (by values of amplitude, frequency
and phase at origin of time) is indirectly detectable in the evolution of the active electrical power absorbed by the drive
electromotor. Two arguments are available for this approach. Firstly, there is a reasonable assumption that between the
mechanical power and the active electrical power there is an approximated proportionality relationship through the power
efficiency. Secondly, the evolution of the active electrical power (or mechanical power as well) is a deterministic signal
with a low level of noise. A simple computer assisted procedure of active electrical power signal acquisition and data
processing was conceived, the detection was done by computer aided curve-fitting procedures in Matlab applied on active
electrical power evolution absorbed by the driving motor in stationary working regimes (the electromotor playing the role
of a mechanical power sensor). Mainly two ways of graphic representation have been proposed in order to describe the
variable power generated by this flat belt (in time and frequency domains). The behaviour of many other types of belts
involved in rotary machines driving can be similarly described.
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1. INTRODUCTION

The power transmission systems through belts are still frequently used in actuated mechanical systems and
rotary machines. The periodical checking of their properly working condition (especially the belts condition) is
a matter of safety mainly helping to avoid the risks of breakdown. The health condition of many types of driving
belts is an important topic addressed to monitoring and diagnosis. Relative frequently some shortcomings in
operation related by belts integrity (wear, partial ruptures, tears, cracks, etc.) even before their failure affect the
properly work of rotary machines. The detection of the end of properly operating life well in advance before a
catastrophic breaking should be the minimum requirement of belts condition monitoring and diagnosis
activities.

The optimal design and exploitation of a belt behaviour monitoring and diagnosis system requires a theoretical
background focused mainly on the description of belt (and transmission) based on an appropriate dynamic
model available at least in stationary (steady-state) working regimes condition. This model should consider
some important issues as: the elastic properties of belts, their shape and materials, the belt-pulley friction contact
phenomena, slippage and flexural vibrations, energy loss (belt transmission efficiency), belt tension etc. There
are some consistent studies on this topic in the literature. Bucchi F. and Frendo F. [1] propose the validation of a
model (as brush model) for the analysis of flat belts (mainly by finite element simulation) in steady-state
working conditions. A comparison with other models was done (shear and creep model, Euler model etc.). The
work of Dakel M., Jézéquel L. and Sortais J. L. [2] was involved in belt mechanics based on Eulerian
description. They propose an analytical model of the pulley-belt system dynamics in stationary and transient
regimes. Kim D., Leamy M. J. and Ferry A. A. [3] use the elastic/perfectly plastic friction law to define a flat
belt drive nonlinear dynamic model during operation in steady-state regime. Scheidl J. [4] improve an existing
mixed Eulerian-Lagrangian finite element model of two pulleys-belt drive taking into account the transverse
deflections, gravity and frictional contact between pulleys and belt. Gao P. and Xie L. [5] performed a study on

7



static and dynamic characteristics of reliability models under the failure mode and slipping in order to estimate
the failure rate. Pietra L. D., and Timpone F. [6] report some results related by belt tension research and their
concordance with belt transmission theory and two models from literature (the Grashof's and Firbank's models).
These models and their validation by experimental methods indicated the more important and convenient
parameters involved in an appropriate description and condition monitoring of belts and belt transmissions,
some of them already valued as the review paper of Zhu H., Zhu W. D. and Fan W. [7] reveals. Here, the failure
analysis of power transmission belts is discussed, with a special approach dedicated on static and dynamic
performance measurements (energy loss, vibrations, stress and strain, belt deformation etc.). The experimental
evaluation of energy loss was also discussed. In [8] Krawiec P. et al. propose an approach on the energy losses
in a flat belt transmission, some parameters being involved: torque capacity, slippage occurrence and belt
transmission efficiency as a function of transmission load. The work of Fournier E. et. al. [9] was involved in a
study of belt looseness inside a mechanical system (in steady-state regime) driven by an induction motor via a
belt-pulley transmission.

A consistent part of previously researches reveals that, due to the dynamics of transmission, the evolution in
time and frequency domains of some parameters are significantly useful in condition monitoring. Al Bulushi,
A. A., Rameshkumar G. R. and Lokesha M. [10] proposes a methodology for condition monitoring of damaged
belts based on vibration of the shafts where the pulleys are placed (revealed by accelerometers) described in
time and frequency domains (by FFT). Ding H., Zhang Z. and Chen L. Q. [11] uses the amplitude spectrum of
belt transverse vibration in order to highlight the possibilities to validate some resonant vibration reduction
solutions and to confirm their analytical model. Hyun D., Kang T. J. and Kim J. propose in [12] to prevent the
belt failure using an online condition detection method based on vibration monitoring (on acceleration
spectrum). Pollak A. et. al. [13] proposes to use accelerometers and signal processing techniques in frequency
domain in order to anticipate the flat belt failure. Yamashina H., Okumura S. and Kawai I. [14] propose a failure
diagnose technique for V-belts based on power spectra of the vibration acquired at a driven bearing. The power
spectra are calculated using a combination of cross-spectrum method (for noise reduction technique) and Bayes'
discriminant function. Hu Y., et. al. [15] proposes a belt condition monitoring system based on an electrostatic
sensor used to measure the speed and flexional vibrations. The spectrum analysis technique was used to detect
and to describe the belt vibration modes and the relationship between their amplitude and belt speed. The work
of Fehsenfeld M. et. al. [16] was focused on the influence of the belt tension on the transmission efficiency and
the diminishment of breakdown risk. A fragmentation technique of the vibration signal in time domain was
proposed in order to increase the confidence in the result of evolution in frequency domain. Fournier E. et al. [9]
has studied also the effect of belt condition degradation, revealed in spectral signatures on spectra of some
parameters related by driving motor (speed and phase current) or transmission behaviour (slip and vibration).
Because the belt slippage is often the first symptom of belts breakdown, Brown R. E. [17] proposes an
electronic system for continuous measurement of degree of slippage for a V-belt (by measuring the changes in
belt transmission ratio).

It is expected that in the future there will be many other unexploited resources in experimental research of belt
health condition, useful to improve or validate the theoretical approach or to increase the confidence in failure
detection and prevention. This paper aims to present some new experimental facilities and results in computer
assisted flat belt condition monitoring in time and frequency domains using the driving electric motor (a three
phase asynchronous motor in this paper) as loading sensor. The evolutions of the electrical signals involved in
description of electrical power absorbed by the motor (measured with a simple experimental setup) are available
for computer assisted processing using some techniques (e. g. curve-fitting and fast Fourier transform). There is
a simple reason for this approach: during a stationary operation regime of a machine-tool (e.g. a lathe headstock
gearbox as rotary driven machine in this paper) the flat belt introduces a periodical variation of mechanical
power, strictly related by belt pass frequency, which is firmly mirrored (and accurately described) in the
variation of absorbed electrical power or its constituents (instantaneous power, current, power factor etc.). This
description in electrical terms of the periodical mechanical power generated by flat belt (it depends mainly by
belt condition and mechanical loading) is extracted from the entire signal using an adapted numerical signal
extraction technique, acting as a multiple narrow band-pass notch filter. A simple experimental setup was built
outside the computer for numerical sampling of the instantaneous current and voltage on a single electrical
phase. Some of our previously published research results on a similar topic, especially related by mathematical
description of instantaneous and active electrical power, current and instantaneous voltage are also available
[18, 19].

The second section of this paper presents the experimental setup and some consideration on electrical
parameters measurement, the third section is dedicated to results and discussion on experimental results, the
fourth section presents the conclusion and future work.




2. MATERIALS AND METHODS

Figure 1 presents conceptually the experimental setup partially used already in [19]. A three-phase AC induction
motor is used to drive a lathe headstock gearbox as rotary machine via a flat driving belt transmission (with a
fabric flat belt, Figure 2). The drive pulley belt is placed on motor rotor on the input shaft of the gearbox, with
kinematics described in [19]. The electrical power is supplied by a classical 50 Hz three-phase (A, B, C)
network with a neutral wire N. Due to the evolution of mechanical loading the motor absorbs an electrical
power measured through the values of instantaneous voltage u(t) (as 1V) and the absorbed instantaneous current
i(t) (as IC). A voltage transformer VT and a current transformer CT (Figure 1) placed on phase A are used to
describe the evolution of IV and IC respectively (a reasonable assumption is that on all three phases the IV and
IC is the same, except the phase shift 2z/3). The IC and IV values are continuously acquired and converted in
digital format (with the same sampling rate R) by a PCB USB oscilloscope PicoScope 4424 (from
PicoTechnology, UK) and transferred to a computer for data processing using Matlab.

Three-phase

four wire IC PCB USB
power supply Oscilloscope
system > { Computer
ABCN IV| PicoScope
4424

AC induction
o Lathe
headstock
gearbox
Fig. 1. A conceptual description of the monitoring system focused on the Fig. 2. The flat belt
AC induction motor as loading sensor transmission

According with the definition, a numerical sample u[t] of the IV value u(t) and a numerical sample i[t] of the IC
value i(t) define a sample p[t]=u[t]-i[t] of instantaneous electrical power (IEP). This IEP is the most significant
electrical parameter involved in the description of mechanical loading and condition monitoring of parts inside
the gearbox. It contains many type of information in frequency and time domain. For some reasons (e.g. because
it is described with a big number of samples or because it contains high amplitude harmonics of 100 Hz as
fundamental) sometime is replaced by active electrical power calculated as averaged IEP (as AEP,) with a
generic sample Pa[tn] on the m™ IEP period Tier (Eq. 1) or (as AEPy) by IEP filtering with a moving average
filter with n samples in the average, with a generic sample Ps[ti]] Eq. 2). In both equation, n is the number of IEP
samples on each period Tgp=1/100 Hz, with n-At=Tep, With At = I/R being the sampling time and R the
sampling rate.
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It is obvious that IV, IC, IEP and AEPs have the same sampling rate R (as the number of samples on each
second) and Ra =R/n =1/Tep is the sampling rate of AEP.. The period Tiep introduced above is the period of the
dominant component of IEP having frequency faiep =100 Hz (with Tiep=1/100 s). There are 1/Tiep Samples per
second of AEP,. The time tn from Eq. (1) is expressed as:

t, = [g @m+1)- At 3)

The filter described in the definition of AEP: from Eq. (2) works formally as a low-pass filter, it completely
removes all the harmonics and the fundamental fgiep.




Figure 3 presents a view on the experimental evolutions of IC, IV (with conceptual descriptions as IC* and
IV*), IEP and AEP: (with real description) during a short sequence (60 ms) of stationary regime with the
gearbox uncoupled (the motor drives only the flat belt transmission).

Here, IV* is a description of IV (with generic k,-u[t] samples, as the numerical expression of the generic analog
voltage ky-u(t) delivered by the transformer VT) and IC* is a description of IC (with generic kci[t] samples, as
the numerical expression of the analog generic current kc-i(t) delivered by the transformer CT). A sampling rate
R=25,000 s was used, with n=250 samples for each period Tier. Figure 4 describes a magnified evolution of
AEP; from Figure 3 (58 times on y-axis) and the evolution of AEP.. As expected, there is a relative important
variation of AEP; mainly related by variable phenomena in flat belt transmission. The AEP, evolution lost many
details by comparison with AEP; because of a Ra lower sampling rate (250 times smaller). Between each two
samples of AEP, a segment line is drawn. Even if the sampling rate of AEP, is low (Ra =100 samples per
second) it allows the valorisation of some important resources in the description of low frequency variable
phenomena related by flat belt behaviour as proved below.
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Fig. 3. A short sequence with IC*, IV*, IEP and AEP; Fig. 4. The evolution of AEPs from Figure 3 (with 58 times
evolutions during a stationary regime (the motor drives magnification on y-axis) and the evolution of AEP,

only the flat belt transmission)

The time delay teer between zero-crossing moments of IV* and IC* (or IV and IC as well) is also an important
item involved in the description of the active electrical power described as the IEP average on a period T, =1/50
Hz (the period of I\VV*, Figure 3) calculated with integral function (as AEPI):

T,(j+1)

1

P; [tj] =T f p(t) dt = Ugys; * Irusj - cos(@)) (4)
Ve,

Here, Urwvsj and Irmsj are the root mean square values (RMS) of the IV and IC (theoretically the amplitude of IV

or IC divided by square root of 2) on the period j, the time t; is defined as tj=jT,+T./2. There are 50 samples P;

on each second. A generic time delay tqel; describes a generic power factor cos(y;) as:

cos[g;] = cos (Zn- t(;fl]) (5)
v
The variation of AEP; is strictly related by the variation of Irvsj and the variation of PF, reasonably assuming
that Urws;j is constant (a hypothesis partially contradicted in [18]). The working regimes of motors with negative
active power absorption are characterized by a negative value of PF (the RMS of current being permanently
positive). There are available 100 samples of PF on each second. It is interesting to remark that with T,=2Tgp,
Eqg. (1) is a numerical approximation of Eq. (4) if n-At = 2T ep.
There is an important hypothesis related by monitoring resources offered by 1V, IC, IEP, AEP,, AEP; and PF in
lathe headstock gearbox monitoring (already confirmed before in [19]): these are deterministic signals, their
variable part can be described mainly as a sum of sinusoidal components (at least on short periods of time)
mixed with some low amplitude non-deterministic components (including noise). As example, for AEP.
evolution in stationary regime it is available the description below:

10



h
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Here P is the average value of AEP,, Pnec is the non-deterministic and not describable part of AEP,, due to the
fact that the numerical description should respect the Nyquist frequency fng: with h established so that the upper
limit of f; (as fy) is fng. This Nyquist frequency is half of the sampling rate (for AEP, fng=50 Hz)

As previously was proved in [19], this paper claims that some sinusoidal components from Eq. (6) are generated
by the flat belt. The determination of the description of the sinusoidal components related by flat belt behaviour
(in other words the finding out the values of amplitude Pai, frequency fi and phase «; at origin of time for some
components involved in Eq. (6)) during the stationary regime previously considered (only the flat belt
transmission is driven by motor) is the main challenge of this work. Two signal processing techniques are used:
the amplitude spectra generated with fast Fourier transform (FFT) and curve-fitting procedure, both in Matlab.

3. RESULTS AND DISCUSIONS

In Figure 5 a short sequence with Ns=500 samples of AEP, evolution (with R,=100 samples per second during 5
s) of this stationary regime is depicted. The average value P (1009 W) and a 50 Hz component electrically
generated (with 44.087 W amplitude and 0.7264 rad as phase at origin of time) was mathematically removed, in
the left side of Eq. (6) remains an AEP, written as P} [t,,] = P,[t,] — P.
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Fig. 5. A short sequence (5 s) with AEP, ( B} [t,,]) Fig. 6. The FFT amplitude spectrum of the AEP, evolution
evolution during a stationary regime (only the flat belt from Figure 5

transmission is driven)

In figure 6 the FFT amplitude spectrum of the sequence from Figure 5 (until the Nyquist limit) is depicted.
Because a low number of samples (Ns=500) the frequency resolution in spectrum (fis) is low, being defined as fis
=Ra/Ns=0.2 Hz.

There is a first argument that the major part of this AEP, signal is deterministic: the occurrence of many big
distinct peaks, each one describing the amplitude and the frequency of a significant sinusoidal component inside
AEP; and described by a label which indicates the frequency and the amplitude. It is important to underline that
the labelled components from Figure 6 are generated by the flat belt, an issue discussed later on.

Unfortunately, this FFT spectrum doesn’t provides the values of phases at origin of time, this being an
impediment in monitoring (apart from other disadvantages, e. g. the low frequency resolution in spectrum). That
is why the curve-fitting procedure is privileged in this study, the FFT amplitude spectrum being used from now
only for confirmation. There are two ways for finding the signal components description in AEP, by curve-
fitting: the use of curve-fitting application from Matlab or to use an own written program for this purpose. This
last option is privileged in this work. Basically, the description of sinusoidal components in AEP; is found one
by one, starting by the components with biggest amplitude. A reasonable large range and a reasonably big
number of values in each range are established for amplitude (generically labelled Pacs;), frequency (generically
labelled fe) and phase (generically labelled oc) at origin of time for each component j. These values are
automatically and systematically changed by computer in each range until are found those optimal values
(Pacrj» f2rj and agg;) which produce a minimum in the difference written below:
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2.

m=1
This curve-fitting strategy is repeated few times successively, every time by reducing each of three ranges (for
amplitude, frequency and phase at origin of time) around the previously determined optimal values (P f;, fcf;
and ag;) until Eq. (7) produces the lowest minimum acceptable value.
If (as hypothesis) P;[t,] contains only h sinusoidal components, with f, < fyq (in other words, in Eq. (6)

Ppac [tm] = 0 whatever the value of m it is) and a perfect description of all these components inside P; [¢,,] is
found by curve fitting, then the result depicted below is produced:

Piltm] = Pregj sin2 -1+ fl -ty + al; )| = min 7

Ns h
D APiltml = D Pl sin@w- £yt + aly)| = 0 (®)
m=1 j=1

As example, a first result using this curve-fitting procedure is related by the finding-out the description of
sinusoidal component with biggest amplitude in the spectrum from Figure 6, described as:

f(tn)=27.32875 - sin(2 - 7 - 10.7757 - t,p, + 3.3999) 9)

In Figure 7 is drawn the evolution described by Eq. (9) overlapped on the evolution of P;[t,,] depicted in
Figure 5. Figure 8 presents a zoomed-in detail of Figure 7.
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These discontinuous (fragmented) evolutions are due to a low sampling time of AEP, description (R.= 100 s,
At=0.01 5). It is evident that there is a relative good fit (the best accepted by fitting criteria) between both
evolutions. The accuracy of fitting is better described by the FFT amplitude spectrum of the residual from
Figure 9. This residual is mathematically described with Eq. (10).

R, = P;[t,,] — 27.32875-sin(2 - 10.7757 - t,,, + 3.3999) (10)
251 ——Frequency [Hz]
25+ X 10.82
Y 26.26
———Amplitude [W]
20t
_‘20
= z
2187 15
=] =]
= = X 27.05
= = Y 1.363 |
g 101 E10F \
< < X 5.411 X 16.23 X 32.46
Y 6.185 Y 6.167 |\ [1v 0.9865
5
0
0 10 20 30 40 50 0 10 20 30 40 50
Frequency [Hz] Frequency [Hz]

Fig. 9. The amplitude FFT spectrum of the residual from Fig. 10. The amplitude FFT spectrum of the P;[t,,] from
Eq. (10) or of P;[t,,] from Figure 5 after the mathematical Figure 5. A copy of Figure 6

subtraction of the dominant sinusoidal component depicted
in Eq. (9) as well

The accuracy of this first curve fitting result is obvious: by comparison between Figures 9 and 10 (this being a
copy of Figure 6). This dominant peak in spectrum totally disappears. In the same way it is possible to find out
and to describe the major part of the sinusoidal components from P;[t,,]. A total number of h=44 sinusoidal
components were found. The result of subtraction of these components from P;[t,,] defines a residual
graphically depicted in red on Figure 11 (drawn over P;[t,,] evolution from Figure 5). The accuracy of the
description of these components is clearly indicated, firstly by the peak to peak variation of the residual (35.77
W), evidently smaller compared with peak to peak variation of P;[t,,] (139.9 W).
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Fig. 11. The AEP. ( P;[t,,]) evolution from Figure 5and the  Fig. 12. The FFT amplitude spectrum of the P;[t,,] from
graphical description of residual (in red) after mathematical ~ Figure 6 (curve 1, moved up with 0.5 W) compared with the
subtraction of 44 sinusoidal components found by curve- FFT amplitude spectrum of the residual from Figure 11

fitting (curve 2, in red)

There is a second argument for the accuracy of the description of these 44 sinusoidal components, the FFT
amplitude spectrum of the residual compared with the FFT amplitude spectrum of P, [t,,], as depicted in Figure
12. There is a strong amplitude reduction of all peaks. For sure, some peaks have not been completely removed;
this means that the resources of curve fitting procedure were not fully valorised.
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Now an important question arises: there are some sinusoidal components in AEP. (P, [t,,]) evolution generated
by the flat belt?

Among the h=44 sinusoidal components found by curve-fitting there are two, depicted by the labels A and B on
Figure 12. Because the spectrum was moved up with 0.5 W, for graphical reasons, both amplitudes should be
diminished by 0.5 W. The frequency of component A (having a more accurate value determined by curve-fitting
as fa=24.559 Hz) is exactly the motor rotor rotation frequency where the drive pulley (da=121 mm diameter) of
the flat belt transmission is placed (Figure 2). The frequency of component B (having a more accurate value
determined by curve-fitting as fs=21.806 Hz) is exactly the rotation frequency of the input shaft in the gearbox,
where the driven pulley (ds=139 mm diameter) is placed. The transmission ratio related by diameters
(ds+Q)/(da+g)=1.146 (here g being the thickness of the belt) is very close by the transmission ratio related by
frequencies fa/fs=1.126. Two reasons explain the difference: first, the slippage in the transmission; second, the
variation of rotation speed of the motor (the curve-fitting procedure supposes that this speed is constant). The
length of the flat belt being L»,=1800 mm, the belt pass frequency f,, can be calculated as fo, = fe-w(ds+g)/
L#%=5.366 Hz. This is very close by the frequency of the first labelled peak (5.411 Hz) from Figure 6 (or 10 as
well), more accurately described by curve-fitting with the frequency of 5.399 Hz. As Figure 6 (or 10 as well)
clearly indicates by labels, this sinusoidal component (acting as a fundamental component Fps) has six other
sinusoidal components Hysi as harmonics of this belt pass frequency having (with a good approximation) the
frequencies of fopsni=(i+1)-fops. A completely description of these seven components generated by the flat belt
found on FFT spectrum and by curve fitting is described in left side of Table 1.

Here, for the components found on FFT amplitude spectra Pps and Pysi describe the amplitudes, fops and fopshi
describe the frequencies. Here for the components found by curve-fitting Pnc and Py describe the amplitudes,
fopc and foperi describe the frequencies and g and gupei describe the phases at origin of time.

Table 1. Two descriptions of the sinusoidal components generated by the flat belt

Found on FFT amplitude spectra (Figure 6) Found by curve fitting
Compo- | Amplitude Frequency Phase at origin | Amplitude Frequency Phase at
nent [W] [Hz] of time [W] [Hz] origin of time
[rad] [rad]
Fb Pps=6.185 fops = 5.411 Not available Pp:=6.074 fopc = 5.390 @bpc =6.132
Hp1 Pps1=26.26 | fopstn =10.82 Not available | Pp1=27.328 foper1 =10.775=1.999 fypc @bpc1 =3.399
Hp Pps2=6.167 | fhpsHz =16.23 Not available | Py:2=6.688 foperz =16.168=2.999 fycp @bpc2=1.807
Hys Unavailable (hidden by the peak B from Ppcs=2.006 foperz =21.537=3.995 fipc @bpcz =4.869
Figure 12)

Hpa Pusa=1.363 | fipsta =27.05 Not available | Pp4=1.526 fopcra =26.935=4.997 fypc @bpca =2.006
Hps Pb55:0.986 fbpsHS =32.46 Not available Pbc5:0.680 fbchs =32.399=6.010 fbpc Pbpcs =5.971
Hos Poss=1.773 | fopsts =37.68 Not available | Pp=2.653 fopers =37.723=6.998 fypc @bpcs =6.006
Hp7 Pbs7:3-151 fbpsH7 =43.09 Not available Pbc7:2.792 fbch7 =43.012=7.979 fbpc Pbpc? =6.704
Hog Unavailable Pncs=0.880 foperis =48.490=8.996 fypc @bpcs=3.981

It is obviously that the curve fitting is a more convenient procedure to detect and to describe the sinusoidal
components, firstly- because it provides the values of phases at origin of time, secondly- because the description
of amplitudes, frequencies and phases is more accurate.

A new question arises: why these components related by the flat belt occur and how their amplitudes are related
by belt condition?

The flat belt works as an elastic body with (ideally) constant stiffness along its length. If we suppose that the
driven shaft in belt transmission introduces a constant mechanical loading (viscous and dry friction) no reason to
have variation of mechanical power (and AEP, as well) generated by belt. If, on contrary, for some reasons, this
stiffness is not constant on the full length of the belt (locally smaller as normal, due to a manufacturing error, a
local tear or crack etc.) the circulation of the belt over its pulleys generates a periodical variation of transmitted
mechanical power, having the same frequency with belt pass frequency fwp. This is simple to explain: for a
complete belt movement cycle, when the small stiffness region is placed on the tight side of the belt, the
transmitted mechanical power decreases, when the part with normal stiffness is placed on the same tight side,
the transmitted mechanical power increases. This periodical variation of transmitted mechanical power is
responsible for the occurrence of the harmonically correlated sinusoidal components Fy, and Hy; already revealed
and described before in Table 1.

The description of these components provided by curve-fitting (with the results available in the right side of
Table 1) allows in a first approach the opportunity to establish the evolution in a appropriate range of time
domain of the variable mechanical power generated by the flat belt (via its imagine AEP, labelled as Py), based
by mathematical description from below:
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8
Pb(t) = Ppc - Sin(z 'T['fbpc t+ q)bpc) +Zpbci ' Sin(z 'T['fbpci t+ (pbpci) (11)

=1
A reasonable assumption is that between mechanical power and AEP, there is proportionality through the
inverse of power efficiency (involved in the transformation from electrical to mechanical power inside the
motor).
In order to increase the availability of this result for belt condition monitoring there is a second approach (as
frequency correlation) in the description above: all the frequencies are very slightly adjusted in order to have a
strictly harmonic correlation with the fundamental (the frequency of i harmonic should be exactly i+1 times

the frequency of the fundamental). The frequency fu,c Of the fundamental is renamed fypen and recalculated as:
1 5
fopen =5 ope + ) fopeni) (12)

i=1

Based on values of frequencies fupc and foperi from Table 1, Eq. (12) defines the value fypcn=5.387 Hz, very close
by fopc=5.390 Hz. Based on result from Eq. (12) the description from Eq. (11) is:
8

Ppp(t) = Ppc - sin(Z ‘e fbpch t+ <pbpc) + Z Pyeisin[2 -1 - fbpch(i +1)-t+ (Pbpci] (13)
i=1
There is a second approach (as the changing of the origin of time). It supposes that the origin of time (t=0) for
Pun(t) is moved with to, at the first positive zero-crossing moment (from negative to positive values) of the
fundamental, with to in relationship with gnyc and the frequency fopen as:

to Popc

2 =21ty fppch = Pppc Whence it follows t, =

Typen 21 - fbpch

In EQ. (14) Topen=21/fbpen is the period of the fundamental. Due to this second approach, Pun(t) is depicted as
Puo(t) and in the right side of Eq. (13) tis replaced with t-to, with to from Eq. (14) as follows:

(14)

. Pp
Pyro(t) = Py Sm[z " fopch <t —_—pc> + (pbpc] +

8
D PociSin[2 7 frpen(i+ 1) - (¢ ) + Pope] (15)

21 -
=1 fbpch

Eqg. (15) can be rewritten after simplification in a simpler shape, as:
8

Pypno(t) = Pye*sin[ 21+ fypen - t] +z Pyei »sin[2 -7+ frpen(E+ 1)t + @ppei — (E + 1) Pppcl (16)
i=1

By comparison with Eq. (15), in Eq. (16) the angle gupc disappears while the phase ¢opci at origin of time are
changed and being recalculated as ¢upci- (i+1) @ope.

A graphical representation of the variable power Puho(t) from Eqg. (16) generated by the flat belt during a
sequence of 1 s with the same sampling rate with AEP, (100 samples per second or 100 s) is done (as Pohos(t))
in Figure 13 (curve 1). Curve 2 depicts the evolution of the fundamental. As previously discussed, the origin of
time for both curves is a positive zero-crossing moment of the fundamental. A better description of Ppnos(t)) is
done if the sampling rate is increased 10 times, at 1,000 s, as Figure 14 indicates.

The evolution of Puhoa(t)) from Figure 13 can be expressed in frequency domain- as Figure 15 presents- by FFT
amplitude spectra. As expected, the spectrum is not well defined (especially related by amplitudes) because of a
low number of samples, the frequency resolution in spectrum is low (1 Hz). A better result is obtained if the
simulation from Figure 13 is extended at 10 s, using 1000 samples. The FFT amplitude spectrum in these
conditions (now with the frequency resolution of 0.1Hz) is depicted in Figure 16, with a zoomed-in detail
having an upper limit at 7.5W (for a better description of low amplitude peaks).

The results from Table 1, the reconstruction of Ppro1(t) evolution in time domain (Figure 14) and the spectrum of
this reconstruction from Figure 16, (despite its inaccuracy) are important results in flat belt condition
monitoring.

A significant feature of this belt behaviour is related by relatively high amplitude of the first harmonic (Hpi). A
first (experimentally unconfirmed) hypothesis states that on the entire belt there are two equidistant areas with
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low stiffness (e. g. two cracks). A second hypothesis states that the dynamic system of the rotor inside the motor
has a vibration mode close by the fyni frequency. This excited vibration mode generates a resonant
amplification, consequently the increasing of amplitude of this first harmonic. This second hypothesis was
experimentally confirmed: when the entire gearbox is driven by flat belt transmission this amplitude decreases
significantly due to the increasing of damping (dry and viscous friction generated inside the gearbox).
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Fig. 13. Curve 1: the evolution of variable mechanical Fig. 14. The evolutions from Figure 13 drawn with 1000 s
power generated by the flat belt mirrored in AEP, Pyno(t) sampling rate (1000 samples)
during 1 s (sampling rate 100 s** and 100 samples). Curve 2:
the evolution of the fundamental

There is a simple way to increase and to confirm the reliability of this approach in flat belt condition
monitoring: a new sequence of P;[t,,] similarly with that described in Figure 5 was acquired (but after 95
seconds of continuously running of the flat belt transmission) and processed in both way (by FFT and by curve
fitting) as before. Table 2 presents the results of this processing (only by curve fitting).

257 | 'xm.a
X54 Y 26.68
Y 6.08
20k 6r X 16.2
Y 6.226
= z5F
o 15 ()
o T4t
3 3
2.l a3l
10
£
=z 5 X 21.6 X378 X 431
oL Y 1.813 Y 1.763 Y 1.916
i ] oo
51
1k 1 528 1386'232
xa7 Y 0.4747 i L
J Y 1.258 j,J
0 L U 1
0 10 20 30 40 50 0 10 20 30 40 50
Frequency [Hz] Frequency [Hz]

Fig. 15. The FFT amplitude spectrum of Ppno1(t) from Figure  Fig. 16. The FFT amplitude spectra of a sequence of Ppnos(t)
13 (100 samples the sampling rate 100 s, during 10 s) with 1000 samples (the sampling rate 100 s, during 10 s)

Based on the results from Table 2, similarly with Figure 14, Figure 17 describes a reconstruction of a Puno(t)
evolution (as Ponoz(t)) also during 1 second, using a sampling rate of 1000 s (with 1000 samples). There are
strong similitudes between Figures 17 and 14, better highlighted in Figure 18, where both evolutions are
overlapped.

16



Table 2. The description of the sinusoidal components generated by the flat belt, found by curve-fitting in a new P} [t,,]
sequence, 95 seconds later

Found by curve fitting
Component Amplitude Frequency Phase at origin of time
(W] [Hz] [rad]

Fb Pypc= 6.756 fope = 5.380 @bpc =3.569

Hp1 Phc1=25.413 foperr =10.773=2.002 fypc @opcr =4.722

Hez Pbc2=5.905 foperz =16.152=3.002 fycp Popc2=0.777

Hos Ppc;=3.128 foperz =21.576=4.010 fypc @opc3 =6.487

Hoa Ppca=1.322 fopcra =26.963=5.011 fypc @bpcs =2.108

Hos Pycs=0.870 fopers =32.255=5.995 fypc @opes =0.425

Hos Ppcs=2.532 fopcre =37.691=7.005 fypc @bpcs =1.816

Hyz Pypc7=2.583 fopcrz =43.015=7.995 fypc @oper =4.342

Hos Pycs=0.850 fopcrs =48.468=9.008 fupc Popcs=0.974
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Fig. 17. A reconstruction (3) of Ppno2(t) and the fundamental
(4) detected inside a new sequence P;[t,,] of AEP,
evolution 95 s later

Fig. 18. An overlapping of Ppno1(t) evolutions (1 from
Figure 14) and Ppno2(t) evolution (3 from Figure 17).

This overlapping is possible because both graphical evolutions (Punoi(t) and Puno(t)) have a strictly harmonic
correlation with the fundamental (according with discussion above, Eq. (12)) and because each evolution has the
same origin of time in a positive zero-crossing moment of it fundamental (according with discussions above,
Eq. (14), (15) and (16)).
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Fig. 19. The FFT amplitude spectra of a sequence of Ppnoz(t)

Fig. 20. The FFT amplitude spectra of a sequence of Ppnos(t)
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with 1000 samples (the sampling rate 100 s, during 10 s).
A copy of Figure 16
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The similarities of these evolutions from Figure 18 strongly increases the confidence in this approach of
monitoring, the evolution of Puno(t) (here particularly as Punoa(t) and Punoz(t)) in time domain is a feasible
characterisation of this flat belt health condition. The differences between these evolutions characterize the
normal changing of belt condition probably related by the temperature (due the heating generated by flat belt
transmission). We should mention that (at least) the visual inspection of the flat belt we use did not reveals any
structural defect associated with local rupture or cracking, probably the only reason for this variation of this
Pono(t) power is the local variation of belt stiffness due to some (allowable) manufacturing errors.

The evolution in time domain of this second reconstruction Ppnoz(t) from Figure 17 can be also depicted in
frequency domain (by FFT amplitude spectrum, similarly with Figure 16), as Figure 19 indicates.

By comparison, Figure 20 presents a copy of the spectrum (of Ppnoi(t)) from Figure 16. The overlapping of
spectra is not relevant here. As expected there are completely similarities between spectra related by the
frequencies of the components, and relatively small differences between amplitudes, another argument for the
feasibility of this approach.

Some supplementary experimental research studies reveal that the Puho(t) evolution in time and frequency
produces relevant results in many other stationary regimes (with an increasing of average power transmitted by
belt). Some other types of belts (at least the V-belts) produce in the same conditions similar results.

4. CONCLUSIONS

The novelty of this study is a new approach in flat belt health condition monitoring, mainly based on an
appropriate computer assisted signal processing technique (by curve-fitting) of the active electrical power (as
AEP, with 100 s sampling rate) absorbed by the drive motor of the belt transmission in stationary regimes.

A simple experimental setup based on a three phase AC induction motor which drives a lathe headstock gearbox
through a flat belt transmission was used. A voltage transformer and a current transformer placed on a phase of
the electrical supply system provides a description of the instantaneous voltage and current delivered to the
motor, numerical acquired by computer, used to describe the absorbed AEP..

Due to manufacturing errors (variation of stiffhess in this study) or usually due to a malfunction (e. g. local
ruptures, tires and cracks, etc.) the belt generates a periodical variation of mechanical power (with belt pass
frequency) firmly mirrored in the evolution of AEP, absorbed by the motor. This variation is mainly related by
the belt health condition. The periodical variation of AEP. generates by the flat belt contains sinusoidal
components with a fundamental (having the belt pass frequency) and some harmonics. The mathematical
description of each of these sinusoidal components (through the values of amplitudes, frequencies and phases at
origin of time) was found using a curve-fitting procedure made with an own program in Matlab. Based on these
descriptions the variable part of AEP, generated by the flat belt was built using a higher sampling rate (1000%).
The mathematical shape of this AEP, (as a sum of sine) was adapted in order to accomplish two criteria: a
strictly harmonic correlation of components (with a slightly changing of frequencies) and to have the origin of
phase in a positive zero-crossing of the fundamental. This way is possible to compare in time domain the
evolution of variable AEP, generated by the flat belt in different working conditions, as briefly was exemplified
in this paper on an undamaged belt. Two experimental results confirm each other the availability of this
approach.

The main purpose of this paper was mainly to introduce this new approach in belt condition monitoring. A
future approach intends to improve the depth of research, e. g. by identifying how different types of belt
structural defects are described in the AEP, evolution, particularly those due to deterioration as a result of
normal and heavy operation. The resources of power factor, instantaneous current and voltage will be also used
in a future work.
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