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ABSTRACT

The measurement of the operating deflection shape (ODS) of power transmission belts is of great
importance for the fault diagnosis and prognosis of industrial belt drive systems. This paper
presents a novel method based on an electrostatic sensor array to measure the ODS of a belt
moving both axially and transversely. The electrostatic sensor integrates a charge amplifier that
converts the induced charge on a strip-shaped electrode into a voltage signal. Finite element
simulations are performed to study the sensing characteristics of the sensor and the results reveal
that the sensor can respond to vibration displacement. Construction of the ODS is achieved in the
frequency domain using the ODS frequency response function. Comparative experimental studies
with a high-accuracy laser displacement sensor were conducted on a purpose-built test rig and the
results show that the vibration frequencies and their relative magnitudes obtained from both
sensors agree well with each other. Experiments conducted over a range of belt axial speeds show
that the belt vibrates at frequencies that are well separated and identifiable using a peak picking
method. The measured ODSs of the first three vibration modes illustrate that the vibration
displacement is larger in the middle of the belt span than at both ends and that the phase shift
relative to the reference sensor at each measurement point increases monotonically along the belt
running direction. The belt axial speed determines the vibration frequencies and displacement,
which reaches the maximum amplitude around the natural frequency of the belt.

Index Terms — Belt drive; vibration measurement; electrostatic sensor; charge amplifier; sensor

array; operating deflection shape; frequency response function.

I. INTRODUCTION

Belt drives are extensively used to transmit power between shafts in a variety of industrial,

automotive, agricultural and home appliance applications. They are frequently preferred to chains



and gears because of simple installation, low maintenance, misalignment tolerance and shock
absorption. However, the axially moving belt is prone to vibrations due to the compliance of the
material. In addition, a variety of mechanical defects, such as shaft misalignment, pulley
eccentricity, belt wear and improper belt tensioning, may give rise to excessive belt vibrations that
cause noise radiation, belt fatigue, speed loss and possibly a catastrophic machine failure [1, 2]. In
order to monitor the dynamic behaviors of the belt and provide early warning of potential machine
failures, it is desirable to measure and characterize the belt vibration on an on-line continuous
basis.

A powerful technique for vibration characterization is operating deflection shape (ODS)
analysis. An ODS represents the deflection shape a structure exhibits either at a moment in time
or at a specific frequency when subjected to dynamic forces. More generally, an ODS can be
defined as any forced motion of two or more degrees of freedom on a structure [3, 4]. In contrast
with mode shape that characterizes only the resonant vibration of a structure, ODS contains both
forced and resonant vibration components. Therefore, ODS analysis enables visualization of the
deformation pattern of a structure or machine functioning under normal operating conditions. To
construct an ODS, the vibrations at multiple locations of the structure are measured
simultaneously. The vibration magnitude and phase of all points define an ODS vector, which can
be used for shape animation of the structure. ODS analysis of a power transmission belt is
particularly useful in the study of its complex vibration behaviors. The knowledge about the
deflection along the length of the belt facilitates the determination of vibration spatial distribution

and the troubleshooting of abnormal vibrations without any machine downtime.

In the last few decades, there has been considerable research on the vibration of power

transmission belts. However, the majority of studies have focused on dynamic modelling and



theoretical analysis [5, 6], and little research has been undertaken on vibration measurement and
ODS analysis, which has been regarded as a challenging task, especially for long-term industrial
applications. The axial motion of the belt precludes the employment of conventional contact type
sensors such as accelerometers and strain gages. It is also difficult to adapt the various proximity
probes developed for the deviation detection of rotating shafts to the measurement of belt
vibration. Catalano et al. [7] carried out vibration analysis of a belt system using a high-speed
camera, which recorded the positions of marked points on the belt. However, the computational
overhead of this technique is very high, making it difficult to achieve on-line continuous
measurement. Xia et al. [8] employed two laser displacement sensors to monitor the vertical and
horizontal vibrations of an axially moving string. Agnani et al. [9] experimentally investigated the
belt vibration behavior using a single-point laser Doppler vibrometer (LDV). Sante and Rossi [10]
measured the ODS of a synchronous belt using a scanning LDV for the development of a vibro-
acoustic model. Chiariotti et al. [11] assessed the dynamic behavior and recovered the ODSs of
timing belts in running conditions using a continuous scanning LDV. The laser-based technique
can perform non-contact vibration measurement with high sensitivity and high spatial resolution;
however, such instruments are prohibitively expensive to implement in routine industrial
applications and the use of delicate optical components limits their applicability in dusty, harsh

and extreme environments.

In previous studies [12-15], it was found that a dielectric belt running on earthed metal rollers
carries electrostatic charge due to contact and frictional electrification. Information about the
motion of the belt can be derived using electrostatic sensors placed adjacent to the belt.
Specifically, the transverse velocity of the belt can be reflected by the electrostatic signal obtained

using a transresistance amplifier (i.e., a current-to-voltage converter) [14, 15]. The electrostatic



sensor is simple, non-contact, inexpensive and suitable for hostile environments, thus representing
an appealing solution to the belt vibration measurement problem in industry. The basic concept of
belt ODS measurement using an electrostatic sensor array along with preliminary experimental
results was first reported in 2016 at the IEEE International Instrumentation and Measurement
Technology Conference [15]. This paper presents in detail the fundamental principle, finite
element modelling, practical design, implementation and experimental assessment of the
measurement system. In particular, the signal from the electrode is conditioned by a charge
amplifier instead of the transresistance amplifier used in [15], which permits the characterization

of vibration displacement and the construction of the belt ODS from displacement responses.

II. MEASUREMENT PRINCIPLE

A. Charge-Mode Electrostatic Sensors

The amount of electrostatic charge accumulated on the belt surface depends on a variety of
factors including roller speed, belt material, ambient temperature and humidity. For fixed
operating and environmental conditions, the distribution of charge on the belt surface is mainly
affected by the surface roughness. Since the non-uniformity of surface roughness is very small, it
is reasonable to assume that the charge is evenly distributed on the belt surface. According to the
theory of electrostatics, the amount of induced charge on a metal electrode is inversely
proportional to the distance between the electrode and the source charge. Therefore, by measuring
the induced charge on an electrode located above (or below) the belt, the transverse displacement
of the belt can be quantitatively characterized.

In this study, electrostatic sensors working in charge-mode were developed for belt vibration

measurement. The essential part of the electrostatic sensor is a charge amplifier that converts the



induced charge on the electrode into a voltage signal. Fig. 1 shows a simplified equivalent circuit
of the electrode connected to the charge amplifier. The electrode is modelled as a charge source
Qin with a shunt capacitor Cin. The charge from the electrode is transferred to the range capacitor
Cr of an operational amplifier to develop a voltage output Vout which can be calculated using the

following equation [16]:

_ (1)

Notice that the input capacitance has no effect on the resulting output voltage because the

inverting input of the operational amplifier is kept at virtual ground.

Electrode
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Fig. 1. An equivalent circuit of the electrode connected to a charge amplifier.

In practice, a charge amplifier will drift towards saturation (power supply) due to low insulation
resistance at the input or by the leakage current of the input stage of the operational amplifier.
Since this study concerns only the AC component of the sensor signal for belt vibration
measurement, a time constant resistor Rt is placed in parallel with the range capacitor, as shown in
Fig. 1. The accumulated charge on the range capacitor is constantly drained and the DC
component of the output voltage goes quickly to zero [16]. The range capacitor and the time
constant resistor form a RC-high-pass filter with a lower frequency limit determined by:
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It is required that the frequency limit is sufficiently lower than the lowest vibration frequency. It is
worth noting that an electronic reset switch such as a reed relay or a J-FET placed in parallel with
the range capacitor can also be used to periodically bring the output voltage to zero in practical
long-term applications [16]. However, the electrode must be taken away or isolated from the
electrical field and the induced charge be nulled during reset in order to define the correct zero
point, which complicates the design of the sensor unit.

Fig. 2 shows the charge-mode electrostatic sensor manufactured on a compact two-layer

printed circuit board (PCB). The electrode is a long pad with a dimension of 3 mm X 28 mm on

the bottom layer. The length of the electrode is identical to the width of the belt to be measured,
whereas its width determines the spatial resolution along the belt running direction. The area
around the electrode is filled with earthed copper to suppress external electromagnetic
interference. On the top layer is the charge amplifier followed by an inverting amplifier and a
Salley-Key low-pass filter. The range capacitor of the charge amplifier is a high-quality
polystyrene film capacitor with very good performance in terms of dielectric absorption, long-
term stability, insulation resistance, etc. Since the value of the range capacitor is 10 nF and the
voltage gain of the inverting amplifier stage is 50, the sensitivity of the electrostatic sensor is 5
mV/pC. In future practical applications, the inverting amplifier stage can be implemented using a
programmable-gain amplifier in order to deal with the variations of charge level on the belt, the
distance between the sensor and the belt, and the relative permittivity of the air. The value of the
time constant resistor is 1 GC, which means the lowest vibration frequency is well above the
lower frequency limit (0.016 Hz) of the high-pass filter. In order to guarantee slow drift of the
charge measuring circuit, an operational amplifier (Type AD8604) with very low input bias

current (typically 0.2 pA) is adopted. A potentiometer at the inverting amplifier stage nulls the



input offset voltage [17]. All components on the top layer are surface-mounted in order to avoid
the influence of through-hole pads on the electrical field around the electrode. The sensor unit is

powered by a £2.5 V dual supply. A standard MINI USB connector is adopted for power and

signal transmission because of its compactness, simplicity and reliability.

Range Time Constant Potentiometer
Capacitor  Resistor

Electrode

Fig. 2. Charge-mode electrostatic sensor.

B. Vibration Measurement Through Charge Sensing

In order to establish a quantitative relationship between the sensor response and belt vibration
kinematics, finite element simulations are performed using the commercial software package
COMSOL Multiphysics. In view of the superposition principle of the electric field, a point charge
that vibrates harmonically in the normal direction of the electrode surface is configured in the
modelling. Fig. 3 shows the finite element model finely meshed with tetrahedral elements. The
electrode is modelled as a thin copper strip with the same dimension as its physical realization.
The point charge is assumed to carry net electrostatic charge of -1 pC. The potential of the

electrode is set as zero and the boundary of the model domain is set as zero charge.



Point charge

Electrode

Fig. 3. Finite element model of the electrostatic sensor.

As shown in Fig. 3, the center of the electrode is located at the origin of the coordinate system.
The harmonic motion of the point charge is described by

z(t) = B+ Asin(27 ft) 3)

where B represents the equilibrium position, A denotes the vibration amplitude and f is the

vibration frequency. Since the charge amplifier responds to the variation of induced charge at the
input, the total induced charge on the electrode, which is obtained by integrating the surface
charge density, is investigated in this study under different vibration conditions.

Fig. 4 depicts the induced charge for different equilibrium positions and vibration amplitudes
for f = 10 Hz. As illustrated, the induced charge fluctuates as the point charge approaches and
moves away from the electrode reciprocally. For a fixed equilibrium position, a larger vibration
amplitude leads to stronger variation of the induced charge. A longer distance between the
electrode and the equilibrium position leads to less induced charge and hence a smaller peak-to-
peak variation magnitude. It is also noticeable that the fluctuation of the induced charge is
unsymmetrical about the value obtained when the point charge is at the equilibrium position, due

to the non-uniform spatial sensitivity of the electrostatic sensor [14].



— B=6 mm, A=2 mm
----- B=6 mm, A=3 mm
B=9 mm, A=3 mm

z (mm)

Charge (C)

Fig. 4. Induced charge for different equilibrium positions and vibration amplitudes.

The simulation results shown in Fig. 4 suggest that the distance between the electrode and the
belt determines the induced charge of the electrostatic sensor. Therefore, it can be used as a non-
contact vibration displacement sensor. However, the absolute value of the transverse displacement
cannot be measured using the electrostatic sensor due to the vulnerability of the electrostatic
sensing technique to environmental and operating conditions. Nevertheless, quantitative
characterization of the belt vibration can be achieved using appropriate signal processing
techniques.

C. ODS Measurement

Due to the localized sensing zone, the electrostatic sensor measures belt vibration at only a
single point. In order to obtain an ODS measurement, multiple sensors arranged in a linear array
along the belt length are employed. Fig. 5 illustrates the sensing arrangement of the ODS

measurement system.
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Fig. 5. Sensing arrangement of the measurement system.

An ODS can be derived from a set of time domain signals acquired simultaneously or
frequency domain measurements that are computed from the time domain signals [18]. Since the
belt exhibits periodic, rather than non-periodic or transient vibration, the ODS frequency response
function (FRF) is used to construct the ODS in this study. This technique requires a fixed
reference sensor in order to determine the relative phase of each measurement point. To calculate
an ODS FRF, the magnitude of the cross spectrum between a sensor signal and the reference
sensor signal is replaced with the auto spectrum of the sensor signal. In this way, the correct
magnitude of the sensor signal and the correct phase relative to the reference signal are retained.

The definition of the ODS FRF is given by the following equation [19]:

5,(@)S, (@)

@ =8O O ays, (@)

(4)

where S,(®) and S, (®) represent the Fourier transform of the i-th sensor signal S(t) and the

reference signal S,(t), respectively. The operator * denotes the complex conjugate. The first term
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in equation (4) represents the auto spectrum of the i-th sensor signal and the second term the
phase of the cross spectrum between the i-th sensor signal and the reference signal. In comparison
with other frequency domain functions such as linear spectra, auto power spectra, FRFs and
transmissibility [18], the ODS FRF provides an absolute measurement instead of a ratio of the
magnitude responses, contains the correct phase relative to the reference and allows easy
identification of the peak frequencies.

For a variety of belt operation issues such as eccentricity, misalignment, worn and stretched
belts, the vibrations occur at the belt pass frequency and its higher-order harmonics, which are
well-separated and can be identified using the so-called peak-picking method [20]. Since the

response of the electrostatic sensor working in charge-mode represents the transverse

displacement, the imaginary components of the ODS FRFs at vibration frequency & are
assembly as follows to yield the k-th ODS vector @ [20, 21]:

Im[H,(e,)]
Im[H,(,)]

&= Q)

Im[H (@,)]

Im[H, (,)]

where n is the number of sensors deployed, with one of them being the reference sensor.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Setup

Experiments with the measurement system were conducted on a purpose-built test rig, as

shown in Fig. 6. The rig consists of a flat nylon-type belt and two earthed metal pulleys with an

12



equal diameter. The running speed of the belt can be adjusted by regulating the rotational speed of
a driving motor. A total of 20 electrostatic sensors with an equal spacing of 20 mm between
adjacent elements are supported by a lab stand above the belt. Since the center-to-center distance
between the two pulleys is 390 mm, the sensor array covers almost the whole slack side of the belt
span. A closer spacing between the sensor and the belt helps improve the signal-to-noise ratio but
also increases the risk of direct contact between them and hence the potential damage of the
sensor by the belt. In this study, the spacing from the sensor array to the belt in stationary state is
set as 15 mm by taking into consideration the maximum transverse displacement of the belt. A

power board generates 2.5 V supplies for the sensor units and receives the analog sensor

outputs.

7 390 mm

S9S10811

DC Motor Power Board
Rotary Encoder

Support Stand
Fig. 6. Motor driven belt rig.

The sensor signals were sampled simultaneously at a frequency of 50 kHz using a data
acquisition (DAQ) device (National Instruments, model USB-6363) and processed on a host
computer. In order to achieve on-line ODS measurement, a dedicated software system was
developed using Microsoft Visual C# .NET with the aid of National Instruments Measurement

Studio, which provides class libraries for communication with NI DAQ devices, data processing
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and storage, user interface design, and data visualization. In comparison with the graphical
programming language LabVIEW, it is more convenient to implement complex algorithms such
as peak-picking and ODS measurement using the text-based programming language Visual C#.
Since the computational overhead of the ODS measurement algorithm is low, the measurement
results can be delivered almost in real time for each acquisition time interval, thus exhibiting
advantages over the imaging-based off-line method in [7].

B. Vibration Measurement Results

Before the measurement of the belt ODS, the performance of the electrostatic sensor for
vibration measurement was validated against a laser displacement sensor (Controller model LK-
G5001 and sensor head model LK-HO085, Keyence CO., Ltd.) that measures its distance to the belt
with high accuracy. Fig. 7 shows the installation of the electrostatic and laser displacement
sensors on the test rig. Due to the obstruction of the laser light by the electrostatic sensor plate,
the measurement point of the laser displacement sensor doesn’t coincide with the point on the belt
right underneath the center of the electrode, leaving a gap of about 8 mm between them, as shown
in Fig. 7. The analog outputs of both sensors were sampled simultaneously using the NI DAQ

device.

Laser Displacement
Sensor

Electrost:
Sensor

Fig. 7. Installation of the electrostatic and laser displacement sensors on the test rig.
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Fig. 8 shows the measurements from both sensors when the belt axial speed is 5.3 m/s. Note
that the voltage signal of the laser displacement sensor has been converted proportionally into
transverse displacement. It is shown that the belt vibrates with a peak-to-peak displacement of 0.9
mm. Clear periodicity and similar patterns are observed in both measurements. The time delay
between the measurements is attributed to the gap between the measurement points. In order to
quantify the similarity, cross-correlation analysis is performed, with each measurement
normalized with respect to its peak amplitude [13]. A correlation coefficient of 0.6 is obtained,
suggesting that the two measurements are strongly correlated. In addition, the frequency spectra
of the measurements are plotted in Fig. 9, in which normalization is also performed separately
with respect to the highest spectral peaks. It is evident that there exist strong, well-separated
spectral peaks in both measurements. These vibration frequencies satisfy an integer multiple
relationship with the fundamental frequency. With reference to the laser displacement sensor, the
electrostatic sensor can identify the vibration frequencies accurately. The relative magnitudes of
the spectral peaks in both measurements are in good agreement, with slight difference especially

for the first two harmonics due to the different sensing mechanisms.
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Fig. 8. Measurements from the electrostatic and laser displacement sensors when the belt axial
speed is 5.3 m/s.
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Fig. 9. Normalized amplitude spectra of the electrostatic and laser displacement measurements.

As has been pointed out above, the amount of electrostatic charge deposited on the belt depends
on a variety of environmental conditions, among which the humidity is considered to have a
strong impact and thus investigated in this study [22]. An ultrasonic humidifier was used to emit
water vapor into the air. The relative humidity was varied from 55% to 95%, while the
temperature was held constant at 22 °C and the belt axial speed at 6.0 m/s. The experimental
results illustrate that the electrostatic sensor can identify the vibration modes and their relative
magnitudes over the whole range of humidity conditions tested. To quantify the effect of humidity
on the strength of the electrostatic signal, the RMS (root-mean-square) magnitude of the
electrostatic signal was calculated and shown in Fig. 10. It illustrates that the RMS magnitude
decreases with the humidity, suggesting that less charge is accumulated on the belt. Therefore, in
order to ensure the operability of the sensing unit in a humid environment, the electrostatic signal
should be adequately amplified. In view of the susceptibility of the charge level on the belt to
environmental conditions in real-world applications, a signal conditioning circuit with
programmable gain can be employed to convert the induced charge into a voltage signal at a

suitable level for subsequent A/D conversion.
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Fig. 10. RMS magnitude of the electrostatic signal as the relative humidity of air varies.

C. ODS Measurement Results

After the validation of the effectiveness of the technique for belt vibration measurement, the
electrostatic signals from the sensor array were collected. Fig. 11 shows five typical electrostatic
signals from sensors S1, S9, S10, S11 and S20, as labelled in Fig. 6, when the belt axial speed is 6
m/s. The signals from the sensors S9, S10 and S11, which are located above the center of the belt
span, exhibit clear periodicity. It is also evident that a downstream signal is a time-delayed, but
corrupted version of its preceding one. If the belt vibration can be regarded as a travelling wave
that propagates along the belt length, the sensors in the array experience different phases of the
travelling wave, leading to the phase shifts between the signals. Sensors S1 and S20 located close
to the pulley generate signals with smaller vibration amplitude, because of the decreased vibration

displacement.
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Fig. 11. Signals from sensors S1, S9, S10, S11 and S20 at a belt axial speed of 6 m/s.

The amplitude spectra of the electrostatic signals in Fig. 11, but of a longer period of time (2 s),
are plotted in Fig. 12, which illustrates that the vibrations occur at the same frequencies along the
belt span. It is also noticeable that the signals share almost the same relative magnitudes of the
spectral peaks. In comparison with the velocity response measured using electrostatic sensors with
transresistance amplifiers [15], there are fewer spectral peaks at higher frequencies and the
fundamental vibration mode has the largest magnitude. Note that the small spectral peaks at 50 Hz

in Fig. 12 are due to the power line noise.
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Fig. 12. Amplitude spectra of the electrostatic signals in Fig.11.

To calculate the ODS FRFs of the belt, sensor S1 with the least vibration is selected as the
reference. According to equation (5), the imaginary components of the complex-valued ODS
FRFs at the lower frequency band (0 to 40 Hz) are plotted in Fig. 13. As illustrated, the peaks in
the amplitude spectra appear at the same frequencies in the ODS FRFs. Hence the method of peak
picking can be used to identify the vibration frequencies. By connecting the peaks at the same
frequency in Fig. 13, the belt ODSs can be constructed. Fig. 14 depicts the ODSs corresponding

to the first three vibration modes. It can be seen that the three ODSs exhibit similar deformation
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patterns, apart from the differences in amplitude. Since an ODS contains both amplitude and
phase information, Fig. 15 plots the vibration amplitude and the phase relative to the fixed
reference sensor for the first vibration mode at each measurement point. As can be seen in Fig.
15(a), the vibration amplitude is smallest at both ends and slightly decreases in the middle of the
belt span. Fig. 15(b) shows that the phase lag increases monotonically along the belt running
direction. In view of the above information, it should be noted that the choice of the reference

sensor affects the bending shape of an ODS.

Imaginary Components

Frequen® (re)

Fig. 13. Imaginary components of the ODS FRFs.
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The ODSs at different belt axial speeds are plotted in Fig. 16. As labelled in the legends, the
vibration frequencies increase with the belt axial speed. The bending shape of the ODSs at
different axial speeds are very alike. The ODS amplitudes increase with the belt axial speed from
2 m/s to 6 m/s (shown in Fig. 14), but exhibit a decreasing trend from 8 m/s to 10 m/s. According
to the theory of mechanical vibration, the maximum amplitude of vibration occurs when the
forcing frequency coincides with a system’s natural frequency. It is therefore believed that the

belt’s natural frequency is around 6 Hz to 8 Hz.
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Fig. 16. Measured ODSs at different axial speeds.
D. Discussion

In comparison with the laser-based instruments that are accurate, expensive, complex and
delicate, the electrostatic sensor is cost-effective, compact in size, simple in structure, easy to
install and rugged for use in a hostile environment. However, it is difficult to achieve absolute
displacement measurement using the electrostatic sensor due to the uncertain amount of charge on
the belt. In most condition monitoring applications, the vibration frequency rather than the

displacement provides the most valuable information. The electrostatic sensor can identify the
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vibration modes and their relative magnitudes with adequate accuracy, thus offering a viable
solution to the belt vibration monitoring problem.

The electrostatic sensor is vulnerable to electromagnetic interference due to the working
principle of electrostatic induction. In an industrial environment with various electrical machines
and devices, the interference may be strong enough to disrupt the normal operation of the sensor.
Shielding of the sensing units and the belt with an earthed metal screen is required when working
in a complex electromagnetic environment. The installation of the sensor array and the metal
screen requires the area of the whole belt span to be cleared. It is thus recommended that ample
space is made available for such installation at the design phase of the belt-driven equipment.

Industrial belts may experience resonance and vibrate excessively, which leads to electrostatic
signals with high peak-to-peak amplitudes. Corrective and preventive actions such as automated
system shutdown should be taken immediately when excessive belt vibrations are detected. In
addition to possible damage to the machine, excessive belt vibrations may cause direct contact
between the sensor and the belt. In the interest of safety, the spacing between the sensor and the
belt should be large enough. However, the signal-to-noise ratio will deteriorate as the induced
charge on the electrode decreases with the spacing. Therefore, the maximum transverse
displacement of the belt should be estimated for adequate installation of the sensor. A dielectric
plate placed between the sensor and the belt can also be used for protection.

Normally, the outside surfaces of flat belts, multi-groove belts and synchronous belts are
smooth or have uniform textures. The assumptions of uniform roughness and charge distribution
over the belt hold well for such belts. However, the charge distribution is non-uniform when the
belt is worn. An abrupt change in the signal amplitude is expected when the worn part passes the

sensor unit. The health condition of the belt can thus be evaluated through the analysis of the non-
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stationary electrostatic signal. In practice, a worn belt may lead to abnormal vibrations, which can
also be used to indicate an incipient machine failure.

The charge-mode electrostatic sensor generates an AC voltage signal that varies inversely with
the spacing between the electrode and the object to be measured. By contrast, the electrostatic
sensor with a transresistance amplifier responds to the variation rate of induced charge and
delivers velocity response [13-15]. A plot of the velocity spectrum will slope upwards as the
frequency increases in comparison with the displacement spectrum for the same vibration. The
choice of displacement or velocity measurement can be made according to the different frequency

ranges of interest.

To summarize, in view of the fact that the techniques available for non-contact vibration
measurement of power transmission belts are very limited, the electrostatic sensor provides a

promising solution for widespread, routine industrial applications.

IV. CONCLUSION

In this paper, a novel measurement system based on an array of charge-mode electrostatic
sensors has been designed and implemented to measure the ODS of a power transmission belt.
Finite element simulations have been conducted to establish the relationship between the sensor
response and the belt vibration kinematics. ODS FRFs have been used to construct the belt ODS
at the fundamental and higher-order harmonic vibration frequencies. The performance of the
measurement system has been assessed with reference to the laser displacement sensor. Results
obtained have demonstrated that the belt vibrates at frequencies determined by belt axial speed,
which permits the construction of the ODS using the peak picking method. The effect of humidity

on the performance of the electrostatic sensor has also been experimentally investigated. Although
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the RMS magnitude of the electrostatic signal decreases with the humidity due to reduced charge
level on the belt, the vibration modes and their relative magnitudes can be identified with
adequate accuracy. The measured ODSs of the first three vibration modes exhibit similar bending
shapes. The belt ODSs at different axial speeds have indicated that the vibration displacement
varies with the axial speed and reaches the maximum amplitude around the belt’s natural

frequency.
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