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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

A Smart Electrostatic Sensor for On-line Condition
Monitoring of Power Transmission Belts

Yonghui Hu, Shuai Zhang, Yong Yan, Fellow, IEEE, Lijuan Wang, Xiangchen Qian, and Lu
Yang

Abstract — On-line condition monitoring of power transmis-
sion belts is essential to keep industrial belt-driven equipment
functioning smoothly and reliably. This paper presents a smart
electrostatic sensor that monitorsbelt motion through detection of
static charge on the belt. A theoretical model is established using
the method of moments for calculation of induced charge on
strip-shaped electrodes placed in the vicinity of a belt moving both
axially and transversely. The sensor unit converts the induced
charge into proportional voltage signals using charge amplifiers
and measures belt speed and vibration through cross correlation
and spectral analysis, respectively. The perfor mance of the smart
electrostatic sensor is validated against a photoelectric rotary
encoder and a laser displacement sensor. Comparative experi-
mental results show that the belt speed can be measured with a
relative error within 2% over therange 1.7-15.5 m/s. The elec-
trostatic sensor is capable of measuring the frequencies of trans-
verse vibration accurately. Although absolute displacement can-
not be measured due to the uncertain level of charge on the belt,
the measurement results of relative vibration magnitudes for
different modes and at different belt speeds are reasonably accu-
rate.

Index Terms—Static charge, power transmission belt, smart
electrostatic sensor, speed measurement, vibration measur ement.

|I. INTRODUCTION

exhaust gas was investigated by Addabbo §6héind Wen et
al.[6] for the health monitoring of aero-enginBleras et al. [7]
explored the use of a quasi-electrostatic field sensor array for
detection of a moving charged bullet. Yawootti et al. [8] de-
veloped an electrostatic PM10 mass monitor for continuous
measurement of ambient particulate air pollution. In addition,
wear detection of a taper roller bearing was studied by Harvey
et al. [9] using an electrostatic condition monitoring system.
With a growing realization of the ubiquity and role of the
electrostatic charge in various natural and industrial processes,
the electrostatic monitoring technique is finding applications in
an increasingly wide variety of fields.

Recently, preliminary studies have been carried out on speed
and vibration measurement of power transmission belts using
electrostatic sensors [10, 11]. Belt drives are extensively used
in many industries to transmit torque between rotating shafts.
Online condition monitoring of power transmission belts plays
an essential part in detecting wear, misalignment, improper
tensioning and other incipient mechanical defects, hence pre-
venting performance degradation and unscheduled downtime.
A dielectric belt can become electrically charged due to its
contact and friction with the roller and the air. The combined

HE electrification of dielectric materials due to physicapxial and transverse motion of the belt creates a fluctuating
Tcontact, friction and collision is an ubiquitous phenomenco@ectric field and generatesinduced current signal on a metal
in both nature and industry. Although the discharge of statfdectrode placed in the vicinity of the belt. The axial speed of
electricity has caused countless accidents and catastrophes $i@Helt was determined by cross correlating the signals from
as fire, explosion and failure of electronic components, th#Pstream and downstream sensors, whilst the belt transverse
electrostatic charge, if detected using suitable instruments, ¢4iocity was characterized through the Fourier analysis of the
provide useful information on machine condition and proce§gnals. Nn-contact measurement of belt speed and vibration
characteristics. By making good use of this phenomenon,isaa difficult problem with only a few practical solutions
variety of monitoring and diagnostic objectives have beedvailable, among which the laser Doppler velocimet&f §nd
achieved. For instance, the measurement of gas_sow@rometer L3] are regarded as the most effective. In compar-
two-phase flow in pneumatic conveying pipelines [1, 2] ant$on with laser-based instruments that are complex, delicate and
fluidized beds [3, 4] has been achievieg monitoring the expensive the electrostatic sensor is simple, cost-effective
electrostatic noise induced on metal electrodes due to the fI¥(!l-suited for a dusty environment and capable of simulta-
of charged particles. The electrostatic detection of debris figous speed and vibration measurement, thus offering great
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potential for routine industrial applications.

In the present study, a smart electrostatic sensor that incor-
porates functions of charge detection, signal conditioning, data
processing and communication fam-line belt condition mon-
itoring was developed and experimentally assessed. The cor-
relation between the sensor response and the belt kinematics is
established through theoretical modelling and numerical sim-
ulation. Based on the simulation results, algorithms for meas-
uring belt speed and vibration are designed and implemented
using the on-board microcontroller. The measurement results
of the smart electrostatic sensor are validated against two
well-established measurement techniques. Meanwhile, exten-
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sive experimental investigations were carried out to assess »/x
performance under different conditions on a purpose-built te
rig.

The smart electrostatic sensor is in effect a highly-integraté@nsityon the electrode. However, the validity of this method
measurement system capable of non-contact sensing of st&@ffs upon the condition that the conducting plane is of infinite
chareg and translating sensor data into meaningful measuréxtent and depth. As has been reported in [16], the errors in-
ments through embedded computing. The compadurred when solving electrostatic problems involving finite
non-contact design reduces noise from wiring and offers gregnducting planes (such as the electrode) can be significant,
flexibility and ease of deployment in various applications. Especially when the point charge is located far away from the
automatically adjusts the sensitivity to changes in charge lew@gne. Therefore, a more accurate method, i.e. the method of
on the belt. In addition, the communication link of USB 2.0 buioments is used in this study to determine the surface charge
offers a fast data transfer rate for both the complete raw signélistribution induced on the electrodes by the point charge [17].

and measurement results, a||owing the user to examine the bef\ssume the electric crosstalk between the electrodes and the
condition in great detail. influence of nearby conductors are negligible, then the potential

distribution around an electrode is only due to the point charge
and the induced charge on the electrode. Conaitelectrode
A Measurement Principle lying on the xoy-plane and centered at the origin of a local

The smart electrostatic sensor features two strip-shapggPrdinate system shown in Fig. 2. The length and width of the
electrodes and charge amplifiers for the detection of stafftéctrode isL and W , respectivly, while its thickness is
charges on the belt. During operation, the power transmissipsumed to be zero. A point charge is located at some
belt undergoes a combined axial and transverse motion, exhigsition (x,, y,, z,) above the electrode. Then according to

iting a travelling wave along the belt length. The CyCIICCoulomb’s law and the superposition principle of electrostatic

movement of approaching and moving away of the belt re"glti\fg“aelds [18] the potential at an arbitrary observation point

Fig. 2. Coordinate system for modelling of the electtastznsor.

Il. THEORETICALANALYSIS AND NUMERICAL SIMULATION

to the electrodes leads to variation of the induced charge on the ;
: . . (X y, z) is evaluate@s
electrodes. By converting the induced charge into voltage sig-

nals using charge amplifiers, information about the belt trans- V(X,y z):j% I% p(X,y)dxdy

verse displacement can be derived. The two electrodes placed '’ % f% 47[8\/()(_)(')2 +(y-y)+(z-2)°

in parallel in the belt running direction experience different 1)
phases of the belt travelling wave. By exploiting the spatial + 9

phase shift in the signals, the belt axial speetktermined. Fig. 47[8\/(X— X, Y+ (y— yp)2 +(z- zp)2

1 illustrates the measurement principle of the smart electr\%ereg is the permittivity of the mediunm(x, y', Z')denotes

static sensor. i )
the coordinate of the indudecharge on the electrode, and
B. Induced Charge on the Electrodes p(X, y') represents the surface charge density, which is to be

In order to elucidate how the electrostatic sensor respondsgi@ermined. Employing the method of moments, the electrode
the motion of the belt, the amount of induced charge on the givided intoNxM small sections of equal area, whé¥e
electrodes is calculated. The uniformity of charge distributiog,q M are the numbers of sections along the length and width
on the belt is mainly affected by the surface roughness. Foggactions, respectively. These sections are sufficiently small so

smooth, unworn and uncontaminated belt, it is reasonableffy; the charge distribution in each section can be assumed to be
assume uniform charge distribution on the belt. According {ghiform. Then equation (1) reduces to

the superposition principle of electrostatic fields, the total in- NM e dXdy

duced charge on the electrode is due to all charges on the belfx,y,z)= > j T A

Consequently, for the sake of simplicity, a single point charge = e I 4 [(x= X+ (Y- V)P + (2 2)?

that moves along the belt trajectory is used in the analysis. q
In previous modelling work of electrostatic sensors [5, 14" 2 2 2

15], the method of image charges was used to calculate the4”g\/(x_xp) =Y+ (Z-7)

electrical potential at any point in space and the surface charge (2

,i=1 2, ... NxM
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w L _ . R
wherea=——, b=—, p is the surface charge density and —
2M 2N ‘—é
(X, Ya» ;) the coordinate of the center of the i-th section. I | =
order to determine the unknown valuesgfin equation (2), a \
total of N x M equations are required. Since the potential of th - -K o
electrode is known, the desiredix M equations are obtained , J_ / V?
by evaluating the potential at the center of each section, whi q -l- G R I
is the same as the electrode potential. Hence, °
V. = %ﬂ ch.+a %i+D paxdy Fig. 3. Equivalent circuit of the electrode and tharge amplifier.
J Yi—a d %—b "2 2
-1 0 Are X))+ (Y, — . .
‘/(XC‘ V40 =Y) charge amplifier. The electrode is modelled as a charge source
+ q i=1 2, ..NxM that delivers or accepts electrons depending on the variation of
4”8\/(ch -X, Y+ (v _yp)2+ (z - zp)z the induced charge. The charge amplifier integrates the input

3) charge on a feedback capacitdy connected across an in-

whereV, is the potential at the center of thehjsection. Verting amplifier with an open-loop voltage gain-eK . To
prevent the charge amplifier from drifting into saturation due to

Equation (3) can also be written as . .
the leakage current at the amplifier inpautarge-value resistor

NxM
Vv, = E pV; + q R, that continuously bleeds off the accumulated charge is
2 2 2
i1 4m;\/(xcj—xp) +(Yg—Yp) +(25-2)

placed in parallel wittC,. The capacitanc€, is the sum of
{Qe electrode capacitance and the input capacitance of the op-
erational amplifier, while the resistanBe represents the total

iggulation resistance at the input.
From the equivalent circuit in Fig. 3, the output voltage

of the charge amplifier is expressed as

(4)
whereV; is the potential at the center of the j-th section due
unit charge density in the i-th section.

For i =j, the potential at the center of each section becau
of its own charge is calculated as
i + i+b
v, :J-y arx dxdy

j—a i — ! ! = — q

T Al X0 Oy ) (5) RSP TSI S P S
_1[alr’(\/az+b2+t3+blr(\/a2+ 5+?] K '
e a b At low frequencies, an operational amplifier has a very high

joR, " KT jeR
Fori = j, treating the charge in the i-th section as a poidtnd approximately constant open-loop gain, which rolls off at
charge located at the center leads to the rate of -20 dB/dec at higher frequencigg).[It has been
ab illustrated by experiments (see Section V) that the frequency
V; = = = (6) of the electrostatic signal collected around the belt is very low
ﬂg\/(xcj %)+ (¥ = Yai) (approximately 100 Hz at the highest belt axial speed). There-
After computing allV, , the NxM equations represented fore, for a very large open-loop gaitk(>10°), equation (8)

i oY
by equation (4) are solved through simple matrix algebra rof2n Pe simplifiednto

’

tines to obtain a discrete approximation of the surface charge V,, = a9 9)
density. Then the total induced charg’ on the electrodés C, +- 1
determined from JoR
L As can be seen from equation (9), the effect of the input ca-
q= 21: 4p,ab @) pacitance and resistance on the output voltage is negligible at
. low frequencies. It is also noticeable that the feedback capacitor
C. Output Voltage of the Charge Amplifiers and resistor form a RC-high-pass filter [20], suggesting that the

The induced charge on the electrogameasured via charge integrating behavior at low frequencies is suppresse® by
amplifiers. In mos_t previous res_(_aarch _invoIving electrostatieg cut-off frequency of the filter is given by
sensors, transresistance amplifiers (i.eurrentto-voltage 1
converters) were used for signal conditioning. By measuring f=—"—7
the rate of variation in the induced charge (i.e., the induced 2R G
current), the transverse velocity of the belt vibration walk§ order to improve the low-frequency response, the feedback
characterized [10, 11]. By contrast, charge amplifiers can desistor should be sufficiently large. In an ideal case with infi-
liver displacement response, which will be verified throughitely large feedback resistor, equation (9) can be further re-
numerical simulation and comparative experiments. duced to

Fig. 3 shows an equivalent circuit of the electrode and the

(10)
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Fig. 5. Schematic diagram of the simulation setup.
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corners and edges, especiatgedge points closest to the point

charge. When the point charge is moved further away from the

electrode, the total induced charge decreases from 0.554 nC in

Fig. 4(a) to 0.456 nC in Fig. 4(b). The deviation of the point

s charge from the xoz-plane leads to asymmetric charge distri-

o 8 bution, as shown in Fig. 4(c).

Vi) 5T % () In order to simulate the response of the electrostatic sensor to
the motion of the belt, a global coordinate system is defined, as
shown in Fig. 5. The Y-axis of the coordinate system points
towards the belt axial direction, the Z-axis points towards the
transverse direction and the origin is located at the midpoint
between the two electrodes. The dynamics of belt vibration is
rather complex, which has received considerable research ef-
forts for decades2[l-25]. For simplicity, the combined axial
and transverse motion can be viewed as a travelling wave [25].
Taking only the first vibration mode into consideration, the

s transverse displacemen(y,t) of the belt at spatial coordinate

105 y and timet is described as

o

Surface Charge Density (nC/mz)
N

0 T

(b) Position of the point charge: (0, 0, 6).

X
&~ 3
>

- N w

Surface Charge Density (nC/mz)
o

0 ~ e

y(m'h) 17 15 X(mﬂ'\\ )
Z(y,t)= B+ Asinky— 2z ft ) (12)
(c) Position of the point charge: (0, -4, 6). where B denotes the distance between the electrodes and the
Fig. 4. Surface charge density for different posiiof the point charge. belt equilibrium position A represents the amplitude of the
wave k is the wavenumber and is the vibration frequency.
t:_i (11) In the simulation, the above parameters are set as follows:
G B=6mm, A=2mm, k=7/100 and f =5 Hz. The

It is evident that the output voltage is directly proportional terajectories obtained with these parameters at different time
the induced charge on the electrode and the charge sensitifistants are illustrated in Fig. 5. With the assumption of uni-
of the electrostatic sensor can be controlled via the feedbaokm charge distribution on the belt, a serégpoint charges

capacitor. evenly distributed along the belt trajectory is used to simulate
the continuous charge distribution on the belt. The total induced

charge on the electrode is then computed as the sum of induced
The surface charge density and the total induced clmarge d P

he el de d int oh p > alfharge from all point charges. Since the induced charge due to
the electrode due to a point charge are computed numeric Q’raway point charges is negligible, only point charges within

The Ien_gth and width of the eIectrodg are 28 mm and 3 MM Jpscissa range from -50 nien50 mm are taken into ac-
re_specn_velyz and the numbers of sections "%'0”9 the Iength. nt. The distance between adjacent point charges along the
width directions are 224 and 24, respectively. The relativg ;yis is 1 mm, which follows that a total of 101 point charges
permittivity of the medium, namely the air is 1.0. The potentl% used in the simulatio®n increased number of point charges

gf ‘h‘? elecr:]trode 'i se(t: as zero. F|g._4 shhows the srrfa%e ch in the specified range leads to enhanced accuracy and more
ensity when a -1 nC negative point charge Is placed at dér'nooth variation of the total induced charge, but the computa-

ferent positions. As can be seen, the negative point Chartﬂ?nal cost will also increases significantly. In addition, the

induces positive chargeon the electrode. Due to the edgespacing between the electrodes is 16 mm.

effect, the surface charge density increases considerably near

D. Numerical Simulation
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18 . . .
0 0.05 0.1 0.15 0.2 i Signal Conditioning Circuit
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Fig. 6 Induced charge within a period of the tringlwave.

Fig. 6 shows the induced charge on the electrodes wathir
period of the travelling wavét can be seen that as the trough: . ..,
and peaks pass the electrode alternately, the induced che Connector
decreases and increases accordingly, giving rise to a fluctuat
charge signal with the same frequency as the vibration. T
spatial propagation of the travelling wave and the spacing of t [
electrodes lead to a time delay between the charge signi
which is exactly the transit time taken by the belt to passt 34 m!
two electrodes. The above simulation results provide fund |
mental insights into the generation of the electrostatic sigr
and shed light on the design of the measurement algorithms
be presented in Section .

70 mm :l

I1l. DESIGN ANDIMPLEMENTATION OF THESMART Fig. 8. Photograph of the sensor prototype.

ELECTROSTATICSENSOR L L L
the feedback capacitor isnF, resulting in a charge sensitivity

A Overview of 1 mV/pC. The feedback resistance that removes the DC

The smart electrostatic sensor is a complete measurementnponent of the electrostatic signall GQ, therefore the
system that combines sensing and processing capabilities fawer frequency limit of the charge amplifier is 0.16 Hz, which
online condition monitoring of power transmission belts. Figis well below the belt vibration frequency. To minimize the
7 shows a functional block diagram of the sensor unit. The tie@akage current from the surface of the PCB, the electrode and
electrodes, acting as the sensing elements, generate indubechon-inverting input terminal of the operational amplifier are
charge in response to the motion of the belt. The signal congrotected by guard rings, which are driven to the same potential
tioning circuit converts the induced charge into proportionalsthe electrode by voltage follower realized wita LMP7715
voltage signalsat a suitable level for A/D conversion. The operational amplifierSince the amount of charge carried by the
embedded intelligence, realized with an on-board microcobelt depends on a variety of factors such as pulley speed, tem-
troller, provides functionalities related to signal processingerature and atmospheric humidity [2&8kecondary amplifier
gain adjustment and communication with a host computer. stage that allows gain adjustment and brings the signal to a level
addition, the sensor unit is powered by an external power siguitable for subsequent A/D conversisrimplemented using
ply, which is regulated and filtered to supply the analog areh AD8602 operational amplifier am#-channel analog mul-
digital circuits separately. tiplexer ADG704. The electrostatic signalthen filtered bya
B. Hardware Design Salley-Key Iow-pa_ss f_ilter witla cut-off frequency of 2 kHz.

The electrostatic signals are sampled and processed by a

Fig. 8 illustrates the prototype of the sensor unit realized onggrpjicroelectronics STM32F405 microatroller that features
four-layer printed circuit board (PCB). The electrodes are faby, ARM Cortex-M4 core running at 168 MHz, 192 Kbyte of
ricated as two long pads on the bottom side, which are shieldggan 1 Mbyte of Flash memory and 12-bit A/D converters.
from external electromagnetic noise by the surrounding coppfiie microcontroller provides sufficient computing resources
fill an.d mj[ernal power planes. The_ conditioning circuit on th_‘fbr real-time signal processing and data analysis. The senso
top side is also protected by the internal planes from the ifiit communicates with the host computer via a USB 2.0 bus.
fluence of the charge on the belt. The charge ampliSes@ g, the raw electrostatic signals and the measurement results
LMP7721 operational amplifier with ultra-low input bias cur-4re yransmitted and presented to the user. The power of the
rent anda feedback capacitor (COG material) of high stabilitensor is supplied directly through the USB cable, thus elimi-

for precision measurement of the induced charge. The valuen%f[ing the need for a separate power supply. Two TPS79301
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low-dropout linear regulators are used to step down the ing Acquire sensor signals
. . . . . via
+5 V voltage to +3.3 V to power the signal conditioning circui ;i
and the microcontroller. The final, fully assembled smart ele
X i i ! Substract the mean
trostatic sensoasshown in Fig. 8 is of small form factor, low values from the signalf

power consumption and low cost, thus enabling easy and ra
deployment in various industrial applications.

RMS magnitude < threshold OR
highest peak hits the power rai

. . Adjust volt }
C. Measurement Algorithm and Software Design ané“g;;? aal‘ﬁsu%fil
As discussed above, the time delay between the upstre

and downstream signals corresponds to the transit time taker

the belt to pass the two electrodes. Therefore, the belt ax Speed measurement
L Lo . through cross-correlatign

speed can be measured by exploiting the similarity and tir 7

delay between the signals. Cross-correlation is a common ¢ S

. . . end speed measurenient

nal processig technique that measures the similarity of twc result

signals as a function of time shift [1, 2, 3, 10, 11, 14 23]F. It I

involves progressively sliding of one signal past the other ai Pick out samples for

summing the cross-multiplication products over the commc vibration measurement

time interval. The normalized cross-correlation function de
fined as follows reaches a dominant peak at the time delay
when the two signals are best aligned

> s (s (i+m

Enough samples for vibratio
measurement

No

R(M) = (13)

\/z:zl%z(i) \/z:zlsdz( D Vibration measurement
where s, (i) and s, (i) represent the discretized, zero mea throuih Al
signals from the upstream and downstresamsors, respec- Send vibration
tively, 1 is the number of samples amd (m=0,1,...,1 ) is measurement result

the number of delayed points. After locating the dominant pe.
in the normalized cross-correlation function and using tt

spacingD between the two electrodes, the belt axial speed racy of the belt speed depends strongly on the error of the time

Fig. 9. Flowchart of the embedded software.

calculated from delay which is in the order of a few milliseconds. In order to
D determine the time delay accurately, a kiggampling rate that
V=— (14) . L . .
T leads to a closer discrete approximation of the true time delay is
In addition, the value of the dominant peak, called correlatigtesirablef27, 28]. On the other hand, the accurate determina-
coefficient, reflects the similarity of the two signals. tion of the vibration frequency requires a long sampling time,

From the aforementioned measurement principle, it can Wéich equals the reciprocal of the frequency resolution. These
seen that the electrostatic sensor is essentially a proximigfuirements pose high demands on the memory and compu-
probe capable of non-contact measurement of dynamic dt#g power, which are very limiteon the microcontroller. The
placement. Although the absolute displacement cannot Béategy employed to solve this problem is to perform speed and
measured due to the uncertain amount of charge on the belt, ¥fgation measurements using different sample sets. The sig-
transverse vibration can still be quantitatively characterizdtfls are sampled at 50 kHz for a period of 0.2 s and stored in a
through identification of the vibration modes and their relativeing-pong buffer (actually two separate buffers filled and
magnitudes. In this study, the traditional vibration analysigrocessed alternately) for speed measurement. For vibration
method, i.e. speat analysis via Fourier transform is applied. measurement, one for every 50 samples is picked o\sianed
The CooleyTukey algorithm of the fast Fourier transformin another ping-pong buffer, resulting in a sampling raté of
(FFT) is implemented on the microcontroller to generate k1z. The FFT algorithm is executed when a total of 4096
spectum that includes all of the signal’s constituent frequen- ~Sa@mples are acquired, which follows that the frequency resolu-
cies. To enhance the reliability of the measurement results, fieh of vibration measurement is about 0.25 Hz.

amplitude spectra of the two signals are fused as follows The software embedded in the microcontroller consists of a
series of functional modules executed sequentially in an infinite
_1S@)+1S @)] T . . \
S(w) = (15) loop. Fig. 9 is a flowchart illustrating the main steps of the

2 _ measurement process. The ADC samples are transferred to the
where §,(») and S;(w) represent the Fourier spectra of the)ing_nong buffer for speed measurement via DMA, while the
upstream and downstream signals, respectively. Then t@mples for vibration measurement are picked out by the
spectral peaks that correspond to vibration modes and provistsitware. Although the charge amplifier is discharged contin-
important information for fault diagnosis are detected. uously by the feedback resistor to remove the DC component,

As can be seen from Equation (14), the measurement acgie non-stationary vibration of the belt and the offset errors of
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Fig. 10. Experimental setup.

the operational amplifier still introduce an offset voltage

Displacement (mm)
o

Therefore, the electrostatic signals are zero-meaned by 1 =-06

software as the first step of processing. In view of the variab &, . ‘ ‘ . ‘

charge level on the belt, the root-mean-square (RMS) magi 0 01 02 0.3 04 05 0.6
tude of the electrostatic signal is computed and the highe Time (s)

voltage peak that indicates potential saturation is identified ft rig. 11 Electrostatic signals and transverse displacement wherethaxial
adjustment of the voltage gain of the secondary amplifier stac speed is 6.18 m/s.

Then the belt speed is calculated for each iteration of the loop, )
and only when enough samples have been acquired the vifa- EXperimental Results
tion is measured. Once available, the result of a measurement iig. 11 shows the electrostatic signals and transverse dis-
sent to the host computer by a communication subroutine. placement when the belt axial speed measured with the rotary
encoder is 6.18 m/s and the distance between the electrostatic
IV. EXPERIMENTAL EVALUATION sensor and the equilibrium position of the belt is 20 mm. As can
A Experimental Setup be seenthe two ele_ctrostatic signals have very similar wave-
forms and a short time delay between them is clearly observa-
The smart electrostatic sensor was experimentally assespgs By computing the normalized cross-correlation function
on a purpose-built test rig, as shown in Fi. The belt to be jjystrated in Fig. 12the time delay is determined as 2.62 ms,
measured is a flat, nylon-type belt stretched over two pulleys @hich gives a speed measurement of 6.11 m/s. The small rela-
an equal diameter of 0.2 m. One of the pulleys is driven by a Bfge error of -1.13% and a correlation coefficient as high as 0.97
motor. The axial speed of the bisitadjusted by regulating the can thereforevalidate the effectiveness of the electrostatic
voltage applied to the DC motor, while the vibration is naturallyesor for pelt speed measurement.
generated without any external forcing. The smart electrostaticTpe pelt vibrates with a pedk-peak displacement of 1.5
sensor is mounted above the belt on a supporting frame.  ;ym as shown in Fig. 11. Due to the different sensing mecha-
The performance of the smart electrostatic sensor was V@lisms, the similarity between the electrostatic signals and the
dated against two well-established reference sensors. An \{fsveform of transverse displacement is not so evident. In order
cremental photoelectric rotary encoder with 1000 pulses pgf quantify the similarity, the downstream electrostatic signal
revolution measures the rotational speed of the DC mot@fnq the transverse displacement are normalized with respect to
Under the condition of proper tensioning and no slip betwegReir own peak magnitudes and then cross correlated. A-corr
the belt and pulleys, the belt axial speed can be easily calculajigthn coefficient of 0.56 is obtained, suggesting that the two
from the rotational speed. A separate microcontroller-basggbasurements are strongly related to each other. In addition,
circuit board counts the pulse from the encoder and delivers g amplitude spectra of the electrostatic signals and the
belt axial speed. The reference sensor for vibration measufgmsyerse displacement are computed and plotted in Fig. 13. It
ment is a laser displacement sensor (controller mod@dn pe seen that the amplitude spectra of the up-stream and
LK-G5001 and sensor head model LK-HO85, Keyence CQygwnstream signals are nearly identical and there exist strong,
Ltd.) that measures its distance to the belt with high accuragye||-separated spectral peaks at the fundamental and harmonic
The analog output of the laser displacement sensor is sampiefuencies in both the electrostatic and dis-placement meas-
at a frequency of 50 kHz using a National Instruments DAQrements. Such a spectral pattern, which is typical of mechan-
device (model USB5363) and converted proportionally into jca) vibrations, and the close agreement between the spectra of
displacement. both measurements verify that the variation of induced charge
and hence the electrostatic signals are mainly attributed to the
belt vibration. The fundamental vibration frequency is exactly
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Fig. 14. Phase angles of the electrostatic signal®aiiltination frequencies.
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the belt transport frequency, which is defined as the belt ax ‘ ‘ .

speed divided by the belt length (1.4 m). The electrosta

0
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sensor can identify the vibration frequencies accurately. Reference Speed (m/s)

general, the relative magnitudes of the spectral peaks in bFig. 16. Amplitudes of the first vibration mode at diéfiet speeds.
measurements agree well with each other, although there e
slight discrepancies due to the different sensing mechanismgelative error is withint-2% throughout the speed range.aAt
To better understand the underlying principle of speda@wer speed, typically below 5.0 m/s, the relative error de-
measurement, the phase angles of the electrostatic signals actaases with the belt speed because of the increasingly intensive
vibration frequencies are plotted in Fig. 14. As can be sediglt vibration and clear phase shift between the upstream and
there exist phase lags between the upstream and downstré@wnstream signals. Far belt speed higher than 5 m/s, the
signals at all vibration frequencies. It can thus be confirmed tH&lative error shows no apparent dependence on the speed.
the spatial phase shift experienced by the two electrodes gived hroughout the range of tested speed, the electrostatic sig-
rise to the time delay between the signals, which contains thals and transverse displacement have amplitude spectra simi-
speed information. lar to those shown in Fig. 13. The vibration frequencies in-
The accuracy of the smart electrostatic sensor for belt spegéase linearly with the belt speed, while the amplitudes of the
measurement was assessed by varying the speed from 1.firg vibration mode at different belt speeds are shown in Fig. 16
15.5 m/s. Fig. 15 depicts the relative error of the measuréids shown that the increased speed leads to higher amplitudes
speed, which is the averaged value of 50 measurements v@ftboth measurements. The amplitude of the electrostatic signal
normalized standard deviation less than 1%. As illustrated, tigreases more rapidly than that of the displacement meas-
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