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Comparison of Single and Double Electrostatic Sensors for Rotational Speed
Measurement

Lijuan Wang®®, Yong Yan®, Kamel Red&
aSchool of Control and Computer Engineering, North China Electric Power University,
Beijing 102206, P. R. China
®School of Engineering and Digital Arts, University of Kent, Canterbury Kent CT2 7NT UK
Abstract
Accurate and reliable measurement of rotational speed is crucial in many industrial processes.
Recent research provides an alternative approach to rotational speed measurement of dielectric
rotors through electrostatic sensing and signal processing. This paper aims to explore the
electrostatic phenomenon of rotational machineries, design considerations of the spacing between
double electrostatic sensors and effect of dielectric rotors on the performance of the rotational
speed measurement systems based on single and double electrostatic sensors. Through a series of
experimental tests with rotors of different material types, including polytetrafluoroethylene
(PTFE), polyvinyl chloride (PVC) and Nylon, different surface roughness (Ra 3.2 and Ra 6.3) and
difference diameters (6m and 120mm), the accuracy and reliability of the two measurement
systems are assessed and compared. Experimental results suggest that more electrostatic charge is
generated on the PTFE rotors with a larger diameter and coarser surface and hence bette
performance of the measurement systems. The single-sensor system vyields a relative error of
within £1% while the double-sensor system produces an error within £1.5% over the speed range
of 500 - 3000 rpm for all tested rotors. However, the single-sensor system outperforms the double-

sensor system at high rotational speeds (>2000 rpm) with a relative error less than £0.05%.



Keywords— Rotational speed measurement; Electrostatic sensor; Correlation signal processing

Performance assessment; Surface roughness.

1. Introduction

Accurate and reliable measurement of rotational speed for rotating devices and machineries is
desirable in many industries. Rotational speed is an important parameter to ojest#Hing status,

make fault diagnosis and establish an effective maintenance strategy in order to reduce downtime of
an industrial process. Traditional contact-type measurement devices such as centrifoigedttash

timing tachometers and electric-dynamic tachometers suffer from the common problems, of wea
slippage and low measurement accuracy. Hence, a variety of non-contact measurement systems
based on optical, electromagnetic and digital imaging techniques have been de{&i8pdd

recent years, instantaneous rotational speed has been estimated through sigreti@malysis by

many researchers [4, 5]. However, photoelectric tachometers require the fitting of external
illumination sources, encoders on the shaft or refection marks on the rotor surface [6]nd’loif ki
tachometer is difficult to use in hostile environments. Stroboscopic tachometers work well under
low and stable speed conditions [6]. Magnetic inductive tachometers are limitede to
measurement of metallic rotors and are susceptible to electromagnetic interference [6]. Imaging
based systems suffer from similar drawbacks as the photoelectric types in additidndoshignd

structural complexity [3].

Electrostatic sensor arrays in conjunction with correlation signal processing algorithnisebave
deployed to measure rotational speed with high accuracy and good repeatability [@yeHdhe
mechanical structure required for the installation of the electrostatic sensor arrays is inhpoactica
be fitted on large rotors in many cases. To solve this problem, the measurement systean using

single or double electrostatic sensors has been proposed [8, 9]. Although basic electrostatic



properties of some dielectric materials are well known, the effects of the material type and surface
roughness of the rotor on the performance of single- and double-sensor systemisnateckr.

In the present research new contributions are made in the respects of theoretical analysis and
experimental investigations. Firstly, the electrostatic phenomenon of rotationalnerahiand

design considerations of the spacing between the double sensors are discussed in detail. Secondly
comparative assessments between the single- and double-sensor systems are conducteuh, In additi
a high-performance data acquisition device is applied to improve the accuracy of thbeemeas
systems. A commercial laser based tachometer avithccuracy of £0.01% is utilized to provide
reference measurements. Finally, three dielectric materials, including polytetrafluoroethylene
(PTFE), polyvinyl chloride (PVC) and Nylon, with two kinds of surface roughness (Ra 3.2 and Ra
6.3), are tested over a speed range of 500-3000 rpm. The performance of the two measurement

systems is assessed and compared.

2. Measurement Principle and System Design

2.1 Electrostatic phenomenon of rotational machineries

Certain materials are potential to become electrically charged after fricative contactiifighest

material due to triboelectric effect. There are several factors affecting theypafatimagnitude of

the charge generated on the rotor surface, such as material type and surface roughness of the rotor,
temperature and humidity of the environment. Work function represents the capabiliatsral

to hold onto its free electrons [10]. In general, the material with greater work functicsias tea
appropriate electrons from materials with lower work functions and less likely to give upeits fre
electrons when contacting with other materials. Meanwhile, the material with weatkefuwction

is more likely to acquire positive charges by losing or giving up some dfeis electrons.

Consequently, dielectric materials have higher work functions and are hence to be électrical



charged when rubbed with air which has a lower work function. Electrostatic chaeyeersitgd

and accumulated on the dielectric rotor surface during the continuous procesgaof, doation

and separation between the rotor surface and air. Moreover, the level of electrostatic charge
generated on the rotor surface is normally determined by many factors, such as physida&grope
(material type, size and surface roughness) of the rotor, rotational speed and aoné@ins

(humidity and temperature).

With the generation of electrostatic charge, there is also a phenomenon of etectlisstaarge,
which reduces the amount of electrostatic charge generated. The remaining electrostatid tharg

on the rotor surface is determined by

t t

Q=Qe © = Qe “” )

where Q and Q are respectively the initial and final levels of electrostatic charge generated on an
object and: is the relaxation time of the object, which is derived from the permittivity ofsfraee

o, the relative permittivityer and the resistivityp of the object. Equation (1) indicates that
electrostatic discharge depends on the permittivity and resistivity of the matdrallarger
permittivity and resistivity, the longer relaxation time of electrostatic discharge aiweé heore

electrostatic charge maintained on its surface.

2.2 Measurement principle

The structure of electrostatic sensors based the rotational speed measurement system is shown in
Fig. 1. The single or double electrostatic sensors are placed in the vicinity of the rotor tihsense
charge on the rotor surface. Electrostatic signals are obtained from the electrostatic sensbrs throug
electrostatic induction due to the charge generated on the moving surface of the tatgh- A

performance signal conditioning unit is utilized to condition the extremely wgakls from the



sensing point. The data acquisition unit converts the analog signals to digital forinarsnaits
the acquired signals to a host computer. Signal processing, includingoatgiation and cross-

correlation, and rotational speed calculation are reaiiztfte host computer.

Signal Auto-correlation / Rotational speed

condlit;ﬁnmg Cross-correlation calculation

Electrostatic
sensor(s)

Fig. 1. Structure of electrostatic sensors based rotational spestdimment system.

In the case of single electrostatic sensor based system, the electrostatic signal S(t) is petmdic due
the continuous rotational motion of the rotor with reference to the fixed locatibie sensor. The
periodicity of the signal is equal to the period of the rotation motion (T), whichaswlaed from
auto-correlation function of the electrostatic signal. A normalized auto-correlation fungtmhi®

defined as:

N
> KS(k +m)
Ry(m) =+ ——— )

N
D sk
k=1
where S(k) (k=0, 1, 2, ..., N) represents the digitized signal S(t), N is the number of samples in the

correlation computation and m ..., N) is the number of delayed points.

The location of the dominate peak (other than the unity at m=0) on the time axis is theTperiod
The amplitude of the dominate peak in the auto-correlation function is thedatiom coefficient,
which indicates the reliability of the speed measurement through auto-correlation. Tio@abtat

speed (n) in Revolutions Per Minute (RPM) is calculated from

n=— 3)



In the case of the double electrostatic sensors based system, the time)de¢dywden the two
electrostatic signalsi®) and S(t) is equal to the time of the rotor travelling from upstream to

downstream sensors and is determined through cross-correlation flR@tigin

N
D S1(KS,(k+m)
Ro(m) = L (@)

N
\/ZSE(k)JZSS(k)
k=1 k=1

The time corresponding to the dominant peak in the cross-correlation fuR¢tpn is the time

delayr and thus the rotational speed igxdetermined from

n="2 ®)

wherea is the angular spacing in radians between the two sensors.

2.3 Sensor design

The mathematical modelling and optimal design of the single electrostatic sensor have been
reported in a previous paper [12]. As suggested, the optimal width of the electoreti#asn 0.05

and 0.1 times of the diameter of the rotor; the length of the electrode is normally in the range of 20
mm to 50 mm in view of the practically suitable physical dimensions of theegraitcuit board.

The diameter of the rotors used in this study is 60 mm or 120 mm, so the width lecthede is

set to 3 mm and the length is 20 mm (See Fig. 3 (a)). The strip electrode is ncageefand
embedded in a small piece of printed circuit board (PCB). The size of thesR{eBigned as 42

mm x 20 mm. The charge detection and pre-amplifier circuits are mounted on the othettsde of
PCB. In order to avoid external electromagnetic interference, the whole circuits asedrimnian

earthed screen.



As for the design of the double electrostatic sensors, the spacing between the tnodeslas
another important parameter, which mainly affects the similarity between thegtvatssand hence

the accuracy and reliability of the rotational speed measurement system. In general, the spacing
between the two electrodes should be narrow enough to keep higher signal sifvi&aityhile, it

is more accurate to fit a correlogram at the minimum transit time under the coraditioghest
speed. However, if the two electrodes are mounted extremely close to each otherrtbal et
interaction between them would become significant, resulting in reduced signal sinaladity
increased statistical error in the speed measurement. A mathematical model regardiogqto a p
charge passing over the two electrodes is established and the resulting otitputanible sensors

is shown in Fig. 2. Due to the interaction between the two electrodes anihiassosulators and

the inherent asymmetry of the construction of the PCB, the two signals are not ideatioak of
them is a flipped version of the other with respect to both polarity and tinmseQaently, the
spacing between the two electrodes should be set ranging from 2 or 4 timesvadtthef the
electrode. So the spacing used in this study is 7 mm (See Fig. 3 (lhsideration of the sensor
design and construction, the material and thickness of the coating between and outsiae the

electrodes should be made as identically as possible.
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Fig. 2. A typical example of the induced charge on the double elesteotil corresponding sensor output.

3 mm
7 mm

(a) Structure of a single electrostatic sefgdstriucture of double electrostatic sensors
Fig. 3. Design and construction of the electrostatic sensors.

3. Experimental Results and Discussion
3.1 Test conditions

Experimental tests were conducted on a purpose-build test rig, as shown in Fig. 4. Ther tisst rot
driven by a three-phase asynchronous motor via a coupling. The rotor is able to provide the
rotational speed ranging from 0 to 3000 rpm by adjusting the motor controlleel@dtsostatic
sensor is placed 2 mm away from the rotor surface. The sensor outputs are samptequency

of 10 kHz using a data acquisition unit (National Instruments, Data Acquisition Devie®8E.),

which is sufficient to generate satisfactory measurements for the single-sensor and double-senso



systems. The signals are then transmitted to a host computer and processed througlektitmcorr

and cross-correlation. In order to evaluate the performance of the two measuresteans,sthe
measured rotational speedre compared with the reference speed acquired from a commercial
laser based tachometer [13] (Monarch Instruments, PLT200). The best achievable accuracy of the
commercial tachometer is £0.01%, as stated in the operation manual. During the experistental te
the ambient temperature and relative humidity were measured to be from 20°C tarzii°C
between 28% and 35%, respectively.

Motor controller

Electrostatic sensors

Rotor AC motor DC power supply

Signal conditioning board

NIDAQ

f

Reference tachometer

Fig. 4. Rotational speed measurement system.

A series of experiments were conducted on the test rig under different ndgtocs which are
summarized in Table 1. In order to investigate the effect of material tyjhes @erformance of the

single or double electrostatic sensors based rotational speed measurement systems, test rotors a
made of three common dielectric materials (PTFE, PVC and Nylon). The surface rougtesess of

rotor is set to Ra 3.2 and Ra 6.3, respectively, where Ra (roughness averagepis tt@mmonly

used one-dimensional roughness parameter (i.e., arithmetic mean deviation of the surface profile) in
the manufacturing industry [14]. The higher the value of Ra, the coarser theedasteure. The

rotors witha diameter of 60 mm have surface roughness of Ra 3.2 and Ra 6.3, respedtilgtly



the larger rotor (120 mm diameter) has a surface roughness of Ra 6.3. The surface rowaghness
achieved using a computerized numerical control (CNC) machine with a lathe tool and verified

with a set of surface roughness comparators (reference plates). The axiabfethg rotors is set

to 152 mm.
Table 1. Test programme.
Rotor
Electrostati
¢ ) Surface .Rotor Rotational
sensor Material type diameter
roughness speed (rpm)
(mm)
PTFE Ra=3.2, 6.3 D=60
Ra=6.3 D=120
Single / Double PVvC Ra=3.2, 6.3 D=60 n: 0-3000
Ra=6.3 D=120
Nylon Ra=3.2, 6.3 D=60
Ra=6.3 D=120

3.2 Material characteristics

The likely electrostatic charging trend of common materials is shown in Fig. 5 under certain
conditions [15]. A material on the right-hand side of the series will always charge positively when
brought into contact with a material on the left (i.e. the latter will charge negatively). This is
because a material on the right side of the series has a lower work function than those on the left
and thus tends to lose electrons and accumulate positive charge. In general, materials with higher
work functions tend to appropriate electrons from materials with lower work functions. According

to the physical characteristics of PTFE, PVC and Nylon outlined in Table 2 [16-20], PVC and
PTFE with higher work functions are easier to charge negatively when they rub with the air with a
lower work function. Disagreements between the charging series (Figure 5) and the work functions

(Table 2) are noted and commented by other researchers [16].
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Fig. 5. Triboelectric series [13].
Table 2. Physical characteristics of different material [6619.
Material  Work function (eV) Permittivity Resistivity (Q2m)
PTFE 4.26 2.10 10°
PVC 4.85 3.18 10°
Nylon 4.08 3.50 102

Surface roughness is one of the important factors affecting the level andtthritths of the
electrostatic charge generated through friction. It is typically considered to be thieeljgéncy
and short-wavelength component of a surface. The rough surface usually havefriggber
coefficients than smooth surface. In addition, the peaks on the surface maylbssaatsl charge

that generates a large electric field in a very small area resulting in corona dischihegereaking

down of the air molecules [18

3.3 Sensor signals

A typical signal waveform from the single electrostatic sensor and resultingc@ugtation
function are plotted in Fig. 6 (a) and (b). When the rotor is rotating continuously, dkgatros
charge is generated on its surface and a dynamic balance is reached bdetwetuaral discharge

and recharge. The period (T) of the signal, determined from the location of the dominant peak in the
auto-correlation function is shown in Fig. 6 (b). The signal waveforms from the double electrostatic

sensors and resulting cross-correlation function are plotted in Fig. Ad[@)a The two signals are

11



similar but there is a time delay betn them. The time delay (t) is determined from the location

of the first dominant peak in the cross-correlation function.

0.06
0.04

0.02

]

-0.02

Electrostatic Signal (V)

-0.04

_0.06 1 1 1 1 1 ]
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

(a) Signal waveform

Auto-correlation Function

0 0.025 0.05 0.075
Time (s)

S
=y
R

(b) Autocorrelation function of the signal

Fig. 6. Typical signal waveform from the single-sensor system aualtimgsauto-correlation function.

12



0.06

0.04

0.02

-0.02

-0.04

-0.06

0.06

0.04

Electrostatic Signals (V)

0.02

-0.02

-0.04

-0.06

0.8

0.6

0.4

0.2

Cross-correlation Function

—— Upstream

——Downstream

hi VR A LT i T I AR

(1 | AR 1R )Y .||IH_“].
| [ [] 1 L/ LML \

0.04 0.08 0.12 0.16 0.2
Time (s)
(a) Signal waveforms

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

A =P
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Fig. 7. Typical signal waveforms from the double-sensor systermreanting cross-correlation function.

13



3.4 Signal amplitude

Apart from environmental factors (ambient temperature and relative humidity), the amplitude of
electrostatic signal also depends on operating conditions, such as mateyialtigee roughness,

rotor size and rotational speed. In this study, the ambient temperature and relative humidity were set
within a narrow range (Section 3.1) while the effects of rotors and operatiegl spe the
measurement systems are invesédaFig. 8 depicts the signal amplitude collected from the same
electrostatic sensor along with corresponding signal conditioning unit for differerattest Each

data point in Fig.8 is a time averaged value with a standard deviation of less thahelPd FE

rotor generates higher electrostatic signal amplitude than the PVC and Nylon rotorssamthe
geometric dimension and surface roughness due to its better triboelectric characteristiceand larg
permittivity and resistivity. Through testing on the rotors with the same materiadizgdmore
electrostatic charge is generated on the rotors with the surface roughnes$.8f Rae signal
amplitude of the 120 mm rotor in Fig. 8 (c) is higher than that of the 60 mm rotor in (Bigw&h

the same material and surface roughness. This is due to the larger surface &asteandrface
speed generating more electrostatic charge on the rotor surface. It can be obviously seen8rom Fig.
(a)-(c) that the RMS (Root-Mean-Square) signal amplitude for a certain noteases with the

rotational speed because of the increased electrostatic charge on the rotor surface.

14
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Fig. 8. Signal amplitude of different rotors.

3.5 Accuracy

The accuracy of the electrostatic sensor based measurement systems depends on the signal
noise ratio of the electrostatic signals and their sampling frequency. When the rotbisdpaer

than 500 rpm, limited electrostatic charge is generated on the rotor surface and disphiakies

over one revolution. In this case it is difficult to obtain valid rotational speed measisamag

the single-sensor sysh However, additional measures can be taken to increase electrostatic
charge on the rotor. For example, a marker with better triboelectric property opewveanent
charge on its surface (e.g. electret) may be.used

The relative errors of the measured rotational speed, as shown in Fig. 9 and Fig. 10, age averag
values with a standard deviation of less than 0.05%. The dashed lines in RiyF@.a10 depict

the error range. It is evident that the measured speed from the single-sensor based measurement
system is very close to the reference reading with a maximum error of less than +Tafobé

seen from Fig. 9 that the measurement system performs better on the larger rotor and high rotational

16



speed as more electrostatic charge generated on the rotating surface and hence high quality of signal.
Moreover, the PTFE rotor outperforms the PVC and Nylon rotors in terms of accuracy. Eor PTF
rotors, the relative errors are always within £0.5% over the range of 500 rpm to@B00This

outcome agrees well with the triboelectric charging series as shown in Fig. 5.
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(b) D=60 mm and Ra=6.3
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Fig. 9. Relative errors from the single-sensor system.

Fig. 10 shows the experimental results of comparative tests on the double-sensorAsydtem.
rotational speed increases, more electrostatic charge is generated on the rotor surface and hence
smaller relative errors. The relative error from the double-sensor system is within £1.5% &hen th
rotational speed ranging from 500 rpm to 3000 rpm. However, the errors are relatively larger than
those from the single sensor system, because the spacing between the two electrodeshyiglds

time delay between the two signals, which is relatively difficult to measure accuratalyaied to

the single-sensor system. It can be seen from Fig. 10 that the PTFE rotomhgtielciccurate

measurement results than the PVC and Nylon rotors.
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Fig. 10. Relative errors from the double-sensor system.

3.6 Correlation coefficient

Correlation coefficient normally represents the similarity between two signals [6] asinhibse
double-sensor systerm the case of the single-sensor system, the correlation coefficient represents
the degree of repetitiveness or periodicity of the sensor signal due to the rotational Amtion.
shown in Fig. 11, the correlation coefficient obtained from the single sensor system tends to
increase with the rotor speed. As expected, less electrostatic charge is generated on the Nylon rotor,
resulting in lower correlation coefficient (0.4 to 0.8). However, the correlation coeffmight

PTFE rotor (0.7 to 1.0) is consistently higher than those of PVC and Nylos.rBtorlarger and

coarser rotors, relatively higher correlation coefficients are observed due to more electrostatic

charge produced on the rotor surface.
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Fig. 11. Correlation coefficient from the single-sensor system.

The correlation coefficient from the double-sensor system under different test genditehown

in Fig. 12. As the rotational speed increases, the correlation coefficient impnogeseral.A
comparison between Fig. 11 and Fig. 12 indicates that the difference in theticoreefficients
between the three materials for the double-sensor system is much smaller than thatirigkethe s
sensor system. This outcome illustrates that the double-sensor system is less sensiteféettd the

of rotor materials.
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4. Conclusions

A performance comparison between the single-sensor and double-sensor systems has been
conducted through experimental investigations. Experimental results have demonstrated that the
single-sensor system yields a maximum error of 1% while the double-sensor system produces an
error within £1.5% over the speed range of 500 - 3000 rpm for all tested rotors. Both measurement
systems yield more reliable results for the PTFE rotor withrger size at a higin rotational

speed. Moreover, the double-sensor system is less sensitive to the effect of rotor material. Further
research will be conducted to improve the sigonatoise ratio and enhance the performance of the
double-sensor system at lower rotational speed and extend the measurement range. Meanwhile,
investigations into the environmental factors (i.e. ambient temperature and relative Huanidlity

industrial trials will be conducted in the near future.
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