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Abstract—Radial vibration measurement of rotary shafts
plays a significant part in condition monitoring and fault
diagnosis of rotating machinery. This paper presents a novel
method for radial vibration measurement through electrostatic
sensing and HHT (Hilbert-Huang Transform) signal processing.
The foundational characteristics of the electrostatic sensor in the
vicinity of a drifting shaft are studied through Finite Element
Modelling. Experimental tests were conducted on a purpose-built
test rig to characterize the operating condition of the rotor at
different rotational speeds (400 rpm and 600 rpm). A normal
working shaft and an eccentric shaft were tested and the output
signals from the electrostatic sensors were analyzed. Through
empirical mode decomposition (EMD) on the electrostatic signals,
the intrinsic mode functions (IMF) including the vibration
information of the shaft are identified and further analyzed in the
time-frequency domain. Experimental results suggest that the
electrostatic sensing technique in conjunction with HHT provides

a simple and cost-effective approach to radial vibration
measurement of rotary shafts.
Keywords—radial vibration measurement; rotary shaft;

electrostatic sensor; Finit Element Modelling; Hilbert-Huang
Transform

I. INTRODUCTION

Rotary shafts are critical mechanical parts of rotating
machinery and are commonly subject to mechanical vibration
in industrial processes. In order to assess the health status and
detect the potential malfunction of the working devices,
reducing system downtime and associated cost, it is necessary
to continuously and accurately monitor the vibration of the
shaft system.

There are a variety of techniques available for vibration
measurement, including measurement of displacement,
velocity or acceleration [1]. Displacement transducers of the
eddy-current type are commonly used to measure the relative
motion between a shaft and its bearings, however, they do not
work for dielectric rotors. Piezoelectric accelerometers are
widely used for measuring absolute casing vibration and are
possibly to obtain vibration velocity with integration [2].
Recently, a number of new methods have been proposed for
shaft vibration detection. Rothberg et al applied a laser Doppler
vibrometry to monitor the radial vibration of a rotor and

analyzed the effects of surface roughness, instrument
misalignments and pseudo-vibration on the performance of the
measurement system [3]. Tong et al designed a reflective
intensity-modulated non-contact optical fiber sensing system to
detect radial vibration of high-speed rotating machinery [4].
Vyroubal estimated the vibration signature using optical
sensors through spectral analysis of phase-modulated light
pulses [5]. Okabe et al described an ultrasonic sensor based
method for shaft vibration detection by measuring the
propagation time of the ultrasonic wave from the sensor to the
shaft surface [6]. However, the optical and acoustic sensors
may not function well in hostile environments due to the
presence of dust and background acoustic noise.

This paper presents a novel radial vibration measurement
technique using electrostatic sensors and Hilbert-Huang
Transform (HHT). Electrostatic sensing techniques have been
successfully applied in multiphase flow measurement [7, 8]
and condition monitoring of aero-engines [9, 10]. Recently,
some research studies have investigated the application of
electrostatic sensors to the operating speed measurement of
mechanical devices, such as conveyor belt speed and rotor
speed measurement [11,12]. The effectiveness of the proposed
methods was verified through theoretical analysis and
experimental tests. As a time-frequency analysis method, HHT
outperforms the conventional Fast Fourier Transform (FFT),
Wavelet Transform (WT) and Wigner-Ville distribution (WVD)
in term of nonlinear and nonstationary signal processing [12].
Vibration signals from rotating machinery under malfunctions
are commonly unstable and nonlinear, so HHT signal
processing techniques are deployed in this study to measure the
radial vibration of the rotary shafts. The output variations of
electrostatic sensors under the condition of shaft vibration are
investigated theoretically through Finite Element Modelling
(FEM). In practice, the resulting signals from the electrostatic
sensors are conditioned and decomposed into several modes.
The vibration frequencies are identified and detected from the
Hilbert-Huang spectra. Advantages of the proposed technique
include non-contact sensing, simple structure, low cost, multi-
functionality and suitability for applications in hostile
environments.



Il. METHODOLOGY OF RADIAL VIBRATION MEASUREMENT

A. Measurment Principle

Fig. 1 shows the basic principle of the radial vibration
measurement system using electrostatic sensors. When a shaft
is in rotational motion, its surface becomes electrostatically
charged due to the relative motion between the shaft surface
and air. The insulated electrode with a suitable charge detection
circuit is mounted in the vicinity of the shaft to detect the
charge on the rotating surface. The signals are generated
through electrostatic induction due to the moving surface with
reference to the electrostatic sensor. In practice, the signals are
random due to environmental factors (temperature and
humidity), surface roughness of the shaft and installation
effects of electrostatic sensors. However, the difference
between a pair of sensor signals, such as S and S, or S; and
S4, is able to indicate the drifting motion of the shaft. Because
they are installed to monitor the same shaft under the same
environmental conditions, the main factor which affects the
signals’ difference is the distance between the electrode and the
shaft. As shown in Fig.1, once the shaft has radial vibration, i.e.
the rotating center changes from O to O’, sensors 1 and 3 will
detect more significant signal amplitude due to the closer
distance between the shaft and the electrodes. Meanwhile,
sensors 2 and 4 yield lower signal amplitude. Since the original
signal from the electrode is extremely weak, a high-
performance signal conditioning unit is utilized, which
comprises a current-to-voltage convertor, pre-amplifier,
secondary amplifier and low-pass filter. Through realizing the
algorithms for the extraction of the vibration parameters in a
signal processing unit, the vibration frequency is determined.
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Fig. 1. Principle of radial vibration measurement using electrostatic sensors.
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B. Finite Element Model

Finite Element Modelling techniques are applied to study
the characteristics of the electrostatic sensor that is installed for
the monitoring of a vibrating shaft. In the FEM modelling (see
Fig. 2) two electrostatic electrodes are placed on the opposite
sides of the shaft with a distance of 4 mm away from the shaft
surface. Each electrode is a copper strip of 20 mm in length and
3 mm in width. The shaft is made of PTFE
(Polytetrafluoroethene) with a diameter of 60 mm. It is
assumed that electrostatic charge is evenly distributed on the
motor surface with a charge density of -1 u C/m2. The air is
assumed to have a dielectric constant of 1.

The electrostatic field in the modelling can be described
using Poisson’s equation and corresponding boundary
condition:

{—V (&, VV)=p M

V. =0V, =0

where g, is the permittivity of free space, ¢, the relative

permittivity of the media (air in this case), V the electrical
potential and p the space charge density. The electrical

potential of the electrode and boundary (Ve and Vg) is set to 0
as the boundary conditions.

The total charge induced on the electrode is obtained
through surface integration of charge density. Fig. 3 plots the
computational results within one revolution under three
different conditions. The first case is normal rotation, which
means no vibration exists during rotational motion. The second
case is that the rotational axis is drifting to the direction of
sensor 1 and O'is 0.5 mm away from the geometric centre O,
i.e. S=0.5 mm. The third case is that distance between O" and
O is extended to 1 mm, i.e. S =1 mm. As shown in Fig. 3, the
electrostatic charge levels from sensors 1 and 2 are both
maintaining at around 0.57 nC under normal working
conditions. As the shaft drifting closer to sensor 1, the signal
amplitude increases while the charge level of sensor 2
decreases due to the larger distance to the rotating shaft.
Moreover, the signals reach the maximum and minimum
values, respectively, when the rotational angle of the shaft
a (see Fig. 2(b)) is z and then gradually return to the original
levels.
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Fig. 2. FEM of the radial vibration measurment system.
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Fig. 3. Induced charge on the electrostatic sensors under different conditions.

C. Hilbert-Huang Transform

In reality, the electrostatic charge is unevenly distributed
on the shaft surface due to the roughness of surface,
environmental factors and so on. The drift of the shaft is not
just in the horizontal direction and can be a combined effect of
horizontal and vertical drifts. Additionally, the noise from
electronic circuits and operating conditions may affect the
output signals of electrostatic sensors. In most cases, the
vibration of a rotational device is not a stationary process. In
order to identify and extract the vibration features from
complex signals, an effective time-frequency analysis method,
Hilbert Huang Transform, is considered as a most suitable
method to process the signals in this study.

HHT comprises empirical mode decomposition (EMD)
and Hilbert transform [13-15]. Firstly, the time-series signal
s(t) is decomposed into a number of intrinsic mode functions
(IMFs) c(t) and a residual r(t) through a sifting process:

0 =Y.0,0+10) @

Then the Hilbert transform is applied to each IMF to
obtain a complex representation of IMF,

a0 =Lp[” SOy, @3)
T Yt-r
where P indicates the Gauchy principle value. An analytical
signal z;(t) can be constructed by
2,(t) = () + jd; (1) = & (t)e” @)
where the amplitude a;(t) and the phase é.(t) are determined

by
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Finally, the instantaneous frequency . (t) of each IMF is
defined as
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The time-frequency distribution of the amplitude is
referred to as Hilbert spectrum:

H ((0, t) = RE[ZH“ a, (t)ejj.w.(t)dtj (8)

where n is the number of IMFs. The marginal spectrum can be
defined as

h@) = [ H (ot )

where T is the total data length. The contribution of the total
amplitude from each frequency is represented by the marginal
spectrum.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

A. Test Conditions

A vibration test rig was designed and implemented. Fig. 4
shows the experimental rig that was used to conduct the tests in
this study. The rotor is driven by a three-phase asynchronous
motor through a coupling. The rotational speed of the motor is
adjustable from 0 to 3000 rpm through the motor controller.
Two PTFE shafts with a diameter of 60 mm were tested. One is
a normal shaft while the other is eccentric with S =1 mm. A
pair of electrostatic sensors was placed 4 mm away from the
shaft surface. The electrode in each electrostatic sensor is made
of copper in a form of a wide track on a small piece of printed
circuit board (PCB). The electrode is 20 mm long and 3 mm
wide. To ensure high signal-to-noise ratio the electrode is
attached directly to the current-to-voltage convertor and pre-
amplifier of the signal conditioning unit, which converts and
amplifies the current signal in the order of 10 nA to a voltage
signal in the order of 100 mV. The voltage gain of the
secondary amplifier used in this test is 10. HHT algorithm is
realized in the signal processing unit. All the tests were
conducted under ambient temperature of 21.8°C and relative
humidity of 44%.

Fig. 4. Test rig for radial vibration measurement.

B. Signal Processing and Analysis

Figs. 5 and 6 depict the signals from the two sensors at the
speed of 400 rpm and 600 rpm, respectively. It can be seen that
the amplitudes of the two signals (S1 and S2) remain the same
level during the rotational motion for the normal shaft. While
the signals from the eccentric shaft (S and S,”) fluctuate
significantly due to the variable distance from the rotating shaft
to the sensors. Between the two signals Si” and S;’, there is



clearly a phase shift, which originates from the symmetric
installation of the two sensors. Meanwhile, the maximum peak
of S;” and the minimum peak of S, are not symmetric about
the X axis, because the rotating centre is 1 mm away from the
geometric centre of the eccentric shaft. This indicates the shaft
is drifting towards sensor 1 and verifies the modelling results in
Fig. 3. As shown in Figs. 5 and 6, the signal amplitude
increases with the rotational speed.
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Fig. 5 Electrostatic signals at the speed of 400 rpm.
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Fig. 6 Electrostatic signals at the speed of 600 rpm.

The sensor signals are processed through Hilbert-Huang
transform. For each signal waveform, 9 IMFs are obtained with
different frequency ranges. The marginal spectra of S; and S»
(Fig. 7) show the dominant frequency at the speed of 600 rpm
is exactly the rotating frequency (f = 600 rpm/60 = 10 Hz) for
the normal shaft. The eccentric shaft has elevated the amplitude
of the rotational frequency and generated the visible harmonic

components of at 2f. Fig. 8 shows the Hilbert-Huang spectra of
S1, Sz, S17 and Sp°. It is clear that the dominant energy
concentrates around the rotational frequency (the strong red
streaks in the spectra). Some periodic waves just above the
main rotational frequency are visible in the spectra, which
indicate the vibration effects of the shafts. The spectra also
show that a range of other frequency components are present
due to the noise in the signal conditioning electronics and the
remaining structural instability of the test rig.

50

Amplitude

50 60 70 80 90 100
Frequency (Hz)

(a) Marginal spectrum of S;

Amplitude

0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

(b) Marginal spectrum of S,

400

T
f=10Hz
300 B

Amplitude
o
=
s
!

L ,
0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

(c) Marginal spectrum of S;’

Amplitude

L
0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

(d) Marginal spectrum of S,’
Fig. 7 Marginal spectra of signals at the speed of 600 rpm.
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Fig. 8 Hilbert-Huang spectra of signals at the speed of 600 rpm.

IV. CONCULSIONS

The FEM model of electrostatic sensors has been
established to study the sensing characteristics under rotary and
vibratory motion of the shaft. The assumption that output of the
electrostatic sensors contains vibration information of the shaft
has been verified through the FEM analysis. Meanwhile,
experimental investigations have been conducted to obtain the
real signals from the sensors when the shaft is in normal or
eccentric motion. HHT techniques have been applied to
identify and extract the vibration features from the sensor
signals. Results presented have demonstrated that the
waveforms from the eccentric shaft fluctuate more significantly
than the normal signals. The higher amplitude of the signal can
be used to indicate the shaft is drifting in the direction where
the sensor is installed. The HHT analysis has indicated that the
eccentric shaft not only raises the rotating frequency but also
introduces the harmonic frequency components. Further

research will be conducted on fault identification and diagnosis
for rotary shaft systems.
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