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Abstract: there have recently been significant enhancements in Micro-Electro-Mechanical Systems
(MEMS) technologies, which have provided an easier and cheaper means of condition monitoring for
rotating machines by installing MEMS accelerometers directly onto rotors. One critical issue in using
on-rotor MEMS accelerometers is extracting the real tangential acceleration from accelerometer outputs
which also contain gravitational acceleration. This paper studies and compares two different methods
that can be used to eliminate the gravitational acceleration so as to characterise the rotor dynamics
precisely. In the first method, the pure tangential acceleration is reconstructed by combining two
orthogonal outputs of a single MEMS accelerometer attached to the rotating part. The second method
uses two MEMS accelerometers mounted diametrically opposite each other on the reciprocating
compressor flywheel, allowing the gravitational acceleration signal to be cancelled by summing the
acceleration signals from both sensors. Based on analytical and experimental results, gravitational
acceleration can be successfully eliminated by both methods, and the calculated tangential acceleration
signal can effectively reflect the running status of a reciprocating compressor subject to the leakage
fault.
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1. Introduction

Recent years have witnessed incredible developments in Micro Electro Mechanical Systems
(MEMS), which provide a cost-effective way of monitoring rotor vibration by installing MEMS
accelerometers directly onto the rotating components of machines. MEMS sensors are typically low-
cost, low-power and small devices, some of which have capabilities to not only process the acquired
data, but also send it using wireless communication [1],[2]. Many studies have explored the usage of
MEMS accelerometers in the condition monitoring field. For example, Arebi et al. investigated the
performance of different accelerometers used for misalignment detection [3]. They compared the
response from various data acquired via a wireless MEMS accelerometer, a laser vibrometer, shaft
encoder and an accelerometer under various degrees of shaft misalignment. Their study concluded
that the wireless MEMS accelerometer outperforms the other sensors and produces a full
classification of different misalignment levels, as well as showing a unique increasing trend with
speed [3]. In [4], the authors mounted a MEMS accelerometer on an induction motor to acquire
vibration signals which can be used for condition monitoring. This study concluded that different
mechanical and electrical fault conditions of the induction motor could be easily detected and
characterised by analysing the vibration spectrum. Elnady et al. [5] installed a low-weight MEMS
accelerometer and a wireless sensor node directly onto a shaft to study the critical speed during
machine run-up, and Thompson [6] employed a high-range but low sensitivity MEMS accelerometer
to acquire the centrifugal acceleration of a fan blade.

Feng et al. [7] attached AX3, a three-axial MEMS data logger, onto a reciprocating compressor
flywheel to measure on-rotor acceleration signals that can be used to monitor compressor
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performance. Later, Mones et al. developed the work implemented in [7], improving on the data
collection method by using BLE protocol instead of data logging and thus allowing the system to
become online condition monitoring [8].

One of the most critical issues in using on-rotor MEMS accelerometers for condition monitoring
is removing gravitational acceleration from the MEMS outputs. The main target of this paper is
therefore to study how gravitational acceleration can be eliminated from MEMS sensor outputs so
that the tangential acceleration, which characterises the rotor dynamics, can be obtained and used to
monitor the condition of a reciprocating compressor.

2. Theoretical background

The MEMS accelerometer is an electromechanical device that measures absolute acceleration
force, which means it measures rotor dynamic information as well as the effects of earth gravity [9].
Figure 1 shows the rotating movement of a MEMS sensor around the centre O, as well as acceleration
components on both the X-axis and Y-axis. Detailed information about the acceleration signals of a
rotating mass can be found in [7].

Figure 1: Acceleration analysis of a mass M rotating around point O

When sensor A rotates around O , the gravity acceleration will project onto the X- and Y-axes of
the sensor. Therefore, the outputs of the sensor can be calculated as:

a, =-a,+0,=-a,+gsiné
a, =a+g,=a+gcosd @
y a‘t gy - a‘t g
According to [7], the approximate output on the Y-axis, which implements a compound signal
containing both tangential acceleration and gravitational acceleration projections, can be expressed
as:

a, zinra)OA1 cos( Nyt +¢, ) — g cosb, (2)

n=1

where @, represents the steady angular speed while :L\ and @, represent the amplitude and phase of

the n™ component in éy respectively.

Based on Equation 2, both gravitational acceleration and tangential acceleration can be drawn in
the time and frequency domain. From Figure 2(b), it is noticeable that both signals have similar
frequency components, which means it would not be suitable to use a low-pass filter to separate them.
To be able to use the rotor dynamic information for condition monitoring, however, the gravitational
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acceleration should be removed. Two different methods of removing the gravity will be explained in
the next section.
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Figure 2: Acceleration signals - (a) tangential acceleration @, and gravitational acceleration projection on Y-
axis g, in time domain, and (b) their spectra

2.1 Gravity cancellation using only one on-rotor MEMS accelerometer (one MEMS

method)
This method uses only one MEMS accelerometer attached to the compressor flywheel. In this

method, as suggested in [7], the gravitational acceleration is removed using both X and Y outputs of
a single on-rotor MEMS accelerometer. In [7], it is explained that the gravitational acceleration

projection on the Y axis (gy) is similar to that on the X-axis with a phase shift of /2 for all frequency

components. Therefore, the gravity can be successfully eliminated, and the real tangential
acceleration of interest can be reconstructed by combining the phase-shifted normal and tangential
direction outputs of the sensor. The reconstruction steps can be summarised as follows [7]:

1- Remove the high frequency noise by applying a low-pass filter to both 4, and 51y signals;
2- Use the Hilbert transform to add a phase shift of /2 to the filtered signal a,:
3- Add the phase-shifted signal to the filtered signal 5y , which gives a signal that contains only

the tangential acceleration:

2, = 2t (M+2)F 0o Ancos(Nwt+4p) (7)

4- Scale the amplitude of the n' harmonic component to n/(n+2) in @, in the frequency

domain, and thus obtain the true tangential acceleration a;. Therefore, the tangential
acceleration can be expressed as:

8, = Xne1 N o Ancos(Neogt+p ) (8)
where I is the distance from the accelerometer to the wheel centre.

2.2 Gravity cancellation using two MEMS accelerometers (two MEMS method)

As shown in Fig. 3, this method uses two MEMS accelerometers mounted diametrically opposite
each other on the reciprocating compressor flywheel, allowing the gravitational acceleration signal to
be cancelled by summing the Y-axis signals from both sensors [10].
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Figure 3: Acceleration analysis of two masses (A and B) rotating around point O

The output signals for sensor A on both the X-axis and Y-axis can be expressed as:
a, =—a.+9,=—a,+gsingd

3)
a, =3 +g,=a +gcosé

Similarly, for sensor B,
g, =—a,— g, =_ac—g5in9

4)
8, =& 9, =8 —gcosd

From Equations 3 and 4, it can be noticed that gravity appears in both the X-axis and Y-axis
outputs, but by summing @,, and @g, this undesirable signal can be eliminated and the tangential
acceleration can be obtained:

aM+aw:2q (5)
Therefore, the true tangential acceleration can be expressed as:

ay, g,

a 5 (6)
From Equation 6, it is clear that the real tangential acceleration can be obtained directly just by
summing the output signals of the two accelerometers. However, this method has some
disadvantages. In the first place, it is not easy to install the MEMS accelerometers in the precise
positions; secondly, it is more expensive and thirdly, the sampling rates for the two MEMS sensors
might be slightly different, which means more post-processing is required. In this work, both AX3
data loggers were configured to operate with a sampling rate of 1600 Hz. However, when the actual
sampling frequencies for these sensors were calculated, they were slightly different from the
configured value. The actual sampling frequency for the first sensor was 1590 Hz, while for the other

it was 1610 Hz. The sampling rate was corrected using the following process:

1- Synchronise both sensors’ data to the same time;
2- Divide both sets of data into many frames;
3- Resample the sensors’ data based on the frames.
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Supposing that both the first AX3 and the second have independent errors AA and AB
respectively, the total error arising from summing the data from these sensors can be calculated as
[11]:

TE =/(AA)" +(AB)’ ™
where TE denotes the total error of using two MEMS sensors to calculate the tangential acceleration.

3 Experimental work

3.1 Test rig facility

Cooling fan

<< High Pressure Tank
Figure 6: (a) Schematic of a two-stage reciprocating compressor; (b) Installation of MEMS accelerometers
on the compressor flywheel

In this experimental work, a reciprocating compressor is used to evaluate the effectiveness of both
methods in obtaining true tangential acceleration for condition monitoring. Figure 6(a) shows a
diagram of a two-stage reciprocating compressor, which mainly consists of three parts: an electric
motor, a compression unit and a high pressure tank to store the compressed air [12]. The compression
part is composed of two cylinders, two pistons, two connecting rods, a crankshaft, four self-acting
valves and an intercooler.

Two AX3 data logger sensors are mounted diametrically opposite each other on the reciprocating
compressor flywheel and close to the centre of the flywheel to record the on-rotor accelerations as
illustrated in Figure 6(b). Both data logger sensors are installed 50 mm offset from the centre to allow
the full waveform of centripetal acceleration to be within the dynamic range of the data logger. The
holders for the MEMS sensors were designed using SolidWorks CAD software, which is one of the
best methods for 3D modelling, and printed out using a 3D printer.

3.2 Test procedure

During the test, both AX3 data logger sensors were configured to operate with a dynamic range of
+16g and a sampling rate of 1600 Hz to allow sufficient inspection of the rotor dynamic characteristics
[13]. The acquired data were stored in memory during machine run-time, and then exported for post-
processing after the machine was shut down. Simultaneously, the tank pressure was also recorded via
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a CED 1401 data acquisition system with a sampling rate of 49019 Hz, to act as a load reference for
the post-processing.

In this work, two different groups of data have been collected to compare the performance of both
methods. The first data are healthy (BL), having been acquired when the system was operating under
normal conditions with no faults. The other data have been collected from a system with a leak created
in the piping that carries the processing air from the low pressure to high pressure stage; this was
simulated by loosening the intercooler by turning the nut through one turn.

4 Results and discussion

Figure 7 shows a typical set of both sensors’ outputs in both X and Y axes with their spectra when
the compressor operates at around 0.55 MPa (80 psi).
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Figure 7: Acceleration signals and their spectra at pressure of 0.55 MPa (80 psi) - (a) X-axis and (b) Y-axis for
sensor 1; (c) X-axis and (d) Y-axis for sensor 2
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Figure 8: Tangential acceleration signals with tank pressure at 0.55 MPa (80 psi) - (a) One MEMS method
(b) Two MEMS method
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Figure 8 shows tangential acceleration signals obtained using both methods. It is clear that both
signals have a good match in terms of waveform shape, amplitude and frequency components, thus
proving the readability of these methods. To demonstrate the classification of compressor conditions
using tangential acceleration signals obtained by the methods explained in this paper, the harmonics
amplitude changes with tank pressure for two conditions are presented in Figure 9.

One MEMS sensor method

Two MEMS sensor method
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Figure 9: Harmonics amplitude of the reconstructed acceleration signal vs. tank pressure - (a) fundamental
frequency, (b) 2nd harmonic, (c) 3rd harmonic and (d) 4th harmonic

From the above figure, it is noticeable that the fundamental and third harmonic amplitudes have a
linear increasing trend with tank pressure from 10 to 120 psi, which means that these two components
are useful and can be used for further condition classification. Figure 10(a) shows the relationship of
the third harmonic with the fundamental frequency for tank pressure ranging from 0.41 MPa to 0.83
MPa (60 psi to 120 psi). Based on the relationship between the fundamental and third harmonic, the
intercooler leakage fault signal is classified in Figure 10(b).
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Figure 10: Fault classification - (al) 3rd harmonic vs. fundamental; (b1) residual vs. fundamental frequency
for one MEMS method; (a2) 3rd harmonic vs. fundamental; (b2) residual vs. fundamental frequency for two
MEMS method

5 Conclusions

This paper has studied and compared two different methods of removing the gravitational
acceleration projection so as to obtain pure tangential acceleration for condition monitoring of
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rotating machines. The tangential acceleration signals calculated using both methods have a good
match in waveform shape, amplitude and frequency components, and both of them can classify a
faulty signal. However, in terms of error analysis, the one MEMS sensor method has a lower error
range, which means it has a better performance than the two MEMS sensors method.
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