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ABSTRACT 

Typically, accelerometer-based vibration measurements of rotating machinery are 
conducted with sensors mounted to a static part of the machine. Now, with increasing 
accuracy of compact and low powered microelectromechanical systems (MEMS) accel
erometers, on-shaft vibration measurements have become an interesting research 
topic. MEMS sensors are optimal for internet of things (IoT) applications and wireless 
measurements, which makes on-shaft measurements more convenient. However, 
typically in wireless applications, the sample clock is time-based, and thus the data is 
not bound to the phase of the rotating rotor. In this research, a novel wireless sensor 
unit with an inverse encoder is mounted to the end of a large rotor to investigate the 
dynamic behavior of the rotor. In addition, a method to separate the vertical and hori
zontal vibration from the sensor data is studied. 

INTRODUCTION 

Vibration measurement is a crucial part of the condition monitoring of a rotating 
machine and accelerometers are commonly used to measure the vibrations. Typically, 
these sensors are wired piezoelectric accelerometers, and they are mounted to 
a static part of the machine, such as a bearing housing or frame (1)–(5). However, in 
recent years cost-effective, compact and low powered microelectromechanical sys
tems (MEMS) accelerometers have become a popular option to replace the piezoelec
tric sensors. Several different types of MEMS accelerometer sensing schemes have 
been developed, such as piezoresistive (6) and capacitive (7), (8), (9), (10) based 
sensing elements. Capacitive sensing elements are commonly used due to their good 
noise performance, high sensitivity and low temperature sensitivity (7). Piezoelectric 
and MEMS accelerometers have been studied and compared to determine whether the 
MEMS sensor can measure the same phenomenon as a piezoelectric sensor (1), (2), 
(4), (5), (11). MEMS accelerometers have shown promising results, and in many situ
ations, the piezoelectric accelerometer could be replaced with a MEMS sensor. How
ever, the noise level has been higher compared to the piezoelectric accelerometers, as 
Koene et al. (4) pointed out in their research. 

The low power consumption of the MEMS sensors enables using a battery as 
a power source. With a battery as a power source, wireless data transfer is benefi
cial as the cables can be eliminated. The wireless measurement gives a new 
opportunity to measure rotor behavior by mounting the sensors directly to the 
rotating part of the machine. Elnady et al. (12), (13), Jiménez et al. (14) and 
Feng et al. (15) have studied condition monitoring of a rotating machine by 
mounting a MEMS accelerometer to the rotor. Elnady et al. (12), (13) mounted 
a two-axis accelerometer to the surface of the rotor, as well as two one-axis accel
erometers to the bearing housing of the same rotor, to study lateral vibrations. 
Because the sensor was not aligned with the central axis of the rotor, the acceler
ometer measured radial and tangential accelerations. They conducted a sweep 
measurement and noticed that the vibration peaks did not occur at the same 
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frequency in the bearing housing accelerometer data and on-shaft accelerometer 
data. In the on-shaft accelerometer data, the vibration peaks were observed at 
two different frequencies, which had a mean frequency coinciding with the corres
ponding peak frequency from the bearing housing (12). Jimémez et al. (14) 
observed the same phenomenon when they did impact tests with their test rotor. 

Jimémez et al. (14) aligned a two-axis MEMS accelerometer with the rotor central 
axis. They analyzed the measurement data to solve the radius of the rotor orbit 
and the velocity of the rotor. They also conducted impact measurements to 
observe the natural frequency of the system. Feng et al. (15) studied compressor 
condition monitoring by mounting a MEMS accelerometer to the flywheel of the 
compressor. They studied a method on how to eliminate the gravitational acceler
ation from the rotating accelerometer data. Their results indicate that the on-shaft 
sensor can be used to detect the common fault types of their test compressor. In 
addition to rotor condition monitoring, wind turbine condition monitoring has 
adopted piezoelectric and MEMS accelerometers (16)–(19). With wind turbines, 
the accelerometers can be mounted to the wind turbine frame (18), (19), or to 
the rotating blades itself (16)–(18). Typically, in these cases, several accelerom
eters are used simultaneously, which requires designing and studying sensor net
works (18), (19). It is also possible to adopt these sensor networks to another 
rotating machine condition monitoring application, where monitoring several rotat
ing parts is required. 

This paper presents a novel on-shaft MEMS accelerometer unit, which has an 
inverse encoder, and a novel method to separate the vertical and horizontal vibra
tion from the accelerometer data. The inverse encoder signifies an encoder, which 
rotates with the rotor, and the encoder shaft is mounted to a static part of the 
machine. The code wheel of the encoder is mounted to the encoder shaft; hence 
the code wheel  is  fixed in  the  Earth’s coordinate system and does not rotate as 
with typical encoders. In the inverse encoder, the light sensors measuring the 
code wheel rotates with the rotor, which eliminates the need for slip rings when 
using an encoder as a sample clock with an on-shaft sensor. The internal timer of 
the sensor unit can be used as a sample clock as well, which enables the possibil
ity to study two different sampling clock methods. 

2 METHODS 

2.1 Proposed sensor unit and reference sensor 
The proposed sensor unit consists of ESP32 internet of things (IoT) platform (Espressif 
Systems), AD7682 analog to digital converter (ADC) (Analog Devices), ADXL354 
3-axis MEMS accelerometer (Analog Devices) and AMT102 encoder (CUI devices) with 
1024 pulses per revolution and reference pulse, which occurs once per revolution. 
Figure 1 presents the sensor unit. The specification of the parts can be found from 
Tables 1, 2 and 3. The measurement range of ADXL354 in the measurements was ±8 
g, which signifies the sensitivity of 100 mV/g. The sensor unit can also be defined to 
use a 10 kHz time-based sample clock (TBSC) for the measurement instead of the 
encoder. The TBSC was used to study the phase tracking ability of the sensor unit 
when the phase information was purely deducted using the MEMS data, which shows 
the direction of gravity. In these comparisons, the phase accuracy was compared to 
the inverse encoder data. 
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Figure 1. A) Sensor unit and b) components of the sensor unit. 

To validate the measurements, a similar IoT sensor, which is verified by Koene et al. 
(4), was used. It had ADXL355 MEMS accelerometer, which has the same sensing 
elements as in ADXL354. Specifications of ADXL355 are presented in Table 3, and the 
same measurement range was used as with the ADXL354. 

Table 1. Specifications of ESP32 IoT platform. 

Specifications ESP32 

Microcontroller Unit Tensilica Xtensa 32-bit LX6 

Cores 2 

Clock frequency (MHz) 240 

SRAM (KiB) 520 

802.11 b/g/n WI-FI HT40 

GPIO 36 

SPI/I2C interfaces 4/2 

Table 2. Specifications of AD7682 ADC. 

Specifications AD7682 

Channels 4 

Resolution 16 bits 

Throughput 250 kS/s 

Interface SPI 
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Table 3. Specifications of ADXL354 and ADXL355 accelerometers. Used 
values are bolded. 

Specifications ADXL354 ADXL355 

Measurement range ±2/8 g ±2/4/8 g 

Axis 3 3 

Bandwidth 1500 Hz 1000 Hz 

Sensitivity 400/100 mV/g 3.9/7.8/15.6 µg/LSB 

2.2 Test setup 
Tests were conducted with full-size paper machine roll, which weighs around 700 kg 
and is 5 meters long. The sensor unit was mounted to the rotor end, and the reference 
sensor was mounted to the bearing housing. Figure 2 a) presents the test rotor, and 
Figure 2 b) presents the sensor setup. 

Figure 2. A) Test rotor, which weighs around 700 kg and is 5 meters long. b) 
Sensor setup with the sensor unit and reference sensor. The coordinate 

system with u- and v-axis indicate the orientation of two of the axes of the 
MEMS accelerometer inside the sensor unit. One axis of the MEMS accelerom
eter was coaxial with the axis of the rotor, but it was not used during the pre

sent study. 

The measurements were done with a rotor velocity of 500 rpm (8.33 Hz), and at 
least 100 rounds were measured. Two measurements were made with the sensor 
unit: one with the encoder-based sample clock (EBSC) and one with the time-based 
sample clock (TBSC). During both measurements, the reference sensor was meas
uring simultaneously as well.t 

2.3 Data analyses 
In the case of TBSC measurement, the rotor phase was calculated from the gravita
tional component of the signal from both u- and v-axis. The calculation process is pre
sented below and in Figure 3 as a block diagram. 

501 



1. Lowpass filter the frequencies above the rotation speed from the data 
2. Determine the phase of a measurement sample with the following equations: 

Where au is the u-axis acceleration value, av is the v-axis acceleration value, a is the 
angle and n is the sample number. The equation (2) finds the a value, which has the 
highest acceleration based on equation (1) and that a is the phase of the sample. The 
phase is calculated with 0.1 degree accuracy. 

Figure 3. Method how to calculate a phase with the gravitation component of 
the sensor data. 

Typically, lateral vibrations are measured in horizontal and vertical directions; how
ever, in a case where the sensor rotates with the rotor, the sensor axis direction does 
not stay constant in the Earth’s coordinate system. Hence, here is presented a method 
to separate the horizontal and vertical vibration from rotating sensor data with 
a rotation matrix: 

Where x is horizontal vibration, y is vertical vibration, a is the phase, au and av are the 
sensor data, and n is the sample number. The sensor axis u and v are marked in 
Figure 2 b). The vibration frequencies of the vertical and horizontal data were calcu
lated with fast Fourier transform (FFT) (20). 

2.4 Calibration 
The sensor unit was calibrated after mounting it to the rotor by utilizing the gravitation. 
The calibration revealed the relation between the ADC output and the acceleration. Cali
bration measurement was made by rotating the test rotor 100 rounds with 10 rpm vel
ocity. The encoder was used as a sample clock. Because the sensor was aligned with the 
rotor central axis and the rotor was rotated with a very low velocity, the only significant 
acceleration component affecting the sensor was the gravitation. The sensor was cali
brated by analyzing the measurement data, as presented in Figure 4 and below: 

1. Calculate one round average from the ADC output 
2. Find the maximum, minimum and mean values for the one round average 

a. The maximum value is equal to 1 g 
b. The minimum value is equal to -1 g 
c. The mean value is equal to 0 g 
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3. Calculate the conversion coefficient to convert the ADC output to m/s2 with 
the following equation: 

Where max is the axis maximum value and min is the axis minimum value. The con
version coefficient is calculated to both u- and v-axis. The final equation to convert the 
ADC output to m/s2 is for the u-axis: 

Where ADCu is the u-axis ADC output, meanu is the u-axis mean value, ku is the u-axis 
conversion coefficient and n is the sample number. For v-axis, the equation is as 
follows: 

Where ADCv is the v-axis ADC output, meanv is the v-axis mean value, kv is the v-axis 
conversion coefficient and n is the sample number. The meanu and meanv, and ku and 
kv values are calculated from the calibration measurement data and those same 
values were used to convert the measurement data from the ADC output to m/s2. The 
phase offset of the encoder is determined by using the maximum value of the one 
round average, which indicates a 90-degree phase. 

Figure 4. Calibration process and conversion from ADC values to 
acceleration. 

RESULTS 

Figures from 5 to 11 presents the test results from the 500 rpm measurements. The 
sensor unit measurement results are presented in three different ways, which are 
listed below: 
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1.	 measurements with the encoder-based sample clock (EBSC) and encoder-
based phase (Figures 5 a), 6 a), 7 a), 8 a), 9 a) and 11 a)), 

2.	 measurements with the time-based sample clock (TBSC) and gravity-based 
phase (Figures 8 b) and 9 b)), 

3.	 and measurements with the encoder-based sample clock (EBSC) and gravity-
based phase (Figure 11 b)). 

The last category is used to compare how two differently determined phases effect to 
the coordinate transformation of the same measurement data. 

3.1 Encoder-based sample clock measurement 
Figures 5 and 6 present the sensor unit data with the EBSC and encoder-based phase 
after the coordinate transformation, as well as the reference sensor data. In Figure 5, the 
results are similar in the horizontal direction (x-axis). The same vibration peaks can be 
observed from both the proposed and reference sensor data, and the horizontal natural 
frequency is visible as well, being approximately 20.9 Hz. However, the amplitudes differ 
from each other. 

When comparing the vertical vibrations (Figure 6), there are more differences. The 
amplitudes have more deviation between the sensors: the reference sensor has 
approximately 20 times lower highest vibration peak than the sensor unit data. The 
vertical natural frequency is approximately 29.2 Hz, and it is the highest peak in the 
reference sensor measurements. However, in the sensor unit measurement, the nat
ural frequency peak is visible, but amplitude is low compared to the other peaks. 

Figure 7 b) presents the raw u-axis acceleration data of the same EBSC measurement and 
Figure 7 a) presents the coordinate transformed data shown in the Figure 5 a). In the raw 
acceleration data, the vibration frequencies are presented as two peaks (sidebands), which 
are approximately 16.6 Hz (two times the rotation frequency, 8.3 Hz) apart from each 
other.  The average of  the peaks  is  the frequency  measured from the bearing housing or  
observed after the coordinate transformation. The phenomenon is caused by an amplitude 
modulation. Because the sensor is rotating with the rotor, the direction of the sensor axes 
changes in the Earth’s coordinate system. However, the vibration direction stays constant 
in the Earth’s coordinate system, which causes the vibration amplitude to modulate in the 
sensor coordinate system depending of the sensor angle in the Earth’s coordinate system. 
The amplitude change occurs at the rotation frequency, which causes the sidebands to 
appear at both sides of the vibration frequency with an offset of rotation frequency. 

Figure 5. Horizontal (x-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) reference sensor measurement from the bearing housing. RPS means 

rounds per second, which is equal to the rotation frequency. 
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Figure 6. Vertical (y-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock, 
b) reference sensor measurement from the bearing housing with the same 
y-axis scale as in a) and c) scaled plot from the reference sensor measure

ment. RPS means rounds per second, which is equal to the rotation 
frequency. 

Figure 7. Comparison between horizontal coordinate transformed and raw 
u-axis sensor unit data in the frequency domain from the encoder-based 

sample clock measurement. a) horizontal coordinate transformed data and 
b) raw u-axis sensor unit data. The averages of the marked frequency peaks 
in b), are the same values as in the coordinate transformed data. The values 
presented in b), are the average of the frequency peaks where the same col
ored arrows point. This is caused by an amplitude modulation of the meas

ured signal due to the sensor rotating. 
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3.2 Time-based sample clock measurement 
Figures 8 and 9 present the same data from the EBSC measurement as in Figures 5 
and 6, and the measurement data from the TBSC measurement, with the gravity-
based phase, after the coordinate transformation. Some peaks can be observed in 
both figures in the vertical and horizontal directions. Most significant differences occur 
at the rotation frequency and two times rotation frequency. In the horizontal vibra
tions, the amplitude of the two times rotation frequency is significantly lower in the 
EBSC measurement than in the TBSC. In the vertical vibrations, the magnitudes of the 
amplitude differences were not as high. 

Figure 8. Horizontal (x-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) sensor unit measurement with the time-based sample clock. RPS 

means rounds per second, which is equal to the rotation frequency. 

Figure 9. Vertical (y-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) sensor unit measurement with the time-based sample clock. RPS 

means rounds per second, which is equal to the rotation frequency. 

3.3 Comparison of phase calculating methods 
Figure 10 presents the phase difference between the two different methods for calcu
lating the phase: one that utilized the encoder and one that utilized the gravitational 
components of the MEMS sensor data. Both methods were applied to the 500 rpm 
EBSC measurement. The phase was constantly shifted approximately 1.9 degrees, and 
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there was an oscillation in the form of a sine wave. It was assumed that the encoder 
based phase determination was correct; this suggests that gravity-based phase deter
mination lags ca 1.9 degrees and has oscillation in the range of 1-2.5 degrees. 

Figure 10. Difference of encoder-based sample clock sensor unit measure
ment with both phase calculation methods. a) is from 100000 samples and 
b) is a closeup of 50000 to 60000 samples. The x-axis is the sample count of 

the measurement. 

Figure 11 presents the horizontal vibration of the data of the EBSC measurement with 
both phase-calculating methods. Figure 11 a) presents the results with the encoder-
based phase and Figure 11 b) presents the results with the gravity-based phase. Simi
lar results can observe as in Figure 8: the most significant difference appears in the 
amplitude of the two times rotation frequency (2XRPS, 16.6 Hz) peak. However, there 
is an amplitude difference in the horizontal natural frequency as well. Nevertheless, 
both methods present the same frequency peaks, even though there was a small dif
ference in the phases depending on the calculating method. 

Figure 11. Horizontal vibration of the 500 rpm encoder-based sample clock
 
measurement in the frequency domain. a) presents the results of
 

a coordinate transformation made with the encoder-based phase and b) pre
sents the results of coordinate transformation made with the gravity-based
 

phase.
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4 DISCUSSION 

The results showed that it is possible to separate the horizontal acceleration data 
from the rotating sensor data; however, there were some difficulties in separating 
the vertical data. The reason for this may be that the amplitudes of the signal in 
vertical direction were significantly lower. The lower amplitudes can be observed 
from the reference measurement from the bearing housing. The highest amplitude 
in the vertical direction was approximately 0.0025 m/s2 when in the horizontal dir
ection, it was approximately 0.06 m/s2. The amplitude differences are caused by 
the different stiffnesses in the vertical and horizontal directions of the test bench 
foundation. In the vertical direction, there were some of the same frequency peaks, 
which were observed in the horizontal direction. The higher magnitude vibration of 
the horizontal direction may have caused the vibrations to be visible in the vertical 
direction as well. However, the horizontal natural frequency is not visible in the ver
tical data, which indicates that the separation of the vertical data from the horizon
tal one may be possible. Nevertheless, the horizontal results were promising. Both 
on-shaft and reference sensors observed the same frequency peaks. 

The comparison between the TBSC and EBSC sensor unit measurements showed 
that no significant differences occur depending on the sampling clock method. The 
most significant differences appear in the amplitudes of the rotation frequency and 
at twice the rotation frequency. The reason for that may be the different methods 
for calculating the phase. The horizontal natural frequency (20.9 Hz) can be 
observed from both figures. The vertical natural frequency can be observed from 
both measurements as well, but the amplitudes are quite low. However, if the verti
cal natural frequency peak amplitudes of the time and encoder-based sample clock 
sensor unit data is compared to the amplitude of the reference measurement, they 
are in the same range. The EBSC measurement, TBSC measurement and the refer
ence measurement have a vertical natural frequency amplitude of 0.0020 m/s2, 
0.0033 m/s2, and 0.0025 m/s2, respectively. However, the reference sensor and 
proposed sensor unit were mounted to different parts of the machine, which may 
affect the amplitudes. 

The results showed a promising start for separating the horizontal and vertical 
vibration of a rotating two-axis accelerometer. The horizontal vibration was separ
ated well from the raw measurement data; however, the vertical vibration was not 
as clear as the horizontal. Hence, separating the vertical and horizontal vibration 
needs to be studied more, and one way to do it is to use the sensor unit in a test 
rotor bench were the magnitude of the vertical and horizontal vibrations are more 
similar to each other. 

Still in many applications, the accelerometer mounted to the static part of the 
machine is better way of measuring the machine vibrations. However, in some 
machines it is not possible to measure the vibrations effectively from a static part of 
the machine. In these applications, on-shaft accelerometers could be used. On-
shaft accelerometers also opens new possibilities to study machine condition moni
toring and to measure other aspects of machines such as, lateral vibrations or cen
tral point movement. Lateral vibrations could be measured from the rotor, if the 
accelerometer is mounted with a small offset from the central axis. This would be 
a cost-effective method to measure the lateral vibrations with minimal measure
ment setup process. The central point movement is typically not measured in rotat
ing machines because it is expensive, or the measurement instruments cannot fit 
close enough to the rotating part. The sensor unit could be mounted inside of 
a rotor or even several places in one rotor. This way, the central point movement 
could be determined from different positions of the rotor and find the modal shapes 
affecting it. 
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5 CONCLUSION 

This study presents a novel on-shaft sensor unit with a MEMS accelerometer, inverse 
encoder and wireless data transfer. The encoder rotates with the rotor, and the encoder 
shaft i.e. code wheel is mounted to the static part of the machine. The light sensors 
measuring the code wheel are rotating with the rotor, hence enabling to use of the 
encoder pulse as a sample clock without slip rings. The sampling can also be clocked 
with time, which enables testing of gravity-based phase calculation and comparing the 
result to the encoder-based phase calculations. There were some differences in the 
phases with the different calculating methods. However, when the coordinate trans
formation was made with the different phases, the results did not differ significantly. 

The separation of the horizontal and vertical axis from the data of the rotating sensor 
showed promising results. The horizontal vibration was well visible from the data and 
presented the same vibration peaks, as did the reference measurement. However, the 
vertical vibration did not occur as clearly as it did in the reference measurement; 
hence the presented method needs more research. 
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