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On-Shaft Wireless Vibration Measurement Unit
and Signal Processing Method for Torsional
and Lateral Vibration

Ivar Koene
Mikael Manngard

Abstraci—Microelectromechanical systems accelerome-
ters have opened new possibilities for vibration monitoring
of a rotating machinery. They enable mounting accelerome-
ters directly to the rotating component of the machine, e.g.,
shaft. This enables not only the measurement of a lateral
vibration but also a torsional vibration of the machine. This
increases the vibration data gathered from the machine by
one measurement instrument. This article presents an on-
shaft wireless universal measurement unit (UMU) with in-
novative combination of features, such as a high measure-
ment range and easy mounting. The UMU has a two-sensor
configuration where two accelerometers are mounted to the
opposite sides of a shaft. This enables to utilize a novel
signal processing method to separate torsional and lateral
vibration from the data. The signal processing method com-
bines and modifies methods presented in the published
literature. The results presented in this article demonstrate
that the UMU together with the presented signal processing
method can measure frequencies of torsional and lateral
vibration accurately. However, the amplitude comparison
between the UMU and reference sensors cannot be done
adequately because they are measuring either different
components of the machine or different physical proper-
ties.

Index Terms—Accelerometer, condition monitoring, lat-
eral vibration, microelectromechanical systems (MEMS),
torsional vibration.
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[. INTRODUCTION

TYPICAL method to perform measurements of rotating

machinery for condition-monitoring purposes is to mount
accelerometers to a static part of the machine, e.g., a bearing
housing or frame. Mounting accelerometers to static parts of the
machine enables the measurement of lateral vibration, which
can provide information of wear or damage in bearings and
gears and detect unbalance in rotating components. However,
in many applications, such as powertrains, it is also important
to gain data about torsional loads and their induced vibration.
The measurement of torsional vibration is key for understanding
the true loads acting in the driveline. This information can be
utilized for research and development purposes, for the design of
driveline components against measured and known load profiles,
and for root cause analysis of vibration problems.

Often, sensors, which measure torsional vibration need to
be mounted to the rotating part of the machine. Hence, the
data acquisition and measurement setup are more challenging
compared to the sensors mounted to static parts. The two most
common ways of measuring torsional vibration are pulse sensors
[1]-[3], which measure angle or velocity, and strain gauges
[4]-[6], which measure the deformation of a component.

Accelerometers can also be used to measure torsional vibra-
tion by mounting them directly to the shaft. However, on-shaft
accelerometers will measure both lateral and torsional vibra-
tion as well as gravitational acceleration. The separation of
the torsional and lateral vibration and removal of gravitational
component can be achieved with a specific sensor configuration
and signal processing methods [7], [8].

Lin and Kuang [7] studied the sensor configuration and signal
processing method to separate the torsional and lateral vibration
from on-shaft accelerometer data. They used a symmetric sensor
configuration in which two accelerometers were mounted to
the opposite sides of the shaft. They separated the lateral or
torsional vibration from the data by subtracting or adding the
accelerometer signals.

The rotation movement of the on-shaft accelerometers causes
gravitational force to produce a sinusoidal signal to the accel-
eration data with a frequency equal to the rotational speed and
1 g amplitude. Typically, this gravity component needs to be
eliminated to examine the rest of the data properly. On this
point, Mones et al. [8] studied two different methods to remove
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gravity from the signal. The first method included only one
accelerometer with two measurement axes: one for tangential
acceleration and one for radial acceleration. The removal of
the gravity component from the tangential acceleration data
starts by phase shifting the radial signal by 90° with the Hilbert
transform. The shifted signal is added to the tangential signal,
which removes the gravity component from the signal. Another
method for removing gravity from measurement data, as pre-
sented by Mones et al. [8], is to mount two sensors to the
opposite sides of the shaft and calculate the mean value from the
data in similar manner to Lin and Kuang [7]. This will remove
the lateral vibration as well as the gravity component. The first
aforementioned method will only remove the gravity component
but not the lateral vibration.

Elnady [9] and Koene et al. [10] studied a method exploiting
rotation matrix to separate horizontal and vertical lateral vibra-
tion from a measurement of on-shaft accelerometer. However,
both studies only used one two-axes accelerometer. Elnady
[9] mounted the accelerometer on the surface of the shaft
and Koene et al. [10] aligned the sensor with the central axis
of the shaft. Elnady’s method disabled the possibility to de-
compose torsional and lateral vibration from the measurement
data. In addition, Elnady was required to use high-pass and
stop-band filtering to remove a constant acceleration from the
radial acceleration and remove gravity component from both
radial and tangential acceleration signals. The filtering could
remove important information from the data as Elnady also
stated in his study. The sensor mounting of [10] enabled to
measure only the lateral vibration, thus, they did not need to
remove torsional vibration form the data. However, aligning
the accelerometer with the central axis of the shaft can be
challenging or in some cases even impossible, which limits its
applications.

On-shaft accelerometers have been studied with piezoelectric
[7] and microelectromechanical systems (MEMS) accelerome-
ters [8]-[15]. Piezoelectric accelerometers typically have wired
data transfer, which makes the data acquisition more challenging
when the sensor is rotating with the shaft. In contrast, compact
and low-powered MEMS accelerometers allow to use battery
as a power source and wireless data transfer, which make them
convenient in on-shaft sensor applications.

Several studies have been conducted where on-shaft ac-
celerometers have been used to measure lateral [9]-[11], [13] or
torsional vibration [12], [14], [15]. However, in many of these
studies, only one accelerometer is mounted on the shaft [9], [11],
[14], [15], and they have not taken into consideration that both
lateral and torsional vibration are measured with that sensor
configuration. Nevertheless, they were able to achieve good
results because in their applications the separation of lateral and
torsional vibration was not necessary. In applications where the
torsional and lateral vibration need to be investigated separately,
these methods might not be applicable. For example, with a ship
propulsion, it is important to know the torsional loads, which
can be determine from torsional vibration. On the other hand, the
lateral vibration can be used to monitor condition of components,
such as bearings. Thus, it is important to monitor both vibrations
separately in some applications.

We report a contribution beyond the state-of-the-art as fol-
lows.

1) Anew design and realization of a wireless on-shaft univer-
sal measurement unit (UMU) for vibration measurement.

2) The UMU combines high sampling rate (up to 20 kHz),
high sensitivity (20 mV/g), high measurement range (+40
g), high bandwidth (2.4 kHz), and fast and easy mounting
to a shaft with free surface area.

3) A new signal processing method to decompose different
vibration signals from data of the UMU, which combines
and modifies the algorithms presented in [7], [9], and [10]
to work with symmetric sensor configuration.

The UMU is battery powered and has wireless communica-
tion over wireless local area network (WLAN), which allowed
for easy mounting and operation. Moreover, two two-axes ac-
celerometers were mounted to the opposite sides of the shafts,
measuring radial, and tangential accelerations. The UMU was
designed and optimized for on-shaft measurement applications.

The novel signal processing method advances the previously
presented research on the on-shaft accelerometer signal pro-
cessing methods. By combining and modifying the algorithms
presented in [7], [9], and [10] to work the with symmetric
two-sensor configuration, the method proposed by this article
enables one to extract torsional and lateral vibration signals
from the rotating on-shaft accelerometer data. Moreover, the
lateral vibration signal is decomposed into its horizontal and
vertical vibration components. This complete decomposition
of the on-shaft accelerometer data is developed and presented
in this article integrally for the first time. With the presented
method, no filtering is required to decompose the signal, thus,
less information is lost during the signal processing. The UMU
and signal processing method was verified with measurements of
torsional and lateral vibration with typical commercially avail-
able sensors. In this article, the torsional vibration is observed
with measurements of tangential and radial acceleration (UMU)
and torque fluctuation (reference torque transducer).

The rest of this article is organized as follows. Section II
describes the UMU, signal processing and test environment,
Sections IIT and IV present the results and discussion, and finally,
Section V concludes this article.

II. UNIVERSAL MEASUREMENT UNIT AND SIGNAL
PROCESSING

The UMU presented in this article is based on an Internet
of things vibration measurement device called Memsio, which
was published by Koene et al. [16]. This article extends the
previous research by presenting a modification of the setup for
a new application. In particular, the on-shaft measurement re-
quired a second accelerometer, higher range accelerometers, and
upgraded data acquisition with an analog-to-digital converter
(ADC). In addition, the housing needed to be designed for the
on-shaft mounting.

A. Components and Sensor Configuration

The UMU consists of a microcontroller (ESP32-WROVER)
with Internet connection capabilities (see [16]), SD-card, 750
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TABLE |
SPECIFICATIONS OF ADXL356C (ANALOG DEVICES)

Measurement range (g) +10, +40
Sensitivity (mV/g) 80, 20
Noise density (u*Hz""%) 75,110
Bandwidth (kHz) 24
TABLE Il

SPECIFICATIONS OF AD7689 (ANALOG DEVICES)

Mazx. voltage range (V) 5
Resolution (bit) 16
Bandwidth (kHz) 250
Channels 8
Atz
Shaft .

Az Y
Accelerometer

Accelerometer’

1
arq

agq

Fig. 1. Sensor configuration of the UMU. The a, and a2 are the
radial measurement axes, and a; and a;; are the tangential mea-
surement axes of the accelerometers. r is the distance of the sensors
from the shaft central axis, and it is approximately 7.5 mm. The right-
hand side of the picture presents a free body diagram of one of the
accelerometers. a,.; is the radial acceleration of accelerometer 2, a;,
is the tangential acceleration of accelerometer 2, g is the gravitational
acceleration, a;,, is the lateral vertical vibration, and a;;, is the lateral
horizontal vibration.

mAh lithium-ion battery, ADC (AD7689), hall sensor (SS441R)),
and two MEMS accelerometers (ADXIL.356C). The specifica-
tions of the accelerometer and ADC can be found in Tables I
and II, respectively.

The accelerometer configuration can be seen in Fig. 1. The
ADXL356 accelerometers are placed on the opposite sides of
the shafts. Both sensors measure two directions: radial and tan-
gential. The UMU and the sensors are mounted to the shaft with
a 3D-printed housing made from polylactide. The accelerom-
eters and hall sensor have a separate housing from the other
components to allow for more accurate mounting to the shaft.
The UMU is presented in Fig. 2.

B. Data Acquisition

The UMU is controlled via a browser-based graphical user
interface (GUI), which is similar to the Memsio GUI [16].
From the GUI, the sampling rate and measurement time can be
selected, and measurement data downloaded. The GUI makes
the measurement process effortless because the UMU can be
operated with any device that has an Internet connection and a
browser; no extra software is needed.

The microcontroller conducts the data acquisition. At the
beginning of the measurement, the microcontroller disconnects
itself from the Internet and shuts down the WLAN. This is done
to maximize the processing power to the data acquisition during

Fig. 2. UMU mounted to the shaft. (1) Microcontroller. (2) Magnet for
the hall sensor. (3) Hall sensor. (4) Battery. (5) Accelerometers. (6)
Analog to digital converter.

the measurement. The measurement time is predetermined using
the GUI. When the measurement is finished, the UMU turns
on the WLAN and connects back to the Internet. The data are
stored to an SD card during the measurement with the help of a
circular buffer. The measurement data can be downloaded after
the measurement using the GUI. The data acquisition allows
a maximum of 20 kHz sampling rate without any significant
jitter. The accelerometers had fixed low pass filters with a cutoff
frequency of 2.4 kHz. A magnet was mounted to the bearing
housing next to the UMU to obtain a once per rotation pulse
from the hall sensor.

C. Signal Processing

The signal processing was completed with MATLAB soft-
ware.

1) Calibration: After mounting the UMU to the shaft, the
accelerometers were calibrated with the help of gravity. The
shaft was rotated with a low velocity of 5 r/min; hence, it can be
assumed that the only significant acceleration affecting the sen-
sors was gravity. In total, 20 revolutions were measured, and the
data were averaged to one revolution for each measurement axes
using the hall sensor to inform when the revolution begins and
ends. Because the sampling was conducted with a time-based
sample clock, there were small changes in the sample count per
rotation. This was corrected with a discrete Fourier transform
(DFT). The data were converted into the frequency domain, and
the few highest frequency components were deleted from the
data to obtain the same sample count as with the revolution with
the lowest samples per rotation. Next, the frequency domain
signal was converted back to the time domain with an inverse
DFT. This process made the sample count equal for each revolu-
tion without deleting any meaningful data. After the one average
round was calculated, the following steps were taken to calculate
the correct gains for the binary data.
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Fig. 3. Small-scale maritime powertrain test bench. (1) Driving motor.
(2), (6) Masses to lower the torsional natural frequencies of the pow-
ertrain. (3) Lateral sinusoidal excitation device. (4) First gear (1:3). (5)
Second gear (1:4). (7) Excitation motor and 8:1 gear.

Fig. 4. UMU, reference sensors, and lateral sinusoidal excitation de-
vice mounted to the shaft. (1) UMU. (2.1) Accelerometer on bearing
housing to measure horizontal lateral vibration. (2.2) Accelerometer on
bearing housing to measure vertical lateral vibration. (3) Lateral sinu-
soidal excitation device. (4) Optical encoder. (5) Torque transducer. Top
right corner has a close-up of the unbalance of the lateral sinusoidal
excitation device.

1) Calculate the mean value amean Of that average round,
which is equal to the zero acceleration value.

2) Calculate the gain to transfer the raw ADC data into m/s2
with the following equation:

(max (asapc) — min (aapc))
2-981 %

(1

Qgain —

where aspc is the raw integer value from the ADC.
3) Equation (2) calculates the m/s2 value for the ADC output
of the accelerometers

a (n) = W 2)

where n is the sample number.

2) Separation of Lateral and Torsional Vibration: Before pre-
senting the method to separate the torsional and lateral vibration
from the data of the UMU, a simple mathematical presentation
of the tangential and radial measurements of the MEMS sensors
will be presented. The mathematical equations are made based
on the free body diagram in Fig. 1. The tangential axes a;; and
ag will measure the tangential acceleration component a; (3),
the gravitational acceleration in tangential direction g; (4), and
lateral acceleration in tangential direction a;; (5). The number
indexes 1 and 2 in the tangential axes a;; and a;; indicates the
sensors 1 and 2 in Fig. 1

a; = T- ®)
9= g-cos(f) “)
ajpp = aip - sin (,8) — @y * COS (18) (5)

where r is the radius marked in Fig. 1, « is the angular ac-
celeration, g is the gravitational acceleration (9.81 m!sz), an
is the lateral horizontal acceleration, a;, is the lateral vertical
acceleration, and (3 is the rotational angle of the shaft in the
world coordinate system.

The radial axes a,; and a,, of the UMU will consist of
radial acceleration component a,. (6), as well as the gravitational
component in radial direction g, (7), and lateral acceleration in
radial direction a;, (8). The number indexes 1 and 2 in the radial
axes indicates the sensors 1 and 2 in Fig. 1

ar =w? -1 (6)
gr = g-sin(f) (7
apr = aip, - cos () + ap, - sin (B) (8)

where r is the radius marked in Fig. 1, w is the angular velocity,
g is the gravitational acceleration (9.81 m/s?), ayy, is the lateral
horizontal acceleration, a;, is the lateral vertical acceleration,
and (3 is the angle of the shaft in the world coordinate system.

The full equations of the two accelerometers in the UMU are
presented in (9) and (11). Equations (10) and (12) are received
by substituting from (3) to (8) to (9) and (11) as follows:

ary = Gr + gr — Qqr

app = 1-a—g-cos(f) —amp -sin(B) + a - cos (5)
arp =w? -7+ g-sin(B) — ayp, - cos (B) — apy -sin (B)
(12)

Separation of the lateral and torsional vibration was com-
pleted similarly as Lin and Kuang [7] outlined in his article.
Equation (13) presents the torsional tangential acceleration,
which is calculate using the a;; and a;>. After tangential acceler-
ations from (10) and (12) are substituted to (13), the removal of
gravitational component and lateral vibration can be observed

ag) = ay + gy + ai
{aﬂ:ar—gr-l-azr ©)
ay = 1-a+g-cos(B)+ ap -sin(f) — ayy, - cos (B)
apy =w? -7 —g-sin(B) + asp - cos (B) + azy - sin (B)
(10)
{ Qi) = ay — g — Ay (11)
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Fig. 5. Separation of the vibration data from the raw accelerometer data measured with the UMU presented as STFT plots. (a) Raw acceleration

data from a4;. (b) Lateral vibration calculated from tangential acceleration data (17). (c) Torsional vibration calculated from tangential acceleration
data (13). (d) Vertical lateral vibration. (e) Horizontal lateral vibration calculated with (22).

in (14) and only the tangential acceleration component is left

ag + g
2

T - .

Ayt

(13)

(14)

(2077

Equation (15) presents the torsional radial acceleration, which
is calculate by using the radial accelerations a,; and a,;. When
radial accelerations from (10) and (12) are substituted to (15),
the same gravity and lateral vibration removal can be observed
is in (14) and only the radial acceleration component is left as
seen in (16) as follows:

Ay = @ (15)
agr = W (16)

The lateral vibration from the tangential and radial accelera-
tions are calculated with (17) and (19), respectively. When the
accelerations from (10) and (12) are substituted to the equations,
the tangential and radial accelerations are removed but the
gravitational component and lateral vibration are still present,
which can be seen in (18) and (20) as follows:
at] — Qg2

> (1

aiy =

ay = g-cos(B)+ ay, -sin(B) — ay, - cos (B) (18)
ay = =2 (19)
ajr = —g-sin(f) + aip - cos (B) + ap -sin(B) . (20)

Equations (13) and (15) remove the gravitational component
from the data. However, in the lateral vibration, the gravitational
acceleration is still present, and the direction of the vibration is
unknown. To remove the gravity component and decompose
the vertical and horizontal vibration, the following method was
used.

1) Calculate the moving average from both lateral vibration
signals (a;; and a;,) to remove the high frequency com-
ponents.

2) Utilize (21) to calculate the phase of the shaft based on
the positions of the accelerometers

B =tan~! (—aﬁ"‘“ )
azrmu,

where a;;__ is the moving average of the lateral vibration
calculated from the tangential accelerations and a;,_,
is the moving average of the lateral vibration calculated
from the radial acceleration.

21
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Fig. 6. Lateral vibration measured with the UMU. (a) Lateral vibra-

tion calculated from tangential acceleration data and radial acceleration
data. (b) Vertical and horizontal lateral vibration calculated from data
presented in (a).

3) Calculate the vertical and horizontal vibration with the
rotation matrix (22). The results from (17), (19), and (21)
are substituted to

et ottt N bt )

where n is the sample number, a;y.,, is the vertical lateral
vibration calculated with the rotation matrix, and a;p,, is the
horizontal lateral vibration calculated with the rotation matrix.

By substituting (18) and (20) to (22), (22) will yield the
following result:

|:arlvm (n):| _ [g - alv] . (23)
ainm (n) an

The result shows that the horizontal vibration vector does not
include the gravitational component anymore, but the vertical
vibration still does. However, the gravitational component is
only a constant at this point, which can be removed leaving
only the vertical vibration. Now the torsional, vertical lateral,

and horizontal lateral vibration are separated from each other as
well as the gravitational component removed.

3) Velocity: Velocity in rounds per minute can be calculated
from the radial acceleration data with the following equation:

o |am~| 60
Wr/min = - : E

where a., is the radial torsional acceleration and r is the distance
of the sensor from the shaft central axis. The absolute value of
the radial acceleration is inserted to the square root to eliminate
imaginary results if the acceleration is temporarily negative.
Small miss alignment of the sensors can cause the calculated
radial torsional acceleration to get negative values when velocity
is low.

4) Frequency Domain Data Analysis: In condition monitor-
ing, the frequency and the amplitude of the vibration signals
are typically the interesting components from the perspective of
machine operation and condition. A DFT is a good method to use
when the signal is periodic, i.e., the machine is running with a
constant speed and there are no sudden changes in the excitations
of the system. However, this is not always the case, e.g., with a
ship powertrain, the motor/propeller velocity changes depending
on the velocity the ship is operated and that can make the signal
nonperiodic. For this purpose, several different time-frequency
analyses (TFA) have been developed [17]. In this article, the
measurements were conducted during powertrain acceleration
(see Section II-D); hence, TFA is required to observe how the vi-
bration changes over time. A short time Fourier analysis (STFT)
is selected to perform TFA. STFT divides the time domain
signal into segments and performs a fast Fourier transform (FFT)
for each of the segments separately. The segmented frequency
domain signals are plotted in a three-dimensional (3-D) plot
where the axes are time, amplitude, and frequency. Typically,
the segments are windowed before applying FFT, as was done
with a Hanning window to the data presented in this research.
Of noteworthy interest, STFT has also been applied in other
condition monitoring-related publications [11], [18], [19].

To enable more accurate comparison of reference sensors and
UMU, the measurement signals were time synced. First, the
data of the UMU was resampled to match with the data of the
reference sensors. Second, cross correlation was used to define
the number of samples that were required to shift the original
reference signal. The plots presented, in this article, were done
with the original UMU data and shifted reference sensors data.

(24)

D. Test Setup and Measurements

The tests were conducted with a small-scale maritime power-
train test bench presented in Fig. 3. The test bench is designed
for research related to digital twins, predictive maintenance, and
virtual, wireless, and wired sensors. The test bench consisted of
two servomotors. One worked as a driving motor, and the other
one as a torsional excitation and load source. The test bench
also had a lateral sinusoidal excitation device (component 3 in
Figs. 3 and 4), which consisted of a 24-volt small dc motor and an
unbalance in the motor shaft. The dc motor could be rotated with
different velocities, and the unbalance causes lateral vibration
at the rotational speed. The test bench had three planetary gears,
with gear ratios of 1:3, 1:4, and 8:1. The 1:3 and 1:4 gears
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TABLE IlI
SPECIFICATIONS OF HS-1005005001 (HANSFORD SENSORS) AND
DRBK-20 (ETH MESSTECHNIK)
HS-100 DRBK-20
Measurement range +l6g +£20 Nm
Sensitivity 500 mV/g 4 V/Nm
Bandwidth 10 kHz 1 kHz

are the angle gears visible in the Fig. 3(marked with 4 and 5),
and the 8:1 gear is the gear before the load motor. The two
lowest visible torsional natural frequencies of the system are
approximately 29 Hz and 66 Hz. These are determined with a
simulation model in MATLAB using Simscape, experimental
studies, and an open-source tool for torsional vibration analysis
called openTorsion.

The UMU, reference sensors, and lateral sinusoidal excitation
device are presented in Fig. 4. To compare and verify the results
of the UMU, several reference sensors were used: two one-axis
integrated electronics piezo-electric (IEPE) accelerometers (HS-
1005005001), an optical incremental encoder with 5000 pulses
per revolution (ERN 420), and a torque transducer (DRBK-20).
Specifications of the reference accelerometer and torque trans-
ducer can be found in Table III. The reference accelerometers
were mounted to the bearing housing to measure the lateral
vibration, and the encoder and torque transducer were mounted
to the shaft. The encoder was utilized to measure the velocity, and
the torque transducer measured the torsional vibration. The data
acquisition of the reference sensors was realized with National
Instrument’s cRIO-9057 and measurement modules NI-9215,
NI-9411, and NI-9234. The lateral sinusoidal excitation device
was controlled with a laboratory power source to provide accu-
rate control voltage.

The test measurement was done with a constant acceleration
from 0 to 1500 r/min in 90 s. The load motor was set to produce
a constant torsional sinusoidal torque excitation at 15, 43, and
87 Hz, and the lateral excitation device was set to produce
a constant sinusoidal lateral excitation at around 21 Hz. The
reference sensors utilized a sampling rate of 3 kHz, and UMU
was sampling at 10 kHz. The UMU was configured to use a +40
g measurement range during the tests.

lll. REsuLTs

The results were produced as explained in chapter II. The
UMU data are compared to the reference sensors in the following
ways: torsional vibration is compared to the torque transducer;
lateral vibration is compared to the accelerometers mounted to
the bearing housing; and the angle and velocity are compared to
hall sensor on the UMU and to the optical encoder mounted to
the shaft.

A. Torsional and Lateral Vibration

The raw measurement data from the UMU was processed
with the procedure presented in Section II. The data processing
method is presented using STFT plots in Fig. 5. The topmost
plot (a) presents the raw acceleration data, which are divided
into lateral [plot (b)] and torsional vibration [plot (c)], and the

lateral vibration is further divided into vertical [plot (d)] and
horizontal vibration [plot (e)]. Before the lateral vibration is
divided into vertical and horizontal vibration, V-shape lines are
visible in the plot. These start at 21, 43, and 87 Hz, which
are the frequencies at which the load motor and the lateral
excitation device excite the system. This phenomenon is caused
by amplitude modulation. Because the sensors are rotating with
the shaft, the lateral vibration changes direction in the coordinate
system of the sensors as a function of the rotation frequency. The
distance of the V-shape lines is equal to two times the rotating
frequency, and the mean value of the two lines provide the correct
frequency for the lateral excitation. The plots (d) and (e) show
that the coordinate transformation matrix (22) for separating the
vertical and horizontal lateral vibration from lateral vibration
data demodulates the amplitude modulation as well and gives
one excitation peak per excitation.

Fig. 6 presents the time domain data of the Fig. 5 plots (d)
and (e) as well as the lateral vibration calculated with (17) and
(19). The plot (b) of Fig. 6 shows that after the coordinate
transformation the vertical vibration has a constant offset of
around 9.8 m/s” and vertical close to 0 m/s?, and the gravitational
sinusoidal component from the rotation of the sensor is removed.

Fig. 7 presents the lateral vibration of the system. Plots (a)
and (b) present the vertical lateral vibration, and plots (c) and
(d) present the horizontal lateral vibration measured with the
UMU and reference accelerometers. The plots show clear peaks
at 21, 43, and 87 Hz (red dashed lines) throughout the whole
acceleration, but the lowest torsional excitation produced by the
load motor (15 Hz) is not that distinct except in the vertical
reference accelerometer [plot (b)]. In addition, the horizontal
plots present vibration in around 66 Hz. This is a second lowest
visible torsional natural frequency, which is also visible in the
torsional vibration plot in Fig. 8. The velocity of the shaft in
rounds per second (RPS) is marked with white dashed line.
The horizontal reference accelerometer shows a lateral natu-
ral frequency of the system at 8.5 Hz. However, this is not
visible in the data of the UMU. The low frequencies (below
~15 Hz) are not as clear in the UMU data than on the reference
accelerometers data. Nevertheless, with the higher frequencies,
the results are more similar.

Fig. 8 presents the STFT of the torsional vibration calculated
from the UMU data with (13) and torsional vibration measured
with the torque transducer. Both plots are similar, and the same
information is visible. The torsional excitations produced by
the load motor (15, 43, and 87 Hz) are clearly visible in the
plots. The two lowest visible torsional natural frequencies are
also presented in both plots. The natural frequencies occur at
29 Hz and 66 Hz. In addition, the rotation velocity as RPS is
highlighted in the plots with a white dashed line.

Figs. 9 and Fig. 10 present single time segments from the
time STFT plots to enable better comparison quantitatively
between the UMU and reference sensors. In addition, Tables
IV-VI presents numerical values from the Figs. 7 and Fig. 8,
which further enables comparison of the UMU and reference
sensors. The tables and Figs show that the frequencies are
similar, but the amplitudes have differences. The amplitude
differences can have several reasons, which are discussed in
Section IV-A.
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TABLE IV
AMPLITUDES AND FREQUENCIES OF VERTICAL LATERAL EXCITATIONS MARKED IN FIG. 7(PLOTS A AND B)
UMU Reference accelerometer
Lateral excitation Second torsional Third torsional Lateral excitation Second torsional Third torsional
Time (21 Hz) excitation (43 Hz) excitation (87 Hz) (21 Hz) excitation (43 Hz) excitation (87 Hz)

() | Ams)  fHz) Ams)  f(Hz) Ams)  fHz) | Amis)  fHz) Ams) f(Hz) Ams)  f(Hz)

20 0.0332 212505  0.0331  43.0011  0.0282  87.0022 | 0.0337 212519  0.0450  43.0038  0.0207  87.0076
40 0.0407  21.0005  0.0403  43.0011 00192  87.0022 | 0.0355  21.0018  0.0414  43.0038 00142  87.0076
60 0.0369 207505  0.0413  43.0011  0.0184  87.0022 | 00330 207518  0.0385  43.0038  0.0199  87.0076
80 0.0353  20.5005  0.0473  43.0011  0.0454  87.0022 | 0.0331  20.5018  0.0395  43.0038  0.0339  87.0076

TABLE V
AMPLITUDES AND FREQUENCIES OF HORIZONTAL LATERAL EXCITATIONS MARKED IN FIG. 7 (PLOTS C AND D)
UMU Reference accelerometer
Lateral excitation Second torsional Third torsional Lateral excitation Second torsional Third torsional
Time (21 Hz) excitation (43 Hz) excitation (87 Hz) (21 Hz) excitation (43 Hz) excitation (87 Hz)

() | A f (Hz) A (m/s?) f (Hz) A (m/s?) f(Hz) A (m/s?) f (Hz) A (m/s?) f (Hz) A (m/s?) f(Hz)

20 0.0050 212505  0.0046  43.0011  0.0054  87.0022 | 0.0030 212519  0.0052  43.0038  0.0087  87.0076
40 0.0107  21.0005  0.0099  43.0011  0.0101 87.0022 | 0.0032  21.0018  0.0036  43.0038 00117  87.0076
60 0.0142 207505  0.0123  43.0011 00109  87.0022 | 00029 207518  0.0036  43.0038 00102  87.0076
80 0.0226  20.5005  0.0289  43.0011  0.0466  87.0022 | 00031 205018  0.0052  43.0038  0.0099  87.0076

TABLE VI
AMPLITUDES AND FREQUENCIES OF THE PRODUCED TORSIONAL EXCITATIONS MARKED IN FIG. 8
UMU Reference torque transducer
First torsional Second torsional Third torsional First torsional Second torsional Third torsional
Time excitation (15 Hz) excitation (43 Hz) excitation (87 Hz) excitation (15 Hz) excitation (43 Hz) excitation (87 Hz)

G) [ A fHz)  Ams)  fHz)  Ams)  fHz) | A(Nm) f(Hz) A(Nm) f(Hz) A(Nm)  f(Hz)
20 0.0771 15.0004 0.2304 43.0011 0.2191 87.0022 0.0547 15.0013 0.0485 43,0038 0.0072 87.0076
40 | 00633 150004 02233  43.0011 01783  87.0022 | 0.0456 150013 00454  43.0038 00053  87.0076
60 0.0682 15.0004 0.2104 43.0011 0.1832 87.0022 0.0518 15.0013 0.0423 43.0038 0.0056 87.0076
80 | 00439 150004 02192 430011 01752  87.0022 | 00514 150013 00446 430038  0.0067  87.0076
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Fig. 7. STFT of lateral vibration measured with the UMU [plots (a) and (c)] and reference accelerometers on bearing housing [plots (b) and (d)].
Plots (a) and (b) present the vertical lateral vibration, and plots (c) and (d) present the horizontal lateral vibration. The white dashed line is the
velocity (RPS). The red dashed lines present the constant excitations in the system. 21 Hz is produced by the sinusoidal lateral excitation device,
and 43 and 87 Hz are the torsional vibration produced by the load motor. Plot (d) also presents the frequency around 8.5 Hz, which is the horizontal
lateral natural frequency of the system. Y-axis has a logarithmic scale.
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Fig. 8. Single time segments from lateral vibration presented in Fig. 7
at around 88 s. (a) Presents single time segments of vertical lateral
vibration. (b) Horizontal lateral vibration. RPS marks the revolutions per
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Fig. 9. STFT of torsional vibration measured with the UMU [plot (a)]
and reference torque transducer [plot (b)]. The white dashed line is the
velocity (RPS). The red dashed lines present the 15, 43, and 87 Hz
frequencies that the load motor produces, and 29 Hz and 65.5 Hz are
the two lowest natural frequencies visible in the system. Y-axis has a
logarithmic scale.

B. Velocity and Angle

The velocity calculated from the acceleration data is com-
pared to the velocity from the reference encoder in Fig. 11(a).
In low velocities, below 50 r/min, the velocity based on accel-
eration struggles but with higher velocities, it is comparable to
the encoder velocity. From the angle difference between each
hall sensor pulse calculated from the acceleration data [see
Fig. 11(b)], the opposite can be observed. In lower velocities,
the accuracy is better and with higher velocities the fluctuation
of the angle value is greater. The angle value between the pulses

stays within the range of 362.2 and 357.9 degrees during the
acceleration.

IV. DISCUSSION

The results show that the UMU with the presented signal
processing method can measure torsional and lateral vibration
directly from the shaft. The frequencies were measured accu-
rately but the amplitudes could not be compared adequately to
the reference sensors because they were measuring either differ-
ent components of the machine or different physical phenomena.
The presented signal processing method also enables separate
inspection of the horizontal and vertical lateral vibration. The
lateral vibration measurements show some of the same frequen-
cies as the torsional vibration measurements. They show the
torsional vibration occurring at 43 and 87 Hz and the horizontal
lateral vibration data show the second lowest visible torsional
natural frequency at circa 66 Hz. This is due to a coupling effect
caused by for example an unbalance [20], [21] or the gears [22].
It is not studied what exactly causes the coupling effect in the
test bench, but the reference measurements present the same
phenomena as the measurements of the UMU, which is enough
for the validation of the UMU.

A. Vibration Measurement Uncertainty

The reference sensors and the UMU detected similar vibration
in the lateral directions, which was over 20 Hz. However, the low
frequency lateral vibration was harder to detect with the UMU
compared to the reference sensors. In addition, the amplitudes
have some differences. These can be caused by several factors
as follows:

1) The UMU and reference sensors are mounted to different
parts of the powertrain.

2) The MEMS accelerometers have a typically higher noise
floor than IEPE accelerometers.

3) There can be a small misalignment with the MEMS
accelerometers in the UMU.

Vibration might occur differently in different components of
a powertrain, which can make two sensors to measure different
vibration from the same powertrain. This might be one of the
reasons why the low frequencies appeared differently when com-
paring the data from the UMU and reference accelerometers. In
addition, the measurement of different components could affect
the amplitude both sensors measured. However, this would need
more research to know more accurately how much the mounting
location affects the measured vibration. The higher noise floor
of the MEMS accelerometers can be detected from Figs. 7 and
9. This is especially visible in the low frequencies, which makes
the low amplitude vibration harder to detect with the UMU. The
third contributing factor might be a small misalignment with the
UMU accelerometers. The alignment is crucial to the measure-
ment because misalignment will change the sensor measurement
angles and will affect the signal processing accuracy.

The torsional vibration was measured sufficiently with the
UMU. They presented the similar frequencies for the vibration,
but the amplitudes have differences. The most likely reason
for the different amplitudes is that the sensors were measuring
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sensor pulses calculated from the UMU acceleration data.

different physical phenomena from the machine; the UMU was
measuring tangential acceleration when the reference torque
transducer was measuring deformation (twist) of the shaft. The
signal processing separated the torsional vibration well from
the raw acceleration data, and no significant lateral vibration
is visible in the torsional vibration data. The same torsional
vibrations are visible in the data of the UMU as well as in the data
of the reference sensor. Neither of them detects the vibrations
caused by the sinusoidal lateral excitation device at 21 Hz.

Single time segments from torsional vibration presented in Fig.
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B. Benefits of the UMU

The UMU provides an advantage compared to the reference
sensors in several ways: it is wireless, easy to mount, and
cost-effective, and one measurement instrument can replace
several different sensors. By adding the presented signal
processing method to the equation, one of the major advantages,
which arises is that with a single device, the lateral, and torsional
vibration can be measured and separated with a high degree of
accuracy.

The UMU could be used for fault diagnosis of rotating
machinery. Typically, for example accelerometers mounted to
the gearbox are utilized to gather data from machines, and
traditional signal processing or the increasingly popular machine
learning techniques are used to identify the fault type [23]-[27].
The UMU could provide more information for fault diagnostic
algorithms, with simpler measurement installation compared to
the commonly used accelerometer setups. In addition, the UMU
could do some pre calculations for the data before it is sent to
the user in the spirit of edge computing.

Some of the torsional vibrations are visible in the lateral
vibration due to the coupling effect. The UMU could enable
identification, which vibrations are originated from torsional
and which from lateral vibration without complex and expensive
measurement setup.

C. Accuracy of Velocity and Angle

The UMU can also measure velocity and angle. The results
show similar velocities when compared to the reference encoder
with higher velocities. However, with low velocities, below 50
r/min, some fluctuation can be observed. A possible reason
to explain this is that the accelerometers of the UMU are not
perfectly aligned, which leaves some sinusoidal component from
the gravity to the calculated radial torsional acceleration data.
This residual sinusoidal component is large compared to the
other accelerations in the system at low velocities, which causes
this fluctuation. When the velocity increases, the constant radial
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acceleration increases as well, but the small residual sinusoidal
component remains constant. Hence, the fluctuation caused by
the residual component decreases.

The angle calculated from the acceleration data between each
hall sensor pulse is presented in Fig. 11(b). This should give a
constant value of 360°, but there is some variation between 362.2
and 357.9° and the variation is larger with higher velocities.
The angle was calculated with the gravitation component of
the tangential and radial lateral vibration. However, when the
shaft rotates with higher velocities, there are more vibration
accruing close to the rotating frequency (i.e., the frequency of
the gravitational component), which causes this variation. In
addition, misalignment of the accelerometers can influence the
angle accuracy.

D. Constant Radial Acceleration and Larger Shaft

When accelerometer is mounted to a rotating shaft, it is under
a constant radial acceleration, which causes stress to the sensing
elements. However, during this study, an assumption has been
made that if the affecting acceleration does not exceed the
measurement range of the sensor, it should not affect the mea-
surement. The maximum acceleration during the tests was circa
230 m/s?, which is approximately half of the full measurement
range. The results also indicate that the assumption can be made,
because similar measured phenomena as the UMU measures,
can be observed from the reference sensors as well.

The tests were conducted with a small-scale maritime pow-
ertrain test bench, which had a shaft diameter of 8 mm. With
larger shaft diameters yet same rotating frequencies, a different
accelerometer with wider measurement range may be needed.

V. CONCLUSION

This article presented a wireless UMU with innovative combi-
nation of features for lateral and torsional vibration measurement
directly from the rotating shaft using two MEMS accelerome-
ters mounted to the opposite sides of the shaft. The data are
processed with a novel signal processing method, which deletes
the gravitational acceleration and separates the torsional and
lateral vibration from each other, in addition to decomposing
the lateral vibration in horizontal and vertical directions. The
UMU and presented signal processing method was tested in
a small-scale maritime powertrain test setup and compared
to reference sensors. The results indicate that the UMU and
signal processing method worked well. The presented method
separated and detected the torsional and lateral vibration with
sufficient accuracy. Nevertheless, more research needs to be
conducted on the alignment of the accelerometers. As alignment
problems can affect the accuracy of the measurement, the degree
of permitted misalignment needs to be studied in the future.
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