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A novel scalable digital data acquisition system
for industrial condition monitoring

Andrea Toscani, Fabio Immovilli, Senior Member, IEEE, Daniel Pinardi,
and Luca Cattani

Abstract—This paper introduces a novel data acquisition
(DAQ) system aimed at condition monitoring of complex
industrial machinery and plants. Current commercial solu-
tions can be divided into two groups: high resolution and
data rate rack systems or distributed systems usually at the
price of lower performance. The proposed solution aims at
filling this gap. It relies on a daisy-chain digital bus archi-
tecture, featuring a main node and a series of subordinate
nodes, which have been designed to collect data from both
analog and digital transducers. It follows that the system
is highly scalable and easily reconfigurable: the number
and the type of transducers, ranging from low-cost Micro
Electro-mechanical Systems (MEMS) to high quality piezo-
electric sensors, can be optimized to match each specific
measurement requirements, even after the installation of
the system. The proposed technology supports up to 32
channels at 48 kS/s, and guarantees the perfect synchro-
nization of all signals regardless of the transducer type and
its position along the bus, allowing to perform advanced
data analysis. The system performance is at first evaluated
with laboratory tests, then in the scenario of condition
monitoring of rolling bearing faults, demonstrating good
sensitivity and coherence between different accelerometer
types.

Index Terms—analog IEPE accelerometer, bearing fault
detection, data acquisition system, digital bus, industrial
condition monitoring, MEMS accelerometer, scalable archi-
tecture, structural health monitoring.
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Fr Rotor mechanical frequency.
Finner Inner ring fault frequency.
Fouter Outer ring fault frequency.
Fcage Cage fault frequency.
Fball Ball (rolling element) fault frequency.
Dc Pitch diameter.
Db Ball (rolling element) diameter.
n Number of rolling elements.
β Contact angle.
a Acceleration.

Subscripts
cal Calibrator.
ref Reference value.
rms Root mean square.

II. INTRODUCTION

FAULT detection and diagnosis in rotating machinery has
been the subject of an extensive research in the last

decades with the goal of optimizing maintenance and cost
savings through better information-based decision making.

A. Literature Review and Motivation
Condition and vibration monitoring systems can assist in

keeping industrial production plants running by detecting po-
tential failures in a timely manner. Incipient faults of rotating
equipment in noisy environment can easily go undetected until
a major damage or catastrophic failure occurs. Fault detection
at the early stage via noninvasive fault diagnosis is preferred,
allowing for scheduled maintenance and minimizing system
downtime.

Many scientific articles concern the problem of general
condition monitoring (CM) of electric machines [1] and fault
occurrence distribution among the machine components [2].
Focusing on the mechanical faults, bearing faults are one of
the most common failure mode in industrial machinery also ac-
cording to manufacturers’ statistics, [3], where bearing related
faults account for more than 50% of motor failures. Bearing
faults that are not timely detected may result in: reduced per-
formance, degraded efficiency, overheating and malfunctions,
up to catastrophic failure of the driven machinery [4], [5].
Fault diagnosis methods based on the analysis of vibration
signals are well established and have proven their effectiveness
in many situations, [6]. By processing the raw data, fault
conditions can be identified and, ideally, major breakdowns
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prevented before they occur. Suitable signal processing tech-
niques are required to efficiently extract and isolate the fault
signatures from raw signal, since fault signatures at incipient
stage feature a very small amplitude that is usually buried in
noise and thus can lead to false positive detection [7]. When
considering the vibration signal, the two most commonly
used indicators are the Root Mean Square value (RMS) of
the vibration velocity [8] and the kurtosis [9]. More refined
statistical approach and feature extraction algorithms are also
employed, especially when fault classification is of interest
[10].

Very simple and low-cost CM was traditionally limited to
routine inspections since the diagnosis equipment is expensive
and requires dedicated transducers to be installed on the mon-
itored machinery. More sophisticated and expensive vibration
CM can be employed as an on-line fault detection tool: under
these circumstances the CM systems rely on data collected
via automation systems or even dedicated sensor networks to
constantly monitor the operating condition of the plant, [11].

Structural Health Monitoring (SHM) techniques [12]–[15]
in the field of maintenance of civil structures, industrial plants,
and machines, usually use analog systems based on a star
topology for the transducers’ data acquisition (DAQ) net. In
modal analysis techniques, a perfect temporal alignment in
the measured signals is mandatory, and therefore a wired
link from sensors to a centralized acquisition system is still
preferred with respect to a wireless solution [16], even at
the price of redundant cabling and installation rising costs.
Furthermore, long analog cables suffer from signal degrada-
tion, which is particularly present in highly electromagnetic
disturbed environments, such as factories and industrial plants
[17]. Similar considerations apply in the case of CM of large
industrial machinery in production plants, [18] and also in
case of renewable energy sources installations such as wind
turbines, [19], [20] or hydroelectric plants, [19]. Whenever
the CM algorithms are based on cross-correlation of vibration
signals taken at different positions of the machinery, as in
the case of large gearboxes, perfect temporal alignment of the
different channels is mandatory. The latter requirement favors,
again, wired networks over wireless ones, [21].

Despite piezoelectric transducers have been widely em-
ployed in the last decades [22], as they provide high quality
signal with a low self-noise [23], a trend toward MEMS
transducers is currently observed [24], as the performance
of the latter is constantly improving [25], [26]. Although a
sensitivity lower than piezoelectric transducers, digital MEMS
solutions are more and more preferred due to their low cost
and immunity to electromagnetic noise.

Vibration analysis is the preferred method for fault detection
and CM of rotating equipment and structures in general.
The typical setup comprises acceleration transducers, a digital
recorder and post-processing algorithms for real-time or off-
line analysis of the recorded signals.

Most of the systems available on the market have a
standardized, modular construction, Tab. I. Transducers are
usually piezoelectric with an integrated charge amplifier and
are connected to a dedicated multi channel DAQ card or
module housed in a rack or frame. A number of racks can

TABLE I
OVERVIEW OF COMMERCIAL VIBRATION MONITORING SYSTEMS

Company Model Channels Rate Resolution
name name [n] [kS/s] [bits]
Siemens Scadas V8 card 8 204.8 24
NI NI-9234 module 4 51.2 24
Beckhoff EL3632 module 2 50 16
Beckhoff EP3752 2x 3-axis 6 5 10

be connected in a monitoring network, but since the Analog-
to-Digital converter (ADC) is usually separated from the
transducers, multiple channels must be individually connected
to the respective DAQ platform using dedicated wiring. When
dealing with large, complex machinery or when monitoring
large structures, this translates into complex wiring looms
that are expensive, difficult to lay out, and susceptible to
electromagnetic noise pick-up. The few examples of stand-
alone networked vibration monitoring nodes are characterized
by a significantly lower performance. As it can be seen, there
is a significant performance gap between the centralized DAQ
platforms and the networking sensor nodes. Modular rack
systems are characterized by high resolution, fast sampling
frequency, and excellent time integrity of the acquired data
but they require a complex analog wiring between the ana-
log transducers and the centralized DAQ system. Network
nodes, on the other hand, simplify the wiring and improve
electromagnetic noise immunity, at the expense of bandwidth,
resolution, and inferior time integrity of the acquired data.

The proposed solution aims to overcome these limitations
by providing a platform that, while retaining the modular
approach, is inherently digital, since the ADC is incorporated
in each acquisition node, also providing a flexibility in se-
lecting the transducer, that can be a piezoelectric or MEMS
accelerometer. The main advantages of the proposed solution,
that will be detailed in the following section, are: scalability,
ease of reconfiguration, flexibility of transducers choices, and
fully digital two-wire bus connection to simplify wiring on
the field and increase electromagnetic noise immunity with
respect to an analog wiring.

B. Contribution and paper organization
In this paper, it is described an innovative DAQ system,

shown in Fig. 1 a), based on the Automotive Audio Bus (A2B)
[27], a protocol developed by Analog Devices for distributing
audio signals inside vehicles, with the aim of reducing the
number, the weight, and the cost of the cabling. In SHM and
CM applications, it solves all the previously mentioned prob-
lems. A2B allows connecting multiple nodes in a daisy-chain
configuration, therefore overcoming the cabling redundancy of
a star topology. The cost of the cabling is considerably reduced
too, since A2B makes use of an Unshielded Twisted Pair (UTP)
wire, which carries both the data and the phantom power
supply. The main innovations of the proposed solution are the
simplification of the sensor net topology and the flexibility
of the utilization. In fact, both analog and digital nodes can
co-exist on the same A2B network, thus allowing for a hybrid
architecture, whose schematic is depicted in Fig. 1 b). For this
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Fig. 1. A2B Digital data acquisition system: a) Main Node prototype b) Block diagram of the sensor network.

work, a full-digital node has been designed, integrating a tri-
axial digital MEMS accelerometer. A hybrid node has been
designed too, integrating the ADC, thus making it possible to
acquire piezoelectric transducers. It allows for a local Analog-
to-Digital conversion of the signal, thus preserving the Signal-
to-Noise Ratio (S/N), without increasing the complexity and
the length of the cabling. The solution is also flexible, since it
allows employing at the same time low-cost MEMS and top-
quality piezoelectric transducers, enabling the choice of the
optimal one depending on the components to be monitored.

The paper is organized as follows: Section III introduces
the proposed DAQ architecture, along with its advantages and
drawbacks. Section IV presents the experimental comparison
between the proposed hybrid architecture DAQ against a com-
mercial DAQ, when piezoelectric transducers are employed.
Section V presents a bearing fault detection case study, where
the proposed hybrid architecture DAQ is fitted with both
piezoelectric as well as MEMS accelerometers in order to
assess the respective performance. The experimental results
obtained in the previous tests are summarized in VI. Finally,
the Conclusion section is dedicated to a discussion of the
results and concluding remarks.

III. SYSTEM OVERVIEW

The proposed DAQ system is based on the A2B technology,
a digital audio bus developed by Analog Devices. Although
A2B was designed for automotive applications, it offers several
advantages when employed in the industrial field to acquire
signals from multiple sensors [28]. In particular, an A2B bus
allows to transport sensors data, General Purpose Input/Output
(GPIO), Inter Integrated Circuit (I2C) commands, and power
supply over a single UTP cable, with a maximum distance
of 15m between two nodes and a maximum total length of
40m for the entire A2B network. The bus has a maximum
bandwidth of 50Mbps allowing to transport up to 32 channels
(32-bit word width) at a sample rate of 44.1kHz or 48kHz.
Up to 11 nodes (one main node and 10 subordinate nodes)
can be connected in daisy-chain. A2B technology keeps all
the nodes synchronized with negligible jitter effect [29] on
a sensors network [30], and offers a deterministic latency of
about 50µs (2 samples time) between any node. Access to the
bus is managed by dedicated transceivers, thus simplifying
the design process of the nodes. Moreover, there is no need

to develop complex software applications, since a simple mi-
crocontroller is sufficient, and it is required only for the initial
configuration of the bus (start-up phase). A comprehensive
description of A2B bus and A2B network can be found in
[31].

Fig. 2 a) shows the block diagram of the proposed digital
acquisition sub-node. Sensors are acquired by specifically
designed subordinate boards, which offer different types of
interfaces to accommodate commonly used industrial sensors.
Each node can acquire up to four channels from Integrated
Electronics Piezo-Electric (IEPE) sensors, voltage output sen-
sors (the voltage range is from −10V to 10V ), and digi-
tal sensors with Integrated Interchip Sound (I2S) or Pulse
Density Modulation (PDM) interface. Analog sensors (IEPE
or with voltage output) are acquired by an ADC, which
communicates with the A2B transceiver through I2S interface.
When employing IEPE sensors, their excitation supply can
be remotely enabled by means of the A2B transceiver GPIO.
Instead, when voltage output sensors are used, IEPE excitation
will be disabled, and sensors will be power supplied by a
dedicated voltage regulator. The subordinate board can be
power supplied by the A2B bus (up to 2.7W per bus) or by
an external power supply. Finally, the board also has auxiliary
lines, namely GPIO and I2C, useful to connect with external
devices (e.g., relays or limit switches) or acquire other kind of
sensors (e.g., I2C temperature sensors). Fig. 2 b) shows a 3D
rendering of the full-digital sub-node prototype, integrating the
tri-axial MEMS accelerometer. A coin was positioned next to
the board for size comparison.

Channels are then routed to the A2B main node, which
comprises up to four A2B main transceivers, all synchronized
by the same clock source. Several main nodes can be linked
together to further increase the total number of channels and so
to extend the maximum distance covered by the sensors. The
choice depends on the specific application: if many sensors
are required at a short distance from each other, a single main
node with three or four A2B buses is preferable, otherwise
more than one main node can be used, each one equipped
with only one or two A2B networks. In [32] and [33], three
main nodes with two A2B buses each one were used, for a
total number of channels equal to 160 distributed along 20m.
The same clock of the A2B network is shared also to digital
MEMS accelerometers through Time-division Multiplexing
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Fig. 2. Universal A2B sub-node: a) Block diagram of the designed subordinate board compliant with voltage, IEPE and I2S/PDM sensors. b) 3D
rendering of the full-digital sub-node prototype with a coin for size comparison.

(TDM) signals, thus allowing to synchronously sample both
digital and analog nodes. The clock propagation model of an
A2B network featuring ten nodes was developed and discussed
in [29]. In particular, the jitter presents a predominant random
component (RJ), whilst the deterministic component (DJ) can
be neglected. The latency, on the contrary, is deterministic
and its value is about 154ns for each sub-node, as shown
by measures. However, latency can be compensated with
a resolution of about 20ns, using a specific A2B protocol
feature. Simulations of an array composed of 28 sensors
have been carried out in [30], where the jitter effects have
been made significant by increasing artificially the measured
values by a factor 1000. Eventually, experimental results also
confirmed that clock propagation effects can be neglected.

In addition, the main board must have a microcontroller
that initializes the buses through an I2C communication with
the main transceivers. During the normal operation of the bus,
the microcontroller may also check for faults and manage the
I2C and GPIO over A2B. The last purpose of the main board
is to convert A2B to a protocol suitable for the acquisition
from an industrial Personal Computer (PC), allowing at the
same time to reach greater distances (A2B is limited to 40m),
thus increasing the application range of the proposed acqui-
sition system. Protocol conversion can be accomplished by a
microcontroller, a processor, or a Field Programmable Gate
Array (FPGA). Ethernet based protocols are commonly used
in industrial applications [34], [35], but in this paper Universal
Serial Bus (USB) was chosen. A single USB connection can
handle all the 32 channels of a single A2B bus operating at
48kHz with 32-bit word width.

Finally, it must be pointed out that the proposed acquisition
system is highly scalable as it can be easily expanded not
only by increasing the number of sensors or buses on an A2B
main board, but also by adding other main boards. Ethernet
based protocols are particularly suitable for this purpose, since
boards can be connected by means of switches and traffic can
be routed to the PC on a single ethernet cable, as in Audio
Video Bridging (AVB) [36] or Dante [37] systems.

In the present work, a single motor application has been
investigated in order to demonstrate the effectiveness of the
technology. However, the main advantages can be observed

on a distributed system where many sensors are installed,
such as large machinery or industrial production plants. The
proposed DAQ system is particularly suitable also for SHM
of civil structures and infrastructures [38]. Example of these
possible applications are long bridges, high-rise structures, and
large buildings. In these applications, the proposed system
would provide a series of advantages with respect to traditional
ones. Above all, ensuring accurate data synchronization, which
is mandatory for modal analysis, considerably reduction of
cabling length, system complexity, and overall cost. Even-
tually, even in-situ measurements can benefit from such a
solution, as quick and easy installation is crucial for temporary
applications.

The proposed architecture also shows a few disadvantages.
Each analog node can handle up to four channels, which
may result in a waste of resources when only a triaxial
accelerometer or an inclinometer are connected to a single
node, thus leaving one or two channels unused. The sam-
pling frequency is fixed at 48kHz, a suitable value for most
industrial applications. However, in particular cases, such as
structural civil monitoring or high-speed motor drives, it can
be too high or too low, respectively.

IV. HYBRID DAQ SYSTEM VALIDATION

The proposed hybrid A2B DAQ system has been validated
by comparing it against a commercial, laboratory grade, DAQ
based on NI-9234 module. The comparison was carried out
using the same piezoelectric mono-axial accelerometer (PCB
333B30), having a full-scale of +/ − 50g and a sensitivity
of 100mV/g. Two kind of tests have been performed: a
background noise measurement and a forced response test.

The first experiment was aimed at assessing the background
noise: the sensor was mounted on a 1000kg inertial mass
positioned in the Acoustics and Vibration laboratory at the
Department of Engineering and Architecture (University of
Parma), and recorded over the course of several nights (to
minimize the presence of ambient vibrations) at the standard
sampling frequency fs = 48kHz. A first set of measurements
was obtained by connecting the accelerometer to the proposed
DAQ system. As a term of comparison, a second set of
measurements was obtained by connecting the accelerometer
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to a commercial DAQ (NI-9234). The resulting spectra are
compared in Fig. 4 in terms of Power Spectral Density
(PSD). One can note that the PSD are almost identical below
60Hz. As the lab is not an ElectroMagnetic Interference
(EMI) neutral environment, instead with several electronic
equipment switched on during the entire measurement, among
the notable differences a better mains frequency (50Hz)
rejection of the proposed DAQ is observed, related to a
better filtered power supply stage and its intrinsic digital
architecture. This immunity to mains frequency disturbances
is particularly useful in industrial applications. The second
notable difference is the average spectral noise above 60Hz,
that is about 6.5−7m/s2/

√
Hz for the commercial DAQ

system and a higher 1.6−6m/s2/
√
Hz for the proposed hybrid

DAQ solution. The higher average spectral noise is mainly due
to the lower ADC resolution (16-bit for the proposed vs. 24-bit
of the commercial DAQ).

Fig. 3. Experimental setup for background noise measurement. Left:
A2B interface. Right: ADC sub-node. Below: piezoelectric accelerome-
ter.

For the forced response test experiment, the same piezoelec-
tric transducer was mounted on a modal shaker, Bruel&Kjaer
(B&K) type 4810, excited with a special test signal, an
Exponential Sine Sweep (ESS) covering a frequency range
from 15Hz to 1kHz, delivered through an analog amplifier.
The amplifier was set at an output voltage of 1V , which in turn
makes the shaker to vibrate with an acceleration of 1m/s2,
corresponding to 120dB re aref = 10−6m/s2.

15 100 1000
Frequency [Hz]

10-7

10-6

10-5

10-4

PS
D

 [m
/s

2 /√
H

z]

Comparison of DAQ systems
Commerical, laboratory-grade
Proposed hybrid solution

Fig. 4. Power Spectral Density of two DAQ systems.

The measurements were again performed twice, at first with
the accelerometer connected to a commercial DAQ (NI-9234),
then by connecting the piezoelectric accelerometer to the ADC
sub-node of the proposed hybrid A2B DAQ system, (Fig. 5).
The recorded ESS were processed by means of the convolution
with the associated inverse filter, specifically inverse-ESS, thus
obtaining the time domain Impulse Responses (IRs) [39] of the
system. The linear IRs was analyzed in frequency domain with
the Fast Fourier Transform (FFT).

Fig. 5. Experimental setup for the measurement of accelerometer
transfer functions. From left to right: 1) A2B interface, 2) ADC sub-node,
3) Analog amplifier, 4) B&K modal shaker with accelerometer.

Fig. 6 shows the transfer functions (TF) of the two mea-
surements in the frequency range 15Hz − 1kHz. One can
note they are identical in the entire frequency range. The TF
is not flat, due to the limited response of the modal shaker: it
exhibits a resonance at 50Hz, which causes an overshoot of
5dB, and a decreasing efficiency from 30Hz and below.

V. CASE STUDY EXPERIMENTAL MEASUREMENTS

The case study of bearing fault diagnosis via vibration
signals was chosen for the experimental evaluation of the
proposed DAQ system. Different rolling bearing fault scenar-
ios were employed to experimentally assess the performance
of the proposed vibration monitoring system. Radial bearings
are widely used in every rotating machinery: they consist of
two concentric rings with inner and outer races machined on
them, separated by spherical or cylindrical rolling elements,
Fig. 7. Rolling elements are usually kept equally spaced by a
cage, thus allowing for even load distribution, and preventing
rubbing during normal operation.
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Fig. 6. Transfer functions of a piezolectric accelerometer measured with
two DAQ systems.

Fig. 7. Ball bearing structure, highlighting the characteristic dimensions.
Cage is not depicted to simplify representation.

Faults localized on different components of the bearing
produce different characteristic vibration frequency compo-
nents, that can be considered signatures of that fault. These
characteristic bearing fault frequencies depend on the bearing
construction (i.e., the bearing geometry) and the relative speed
of the outer and the inner ring. The following equations are
obtained by considering the outer ring fixed to the frame, so
that the characteristic mechanical vibration frequencies can be
calculated from the bearing’s physical dimensions, Fig. 7.
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1

2
Fr

(
1− Db cosβ

Dc

)
(1)

Fouter =
n

2
Fr

(
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)
(2)

Finner =
n

2
Fr

(
1 +

Db cosβ

Dc

)
(3)

Fball =
Dc

Db
Fr

[
1−

(
Db cosβ

Dc

)2
]

(4)

where n is the number of rolling elements (i.e., balls in
the present work), Db is the rolling element diameter, Dc

is the pitch diameter, β is the ball contact angle, Fig.7.
Table II reports the specifications of the bearing used in
the experiments and Table III summarizes the corresponding
signature frequencies when the machine is operated at no load,
with a mechanical speed of 998 Revolutions per Minute (RPM)

(Fr = 16.3Hz). The operating speed was measured with a
Compact A2103/LSR laser tachometer.

TABLE II
SPECIFICATIONS OF THE BALL BEARING USED IN THE EXPERIMENTS

Inner diameter 25 [mm]
Outer diameter 52 [mm]
Number of spheres 9
Basic static load rating 7800 [N ]
Finner/Fr 5.41
Fouter/Fr 3.585
Fcage/Fr 0.398
Fball/Fr 4.715

TABLE III
EXPECTED FAULT FREQUENCIES OF THE BALL BEARING USED IN THE

EXPERIMENTS

f 50 Hz
Fr 16.3 Hz
Finner 88.2 Hz
Fouter 58.4 Hz
Fcage 6.5 Hz
Fball 76.9 Hz

The following subsections are respectively dedicated to
detail the data acquisition system characterization, the test
setup, and reporting the obtained experimental results.

A. DAQ system characterization
The acquisition system employed for the experimental

measurement features an A2B main board and three A2B
subordinate boards. Two of the three subordinate nodes in-
tegrate a tri-axial MEMS accelerometer, having a full-scale
value of +/ − 16g and 14-bit digital output. A low-pass
filter integrated in the MEMS transducers was enabled at
300Hz, for improving the S/N. The third subordinate node
integrates a 3-channels ADC, which allows acquiring a tri-
axial piezoelectric accelerometer. Since the main excitation of
the system was expected along the vertical axis, a mono-axial
accelerometer was used, with a full-scale value of +/ − 50g
and a sensitivity of 100mV/g. Similarly, only the Z-axis of
the MEMS were recorded. A USB connection was employed
between the host PC and the main A2B board. At first, the
accelerometers have been calibrated, with a B&K calibration
system type 4294. It produces a pure tone at 159.2Hz with an
acceleration of acal = 10m/s2 (140dB re aref = 10−6m/s2).
A signal of 20s was recorded for each accelerometer, and the
full-scale values have been calculated as:

FS = 20 ∗ log10( acal
aref

)− 20 ∗ log10(arms) (5)

where acal is the calibration value, aref is the reference
value for deciBel conversion, and arms is the RMS value of
the recorded acceleration signal. Results are summarized in
Table IV.

Then, the accelerometer TFs were measured with a modal
shaker, with a similar procedure described in section III, see
Fig. 5. Fig. 8. shows the superimposed spectra for the three
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TABLE IV
FULL-SCALE VALUE OF PIEZOELECTRIC AND MEMS ACCELEROMETERS

Transducer FS Value
Piezoelectric 169.1 dB
MEMS 1 165.7 dB
MEMS 2 165.3 dB

different accelerometers, in the frequency range 15Hz−1kHz.
An excellent superimposition of the TF is observed in the
range 30Hz− 300Hz, within +/− 0.5dB. It is also possible
to note that the frequency response of MEMS accelerometers
starts to roll off above 300Hz, which is the cutoff frequency
of the internal filter. At the calibration frequency, that is
159.2Hz, the three spectra coincide at 120dB, corresponding
to 1m/s2.
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Fig. 8. Accelerometer transfer functions.

B. Test setup
The experimental test run for bearing fault diagnosis via

vibration signals were carried out by interfacing the proposed
data acquisition system to a motor test bench. Both MEMS
as well as piezoelectric transducers were employed in order
to assess their respective performance and to demonstrate the
flexibility in the configuration of the proposed data acquisition
system. The test bench, Fig. 9, is constituted of a welded steel
rigid frame that houses the motor under test (MUT) and the
transducer network to acquire vibration signals. The MUT
employed during the tests is a 6 poles induction machine,
that is directly connected to the 400V 50Hz three-phase mains
grid. Table V summarizes the relevant nameplate data of the
MUT.

TABLE V
NAMEPLATE DATA OF THE MOTOR UNDER TEST

Specification Value
Nominal Power 1100 W
Number of poles 6
Nominal current 2.8 A
Power Factor 0.76
Nominal Torque 11.5 Nm (8.5 FtLbs)
Stator Resistance 5.65 Ω

At first, a reference measurement was taken on a bearing
without any defects. Then the drive end bearing was replaced

Fig. 9. Test setup overview, showing the IEPE piezoelectric transducer
(center) flanked by the MEMS modules, installed on the steel frame
holding the motor under test.

with an artificially damaged one. For the motor bearing con-
dition monitoring scenario, two test bearings were employed,
each with different damages. Both fault cases scenarios repre-
sents realistic damages due to wear or errors in assembly and
were already presented in literature [40]. They are obtained
in the laboratory by altering healthy bearings:

• One bearing featured a single defect on the outer race.
The defect was created by chemical etching of the bearing
outer raceway, Fig. 10-left. This type of fault reproduces
a localized fault with only a characteristic signature at
Fouter, Eq. (2).

• On another bearing, a simulated brinelling fault was
reproduced by a concentrated mechanical overload of
4tons(40kN) to the bearing, Fig. 10-right. This type
of fault involves all the three major components of the
bearing with the sole exception of the cage. The test aims
at reproducing a more realistic fault, characterized by
the simultaneous presence of multiple fault characteristic
vibration components at Fouter, Finner and Fball).

C. Results
At first, the measurement of the healthy bearing was ana-

lyzed, by calculating the amplitude spectra for the piezoelectric
and the MEMS transducers, shown in Fig. 11. The spectra
were calculated making use of the FFT algorithm, with a
frequency resolution given by:

df =
fs

nFFT
(6)

where fs = 48kHz is the sampling frequency of the A2B
bus and nFFT = 216 is the number of frequency bins em-
ployed. Only the vertical axes of the MEMS were considered,
for being comparable with the piezoelectric accelerometer.
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Fig. 10. Microphotography of the chemically etched outer race single
defect (left). Photo of the hydraulic press employed to impart bearing
brinelling damage (right).

One can note that the supply frequency component f = 50Hz,
can be seen only on the piezoelectric transducer, as it is
captured by the analog stage. On the other hand, the supply
frequency 2nd harmonic 2f = 100Hz is present in the spectra
of all the three transducers. The vibration frequency at twice
electrical line frequency is inherent for all alternate current
electrical machinery vibration spectra as a result of a machine
structure’s excitation under the action of variable electromag-
netic forces. Other two peaks are observed, corresponding to
the mechanical speed of the MUT, Fr and 2Fr, as the result
of a slight mechanical imbalance. From the comparison of
the spectra, it is also possible to note that the noise floor
of the MEMS transducers (2 ∗ 10−2m/s2) is higher than
the piezoelectric one (10−3m/s2). Despite this, both types of
transducers allowed identifying correctly the main information
of the system under investigation. Charts start from 16Hz,
since defects do not involve any damage on the cage, and so
the minimum frequency of interest coincides with the rotation
frequency, Fr.
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Fig. 11. Amplitude spectra of the three accelerometers for a not
damaged bearing.

Then, the amplitude spectra for the piezoelectric and the
MEMS transducers were calculated also for damaged bearings.
Fig. 12 shows the result for the single defect on the outer race
of the bearing (Fig. 10-left). The previously observed peaks are
still present. In addition, the peaks at Fouter and at 2Fouter are
clearly discernible in the spectra of both type of transducers.

Fig. 13 shows the results for the simulated brinelling fault,
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Fig. 12. Amplitude spectra of the three accelerometers for a bearing
with outer race damage.

which causes several fault characteristic frequencies to appear
at the same time, as described by Eq. 2 - 4. In particular, as
a notable difference with the previous single defect case, the
spectra now exhibit a peak at Fball and at Finner frequencies
as well.
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Fig. 13. Amplitude spectra of the three accelerometers for a bearing
with a simulated brinelling damage.

To further assess the accuracy of the system when different
transducers (analogue and digital) are employed in the same
sensor network, the TFs between each MEMS and the piezo-
electric accelerometer have been calculated. Fig. 14 shows the
result for the first case, hence a healthy bearing. It is worth
noticing that at those frequencies where the signal, and so
the S/N, is high, the magnitude of the TFs is equal to 1 and
the phase is equal to 0rad. These conditions mean that the
measurements from piezoelectric and the MEMS transducers
are providing exactly the same information.

Fig. 15 and Fig. 16 show the TFs for the cases of damage
on the outer race and simulated brinelling fault, respectively.
Being the excitation stronger due to the presence of a damage,
a greater similarity between the two types of transducer is
observed in both cases.

VI. DISCUSSION

The performance of the proposed DAQ system was exper-
imentally assessed by a number of different tests. In the first
experiment, the hybrid sensor node of the proposed DAQ sys-
tem has been validated by comparison against a commercial,
laboratory grade setup. Characterization was carried out both
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Transfer functions - Bearing without damage
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Fig. 14. Transfer function between MEMS and piezoelectric accelerom-
eters for a bearing without damage.

Transfer functions - Bearing with damage on outer race
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Fig. 15. Transfer function between MEMS and piezoelectric accelerom-
eters for a bearing with an outer race damage.

Transfer functions - Bearing with brinelling fault
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Fig. 16. Transfer function between MEMS and piezoelectric accelerom-
eters for a bearing with a simulated brinelling damage.

in terms of background noise measurement, with the sensor
mounted on a 1000kg inertial mass, and with a forced response
on a modal shaker. The proposed DAQ system exhibited a
response perfectly overlapping the one of the commercial
system, and in case of the background noise, the proposed
solution demonstrated a higher immunity to the 50Hz mains
electrical noise, Fig. 4.

A second, expected, outcome of the comparison was the
average spectral noise above 60Hz, where the commercial
system performed better, mainly due to the lower ADC resolu-
tion of the proposed DAQ (16-bit vs. 24-bit of the commercial
DAQ). The results of the forced response test in the frequency

range 15Hz− 1kHz confirmed again a perfectly overlapping
response with the commercial system, Fig. 6

The proposed DAQ system capability to operate with dif-
ferent transducers in a hybrid configuration was then demon-
strated in the second set of experiments. An A2B DAQ setup
consisting of three subordinate nodes was prepared, two nodes
were fitted with a tri-axial MEMS accelerometer, (+/− 16g,
14-bit digital output and 300Hz integrated low-pass filter)
and the third one featured a 3-channels ADC to interface
with piezoelectric transducers. The hybrid configuration DAQ
system was first calibrated on a modal shaker, with a procedure
similar to the one described in section III. The spectra for the
three different accelerometers showed excellent superimposi-
tion within +/−0.5dB of the TFs in the range 30Hz−300Hz,
Fig. 8. As expected, MEMS obtained TF shown a roll-off past
300Hz due to the internal low-pass filter.

The hybrid configuration DAQ system was then employed
to detect vibration fault signatures in the scenario of motor
bearing condition monitoring. Different rolling bearing fault
cases were employed to experimentally assess the performance
of the proposed vibration monitoring system: one bearing
featured a single defect on the outer race, the other exhibited a
simulated brinelling fault. In all the cases, when analyzing the
vibration spectra, fault signatures of the specific damages were
clearly discernible in the spectra of both type of transducers
(MEMS and piezoelectric). Fig. 12 refers to the single defect
on the outer race, showing the Fouter component, and Fig.
13 refers to brinelling fault, with Fouter, Fball and at Finner

components appearing together at the same time. The main
notable difference from the comparison of the spectra in the
hybrid configuration, was that the noise floor of the MEMS
transducers (2 ∗ 10−2m/s2) is higher than the piezoelectric
one (10−3m/s2). Apart form that, the measurements from
piezoelectric and the MEMS transducers provided exactly the
same information, as it was also testified by computing the
TF between each MEMS and the piezoelectric accelerometer,
shown in Fig. 14.

VII. CONCLUSION

This paper presents a novel DAQ system particularly suited
to manage large sensor arrays for vibration-based condition
monitoring on complex machinery. The proposed system fea-
tures minimal latency and excellent bandwidth. The proposed
solution aims at filling a gap between the centralized DAQ
platforms and the networked vibration sensor nodes, by pro-
viding a 16-bit resolution (24-bit nodes are being developed)
digital DAQ network characterized by a fast 48 kHz sampling
frequency. The proposed solution is based on A2B digital
bus, which allows for connecting several acquisition nodes
on a daisy-chain topology. Together with the use of an UTP
wire, this solution provides a considerably reduction of the
overall length/mass and cost of the cabling, especially when
compared against traditional centralized solutions requiring
coaxial cables to connect to the transducers. In addition,
A2B bus grants data integrity also in electromagnetic polluted
environments. It also grants perfect temporal alignment of
the different channels: the resulting data synchronization is
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mandatory for modal analysis and time domain correlation
between signals coming from different acquisition boards or
different positions of large machinery.

A hybrid acquisition node has been designed, integrating
an Analog-to-Digital conversion for acquiring standard piezo-
electric transducers. This entails a significant increase in the
flexibility of the system without compromising its simplicity.
In fact, the co-existence of low-cost MEMS together with
top-quality piezoelectric transducers, allows for optimizing the
performance and the cost of the sensor network. Since A2B
delivers also phantom power supply on the same UTP cable,
no additional wires are required for providing power supply
to piezoelectric transducers.

The main advantages of the proposed solution are: scalabil-
ity, ease of reconfiguration, flexibility of transducers choices,
and fully digital two-wire bus connection that simplify wiring
on the field and guarantees negligible jitter and delay between
samples.

The effectiveness of the proposed solution was proved
with an experimental test. A 6-poles induction machine was
measured with three different types of ball bearing: a healthy
bearing without any damage and two bearings with simulated
faults, one with a single defect on the outer rage and one
with a brinelling fault. A sensor network comprising three
acquisition nodes was employed, of which two full-digital,
integrating tri-axial MEMS accelerometers, and one hybrid
to acquire a piezoelectric accelerometer. The spectra and the
transfer functions have been compared in the frequency range
16Hz − 120Hz, showing an excellent agreement between
the analog and the digital information, despite a significant
difference in the cost and quality of the sensors. It has
been possible to identify both artificial defects, as well as
the healthy bearing, and the mechanical characteristic of the
system, such as the angular frequency.
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