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Abstract: Induction motors are key pieces of equipment in today’s society, powering a variety of
industrial drives and home appliances. The induction motor speed is often used to monitor the
performance of all kinds of industrial drives. For example, in the industrial field, the motor speed is
very often used to determine the efficiency and mechanical load of motors. In this work, a new simple,
low-cost, and nonintrusive procedure is proposed for infield measurement of induction motors speed,
which is based on the spectral analysis of the vibration signal of the motors. The motor vibration
signal is first acquired using the accelerometers integrated into a basic phone. The acquired signal is
then treated by a MATLAB-based algorithm, which can determine the motor speed by identifying
the mechanical frequency of the rotor shaft from the harmonic content of the vibration signal. In this
way, it is shown that the mechanical frequency corresponding to the speed of rotation of the motors
can be acquired by means of the embedded accelerometers of a common smartphone, avoiding the
acquisition and installation of external accelerometers. To the authors’ knowledge, this could be the
first time that a smartphone has been proposed as a practical means of measuring the speed of a
motor by analysing its vibration. Experimental results from an extensive set of tests, including the
supply of the motor from a frequency converter, show that the speed can always be measured with a
relative error of less than 0.15%.

Keywords: induction motors; vibration signature analysis; motor speed measurement; noninvasive
motor speed measurement; infield motor speed measurement

1. Introduction

Electric motors are a fundamental part of the industrial and commercial equipment
in society. They are used in a wide variety of industrial applications, as well as at the
domestic consumer level in many household appliances. Induction motors are used in a
multitude of electric drive applications due to their simplicity, robustness, and low price [1].
It is estimated that three-phase cage induction motors power about 90% of industrial
drives [2,3].

In recent decades, due to the continuous increase in the cost of electricity and the
concern for sustainable development, different ways have been investigated to reduce
the world’s electricity consumption, since induction motors account for about 68% of the
global industrial energy consumption [4]. Recent works have estimated that the energy
consumption of electric motors could be reduced by about 4% to 5% by simply using the
best available motors [5,6].

Among the different techniques available to estimate the efficiency of an industrial
induction motor, the rotational speed measurement is a simple and widely used one [7,8].
Appropriate measurement of the rotational speed of induction motors is a key factor in
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monitoring the state of the motor system. Traditionally, sensors such as encoders and
resolvers are used for continuous speed monitoring. They should be coupled to the motor
shaft or installed in close proximity of the rotating element [9] to measure the speed. This
type of sensor requires extra wiring, extra space, and regular maintenance [10]. Due to all
these reasons, the use of these sensors involves additional costs [11]. However, if the speed
of an industrial induction motor needs to be monitored or supervised a few times a day
(i.e., every hour) or for a few days, portable tachometers, mostly optical, are commonly
used [12]. This approach presents an acceptable combination of measurement precision
and low cost. This type of measurement requires having a reflective adhesive sticker in the
motor shaft. Unfortunately, sometimes for safety reasons [13], and other times because the
motor is inside a casing, the shaft of the motor is not accessible [14,15]. In these cases, to
put the reflective sticker on the shaft, it is necessary to stop the machine, which can result
in additional costs for the industry.

For all these reasons, in recent years, researchers have been focused on developing
new ways of measuring the motor speed by means of different types of sensors (image,
sound, and vibrations, among others), not specifically designed for speed measurement.

The development of more accessible image sensors, cameras, and image processing
techniques has brought new image-based methods as an alternative to conventional tech-
niques. For example, a system for measuring induction motors speed using a low-cost
image device is presented in [16]. The method requires a camera, and it is necessary to
make a mark in the motor shaft. In [17], the speed of a motor is estimated using a tachome-
ter based on a webcam. The authors proposed a method to estimate the relative load of
three-phase induction motors for application in electrical energy audits. Methods based on
images are nonintrusive, but the rotor shaft must be visible so that the camera can capture
its movement.

Similarly, thanks to advances in low-cost sound sensors, sound-based methods to
measure the rotational speed are a novel alternative. An algorithm that processes a sound
signal emitted by an IM to estimate the speed, the torque, and the efficiency was introduced
in [18]. The system was developed using an Arduino board and an analog microphone. The
method is nonintrusive, but extra specific hardware is required, and it does not perform
properly when induction motors are fed with frequency converters. In [19], a new low-cost
and nonintrusive procedure is proposed for the field measurement of the speed of induction
motors, which is based on the analysis of the spectrum of the audible noise emitted by
the motors. A smartphone is used to acquire the motor noise. The noise signal is then
processed by an algorithm based on MATLAB, which can establish the speed of the motor
by identifying the frequency of the rotor shaft.

Other studies focused on the acquisition and analysis of motor currents for fault
diagnosis purposes [20], and are also used to estimate the rotor speed [21–23]. The current
of the stator is sampled and analysed to detect harmonic components that depend on the
rotor speed. Such estimation techniques avoid the use of electromechanical sensors, which
are usually expensive, fragile, and often difficult to install, but they still require some extra
devices to capture and analyse these currents, which are not always accessible or easy
to measure.

The interaction between the set of alternating currents that circulate through the
windings and the electromagnetic fields that occur in an induction motor yields to the
production of an electromagnetic torque on the motor shaft. However, that same interaction
between electromagnetic fields and currents, combined with some physical anisotropy
of the materials and some small mechanical manufacturing imperfections, also leads to
the manifestation of undesirable radial and axial forces between the stator and the rotor
of the motor. These undesired parasitic forces produce mechanical vibrations that are
transmitted and spread throughout the entire motor housing and the whole attached
mechanical structure. The amplitude of the vibrations at a point of the motor depends
on both the strength of the forces and the mechanical response of the motor casing and
its structure [7]. Vibrations analysis has been used for a long time and extensively as
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an operational technique for motor condition monitoring [24,25]. But motor vibration
incorporates a significant component that is excited by the mechanical rotation of the shaft.
Consequently, vibration signal analysis has also been exploited to develop methods for
measuring the motor speed [26].

The interest in this measurement principle continues today, as this technique provides
good precision compared to other methods [7,27].

In [7], an experimental comparison between the estimation of the speed of an induction
motor by means of the vibration signal and by the motor current signal was carried out.
The work concluded that the speed of a motor fed with an inverter could be measured
with an error lower than 0.05% using the vibration signal while applying different methods
based on current analysis; the error always ranged between 0.4% and 0.6%. The most
popular sensor for measuring rotational speed based on vibration is the accelerometer due
to its precision [25,26]. The accelerometer measures the acceleration forces by means of a
piezoelectric transducer, which transforms the mechanical strength into an electrical signal.
Low-cost, easy-to-install, and accurate sensor alternatives are also explored. In [28], the
performance of a magnetoresistive sensor is compared with a conventional accelerometer,
concluding that although the first is a nonintrusive contactless method providing good
results, in high magnetic field conditions, there is a risk of a disruption in vibration mea-
surements. The possibility of using an electrostatic sensor to measure vibrations is analysed
in [25]. Even though it is a low-cost candidate sensor, the results show that it captures
unwanted noise because the electrode of the sensor is exposed to the air, which disrupts the
vibration signal. As can be seen, there is still a need to investigate other possible sensors
that allow motor vibrations to be measured with a nonintrusive, accurate, and low-cost
method. This is where smartphones can play a relevant role.

Today, mobile technology continues to evolve rapidly thanks to the integration of
faster multicore chips, memories with increasing sizes, and a growing number of refined
sensors, each time more sophisticated. The large and growing number of smartphones
(about four billion phones in 2021 [29]), the continuous performance improvement, and
expansion of their features help to explain the current trend to use smartphones in a wide
variety of applications, replacing or substituting other specific and conventional sensors.
The use of embedded sensors in mobile phones offers important advantages, among which
it is worth highlighting the ubiquity and low cost of the equipment and the ease of access
and dissemination of information (data) thanks to its communication capabilities [30].
Smartphones have different sensors, such as photo and video cameras, microphones, GPSs,
or accelerometers. The rich endowment of sensors integrated into cell phones presents the
opportunity to use these appliances (gadgets) to develop sensors systems [31–33] suitable
to monitor areas as different as the environment [34], traffic [35], or human health [36],
among others.

Following this trend, this paper proposes and develops a new nonintrusive and infield
method to measure the speed of induction motors, based on vibration spectral analysis,
using a simple smartphone. To achieve that goal, the vibration signal is first acquired using
a common smartphone. A free application [37], previously installed on the phone, is then
used to access the information of the accelerometer built into the smartphone, creating a
csv file with the information on the temporal evolution of the vibration in each of the three
spatial directions. The vibration record (csv file) is sent wirelessly to the computer. Using a
tailor-made routine developed in MATLAB, the csv file with the axial vibration records is
loaded, and the frequency spectrum of the motor vibration is obtained. A peak detection
algorithm leads to estimate the motor speed as corresponding to the frequency at which
the maximum amplitude of the vibration spectrum occurs.

The proposed method is quite simple and very easy to use since the vibrations are
available at any point of the motor frame or even on its bench or adjoining structure.
Additionally, the method does not depend on the parameters of the motor or how it is fed.
It is a nonintrusive contact method that can be used without altering the service of the
motor and without extra measuring devices.
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After this introduction, the rest of the document is organised as follows. Section 2
presents the theoretical background of the proposed method to measure rotor speed by
spectral vibration signature analysis. Section 3 shows the main results of the set of tests
carried out to prove the method. In Section 4, a short discussion of the proposed method is
presented. To end, Section 5 summarises the most relevant conclusions of this research.

2. Materials and Methods

The complex vibration signal of a motor contains, among others, a component (of great
amplitude) at the mechanical frequency of rotation of the rotor, which can be acquired and
used to estimate the speed of rotation of the shaft. The mechanical frequency of rotation of
the rotor can be obtained by applying to the frequency spectrum of the vibration signal a
peak detection algorithm.

In this work, a new low-cost and nonintrusive method is proposed for the field
measurement of the speed of induction motors. The method is based on the spectral
analysis of motor vibration, but unlike other conventional techniques, the proposed method
does not require the installation of any external accelerometer. The new proposal consists
of acquiring the vibration signal by means of the accelerometers integrated in a common
smartphone. The vibration signal is then processed by a MATLAB-based algorithm, which
calculates the motor speed by recognising the mechanical frequency of the rotor shaft from
the spectrum of the vibration signal. To the authors’ knowledge, this is the first time that
a smartphone is proposed as a practical means of motor speed measurement by motor
vibration signature analysis.

The new method proposes to use the accelerometers embedded in a common smart-
phone as sensors to capture the vibration signal produced by an induction motor during its
operation. A free application [37] was used to create a csv file with the time record of the
axial components of the motor vibration signal, fREF(t), for each reference axis, REF = {X, Y,
Z}. Finally, an algorithm based on MATLAB computes the rotation speed by finding the
mechanical frequency of the rotor shaft from the harmonic spectrum of the vibration signal.

Figure 1a shows the educational test bench of the induction motor and the configura-
tion of the different tests carried out in this work. As shown, the core of the test platform is
the induction motor, whose vibrations are captured and registered by a common smart-
phone. A magnet and a self-adhesive magnet are required to fix the smartphone to the
induction motor chassis, as shown in Figure 1b.

Figure 1. (a) Schematic of the different tests performed; (b) Scheme to show how the smartphone is
attached to the induction motor during the tests by means of a self-adhesive magnet.

Two different power supplies were used: the grid supply and a frequency converter.
The motor shaft can be left free, without mechanical load, or can be coupled to a DC
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generator that supplies a variable resistance, allowing the load torque of the motor to be
adjusted. During the tests, the rotation speed of the motor shaft was measured using a
portable optical tachometer because it is a well-established and conventional contactless
method. In all tests, the speed of the motor, Ωm, was measured twice using two different
portable optical tachometers. The mean value of the measurements of the two speeds was
considered as the real value of the rotor speed. In addition, a smartphone was used to cap-
ture and record the motor vibration signal. Appendix A includes extra information about
the tachometers, the smartphone, the free application used for recording, the attachment of
magnets, and the test bench used in this work.

All tests followed the next procedure. Once the test configuration was set (grid or
inverter as supply source and the type of mechanical load), the rotor speed was measured
using two portable optical tachometers. Once the value of the rotor speed was measured, a
smartphone was attached to the induction motor through a magnet, and the samples of the
axial components of the motor vibration, fX(t), fY(t), and fZ(t), were recorded with the help of
the free application. Subsequently, the recorded csv file obtained by the free application with
the information about vibrations was processed with a routine programmed in MATLAB
designed to obtain the frequency spectra of the axial vibration signals, FX(j·ω), FY(j·ω), and
FZ(j·ω). This way, the frequency components referred to the motor reference frame, X, Y,
and Z, were obtained. These axes were taken as the absolute reference frame in this work
because the axes of the smartphone accelerometer, X′, Y′, and Z′, change according to the
relative position of the smartphone. For example, Figure 2a illustrates the selected reference
frame, along with the axes of the smartphone accelerometer when the smartphone is
perpendicular to the motor shaft and placed on the nameplate. In Figure 2b, the smartphone
is parallel to the axis motor and over the terminal box.

Figure 2. Absolute reference frame considered in this work, X, Y, and Z, when the longitudinal axis,
Y′, of the smartphone is (a) perpendicular to the motor shaft and on the nameplate and (b) parallel to
the motor shaft and over the terminal box.

The frequency spectrum of the components of the motor vibration signal for each
reference axis was obtained using the Fourier transform

FREF(j·ω) =
∫ (N−1)·T

0
fREF(t)·e−j·ω ·dt (1)
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where FREF(j·ω) represents the set of Fourier transforms (frequency domain) of the functions
of time, fREF(t), corresponding to each reference axis, REF = {X, Y, Z}, N represents the
number of samples (through which the time signal has been acquired), and T is the uniform
sampling period. The continuous Fourier transform (1) is approximated by the discrete
Fourier transform (DFT) when the signals are known only at a few instants separated by
sampling times. The DFT was obtained by means of the fast Fourier transform algorithm.
The fast Fourier transform (FFT) algorithm was used because it calculates the discrete
Fourier transform taking advantage of symmetry and periodicity of the signal, what
reduces its computational cost [38]. After obtaining the Fourier transform of the motor
vibration signal for each reference axis, FX(j·ω), FY(j·ω), and FZ(j·ω), the root mean square
(RMS) value of the vibration spectrum, |F(j·ω)|, was obtained as

|F(j·ω)| =
√

∑
REF={X,Y,Z}

|FREF(j·ω)|2 =

√
|FX(j·ω)|2 + |FY(j·ω)|2 + |FZ(j·ω)|2 (2)

A MATLAB-based algorithm calculated the fundamental mechanical frequency of the
rotor shaft, ωF, simply by applying a peak detection algorithm to the RMS vibration spectrum

ωF : |F(j·ωF)| = MAX|F(j·ω)| (3)

Finally, the motor speed value, Ω, was calculated as

Ω = 2·π·ωF (4)

The value of the absolute relative error of the result was calculated comparing the
estimation speed obtained using vibrations, Ω, with the actual rotor speed measured with
two tachometers, Ωm

ε =

∣∣∣∣Ω−Ωm

Ωm

∣∣∣∣ (5)

The flow chart in Figure 3 presents an overview of the proposed procedure to estimate
the rotation speed of the motor shaft.

Figure 3. Flow diagram of the proposed method to estimate the rotational speed based
on the vibration.
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Speed Estimation Method

In order to better illustrate the proposed methodology, an example will be described
step-by-step. A sample vibration recording corresponding to a two-pole induction motor
fed from the supply mains, at no load (no mechanical load attached to the motor shaft), will
be used as a case example. The average value of rotational speed measured by tachometers
is Ωm = 2820 r/min, or in other words, a shaft mechanical rotation frequency of ωm = 47 Hz.
Figure 4 shows the axial components of the time motor vibration, fX(t), fY(t), and fZ(t),
obtained from the csv file recorded by means of the free application. Figure 5 shows
the spectra of the components of the motor vibration signal, |FX(j·ω)|, |FY(j·ω)|, and
|FZ(j·ω)|, obtained by the MATLAB-based routine. Finally, Figure 6 shows the RMS
spectrum of the motor vibration, |F(j·ω)|, computed by means of (2).

Figure 4. Time vibration signal of the motor fed from the supply mains, at no load (no mechanical
load), at 2820 r/min for axis x (top), y (middle), and z (bottom).

Next, a peak detection routine was used to determine the highest peak of the RMS spec-
trum of the motor vibration, |F(ωF)| = MAX{|F(ω)|}. Accordingly, the proposed algorithm
determined the rotor shaft mechanical frequency, ωF, as the frequency corresponding to the
highest magnitude of the RMS spectrum, that is, |F(ωF)| = MAX{|F(ω)|}. In the example
of Figure 6, the RMS spectrum of the motor vibration reached its maximum at a rotor shaft
mechanical frequency of ωF = 47.0215 Hz (|F(ωF = 47.0215 Hz)| = MAX{|F(ω)|} = 23.8414
p.u.). Finally, using (4), the estimation rotor speed was Ω = 2821.29 r/min. The relative
error of the estimation, compared to the measured value obtained using the tachometers
(Ωm= 2820 r/min), was ε = 0.0457%, demonstrating very good agreement.
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Figure 5. Frequency spectra of the components of the vibration signal corresponding to the motor fed
from the supply mains, at no load (no mechanical load), at 2820 r/min for axis x (top), y (middle),
and z (bottom).

Figure 6. RMS frequency spectrum of the vibration signal of the motor fed from the grid, for no load
(free motor shaft) at 2820 r/min.

3. Results

This section contains the experimental results of the tests carried out to demonstrate
the effectiveness of the proposed method for measuring motor speed. It is important to note
that all tests were carried out on an educational test bench. Different machines, structures,
and portable measuring instruments were placed over the common surface. This means
that devices on top common surface could generate extra vibrations.

The configurations (source and load, Figure 1) of the test were as follows:

• Feeding source

◦ Supply grid (400 V, 50 Hz)
◦ Frequency converter or inverter, which allows adjusting voltage and frequency

values of the motor power supply

• Mechanical load

◦ No mechanical load (free motor shaft)
◦ DC generator feeding a variable resistive load

As shown in Figure 7, three smartphone locations were considered during the tests.
The smartphone was placed over the terminal box in Pos1, over the nameplate in Pos2,
and on the support bench in Pos3. Furthermore, different recording times (5, 10, and 15 s)
and sets of magnets (Figure 7) were tested to prove the robustness and precision of the
developed method, regardless of the different implementation parameters.
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Figure 7. Smartphone locations for the different tests.

Nevertheless, the recordings reported in this work correspond mainly to the smart-
phone in Pos1, fixed with a magnet (support) of 40 mm diameter, recordings of t = 10 s
length, and a sampling frequency, ωs = 200 Hz.

3.1. Motor Supply from Mains with a DC Generator as Variable Mechanical Load

In this configuration, a two-pole induction motor was directly fed from the supply
mains at 400 V, 50 Hz. The motor shaft was mechanically coupled to the rotor of a DC
generator. The armature of the DC generator was used to feed a resistance, variable at
steps, which allowed the adjustment of the mechanical load torque and, consequently, the
speed of the induction motor. The available resistance assembly allowed the rotor speed
to vary from 2857 r/min (47.62 Hz) to 2990 r/min (49.83 Hz). Figure 8a shows the setup
of the tests, and Figure 8b shows eight RMS spectra of the vibration signals of the motor,
|F(j·ω)|, for the indicated range of rotor speeds.

Figure 8. Motor fed from the mains at 400 V, 50 Hz, and a coupled DC generator: (a) test setup;
(b) RMS spectra of vibration signals for motor speeds ranging from 2857 r/min to 2990 r/min.

Table 1 summarises the results for each value of the load resistance, R0–R7. The second
and third columns shown, respectively, the actual values of the rotor speed, Ωm, and the
corresponding mechanical frequency of the mechanical frequency of the rotor shaft, ωm,
calculated from (4). Additionally, the rotor speed, Ω, and rotor shaft frequency, ωF, both
obtained by the algorithm, are shown in the fourth and fifth columns. Finally, the relative
errors, ε, are calculated in the sixth column. As can be seen, the relative errors are very
small. Indeed, in the worst case, the relative error is under 0.09%.
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Table 1. Motor fed from the mains at 400 V, 50 Hz, and coupled to a DC generator. Measured and
calculated values of rotor speed and frequencies, as well as relative errors.

Resistance
Experimental Algorithm Relative

Error

Ωm (r/min) ωm (Hz) Ω (r/min) ωF (Hz) ε (%)

R7 2857 47.62 2859.4 47.66 0.0831
R6 2872 47.87 2871.1 47.85 0.0316
R5 2900 48.33 2900.4 48.34 0.0135
R4 2920 48.67 2920.9 48.68 0.0308
R3 2942 49.03 2941.4 49.02 0.0202
R2 2962 49.37 2961.9 49.37 0.0029
R1 2969 49.48 2970.7 49.51 0.0574
R0 2990 49.83 2991.2 49.85 0.0405

Table 2 shows the relative errors in the estimation of the rotor speed for different time
recordings of 5, 10, and 15 s and different locations of the smartphone on top of the motor
(Pos1, Pos2, and Pos3, see Figure 7). In general terms, although Pos1 with longer recordings
(15 s) often led to the better speed estimation, the error always remained rather low, ranging
from 0.0131% to 0.1311%.

Table 2. Motor fed from the mains at 400 V, 50 Hz, and a DC generator coupled to the motor shaft.
Relative errors corresponding to different smartphone positions and different values of the resistance
load and time recording length.

Resistance Time Recording (s)
Relative Error, ε (%)

Smartphone Locations over the Motor

Pos1 Pos2 Pos3

R7
5 0.1130 0.0831 0.0131

10 0.1130 0.0831 0.0131
15 0.0106 0.0194 0.0131

R4
5 0.0696 0.0696 0.0626

10 0.1311 0.0308 0.0626
15 0.0308 0.0308 0.0377

R1
5 0.0911 0.0574 0.0237

10 0.0911 0.0574 0.0237
15 0.0911 0.0574 0.0237

The results in Table 2 prove that changes in the position of the smartphone or the
length of time recordings do not seriously affect the estimations of the rotor speed since the
relative errors are similar.

3.2. Motor Fed from a Inverter Coupled to a DC Generator

In this configuration, a frequency converter was used to power the induction motor at
frequencies from 30 Hz to 80 Hz. The motor shaft was coupled to a DC generator, feeding
an adjustable resistance, acting as variable mechanical load for the motor. Figure 9a shows
the test sketch, and Figure 9b shows six RMS spectra of the vibration signals, |F(j·ω)|,
when the IM was fed at 400 V 45 Hz by the converter corresponding to the rotor speeds
from 2369 r/min to 2673 r/min.
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Figure 9. Motor fed from a frequency converter (inverter) and driving a DC generator: (a) sketches of
the test; (b) RMS spectra of vibration signals for rotor speeds ranging from 2369 r/min to 2673 r/min.

Table 3 shows the results of the measured rotor speeds for frequencies of the power
supply ranging from 30 Hz to 80 Hz for various mechanical loads of the motor. For
each frequency, as the mechanical load decreased (R7→R0), the rotor speed increased,
as expected.

Table 3. Motor fed from a frequency converter, driving a DC generator. Values of speed measured
(tachometer) for different values of resistance and the corresponding rotor speed estimations *.

Frequency
Supplied

(Hz)

Ω1 **
(r/min)

Ωm (r/min)

R7 R6 R5 R4 R3 R2 R1 R0

30.00 1800 1464 1490 1581 1640 1681 1722 1739 1779
35.00 2100 1621 1701 1815 1885 1960 2016 2025 2074
45.00 2700 2369 2460 2533 2593 2616 2673
60.00 3600 3220 3400 3451 3564
70.00 4200 3790 3922 4142
80.00 4800 4243 4700

* Values not reported correspond to cases out of the converter capability. ** Ω1 is the synchronous speed for the
supply frequency.

Tables 4–6 summarise the results for 35 Hz, 60 Hz, and 70 Hz, respectively. Although a
full set of vibration recordings was made in all the cases reported in Table 3 (including other
frequencies, several positions of the smartphone, and various recording time durations),
only the results corresponding to 35 Hz, 60 Hz, and 70 Hz were selected to be shown in
this section to illustrate the quality of the experimental results. Each of these tables shows
the measured rotor speed, Ωm, the rotor shaft frequency, ωm, the estimated rotor speed, Ω,
the estimated rotor shaft frequency, ωF, and finally, the relative errors.

Table 4. Motor fed from a frequency converter, driving a DC generator. Measured and estimated
values of rotor speed and frequencies, as well as relative errors at a frequency supply of 35 Hz.

Resistance
Experimental Algorithm Relative Error

Ωm (r/min) ωm (Hz) Ω (r/min) ωF (Hz) ε (%)

R7 1621 27.02 1620.1 27.00 0.0545
R6 1701 28.35 1702.1 28.37 0.0675
R5 1815 30.25 1816.4 30.27 0.0775
R4 1885 31.42 1886.7 31.45 0.0912
R3 1960 32.67 1962.9 32.71 0.1475
R2 2016 33.60 2015.6 33.59 0.0186
R1 2025 33.75 2024.4 33.74 0.0289
R0 2074 34.57 2074.2 34.57 0.0105
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Table 5. Motor fed from a frequency converter, driving a DC generator. Measured and estimated
values of rotor speed and frequencies, as well as relative errors at a frequency supply of 60 Hz *.

Resistance *
Experimental Algorithm Relative Error

Ωm (r/min) ωm (Hz) Ω (r/min) ωF (Hz) ε (%)

R3 3220 53.67 3222.7 53.71 0.0825
R2 3400 56.67 3401.4 56.69 0.0402
R1 3451 57.52 3451.2 57.52 0.0050
R0 3564 59.40 3562.5 59.38 0.0421

* The capability of the converter is exceeded for the cases corresponding to R4-R7.

Table 6. Motor fed from a frequency converter, driving a DC generator. Measured and estimated
values of rotor speed and frequencies, as well as relative errors at a frequency supply of 70 Hz *.

Resistance *
Experimental Algorithm Relative Error

Ωm (r/min) ωm (Hz) Ω (r/min) ωF (Hz) ε (%)

R2 3790 63.17 3791.0 63.18 0.0268
R1 3922 65.37 3925.8 65.43 0.0964
R0 4142 69.03 4139.6 68.99 0.0568

* The capability of the converter is exceeded for the cases corresponding to R3-R7.

As can be seen in Tables 4–6, the obtained accuracy of the estimations when an inverter
is used as a power supply is similar to the case when the motor is fed from the grid. The
relative error always remained below 0.15%.

4. Discussion

The rather basic, low-featured smartphone used in this work only allowed the sam-
pling of the axial components of the motor vibration with a maximum rate of 200 samples
per second, that is, with a sampling frequency of ωS = 200 Hz (as a reference, in [26], the
vibration signal acquired from an external accelerometer, was sampled at 10 kHz). Conse-
quently, the Nyquist–Shannon sampling theorem limits to ωF_MAX = 100 Hz, the maximum
value of the theoretical rotor shaft mechanical frequency that could be measured by the
proposed method. In fact, the practical limit will be somewhat less than that theoretical
value. Fortunately, this limitation is of little practical importance since industrial induction
motors, for various considerations, are rarely operated at such high speeds. In a real case,
this limitation would only affect two-pole motors, operating near twice the rated frequency
(50–60 Hz), which is not very common in the industrial field. The synchronous speed of a
four, six, or eight8-pole motor is 1/2, 1/3, or 1/4 times less than the synchronous speed
of a two-pole motor, so the mechanical rotation frequency of the rotor will not exceed
the maximum limit of the accelerometer built into the smartphone. Anyway, in case it
was necessary to measure the speed of motors with higher rotor mechanical frequencies,
it would be necessary to use a smartphone that allows acquiring the components of the
motor vibration with a higher sampling frequency. Today’s smartphones allow sampling
frequencies of 400–500 Hz.

To compare the performance of the proposed methodology, Table 7 shows the results
reported in [26], corresponding to three different two-pole induction motors fed from the
grid (380 V, 50 Hz), whose speeds are estimated at no load and at full load by means of an
external accelerometer sampled at 10 kHz (10 s duration). As can be seen, the errors ranged
from 0.07% to 0.55%.
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Table 7. Motor speed estimation with the motor fed from the mains (380 V, 50 Hz). Vibration signal
sampled at 10 kHz for 10 s. Results from [26].

Motor Rated
Power

Measurement Estimate Error

Load
Condition

Ωm
(r/min)

ωm
(Hz)

Ω

(r/min)
ε

(%)

15 kW
No load 1502.3 25.01 1500.62 0.11
Full load 1454.0 24.37 1461.97 0.55

11 kW
No load 1498.0 24.95 1496.98 0.07
Full load 1463.0 24.41 1464.36 0.09

3 kW
No load 1491.0 24.82 1489.08 0.13
Full load 1396.0 23.20 1392.20 0.27

The results in Table 1 show that, with the proposed methodology, when the smart-
phone is placed in Pos1 (vibration signal sampled at 200 Hz for 10 s) the relative errors are
always under 0.09% (ranging from 0.0029% to 0.0831%), while Table 2 shows that for other
smartphone positions and sample durations, the maximum error is lower than 0.14% (from
0.0131% to 0.1311%). As can be seen, the errors resulting from the proposed method based
on the use of the accelerometer built-in the smartphone can be compared favourably with
those reported in [26], in which an external accelerometer sampled at 10 kHz was used.

As it has been pointed out, the proposed method determines the motor speed by
means of the frequency corresponding to the rotation of the mechanical shaft of the motor.
But the method did not require the use of features unique to induction motors. Accordingly,
although the tests were carried out with an induction motor, the proposed method should
also be able to measure the speed of other kinds of electric machines and rotating devices.

The success of the proposed method relies on the premise that the frequency cor-
responding to the highest peak of the RMS value of the vibration signal spectrum, ωF,
matches the fundamental (first harmonic) of the rotor mechanical frequency. In a very low
percentage (less than 3%) of the about 450 vibration signal samples analysed, and mainly
related to the use of the converter, the frequency corresponding to the peak of the RMS
value of the vibration signal spectrum corresponds to a frequency that does not match the
mechanical frequency of the rotor shaft. In these scarce cases, the identification hypothesis
is not fulfilled, and the rotor speed is not properly estimated.

An alternative extended method that allows treating even these very infrequent or
exceptional cases is then proposed. The extended method only requires the analysis of the
spectra of the vibration signals, FREF(ω), corresponding to each reference axis, REF = {X, Y,
Z}, and the identification of the frequencies corresponding to the peak of the three axial
vibration signal spectra, ωF_REF: |FREF(ωF_REF)| = MAX{|FREF(ω)|}. That is, the highest
amplitude frequency peak for each axis.

Extended Method

The extended method only requires the analysis of the spectra of the vibration signals,
FREF(ω), corresponding to each reference axis, REF = {X, Y, Z}. The mechanical frequency
of the rotor, ωF, is now identified as the frequency, ωF_REF, corresponding to the maximum
of the peaks of the amplitudes of the three axial vibration signal spectra

ωF = ωF−REF : |FREF(ωF−REF)| = MAX|FREF(ω)|, REF = {X, Y, Z}. (6)

Finally, the rotor speed, Ω, was calculated by means of (4) as previously. Figure 10
summarises the flow chart of the extended method.
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Figure 10. Flow chart of the extended method.

As an example of the application of the extended method, a recording of the axial
components of the motor vibration was analysed step by step. The case corresponds to a
motor speed of Ωm = 1581 r/min (ωm = 26.35 Hz).

As can be seen in Figure 11, the RMS value of the vibration spectrum shows a peak
value of |FMAX(ω)| = MAX{|F(ω)|} =|F(ωF_RMS = 73.8770 Hz)|= 93.2191 p.u., which is
placed at a frequency of ωF_RMS = 73.8770 Hz. This is one of the rare cases where, using (3),
the frequency corresponding to the highest peak of the RMS value of the spectrum does not
match the mechanical frequency of the rotor shaft, ωF_RMS = 73.8770 Hz 6= ωm = 26.35 Hz.

Figure 11. Frequency spectrum of the RMS value of the motor vibration at a rotor speed of Ωm = 1581
r/min (ωm = 26.35 Hz).

On the other hand, Figure 12 and Table 8 show that the peak value of the amplitude
of the X component of the vibration signal spectrum is |FX_MAX(ω)| = MAX{|FX(ω)|}
=|FX(ωF_X = 26.3184 Hz)|= 84.3203 p.u. Figure 12 and Table 8 also show that the maximum
peak value of the amplitudes of the three axial vibration signal spectra corresponds to
the X axis since, |FX(ωF_X = 26.3184 Hz)|= 84.3203 p.u. = MAX{|FX_MAX(ω)|= 84.3203
p.u., |FY_MAX (ω)|= 55.0815 p.u., and |FZ_MAX(ω)|= 69.0521 p.u.} = 84.3203 p.u. That
maximum peak takes place at ωF_X = 26.3184 Hz. As a result, and according to (6), the
mechanical frequency is taken as ωF = ωF_X = 26.3184 Hz. Finally, using (4), the motor
speed results in Ω = 1579.10 r/min, which agrees with the tachometers (ε = 0.1199%).

As can be seen, the extended method, using the same data source (the spectrum of
the axial components of the motor vibration), is able to circumvent the difficulties in the
identification of the mechanical frequency that occurs when using the RMS value of the
vibration spectrum, leading to a proper calculation of the motor speed.
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Figure 12. Spectra of the axial components of the vibration signal corresponding to a motor speed of
Ωm = 1581 r/min (ωm = 26.35 Hz) for axis x (top), y (middle), and z (bottom).

Table 8. Peak values of the amplitude of the axial (upper part) an RMS (lower part) vibration signal
spectra and corresponding frequencies.

Vibration
Component

Axis

Peak Value of the Amplitude of the Axial
Vibration Signal Spectra,

|FREF(ωF_REF)| = MAX{|FREF(ω)|}

Frequency Corresponding to the Peak Value of the
Amplitude of the Axial Vibration Signal Spectra,

ωF_REF: |FREF(ωF_REF)| = MAX{|FREF(ω)|}

X MAX{|FX(ω)|} = |FX(ωF_X = 26.3184 Hz)| = 84.3203
p.u. ωF_X = 26.3184 Hz

Y MAX{|FY(ω)|} = |FY(ωF_Y = 26.3184 Hz)| = 55.0815
p.u. ωF_Y = 26.3184 Hz

Z MAX{|FZ(ω)|} = |FZ(ωF_Z = 73.8770 Hz)| = 69.0521
p.u. ωF_Z = 73.8770 Hz

Vibration
Component

Peak Value of the Amplitude of the RMS
Vibration Signal Spectra,

|F (ωF_ RMS)| = MAX{|F(ω)|}

Frequency Corresponding to the Peak Value of the
Amplitude of the RMS Vibration Signal Spectra,

ωF_RMS: |F(ωF_ RMS)| = MAX{|F(ω)|}

RMS MAX{|F(ω)|} = |F(ωF_RMS = 73.8770 Hz)| = 93.2191
p.u. ωF_RMS = 73.8770 Hz

5. Conclusions

This paper presents a new, simple, and nonintrusive method for inservice and field
motor speed measurement, based on a smartphone as the acquisition and recording device
of the vibration signal, and a MATLAB algorithm to determine the motor speed. The
proposed method to measure the motor speed relies on the assessment of the frequency
spectrum of the vibration data of the motor. In the experimental section, a sampling
frequency as reduced as 200 Hz was sufficient for acquiring the necessary frequency
components to determine the speed of a four-pole induction motor. This new method does
not require the installation of any external accelerometer or other type of sensor, since the
vibration signal is acquired by the accelerometers integrated into a common smartphone
by means of a free application. Still, the proposed approach is a contact method. A magnet
and a self-adhesive magnet are required to fix the smartphone to the induction motor
chassis. These elements were chosen as a low-cost solution in the marketplace. The use
of the accelerometer integrated into a smartphone allows avoiding the necessity of extra
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space, extra wiring, regular maintenance, or accessibility of the rotor shaft. In addition, the
proposed procedure does not require stopping the machine, unless strictly required for
personal protection or security reasons.

The method was tested in the laboratory, feeding the motor with different power
supplies (mains and inverter) and mechanical loads (no mechanical load and DC generator).
An extensive set of tests was carried out in the laboratory, including different length
(duration) of vibration samples and different positions/orientations of the smartphone on
the tested motor, including the supporting frame.

Given that the proposed method is based on the identification of the frequency cor-
responding to the rotation of the mechanical shaft of the motor (without using features
unique to induction motors), everything seems to indicate that it could also be used to
measure the speed of any kind of rotating shaft device, although that feature was not tested
in this work. The proposed method could also be adapted for near-real-time applications
by means of a dedicated application.

In general terms, the motor speed estimation values obtained with the proposed
method agree with the experimental results, proving that the method is accurate, versatile,
and robust. The new method allows the motor speed to be measured with a relative error
of consistently less than 0.15% in the worst of the analysed case. Consequently, the new
method could be accepted as a new procedure to be included in the toolbox of established
techniques for measuring the speed of induction motors.
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Appendix A

Tables A1–A4 summarise, respectively, the main technical characteristics of the tachome-
ters, induction motor, direct current generator, and frequency converter used in the experi-
mental section of this work.

Table A1. Portable tachometers.

Tachometer Tachometer 1 Tachometer 2

Number of digits 5 5
Range 2.5 to 99,999 r/min 5 to 99,999 r/min

Precision ±0.051% + 1 digit ±0.050% + 1 digit
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Table A2. Induction motor.

Motor Voltage (V) Current (A) Power (kW) Power Factor Speed (r/min) Frequency
(Hz)

DL1021
DeLorenzo
(two poles)

220/380 (∆/Y) 4.5/2.6 (∆/Y) 1.1 0.85 2820 50

Table A3. Direct current generator.

DC Generator Voltage (V) Current (A) Power (kW)

DL1024 DeLorenzo 220 3.4 0.75

Table A4. Frequency converter.

Frequency Converter Power (kW) Speed Range in Open-Loop
Mode (Hz) Voltage (V)

Telemecanique Altivar 71 0.75 1–100 200–240

Three different sets of magnets were used to fix the smartphone to the induction motor
or to its supporting structure: (a) four magnets of 10 mm diameter, (b) one magnet of 40
mm diameter, and (c) one magnet of 40 mm diameter and two magnets of 10 mm diameter.
Figure A1a shows the magnet of 40 mm, and Figure A1b shows four magnets of 10 mm.

Figure A1. Sets of magnets: (a) magnet of 40 mm diameter; (b) four magnets of 10 mm diameter.

A basic smartphone, released in 2017, with the free application Physics Toolbox Sensor
Suite from Vieyra Software [37], was used in the experimental section of this work.
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