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Abstract: Misalignment faults in drive systems occur when the motor and load are not
properly aligned, leading to deviations in the centerlines of the coupled shafts. These faults
can cause significant damage to bearings, shafts, and couplings, making early detection
essential. Traditional diagnostic techniques rely on vibration monitoring, which provides
insights into both mechanical and electromagnetic fault signatures. However, its main
drawback is the need for external sensors, which may not be feasible in certain applications.
Alternatively, motor current signature analysis (MCSA) has proven effective in detecting
faults without requiring additional sensors. This study investigates misalignment faults
in synchronous reluctance motors (SynRMs) by analyzing both vibration and current
signals under different load conditions and operating speeds. Fast Fourier transform
(FFT) is applied to extract characteristic frequency components linked to misalignment.
Experimental results reveal that the amplitudes of rotational frequency harmonics (1xf;,
2xfr, and 3xf,) increase in the presence of misalignment, with 1xf, exhibiting the most
stable progression. Additionally, acceleration-based vibration analysis proves to be a more
reliable diagnostic tool compared to velocity measurements. These findings highlight the
potential of combining current and vibration analysis to enhance misalignment detection
in SynRMs, improving predictive maintenance strategies in industrial applications.

Keywords: acceleration; current analysis; diagnosis; fast Fourier transform; misalignment;
synchronous reluctance motor; velocity; vibration analysis

1. Introduction

In recent years, interest in synchronous reluctance machines (SynRMs) has grown due
to their advantages. Although introduced in the early 1900s [1], they have only recently
gained widespread adoption. SynRMs operate on magnetic reluctance variations, en-
abling efficient electromechanical energy conversion without rotor windings or permanent
magnets. Compared to other machine topologies, such as induction motors (IMs) or perma-
nent magnet motors (PMMs), they offer lower rotor losses, higher efficiency, and reduced
manufacturing costs [2]. In particular, stricter energy regulations and rare-earth magnet
price fluctuations have further increased interest in SynRMs as a viable replacement for
permanent magnet synchronous machines (PMSMs) [3]. With their efficiency, reliability,
and affordability, SynRMs are emerging as a key technology for industrial applications.
Despite their advantages, synchronous reluctance machines (SynRMs) encounter several
challenges. From a design perspective, issues such as high torque ripple, low power fac-
tor, noise, and vibration require further improvements to optimize performance. In [4],
the authors proposed a method for torque ripple reduction using harmonic superposition,

Machines 2025, 13, 319

https://doi.org/10.3390/machines13040319


https://doi.org/10.3390/machines13040319
https://doi.org/10.3390/machines13040319
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0001-9963-8204
https://orcid.org/0000-0002-8229-7447
https://orcid.org/0000-0001-9405-8980
https://orcid.org/0000-0003-1898-2228
https://doi.org/10.3390/machines13040319
https://www.mdpi.com/article/10.3390/machines13040319?type=check_update&version=2

Machines 2025, 13, 319

20f19

achieving a 13.3% reduction in torque ripple in permanent magnet-assisted synchronous
reluctance machines (PMa-SynRMs). Additionally, some authors have explored the possi-
bility of improving their efficiency by proposing a novel winding structure, achieving an
efficiency increase of up to 2.35% compared to the benchmark motor [5]. While SynRMs
are generally robust and efficient, the need to enhance their design remains crucial for
their widespread adoption. Moreover, despite their durability, SynRMs are not immune to
wear and degradation of their components. Given their increasing use in critical applica-
tions, such as transportation, there is a growing need for research focused on predictive
maintenance. Currently, research in this area is limited, and it is essential to develop
reliable methods for diagnosing faults and assessing the health of SynRMs to minimize
downtime and ensure continuous operation. Rotating electric machines are designed with
both mechanical and electrical symmetry to optimize performance, efficiency, and reduce
vibrations. When operating under faulty conditions, this symmetry is disrupted, leading to
changes in the magnitude or shape of various machine signals, such as electromotive force,
line currents, vibration profiles, and temperature. Many of these faults produce distinct
signal patterns, which can be used for fault diagnosis.

The most widely used method to detect failures in SynRMs is the analysis of the
line current signal. In [6], the authors studied line current harmonics to detect inter-turn
short-circuit (ITSC) faults in PMa-SynRMs. The difference between the first and fifth
harmonics of the line current can be used to detect the presence of faults in these machines.
The current spectrum is also used in [7] to detect ITSC faults in SynRMs. The combination
of line current analysis and the calculation of the zero-sequence current component (ZSCC)
enables the diagnosis of an ITSC fault even in its incipient stage. Other studies explore
variations of current analysis to detect ITSC faults in SynRMs. In [8], the authors analyze
the dg-axis current using a Luenberger observer, achieving promising results. Moreover,
in the identification of this type of fault, current is not the only parameter used. Zero-
sequence voltage components (ZSVCs) are calculated to quickly identify incipient faults [9].
The results have been validated through experimental tests, and the proposed technique is
even applicable for detecting faults in transient regimes. Other recent works have studied
current behavior by introducing sequence component models for steady-state analysis
to detect incipient ITSC [10]. However, ITSC is not the only fault studied in SynRMs;
eccentricity is also a widely researched issue. In [11,12], various fault-indicative frequency
components for static, dynamic, and mixed eccentricity have been identified using FFT-
based analysis of the line current. It has been shown that dynamic eccentricity increases
the amplitude of the fifth and seventh line current harmonics, while mixed eccentricity
generates sideband harmonics around the fundamental frequency and higher-order odd
harmonics. Moreover, ZSVCs are used alongside stator current harmonics to detect these
faults in PMa-SynRMs [13]. Asymmetries in the stator have also been studied by analyzing
the line current, where the authors observe an increase in the third harmonic of the current
progressively as the stator asymmetry increases [14]. Nevertheless, this is an initial study,
and there could be other causes for the increase in that harmonic. Although not used
as a direct diagnostic signal, line current has been employed as a complementary tool to
detect demagnetization in PMa-SynRMs by exciting it with harmonics [15]. ITSC faults and
eccentricity are among the most extensively studied faults in SynRMs; however, faults such
as misalignment have received significantly less attention in this type of machine.

Regarding misalignment faults, they are among the most critical mechanical issues,
as they can cause significant damage to the entire machine, including the bearings, stator,
rotor, and winding. Early detection is crucial to prevent major economic losses and ensure
that the machine operates reliably [16]. Previous studies have investigated motor speed as
a diagnostic signal to detect misalignment in PMSM. In [17,18], FFT analysis of the speed
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signal was utilized to identify misalignment, revealing an increase in the amplitudes of
the f, and 2f, components. The 2f, component was particularly highlighted as a fault
indicator. Notably, these components are also associated with eccentricity in PMSMs [19].
Furthermore, some research has explored the use of stray flux signals as a diagnostic tool
for detecting misalignment in induction motors, yielding promising results [20]. However,
this approach has so far been applied exclusively to induction motors. In this context, it is
important to highlight that vibration monitoring remains the most widely used method
for diagnosing faults in rotating machinery, including electrical machines. This technique
has proven effective for detecting mechanical issues such as load unbalance, misalignment,
and other defects in induction motors [21]. Moreover, vibration monitoring in electrical ma-
chines provides valuable information for identifying both mechanical and electromagnetic
fault signatures [22]. Some studies also use vibration signals combined with transfer learn-
ing methods to detect misalignment. In [23], the authors utilize vibration signals, which
are transformed into the time-frequency domain using the wavelet transform technique to
train a transfer learning network. However, this analysis was conducted on an induction
motor. One of the main limitations of vibration monitoring is the need for external sensors,
typically accelerometers, which must be attached to accessible, non-rotating parts. In cer-
tain cases, such as submersible motor-pump units, installing accelerometers can be highly
challenging, making vibration monitoring difficult to implement.

This article aims to provide the detailed analysis of misalignment in SynRM using
the current and vibration signals as diagnostic signals under different load points at
three different speeds. The combination of both current and vibration signals gives the
methodology greater robustness and improves the reliability of fault detection by separating
the potential effects that may occur in only one of them. In [24], the authors use stray
flux and motor current as signals for detecting various faults in induction motors; the
analysis of the starting current allows them to avoid false positive/negative indications
caused by constructive characteristics of the machine, while the analysis of the stray flux
signal under starting conditions allows them to distinguish between eccentricities and
misalignments. Therefore, the main objective of this work is to merge the information
obtained from two different signals to reach a more robust diagnosis of the machine
condition. On the one hand, the analysis of the stator current signal is the most widely
used method to detect faults in SynRM. Meanwhile, the analysis of vibration data is one of
the most common methods for diagnosing faults, especially those involving mechanical
issues. The utilized signal processing tool is the classic method used for current and
vibration signal analysis through the fast Fourier transform (FFT). The vibration data are
collected in a test bench where vibrations are acquired at the drive end (DE) of the machine
housing for different load points at different speeds. This paper is structured as follows.
Section 2 presents the theoretical background of the detection of misalignment faults, first
using the vibration signals and second using the stator current signal, and the proposed
methodology. Section 3 describes the testbench in which the vibration data and current
signals are acquired. Section 4 presents the main results of the analysis and discusses the
main findings. Finally, Section 5 concludes this work, explaining the main contributions
and conclusions obtained.

2. Theoretical Background

Misalignment faults in drive systems arise when the motor and the load are not
correctly aligned, resulting in a discrepancy between the centerlines of the coupled shafts.
This misalignment can be classified into three types: parallel, angular, or a combination of
both (see Figure 1). Determining the degree of misalignment while the motor is in operation
is challenging, as there is no direct measurement equipment available. The only way to
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detect misalignment is by analyzing its secondary effects on bearings, shafts, and couplings.
These effects are closely related to the rotational speed of the motor [25].
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Figure 1. Misalignment fault description: (a) vertical plane and (b) horizontal plane.

2.1. Effect of Misalignment in Vibration Signals

There is still some debate about which vibration components are specifically affected
or generated by each type of shaft misalignment, but it is undeniable that misalignment
causes the changes in the vibration spectra that can be identified [26]. The centrifugal
force rotates at the rotor’s speed and produces the fundamental 1x f, vibration component.
If the shaft misalignment between the motor and the driven load is minimal in all planes,
the velocity of the 1xf, component should not normally vary significantly around the
periphery of the bearing housings at both the drive end (DE) and the non-drive end (NDE).
Other works explain that the vibration frequencies that change when there is a certain level
of misalignment are both the 1xf, and 2x f, components [21].

Recent studies have further explored the impact of misalignment on vibration fre-
quencies. In [27], the authors examined different defects known to produce 2x vibrations,
with misalignment being the most common issue that leads to dominant 2x vibrations.
These results were verified through experimental data by testing the machine under con-
ditions of load imbalance, misalignment, and structural looseness. Furthermore, in [28],
the authors investigated both vibration and current signals to detect misalignment in in-
duction motors. Their results showed a marked difference in vibration components at even
multiples of the rotating frequency (2xf; and 4x f;). In this case, the 1x rotating frequency
(fr) did not provide a reliable indication of misalignment. However, the twice supply
frequency component (2f;) became more pronounced as misalignment levels increased.

2.2. Effect of Misalignment in Current Signals

The level of misalignment in the coupling between the motor and load shafts has
a certain influence on the spectrum. Misalignment affects the dynamic behavior of the
rotor, leading to static eccentricity [29]. Thus, shaft misalignment can be diagnosed by
monitoring certain harmonics of the stator current, since an increase in misalignment—or,
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equivalently, a slight increase in the combination of eccentricities affecting the rotor during
operation—results in an increase in the frequencies given by f; & f, [30].

In fact, one of the most widely used methods to detect misalignment is by capturing
the current signal during steady-state operation and analyzing the current spectrum using
the fast Fourier transform (FFT). In [31], a comparison of various current analysis tech-
niques, including FFT, root mean square (RMS), and discrete wavelet transform (DWT),
is provided. This study examines the use of the stator phase current, the envelope of
the stator phase current, and the stator phase current space vector module spectrum for
identifying misalignment in permanent magnet synchronous motors (PMSMs). The results
demonstrate that the amplitude of the frequency component f; + f, increases when mis-
alignment is present, although its magnitude is significantly influenced by the load torque.
In contrast, the f, component in the stator current envelope or the stator current space
vector module exhibits less dependence on the motor’s operating conditions. While current
analysis using DWT and the RMS value of the stator current are sensitive to misalignment,
they are not suitable for fault detection due to their limited sensitivity to the fault. These
studies primarily focus on the analysis of current signals during steady-state operation in
PMSMs. For induction motors (IMs), additional frequency signatures, such as sfs, f; — sfs,
and (2 — s) fs (where s is the slip), are observed in the stator current spectrum [32]. The impact
of load is also explored in the stator current spectrum in the context of misalignment in [33].

2.3. Proposed Methodology

This work explores the detection of misalignment between the motor and the driven
load by analyzing vibration and current signals during the steady-state regime in SynRM.
The motor analyzed in this study is powered by a variable frequency drive (VFD), which
inherently operates in a closed-loop manner. Therefore, the control strategy plays a cru-
cial role in motor operation. However, in this study, control parameters remain fixed,
and their impact on fault detection is not analyzed in depth. The study of fault detection in
closed-loop electric motor control remains largely unexplored in the literature. Most works
focusing on fault detection in inverter-fed motors do not explicitly address the type of
control applied. Nevertheless, some researchers have investigated this topic, comparing the
impact of open-loop and closed-loop control on the detection of broken bars in induction
motors [34]. In [35], the authors analyze the mechanism by which fault harmonics appear
in the stator current and speed. They demonstrate that, due to the action of the speed
controller, increasing its bandwidth amplifies these fault harmonics in the current and
voltage. This study was conducted on PMSM drives, whereas research on synchronous
reluctance motors is still in its early stages. Given this, the present work focuses on analyz-
ing misalignment faults without modifying the control strategy, leaving a more detailed
exploration of the influences of the control strategy as a direction for future research.

The vibration signals are acquired using an accelerometer located at the DE in order to
obtain the radial vibration signal. According to the literature, the vibration signal focuses
on the measurement of three quantities that are related by numerical integration or differ-
entiation: displacement, velocity, and acceleration [26]. The utilized physical magnitude
depends on different factors such as the size of the monitored plant and the frequency range
of interest. Table 1 shows the typical transducer output response to the required frequency
range, providing a general overview to determine which type of transducer should be
selected based on the analyzed frequency range. Moreover, the general application of
vibration-monitoring techniques is shown in Table 2, where velocity is the recommended
magnitude for assessing the overall vibration levels in most machines. It should also be
noted that many vibration monitoring standards are based on the velocity magnitude [36].
For these reasons, velocity and acceleration are studied as magnitudes to analyze the vi-
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bration of the motor. It should be noted that the transducer available is an accelerometer;
therefore, the velocity magnitude is obtained by integrating the acceleration measured by
the sensor. Regarding the current signal, it is measured synchronously together with the
vibration signals through an oscilloscope. Once the necessary measurements have been
taken, the signals are processed for further analysis, and the current and vibration spectra
(both acceleration and velocity) are obtained through the FFT following the scheme in

Figure 2.
Current signal FFT current signal
——
Capture vibration S —
and current signals . .
synchronously FFT wbrahoq signal
) ( ) (acceleration)
Vibration signal —
(acceleration) ) \ ( \
-— . Fros o A . FFT vibration signal
Band pass filter 4{ Velocity signal H High pass filter H (il

Figure 2. Proposed signal processing pipeline for the detection of misalignment faults in a steady-

state regime.

Table 1. Typical transducer output response for different frequency ranges [29].

Typical Transducer Output Response

0-2 Hz 2-5Hz 5-200 Hz 0.2-1 kHz 1-2 kHz 2-20 kHz
Displacement Good Good Good Fair Poor Nil
Velocity Fair Good Good Good Fair Poor
Accelerometer Poor Fair Good Good Good Good

Table 2. Application of vibration-monitoring techniques [29].

Application Transducer Type

Motor pump drives Velocity or acceleration
Motor fan drives Displacement or velocity
Motor connected to the gearbox with rolling element bearings  Acceleration

Overall vibration levels on most of the machines Velocity

3. Experiments

The experiments were carried out in the laboratory using a 1.1 kW, 2 pole pair syn-
chronous reluctance machine coupled to a DC machine acting as a load. The motor was fed
via VFD operating at three different speeds: 1200 rpm, 1500 rpm, and 1800 rpm. The motor
was tested under different load levels: no load, 40% load (2.8 Nm), 80% load (5.6 Nm),
and nominal load (7 Nm) when the motor was operating at 1200 rpm and at 1500 rpm
and no load, 20% load (1.4 Nm), 60% load (4.2 Nm), and 80% load (5.6 Nm) when the
motor was operating at 1800 rpm. Note that a SynRM possesses reduced torque capabilities
when operating in its constant power region. The main characteristics of the synchronous
reluctance machine tested in the laboratory are shown in Table 3. The vibration signals
were collected at the drive end of the machine in the radial direction. A PCB352C33 ac-
celerometer was positioned at the 12 o’clock position. This accelerometer was connected
to a signal conditioning unit, which interfaced with the data acquisition system. A wave
recorder was used to synchronously sample the two vibration signals and phase current at
a sampling rate of 20,000 samples/s. All the signals are processed using MATLAB 2022b.
Figure 3 provides details of the test bench in the physical setup.



Machines 2025, 13, 319

7 of 19

Table 3. Characteristics of the SynRM.

Power 1.1 kW
Voltage 360 V
Nominal Current 3A
Nominal Torque 7 Nm
Base Speed 1500 rpm
Poles 4

b)
Figure 3. (a) Experimental testbench; (b) shim on the back of the SynRM mounting.

Several cases of angular misalignment in the XY plane were forced between the motor
and the driven load. The misalignment was forced by introducing two shims on the back
of the motor, and the use of shims in the assembly is shown in Figure 3. For the healthy
condition, the motor was aligned using a proper alignment tool that measures the relative
position of the motor axis with the load axis in a horizontal and vertical plane (XZ and XY
plane respectively). Three levels of misalignment were tested: level 1 with shims of 1 mm,
level 2 with shims of 1.5 mm, and level 2 with shims of 2 mm. Table 4 shows the results
obtained from the alignment tool for the aligned motor and each tested misalignment level
in the horizontal and vertical planes. According to the speed at which the motor operates,
the alignment tool considers maximum alignment limits for both the angle in mm /100 mm
and the offset in mm. In this case, the motor operates between 1000 rpm and 2000 rpm;
therefore, the manufacturer recommends maximum limits of 0.08 mm/100 mm for the
angle and 0.10 mm for the offset.
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Table 4. Alignment results for the aligned motor and motor with certain levels of misalignment.

Aligned Level 1 Level 2 Level 3
XY angle (mm /100 mm) 0 0.47 0.77 0.87
XY off-set (mm) 0.07 —0.18 —0.18 —0.30
XZ angle (mm /100 mm) 0.04 0.04 —0.02 —0.06
XZ off-set (mm) —0.05 —0.07 —0.03 —0.04

4. Results and Discussion
4.1. Vibration Spectrum Analysis

Figure 4 shows the FFT analysis of the vibration signals captured under the steady-
state regime when the motor is operating at 1500 rpm with nominal load. The results show
the amplitude of the 1xf;, 2xf;, and 3x f, components for different levels of misalignment
between the motor and the driven load: healthy (aligned with the load), level 1 (shims of
1 mm), level 2 (shims of 1.5 mm), and level 3 (shims of 2 mm) of angular misalignment in
the vertical plane (XY plane).

Vibration Spectrum
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Figure 4. FFT analyses of the vibration signals under a steady—state regime for the different levels of
misalignment at 1500 rpm with nominal load.

Note that these frequencies appear even in the healthy state of the motor, although with
a very low amplitude (around 65 dB); however, in all three cases, differences in amplitude
are observed when there is a certain level of misalignment in the motor, indicating that
these components are apparently related to the presence of misalignment in SynRMs.

A more detailed analysis is then performed, comparing the amplitude (in dB) of each
of the analyzed components in the vibration spectrum (the 1xf;, 2x f;, and 3x f, components)
with the motor operating at different speeds of 1200, 1500, and 1800 rpm at nominal load
(80% of nominal load when the motor operates at 1800 rpm), directly calculated from the
acceleration signal and from the velocity signal obtained by integrating the acceleration
signal. The figures compare the results of the aligned motor with each of the different
misalignment levels studied.
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Figure 5 shows the amplitude of the 1xf, rotational component in the vibration spec-
trum, directly calculated from the acceleration signal (left) and from the velocity signal
(right). In general, Figure 5 shows that the amplitude of the rotational component in the
vibration spectrum increases when a certain level of misalignment is present in the motor
even at low levels of misalignment. However, the results do not allow for a clear distinction
between the lower misalignment levels, as the amplitude does not follow a consistent
increasing trend but rather remains relatively stable. Moreover, for the same fault level,
or even with the motor aligned, the amplitude increases with speed, meaning that higher
speeds result in a greater amplitude of this component. As expected, these patterns remain
the same when the results come from the velocity signal; however, the changes are much
smaller compared to those obtained from the acceleration signal.

1x fr vibration
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Figure 5. 1xf, vibration component obtained from acceleration (left) and velocity (right) for an
aligned motor and different levels of misalignment under different speeds at nominal load.

Table 5 presents the quantitative results of the 1x f, component in the vibration spec-
trum, obtained from both acceleration and velocity signals, calculating the percentage
increase or decrease relative to the amplitude when the motor is aligned. The results con-
firm the relationship between the amplitude of 1x f, and the presence of misalignment in
the motor. At lower speeds (1200 rpm), this increase is much smaller, reaching a maximum
of 18% in the most severe misalignment case when analyzing the acceleration signal. These
changes are much more pronounced at higher motor speeds, with an increase of around
20% for the lowest misalignment level. When comparing with the results obtained from the
velocity signal, the changes are significantly lower, with a maximum amplitude increase of
16% at the highest misalignment level compared to the healthy condition, whereas for the
same case, the increase in the acceleration signal reaches 30%. Therefore, the 1x f; vibration
component is highly suitable for detecting misalignment in these motors. The results
obtained from the acceleration signal are more pronounced than those observed with the
velocity signal. Moreover, as misalignment increases, its effects on acceleration are more
evident compared to vibration velocity, although the lowest misalignment levels cannot
be distinguished.
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Table 5. Value of the 1xf, vibration component and its increase with respect to the aligned case (as a
percentage) for different speeds at nominal load.

1x f; Vibration Component

1200 rpm 1500 rpm 1800 rpm
Acc. Vel. Acc. Vel. Acc. Vel.

Aligned —64.5670 —106.2910 —64.2006 —107.5890 —50.0899 —95.3506
Level1l —55.0576 —97.0255 —50.9330 —94.4297 —36.5159 —81.8345

14.73% 8.72% 20.67% 12.23% 27.10% 14.18%
Level2 —56.7015 —985372 —-51.9511 —95.3644 —37.0714 —82.3576
12.18% 7.29% 19.08% 11.36% 25.99% 13.63%

Level 3 —52.7709 —94.3569 —48.6806 —92.1132 —34.8454 —80.1322
18.27% 11.23% 24.17% 14.38% 30.43% 15.96%

Figure 6 shows the variation in the amplitude of the 2x f, component in the vibration
spectrum of the acceleration and velocity signals. In both cases, the amplitude of the
2xf, component increases significantly when transitioning from the aligned motor to
misalignment level 1. However, when the motor moves from misalignment level 1 to
level 2, the amplitude of 2xf, remains stable and even decreases as the misalignment
level increases. This trend continues, with the amplitude of the component decreasing
when comparing misalignment level 1 to higher levels, except when the motor operates
at 1500 rpm. In this particular case, the amplitude increases significantly, exceeding the
amplitude observed at the first misalignment level. This indicates that the 2x f, component
does not allow for a clear distinction between different misalignment levels and exhibits
erratic behavior. Despite this, the reduction in amplitude does not overlap with the
amplitude value observed when the motor is fully aligned.

2x fr vibration
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Figure 6. 2xf, vibration component obtained from acceleration (left) and velocity (right) for an
aligned motor and different levels of misalignment under different speeds at nominal load.

Additionally, Table 6 presents the quantitative values of the amplitude of the 2xf;
component for each studied case. In this case, the data pattern is very similar to the one
obtained with the 1xf, component, showing an amplitude increase relative to the healthy
condition when misalignment is present. However, these changes are not very pronounced,
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reaching a maximum increase of 20% when the motor operates at 1500 rpm. Compared
to the results obtained in Table 5, these changes are much smaller, with the amplitude
increasing by only 15% when misalignment is present in the motor at higher speeds, and in
the case of the 1xf,, the percentage is around 20% under the same conditions. In practice,
this is not entirely reliable for detecting this fault in this context.

Table 6. Value of the 2x f, vibration component and its increase with respect to the aligned case (as a
percentage) for different speeds at nominal load.

2x f; Vibration Component

1200 rpm 1500 rpm 1800 rpm
Acc. Vel. Acc. Vel. Acc. Vel.
Aligned —62.2862 —110.3350 —63.9914 —114.1180 —57.6643 —108.9940
Levell —52.7980 —100.8000 —52.6902 —102.9630 —47.2954 —98.4886
15.23% 8.64% 17.66% 9.77% 17.98% 9.64%
Level 2 —54.3985 —102.3020 —55.6781 —106.1510 —489165 —100.0160
12.66% 7.28% 12.99% 6.98% 15.17% 8.24%
Level 3 —58.2443 —106.2250 —50.2991 —100.5840 —52.7628 —104.0150
6.49% 3.73% 21.40% 11.86% 8.50% 4.57%

Figure 7 show the results of the analysis of the 3xf,. Qualitatively, the two signals
exhibit the same trend. The amplitude of the 3xf, component increases in the presence
of misalignment. The difference between the aligned motor and misalignment level 1 is
significant, with a noticeable amplitude increase at all studied speeds. Moreover, when
the motor operates at high speeds (1800 rpm), these changes correlate with the level of
misalignment, meaning that as misalignment severity increases, the amplitude of 3xf, also
rises, allowing differentiation between fault levels. Conversely, at lower speeds (1200 and
1500 rpm), this behavior does not follow a linear pattern. The amplitude of 3x f, can indicate
the presence of misalignment, but not its severity, as the amplitudes at misalignment levels
1 and 2 do not follow a clear progression.

3x fr vibration
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Figure 7. 3x f, vibration component obtained from acceleration (left) and velocity (right) for aligned
motor and different levels of misalignment under different speeds at nominal load.
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As observed with the 1x f; and 2x f, components, this amplitude rise is more significant
when analyzing the component from the acceleration signal. This is evident in Table 7,
which presents the quantitative results. The amplitude increases for each misalignment
level compared to the aligned motor and is more pronounced when using acceleration-
based analysis, particularly at 1500 and 1800 rpm. In the case of the motor operating at
1800 rpm, the increase reaches up to 40%. However, the rise is more gradual at 1200 rpm,
with an 20% increase compared to the healthy condition. When analyzing velocity, the am-
plitude also increases compared to the aligned motor, but the variation is less pronounced.

Table 7. Value of the 3xf, vibration component and its increase with respect to the aligned case (as a
percentage) for different speeds at nominal load.

3xf; Vibration Component

1200 rpm 1500 rpm 1800 rpm
Acc. Vel. Acc. Vel. Acc. Vel.

Aligned —68.1171 —119.0070 —63.0094 —116.6160 —62.0590 —117.3270

Levell —54.2231 —105.8490 —45.2439 —98.8466 —45.8818 —101.3310
20.40% 11.06% 28.19% 15.24% 26.07% 13.63%

Level2 —61.4225 —112.8540 —52.8184 —106.5770 —39.5356 —94.9146
9.83% 5.71% 16.17% 8.61% 36.29% 19.10%

Level3 —51.9431 —103.7820 —39.5841 —93.3598 —36.9249 —92.3289
23.74% 12.79% 37.18% 19.94% 40.50% 21.31%

Comparing the results for each studied rotational frequency multiple (1xf;, 2xf;,
and 3xf;), the most significant changes occur in the 1xf, component. The amplitude evolu-
tion follows a more stable and less erratic pattern than in the other cases. In all three cases,
there is an amplitude increase at all speeds. However, these changes are more significant in
the 1x f, component, especially when it is obtained from the acceleration signal. However,
it must be noted that, contrary to what other studies suggest regarding the component 2x f;,
this does not appear to be the most suitable component for detecting misalignment due to
its erratic behavior in the presence of the fault. In Figure 4, an enlargement of the vibration
spectrum for each of the components studied is shown. In the case of the component 2xf;,
sidebands around it are observed, which could be caused by an electromagnetic component.
In [21], it is explained that the power supply produces an electromagnetic force that results
in a vibration frequency equal to twice the power supply frequency (2f;); in this case,
this component coincides with the component 4f,. When electromagnetic and mechanical
frequencies coincide, components are observed around the coincident frequency (in the
case of Figure 4, this would be 100 Hz). A similar phenomenon could be responsible for the
distributed components observed around the component 2x f,; however, these components
have an unknown origin at the moment, and the physical identification of their origin is
beyond the scope of this research.

Finally, Figure 8 shows the boxplots corresponding to the distribution of the amplitude
of the 1xf, component of the vibration signal (acceleration) for each of the studied speeds
with different load levels. The boxplots are well separated and do not overlap when the
motor is aligned and when there is some degree of misalignment. This indicates that the
amplitude of the component clearly distinguishes the presence of misalignment for all the
considered machine load levels. However, this indicator is not capable of misalignment
severity identification.
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Figure 8. Boxplots corresponding to the computation of the rotational frequency (1xf;) amplitude
(in dB) of the vibration signal during the steady—state regime under different speeds with several
load levels.

4.2. Current Spectrum Analysis

Figure 9 shows the FFT analyses of the current signals captured under the steady-state
regime when the motor is operating at 1500 rpm with nominal load. The results show the
amplitude of the rotational frequencies, fs + f; and fs — f;, for different levels of misalign-
ment between the motor and the driven load. Note that the considered fault components
(fs + fr and fs — f;) present clear differences in their amplitudes between the healthy case
and faulty conditions. In the case of the fs — f, component, the difference between the
healthy condition and the most severe level of misalignment (level 3) is around 25 dB,
which is an indication that the component is clearly related to misalignment. However, its
amplitude remains stable between the different levels of misalignment. The same happens
with the fs + f» component. The difference between the healthy condition and the third
level of misalignment is around 30 dB, similarly to what happen with the other component.
Both components show an increase in their amplitude when there is a certain level of
misalignment, but their amplitude does not increase as the level of misalignment worsens.
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Figure 9. FFT analyses of the current signals under a steady-state regime for the different levels of
misalignment at 1500 rpm with nominal load.

Figure 10 shows the amplitude of the f; — f, component in the current spectrum when
the motor is operating under different speeds at nominal load. The general trend is that the
amplitude of this component increases when there is misalignment between the motor and
the driven load. This effect is more significant at higher speeds; at 1500 rpm and 1800 rpm,
the changes between the aligned and misaligned motor are more abrupt. However, these
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changes are smaller when the motor operates at lower speeds, specifically at 1200 rpm.
Regarding the differences between failure levels, the most significant change occurs when
the motor transitions from the healthy state to level 1 misalignment. As misalignment
increases, the amplitude of this component shows a slight increase; however, these changes
are quite small, and qualitatively, it remains relatively stable, especially at higher speeds.
This suggests that this component is useful for detecting the presence of misalignment but
is not sufficient to determine the severity of the fault.

fs-fr current
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Figure 10. f; — f, component of the current signal for aligned motor and different levels of misalign-
ment under different speeds at nominal load.

Figure 11 shows the amplitude of the f; + f, component in the current spectrum
when the motor is operating at different speeds under nominal load. Similarly to the
fs — fr component, at higher speeds (1500 rpm and 1800 rpm), the amplitude increases
significantly when the motor transitions from being aligned to experiencing a slight level of
misalignment. However, this does not occur at lower speeds. At 1200 rpm, the amplitude
decreases in the healthy state and the initial misalignment levels, behaving erratically.
In fact, the amplitude in the healthy state is around —55 dB, and when the motor operates
at 1500 rpm with level 1 misalignment, the value is even lower. At 1200 rpm, the amplitude
only increases when misalignment reaches the highest level, and even then, this increase is
not significant, as it appears to rise by only 3 dB compared to the aligned motor. Regarding
the differences between the various misalignment levels at higher speeds, at levels 1 and 2,
the amplitude remains unchanged and even decreases slightly in the second case. These
results broadly indicate that this component is not suitable for detecting the presence of
misalignment in SynRMs.

Table 8 shows the amplitude values of the f; + f, components of the current signal
when the motor operates at different speeds under nominal load. Additionally, this table
also shows the percentage of increase or decrease in the amplitude for each of the stud-
ied fault levels (different levels of misalignment) compared to the healthy state (aligned
motor). The general trend is that as the motor’s fault level increases, the amplitude of the
components tends to rise in all cases. This indicates a correlation between the amplitude of
these components and the presence of misalignment in the motor. Comparing the different
speeds, it is observed that the increase in amplitude is much lower at lower speeds. In this
case, at 1200 rpm, the amplitude of the f; — f, component increases by only 15% when
the motor has a level 3 misalignment, meaning the highest misalignment level. However,
the fs + f, component increases by just 5.7% under the same conditions and even exhibits
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erratic behavior at lower misalignment levels, sometimes decreasing in amplitude. When
the motor operates at higher speeds, the amplitude increase is much more significant in all
cases, suggesting that at higher motor speeds, the impact of the fault is more noticeable.
Additionally, the increase in the f; — f, component is particularly significant at these speeds,
reaching up to 35% at the highest misalignment levels. Overall, the percentage increase
in amplitude is greater as the fault level rises, although the variations between different
levels are only about 4 dB for the f; — f, component. In the case of the f; + f» component,
the changes between different misalignment levels do not follow a clear trend, as in some
cases, the increase is greater at level 1 than at level 2.
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Figure 11. f; + f, component of the current signal for aligned motor and different levels of misalign-
ment under different speeds at nominal load.

Table 8. Value of the f; & f, current components and their increase with respect to the aligned case
(as a percentage) for different speeds at nominal load.

Current Components

1200 rpm 1500 rpm 1800 rpm
fs_fr fs+fr fs_fr fs+fr fs_fr fs‘+‘fr
Aligned —625572 -55.1982 —75.3006 —78.2510 —72.9484 —74.5832

Level1 —58.3285 —57.2384 539637 —58.7712 —50.6297 —52.4423

6.76% —3.70% 28.34% 24.89% 30.60% 29.69%
Level2 —54.4419 594276 —525133 —58.3517 —47.6090 —54.0760
12.97% —7.66% 30.26% 25.43% 34.74% 27.50%
Level 3 —53.0986 —52.0484 —50.0365 —50.2937 —46.9033 —47.8856
15.12% 5.71% 33.55% 35.73% 35.70% 35.80%

Figure 12 shows the boxplots corresponding to the distribution of the amplitude of the
fs — fr component during steady-state operation at different speeds and various load levels.
When considering different load levels, the amplitude of the boxplots varies significantly,
indicating that the amplitude of this component depends on the load level. Despite this,
the fs — fr component allows for distinguishing whether misalignment is present, as the
median trend (represented by the red line in the boxplot) increases when a certain level
of misalignment occurs. However, it is not entirely possible to differentiate between the
various failure levels, as the amplitude remains stable across them.
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Figure 12. Boxplots corresponding to the computation of fs — f, component amplitude (in dB) of the
current signal during the steady—state regime under different speeds with several load levels.

5. Conclusions

The present manuscript explores the utilization of radial vibration signals and current
signals during the steady-state regime to enhance the reliability of misalignment detection
at different speed with several load levels in SynRMs. Based on the findings of this work,
the following conclusions can be drawn:

*  When comparing the results obtained from the acceleration and velocity of the vi-
bration signal, the acceleration provides more information about the presence of
misalignment. Unlike what usually happens at low frequencies, in this case, accelera-
tion appears to be the most suitable magnitude for measuring vibration in the motor.
The amplitude variations are greater when compared to those obtained using velocity.
In general, the 1xf,, 2xf;, and 3x f, components experience a higher increase if they
are obtained from the acceleration signals instead of the velocity signal.

¢  The 1xf, component of the vibration spectrum is the most suitable component to
detect the presence of misalignment in this context. Its amplitude shows a clear
correlation between the different levels of misalignment, allowing the determination
of the severity of the fault.

*  When analyzing the current signal, the f; — f, and f; 4 f, components display sim-
ilar behavior at higher speeds. However, when the operational speed is 1200 rpm,
the fs + f, component shows erratic behavior, presenting a greater amplitude when
misalignment is present compared to when the motor is fully aligned.

* In general, when comparing the different load levels, the results show that the ampli-
tude changes under the same condition of the motor for both current and vibration
signals. These results highlight the difficulty of determining a specific value from
which misalignment in the motor can be considered—that is, it is difficult to propose a
threshold from which the condition of the motor can be determined.

Future research could focus on a more in-depth study of the phenomenon respon-
sible for the distributed components observed around the 2xf, component and on how
to distinguish between misalignment and eccentricity in SynRMs, as different types of
faults produce the same effect in the current spectrum. Although this study focuses on
misalignment detection in SynRMs, it is worth noting that the methodology could be
extended to permanent magnet synchronous motors (PMSMs). Given the similarities in
their synchronous operation, the proposed approach may be applicable to PMSMs with
certain adaptations to account for their unique construction and fault characteristics. Future
work could explore this possibility and evaluate the effectiveness of the diagnostic method
for PMSM applications. Moreover, online implementation is an increasingly important area
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in the field of fault detection. Real-time monitoring and analysis of motor performance
can significantly improve the ability to detect faults early, reducing downtime and mainte-
nance costs. However, the feasibility of online implementation requires addressing several
hardware-related challenges such as limitations in the trade-off between signal length and
sampling frequency. The implementation of the proposed algorithm in on-line mode is
envisioned for future works once the maturity level of misalignment diagnosis for SynRMs
reaches an adequate maturity level.
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