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Abstract—Demagnetization faults have a negative impact on
the behavior of permanent-magnet synchronous machines, thus
reducing their efficiency, generating torque ripple, mechanical
vibrations, and acoustic noise, among others. In this paper, the
displacement of the shaft trajectory induced by demagnetization
faults is studied. It is proved that such faults may increase consid-
erably the amplitude of the rotor displacement. The direct mea-
sure of the shaft trajectory is performed by means of a noncontact
self-mixing interferometric sensor. In addition, the new harmonics
in the back electromotive force (EMF) and the stator current spec-
trum arising from the shaft displacement are analyzed by means
of finite-element method (FEM) simulations and experimental
tests. Since conventional finite-element electromagnetic models are
unable to predict the harmonics arising from the shaft trajectory
displacement, an improved finite-element model which takes into
account the measured trajectory has been developed. It is shown
that this improved model allows obtaining more accurate back
EMF and stator current spectra than those obtained by means of
conventional models. This work presents a comprehensive analysis
of the effects generated by demagnetization faults, which may be
useful to develop improved fault diagnosis schemes.

Index Terms—Demagnetization, displacement measurement,
fault diagnosis, finite-element methods (FEMs), harmonic analy-
sis, lasers, optical interferometry, permanent-magnet machines.

NOMENCLATURE

fdemag Demagnetization fault harmonic frequencies.
fe Line frequency.

Integer number (1, 2, 3, ...).

Number of pole pairs.

Number of slots in the stator.

Number of slots per pole per phase.

Number of turns in a slot.

X-axis.

Y -axis.

MMz =
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I. INTRODUCTION

ERMANENT-MAGNET synchronous machines

(PMSMs) are currently being applied in a large type
of demanding applications, such as servo actuators, robotics,
aeronautical applications, or high-rise elevators and are a
serious option for electric traction systems [1], [2]. Most
of these applications require compactness, broad speed and
torque range, and high efficiency. It is well known that PMSM
technology offers highly attractive features, including high
efficiency, precise torque control, high power density, and high
torque-to-current ratio, among others [3], [4]. Improved effi-
ciency is due in part because PMSMs do not present excitation
copper losses since they do not have excitation windings [5].

Traditionally, fault diagnosis in electrical machines has been
virtually limited to overvoltage and overcurrent protection. This
system has the drawback of requiring bringing the machine
offline once the fault has been detected [6]. However, in critical
applications, this action mode may not be acceptable since a
safe operation must be ensured [7]. Therefore, a more selective
protection system is required to minimize unscheduled shut-
downs. Hence, this selectivity requires developing a reliable
fault diagnosis scheme which should be able to detect incipient
failures. Among the methods developed in recent years, which
include vibration [8] and thermal analysis, stator current analy-
sis has been widely applied for incipient fault detection [9].

Demagnetization jointly with bearing and rotor eccentric-
ity faults are the major sources of failures in PMSMs [10].
Eccentricity faults may be classified into static, dynamic, or
mixed eccentricity. Such faults may generate excessive noise
and vibration, unbalanced magnetic pull, and bearing damage
[11]. Eccentricity faults may be originated by load unbalance
and misalignment, a bent rotor shaft, or incorrect mounting
[12]. Therefore, rotor faults are often classified into eccentricity
failures and flux disturbances due to defects in the permanent
magnets.

Motor current signature analysis (MCSA) is one of the most
popular methods to diagnose electric motor faults because it
does not disturb the normal motor operation, is noninvasive, and
only requires a current sensor [13]. Since traditional MCSA-
related methods are based on Fourier analysis, MCSA has
some inherent limitations because it should be applied under
stationary speed and load operating conditions. It is so be-
cause speed changes and load oscillations among other effects
may distort the current spectra [13]. Despite these drawbacks,
fault diagnosis methods based on signatures obtained from
the fast Fourier transform line current spectra are still being
analyzed [14]. In consequence, when the motor operates under
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nonstationary conditions, other mathematical methods different
from the classical Fourier analysis are applied, including time-
frequency analysis [2], wavelet analysis [13], or Vold—Kalman
filtering order tracking [15].

Demagnetization faults in PMSMs are troublesome [16] and
may generate permanent motor performance and efficiency
degradation [10]. Different phenomena such as high stator cur-
rents, interturn short circuits, significant temperature raise, or
cracks in the magnets may lead to partial demagnetization of the
rotor magnets. Partial demagnetization has adverse mechanical
effects since it causes unbalanced magnetic pull, magnetic force
harmonics, acoustic noise, and vibrations. Therefore, partial
demagnetization reduces considerably the mechanical torque of
the PMSM and severely affects motor performance [17], [18].

The effects of demagnetization faults have been studied
extensively in the last few years [19], [20]. In [16], it was
verified that demagnetization faults impact both the torque
and the sound power emitted by the machine due to radial
forces. Generation of vibrations and acoustic noise was studied
in external rotor PMSM with nonoverlapping windings [21].
However, as far as we know, there are no studies concerning
the link between demagnetization and mechanical effects such
as deviations of the rotor trajectory. In this paper, it is proved
that demagnetization faults in PMSMs lead unavoidably to the
generation of unbalanced magnetic forces which, in turn, may
generate a deviation of the rotor trajectory. The evidences pre-
sented in this study resulting from both finite-element method
(FEM) simulations and the direct measurement of the 2-D
motor shaft displacement in X - and Y-axes by means of self-
mixing interferometry (SMI) using two laser diodes support
this hypothesis. As it is well known, demagnetization faults
in PMSMs induce fractional harmonics in the stator current
spectrum. This work is focused to understand the origin of these
fractional harmonics. To this end, a widened point of view is
applied, which includes the analysis of the mechanical effects
arising from demagnetization faults.

II. HARMONIC COMPONENTS DUE TO
DEMAGNETIZATION FAULTS

It is well known that a healthy machine induces a regular
and periodic back electromotive force (EMF) voltage in each
slot of the stator windings [4]. Conversely, when dealing with
a partially demagnetized machine, the back EMF induced in
a single slot is not regular. It is so because the damaged
magnets do not have the same contribution in the back EMF
than the others, thus producing a gap or asymmetry in its
waveform whenever a damaged magnet passes in front of a
given slot. Since the back EMF losses its sinusoidal shape
because of the partially demagnetized magnets, new harmonic
components appear in the back EMF which may be trans-
mitted to the stator currents depending on the stator winding
configuration [4].

The harmonic content in the back EMF greatly influences
the output torque ripple, noise emissions, and vibrations, thus
deteriorating the behavior of the PMSM. Torque ripple in
PMSMs should be minimized particularly in applications re-
quiring speed and position accuracy [20].
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In the technical literature, it is well documented that demag-
netization faults induce the following set of harmonic frequen-
cies in the stator current spectrum [12], [19], [22]:

fdemag = fe (1 + ;i) , k=1,2,3,... (1)
fdemag being the fault harmonic frequencies due to partial
demagnetization, f, being the electrical supply frequency, and
P being the number of pole pairs of the machine. This chain
of fault frequencies is present in both constant speed and
nonstationary conditions. In this latter case, the fault harmonics
change in frequency and amplitude, depending on the opera-
tional point of the motor. The harmonic components present in
the stator current profiles may be used to design a noninvasive
scheme to detect demagnetization faults.

Stator current diagnostic by means of monitoring and analyz-
ing the stator current spectrum has been applied successfully
to detect these types of faults [1], [19]. However, as stated in
[22], depending on the stator winding configuration and the
type of demagnetization, in some cases, no new harmonic or
subharmonic frequencies that are different than those already
present in a healthy machine appear due to demagnetization
faults. Hence, in these cases, these faults must be detected
by analyzing other machine variables. Additionally, it is also
known that other types of rotor defects may be detected by
studying the same characteristic fault frequencies in the stator
currents as predicted by (1). For example, in [11], it is stated
that mixed eccentricity faults lead to the chain of frequencies
around the fundamental given by (1).

Rotor eccentricity distorts the air-gap flux distribution since
the air-gap length has a notable influence on the flux path. In the
region where the air-gap length diminishes, the magnetic flux
may increase, and therefore, it may lead to saturation effects
and motor performance reduction [23]. Similarly, eccentricity
faults may also have a profound impact on the air-gap flux
distribution. In the case of demagnetization faults, the air-gap
flux distribution is also distorted when compared with that of a
healthy machine [4].

As stated, demagnetization faults and other types of rotor
defects may have a similar impact on the stator current spectra.
Consequently, depending on the stator winding configuration,
in some cases, it is difficult to distinguish between demagne-
tization and other types of rotor faults by analyzing the stator
current spectrum.

In this paper, it is proved that a partially demagnetized
PMSM generates unbalanced magnetic forces which may pro-
duce a deviation of the rotor trajectory. It is shown that these
unbalanced forces are originated by the magnetic interaction
between the ferromagnetic stator core and the rotor magnets.
In addition, it is demonstrated that the trajectory deviation may
produce visible changes in the stator current spectrum, which
may be useful for fault diagnosis purposes.

III. MAGNETIC ANALYSIS OF DEMAGNETIZATION FAULTS

In this section, the effects of partial demagnetization faults
are analyzed by means of 2-D FEM simulations using the
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Fig. 1. Type of demagnetization analyzed in this work. The demagnetized
magnets are dashed in solid black line. The rotor was mechanically balanced to
avoid additional vibrations and orbital trajectories different from these induced
by the analyzed effect.

commercial FLUX package and experimental results. Finite-
element analysis has been widely applied for designing and an-
alyzing electrical machines [24]. A FEM model of a healthy and
a partially demagnetized surface-mounted permanent-magnet
synchronous motor (SPMSM) taking into account the parame-
ters shown in Table II (see the Appendix section) and the details
shown in Fig. 1 was created for this purpose. To perform the
FEM simulations, the motor is controlled by means of a closed-
loop controller with an outer speed loop and two inner current
loops (2; = 0 and ig).

The faulty SPMSM has two 75% partially demagnetized
poles as shown in Fig. 1. To achieve this demagnetization
pattern, six rotor magnets placed in consecutive poles were
removed and demagnetized. Afterward, they were placed in
their original position to facilitate the motor mechanical bal-
ancing. Next, to avoid abnormal vibration of the rotor and,
consequently, anomalous orbital trajectories, the rotor mass was
balanced.

Fig. 2 shows the results obtained by means of FEM simu-
lations of the stator currents of both a healthy and a partially
demagnetized machine. These simulations suppose the motor
shaft rotating perfectly around its symmetry axis.

In [4], it is stated that integral slot windings tend to remove
from the stator current spectrum the effects of periodic changes
of parameters that may modify the magnetic flux. Results
shown in Fig. 2 clearly show that the fractional harmonics
predicted by (1) are not present in the simulated current spec-
trum. It is due to the particular winding configuration of the
analyzed motor, an integral slot winding with ¢ = 1 slots per
pole per phase. Note that the main difference between both
spectra (healthy and partially demagnetized motors) is that
the amplitude of the odd harmonics is lower for the partially
demagnetized motor.

To conduct the experimental validation, a healthy ABB
380-Vac SPMSM and a partially demagnetized ABB 380-Vac
SPMSM driven by an ABB DGV-700 power converter are used.
These motors have rated speed of 6000 r/min, rated current of
2.9 A, and present rotor skewing. During the experimental tests,
both motors are loaded with an identical SPMSM that acts as a
load, driven by its own power converter. Hence, the motors can
be tested under different load conditions.
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Fig. 2. Stator current spectra of a healthy and a partially demagnetized
SPMSM operating at 1500 r/min under rated load. FEM simulation results.
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Fig. 3. Stator current spectra of a healthy and a partially demagnetized

SPMSM operating at 1500 r/min under rated load. Experimental results.

Fig. 3 shows the spectra of the experimental currents, for both
a healthy and a faulty SPMSM running at 1500 r/min under
rated load.

Experimental spectra shown in Fig. 3 are more complex than
those obtained from FEM simulations since the former show the
presence of fractional and even harmonics for both healthy and
partially demagnetized machines. FEM simulations suppose the
SPMSM fed by ideal sources, whereas it is well known that
the motor controller may inject harmonics [25]. Additionally,
the fractional harmonics may be also due to mechanical causes
such as inherent rotor misalignments and eccentricities [20].
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Fig. 4. Radial magnetic forces on the shaft of a healthy and a partially
demagnetized SPMSM when operating at 1500 r/min under rated load. FEM
simulation results.
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Fig. 5. Y-axis force against X-axis force for the partially demagnetized
SPMSM operating at 1500 r/min under rated load. FEM simulation results.

To explain the presence of fractional harmonics, this study
must be extended to analyze possible mechanical effects arising
from demagnetization faults. It is well known that there is a
magnetic attraction force between the ferromagnetic stator core
and the rotor magnets. These radial forces may be obtained
from FEM simulations, as shown in Fig. 4.

Simulation results from Fig. 4 show that, in the case of the
healthy SPMSM, these radial forces are equilibrated. However,
in the case of the partially demagnetized SPMSM, there is a
nonzero resultant radial force which must generate mechanical
effects.

Fig. 5 plots the Y-axis force against the X -axis force, which
have been obtained from FEM simulations of the partially de-
magnetized SPMSM. It clearly shows 18 lobules corresponding
to the () = 18 stator slots.

The influence of the stator currents on the radial forces was
analyzed. To this end, two simulations were performed. In the
first one, the SPMSM was simulated when operating at rated
load (rated current), while in the second, it was analyzed under
no-load conditions, as shown in Fig. 6.
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Fig. 6. Y-axis force against X-axis force for the partially demagnetized
SPMSM operating at 1500 r/min under rated load and no-load conditions. FEM
simulation results.

Results from Fig. 6 show that the stator currents have nearly
no contribution to the resultant radial force. Consequently, it can
be assumed that this force is only due to the magnetic interac-
tion between the ferromagnetic stator core and the rotor magnets.

Although the analyzed SPMSM has wye-connected stator
windings, a delta connection is expected to lead to similar
magnetic forces since they are originated by the interaction
between the rotor magnets and the ferromagnetic stator core.
This also applies to other configurations, including parallel-
connected coils.

IV. ANALYSIS OF MECHANICAL EFFECTS OF
DEMAGNETIZATION FAULTS

In this section, the shaft trajectory of a healthy and a par-
tially demagnetized SPMSM is measured experimentally. As
deduced from Figs. 4-0, it seems feasible that the unbalanced
magnetic forces present in a partially demagnetized machine
may induce small displacements of the motor shaft. Therefore,
to analyze in detail the effects of such forces, an exhaustive
combined electromagnetic and mechanical FEM model of the
machine that must include the behavior of the bearings is
required. However, this is not an easy solution. Fortunately,
the shaft displacement may be measured experimentally. In
practice and in order not to affect the measurement, optimally,
the shaft displacement should be observed using some noncon-
tact measurement system. In this paper, the system has been
measured using a double SMI setup, shown in Fig. 7. The setup
contains two self-mixing laser diodes (SMLDs) and associate
electronics placed perpendicular to each other pointing toward
the rotating shaft, to sample its 2-D displacement along the
X-and Y -axes.

SMI is an experimental technique which has been extensively
used for displacement, vibration, and velocity sensing during
the past decades [26]-[28]. It is based on measuring the beat
arising from the interference of a portion of the laser beam back
reflected into the laser cavity by a moving target (the motor
shaft in this case) and the standing wave inside the cavity. Since
the SMI configuration is compact, self-aligned, robust, and
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Rotating

Fig. 7. Experimental setup used to measure the deviations in the shaft
trajectory of the analyzed SPMSMs.

cheap in comparison with conventional interferometers, it is
particularly attractive from the industrial application viewpoint.

As there are a number of different types of noise sources
in the measuring environment, such as structural vibrations
or shaft surface roughness and shape deviations, a low-pass
filter is applied to the acquired self-mixing signal. Afterward,
a transition detection algorithm [29] is used as the signal
processing method, yielding a resolution of half the wavelength
of the laser (392 nm) in the technique. The two orthogonal
SMLDs’ configuration allows direct measurements of the motor
shaft displacement since the readings of both laser diodes were
acquired simultaneously. Two Hitachi HL7851G Fabry—Pérot
laser diodes with a maximum output power of 50 mW, emitting
at the wavelength of 785 nm, were used in the experiment. The
laser measuring system was not attached to the motor frame in
order to avoid vibrations generated by the motor.

Hence, by comparing the measures obtained from a healthy
and a partially demagnetized motor, the mechanical effects of
the demagnetization faults become visible. Figs. 8 and 9 show
the trajectories of the target point of the motor shaft where both
laser beams were pointing to.

As proved in Figs. 8 and 9, both the healthy and faulty
SPMSMs have a certain degree of eccentricity, but it becomes
significantly higher in the latter. Therefore, these results are a
consistent proof that demagnetization faults may increase sig-
nificantly the amplitude of the shaft displacement. Concretely,
results shown in Fig. 9 show a measured displacement of about
+30 um (£5% of the air gap) for the partially demagnetized
SPMSM.

V. ANALYSIS OF JOINT MECHANICAL AND MAGNETIC
EFFECTS OF DEMAGNETIZATION FAULTS

In Section IV, it has been shown that results from conven-
tional FEM models of the SPMSM that do not include the shaft
displacement are not in close agreement with experimental re-
sults. Therefore, in this section, the experimental displacement
of the motor shaft is included in the FEM simulations. As it
will be proved, this procedure allows performing more realistic
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Fig. 8. Displacement of the motor shaft as measured by the two SMLDs
placed in the X - and Y'-axes. A healthy SPMSM and a partially demagnetized
SPMSM were measured when running at 1500 r/min under no-load conditions.
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Fig. 9. Trajectory of the measured target point of the motor shaft in the X-Y
plane. A healthy SPMSM and a partially demagnetized SPMSM were measured
when running at 1500 r/min under no-load conditions.

simulations since they take into account the shaft displacement,
which is certainly present in real motors.

The experimental results shown in Figs. 8 and 9 for both
healthy and partially demagnetized motors will be used to
adjust the FEM model that takes into account the displacement
of the motor shaft. It will allow explaining the mechanical
effects due to demagnetization faults.

A healthy SPMSM presents an almost constant reluctance
if neglecting the slot effects. Contrarily, when dealing with a
partially demagnetized SPMSM, the reluctance changes with
the rotor angular position. It is so because of the displacement
of the motor shaft (air-gap variation) due to the radial forces.
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results obtained by introducing the measured displacements of the motor shaft
in the FEM model.
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Fig. 11. Phase-to-phase back-EMF spectrum of a healthy and a partially

demagnetized SPMSM operating at 1500 r/min under rated load. Experimental
results.

Additionally, due to the shaft displacement, the magnetic flux
due to the permanent magnets is also altered. Hence, these
combined effects are traduced in stator flux variations, which
are reflected and amplified (due to the time derivative) in the
back-EMF spectrum, as shown in Fig. 10. Results from Fig. 10
show that, when considering a FEM model including both
the effects of demagnetization and eccentricity, the back-EMF
spectrum contains fractional harmonics. Back-EMF simulation
results must be checked with experimental results, which are
shown in Fig. 11.
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Fig. 12. Phase current spectrum of a healthy and a partially demagnetized
SPMSM operating at 1500 r/min under rated load. Simulation results obtained
by introducing the measured displacements of the motor shaft in the FEM
model.

Although the experimental back-EMF spectra are more com-
plex than the simulated ones, results from Fig. 11 clearly show
that the back-EMF spectrum of the demagnetized SPMSM
contains fractional harmonics as predicted by the simulations.

Fig. 12 shows the simulated spectrum of the stator current
when taking into account the shaft displacement.

Results from Fig. 12 show the presence of fractional har-
monics as in the experimental stator current spectra shown in
Fig. 3. It should be pointed out that, when considering the
demagnetization effects but not the shaft displacement (see
Fig. 2), there is no presence of fractional harmonics in the stator
current spectrum. Hence, these results show that demagnetiza-
tion faults may amplify the amplitude of the shaft displacement
already present in any healthy motor, which, in turn, may induce
fractional harmonics in the current spectrum.

VI. CONCLUSION

This work has analyzed the change in the shaft trajectory
produced by partial demagnetization in SPMSMs. These faults
are common in SPMSMs and may severely deteriorate the
motor performance, thus leading to a premature ageing or
an irreversible fault condition. Preliminary FEM simulations
have shown that a demagnetized machine generates unbalanced
radial forces which may generate mechanical effects. By means
of two SMLDs, the shaft trajectories of a healthy and a partially
demagnetized machine have been measured. This work has
introduced this innovative sensor to measure the shaft displace-
ment. The experimental data provided by the SMLDs clearly
show that demagnetization faults may significantly increase the
amplitude of the shaft displacement when compared with a
healthy machine. To obtain more realistic results than those
obtained by means of conventional electromagnetic FEM mod-
els, an improved FEM model that includes the measured shaft
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Fig. 13. Stator winding connections.

trajectory has been developed. Therefore, the proposed FEM
model takes into account, in a straightforward and realistic
manner, mechanical effects due to the bearing components, pos-
sible misalignments, or bending in the shaft, among others. It is
worth noting that these effects are not included in conventional
electromagnetic FEM models.

Therefore, these changes may be visible in stator current
spectrum as fractional harmonics. In this paper, it has been
proved that, as a consequence of the particular stator winding
configuration (integral slot windings), these fractional harmon-
ics are a consequence of the motor shaft displacement due
to the unbalanced magnetic forces. It has been shown that
the improved FEM model that includes the measured shaft
displacement presents more realistic results than conventional
FEM models. Therefore, the results of this work may be
useful to develop improved fault diagnosis schemes and new
fault indicators, since, as far as we know, the shaft trajectory
displacement due to demagnetization faults has been taken into
account for the first time.

The SPMSMs analyzed have integral slot windings. This
type of windings tends to remove from the stator current
spectrum the effects of periodic changes of parameters that
may modify the magnetic flux. However, the particular demag-
netization faults analyzed in this work generate an irregular
trajectory of the motor shaft that makes visible the fractional
fault harmonic frequencies in the stator current spectra.

APPENDIX

Table I shows the winding configuration of the three-phase
SPMSMs analyzed in this work.

Both the healthy and the partially demagnetized SPMSMs
have symmetrical concentrated stator windings connected in
series, six poles (P = 3), four magnets per pole (the rotor has
six rows with four permanent magnets in each row), 144 turns
per phase, 18 stator slots, and 48 turns per slot, which result in
q = 1 slots per pole per phase.

Fig. 13 shows a diagram of the winding connections.

Table II shows additional parameters of the analyzed
SPMSM. These parameters are used to generate the FEM model
whose simulation results are exposed in the following sections.

TABLE II

GEOMETRIC PARAMETERS AND MATERIALS OF THE SPMSMS ANALYZED
Manufacturer ABB
Converter model DGV 700
Rated voltage 380 Vac
Rated current 29A
Rated torque 2.3 Nm
Rated speed 6000 r/min
Poles pairs 3
Stator slots 18
Stator slots per phase 6
Stator windings connection type wye
N 144 turns/phase
R 1.50 Q (1.1% unbalance)
L 4.9 mH
M -0.90 mH
Magnets type NdFeB
Magnets per pole 4
Magnets remanent magnetic flux density 1.18T
Stator steel saturation magnetic flux density 18T
Axial length 89 mm
Stator outer radius 40.49 mm
Air gap 0.6 mm
Rotor outer radius 22.8 mm
Magnets height 2.5 mm
Shaft radius 9 mm
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