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Abstract: The detection of a precursor to the demagnetization of permanent magnets is very
important because a high degree of reliability is necessary in permanent magnet synchronous motors
(PMSMs). This paper investigated the diagnosis of very slight PM demagnetization. A part of the
permanent magnet was altered to non-magnetic material so as to mimic the effect of demagnetization.
The vibration characteristics were clarified for low demagnetization in PMSMs driven under vector
control by experiments and 3D finite element (FE) analysis. We found that the amplitude of some
components of the vibration was approximately proportional to the demagnetization level of the
PM and the load torque. Therefore, the measurement of vibration and torque is very useful for the
estimation of the magnetization level of PMSMs under vector control except for under very light load.

Keywords: failure diagnosis; demagnetization; interior permanent magnet synchronous motor;
vibration

1. Introduction

Permanent magnet synchronous motors (PMSMs) have been used in many industrial fields,
such as manufacturing systems, air conditioners, robots, hybrid vehicles, electric vehicles, and so on,
and a high degree of reliability is necessary to them. However, since PMSMs work under various
stresses affected by the power supply and load conditions, several faults can occur in the motors
during long-term, continuous operation. If they cannot be diagnosed, they may cause serious damage.
Therefore, it is very important to study fault detection and diagnosis technology for PMSMs. A review
of faults and diagnosis methods of PMSMs was previously presented [1]. In the reference, faults in
PMSMs were classified into electrical faults, mechanical faults, and magnetic faults [2]. Electrical
faults are the incorrect connection of the motor windings, grounding errors, short circuits in the
stator phase windings, and open circuits in the whole phase. Mechanical faults are damage to the
magnet, bending of the shaft, loosening of the bolts, bearing faults, and air gap eccentricity. Magnetic
faults are demagnetization faults and are unique in PMSMs. This paper addresses demagnetization
faults. Permanent magnets in PMSMs can become demagnetized due to high levels of temperature,
large stator currents, large short-circuit currents produced by inverter or stator faults, and aging of
the magnet itself. Moreover, since PM material is often magnetized after it is inserted into the rotor
assembly, there is a possibility that the PM is not in a state of complete magnetization.

There have been several studies on failure diagnosis in electric motors. For example, diagnosis of
bearing faults has been reported [3-6]; diagnosis of unbalanced rotors or broken rotor bars in induction
motors has been reported [7-13]; and diagnosis for DC commutator motors has been reported [14,15].
For PM motors, Rotor Position Error, Winding Short-Circuit Fault, and Rotor Eccentricity, among
others, have been reported [16-20]. Moreover, for the situation of PMs, there have been several research
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studies on detecting demagnetization in PMs and estimating PM temperature. In [21], the authors
reviewed demagnetization faults using index-extracting techniques in PMSMs. Rajagopalan et al. [22]
created a magnet defect by chipping off a part of the magnet and then measured the stator current.
The authors of [23] estimated PM magnetization using the stator current, zero-sequence voltage,
and back electromotive force. Torregrossa et al. [24] investigated the impact of partial demagnetization
and static eccentricity on the force distribution, vibration, and acoustic behavior of a PMSM. In [25],
the authors estimated the magnetization using the back electromotive force, while the authors of [26]
studied the vibration acceleration to detect partial demagnetization and inter-turn short circuits.
Alameh et al. [27] simulated a vibration-based fault detection and diagnosis technique for PMSMs.
The faults included rotor eccentricity, rotor PM demagnetization, and stator inter-turn short circuits,
where demagnetization fault was defined as a decrease in the residual flux density of the PMs.
The authors of [28] proposed the use of torque ripple for online PM demagnetization fault diagnosis
using continuous wavelet transforms (CWT) and grey system theory. Wallscheid et al. [29] reviewed the
existing methods for indirect model-based determination of PM temperature. Since the volume of PMs
was decreased by 16.7% in [22,23], and the volume of PMs was partially decreased by about 11% in [26],
the degree of PM demagnetization was relatively large. It would be preferable to be able to detect
the onset of demagnetization to provide the user with advance notice that the magnet is beginning to
demagnetize. In order to deal with a less advanced demagnetization situation, the authors reduced the
volume of PMs by 2.5%, 5.0%, and 7.5% in separate experiments [30] and then investigated several
variables for the diagnosis of lower demagnetization in interior PMSMs (IPMSMs) by simulations
and experiments, namely, the electromotive force and the stator voltage [31]. Moreover, although
most PMSMs are driven under a vector control strategy, previous studies [21-29] did not consider the
machine running under vector control.

This paper investigated the vibration characteristics of IPMSMs with demagnetized PMs driven
under vector control by way of experiments and 3-D FE analyses. Only the PMs of one pole were
altered to non-magnetic material so as to mimic the effect of demagnetization. This means that this
paper investigated asymmetric partial demagnetization, that is, the same as in [22,23,26]. Moreover,
this paper estimated the level of demagnetization by using some components of vibration.

2. Experimental PMSM with Demagnetization

Figure 1 shows the rotor of an experimental four-pole IPMSM with parameters 1.5 kW, 3000 min~?,
4.8 Nm, and 5.6 A. A part of the PM material of one of four poles was altered to a non-magnetic
material so as to mimic the effect of demagnetization. The PM material was Neodymium N39UH,
which has residual magnetic flux density 1.25 T and density 7.65 kg/m3. The non-magnetic material
was stainless steel, which has density 7.8 kg/m3; thus, the weight of the non-magnetic material was
almost the same as that of the PM.

Non-magnetic
material

(a) (b)

Figure 1. Rotor of the experimental interior permanent magnet synchronous motor (IPMSM): (a) rotor

configuration; (b) photograph of rotor.
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This paper reports experiments on the same stator and the same rotor using different PMs because
slight differences between motors can affect the vibration characteristics, especially if the amount
of demagnetization is very slight. We took into account two types of demagnetization. One is
demagnetization in the radial direction, shown in Figure 2. One pole is composed of four PMs,
and the thickness of the four PMs which composed one pole was reduced by 10%, 20%, or 30%;
that is, the total volume of PM material used was decreased by about 2.5%, 5.0%, or 7.5%, respectively,
in separate experiments, in order to imitate demagnetization or imperfect magnetization. The other
is demagnetization in the axial direction, shown in Figure 3. The axial length of two of the four
PMs per pole was reduced by 20%, 40%, or 60%; that is, the total volume of PM material used was
decreased by about 2.5%, 5.0%, or 7.5%, respectively. Therefore, the PM volume of one pole for axial
demagnetization was approximately the same as that for radial demagnetization. In order to remove
eccentricity, non-magnetic materials were inserted into the region where the PM volume was decreased.
Table 1 shows the volume of PMs for each demagnetization. Here, “Healthy” denotes the motor with
fully magnetized PMs, R-2.5% denotes the motor with PMs demagnetized in the radial direction by
about 2.5%, Z-2.5% denotes the motor with PMs demagnetized in the axial direction by about 2.5%,
and so on. As PMs were manufactured in 0.1 mm steps, the reduction of PM volume denoted by 2.5%
is not an exact value.

Table 1. Dimensions of PMs.

PM L (mm) W (mm) H (mm) V (mm?) V/VHealthy
Healthy 22.6 20.2 2.2 16070 -
R-2.5% 22.6 20.2 2.0 15704 0.977
R-5.0% 22.6 20.2 1.8 15339 0.955
R-7.5% 22.6 20.2 1.6 14974 0.932
Z-2.5% 18.0 20.2 2.2 15661 0.975
Z-5.0% 134 20.2 2.2 15252 0.950
Z-7.5% 8.8 20.2 2.2 14843 0.924

Non-magnetic
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Figure 2. PMs for radial demagnetization: (a) magnet configuration; (b) photograph of magnet.
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Figure 3. PMs for axial demagnetization: (a) magnet configuration; (b) photograph of magnet.
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Figure 4 shows the experimental setup used to measure the vibration. An experimental IPMSM
was driven by an inverter controlled by a Digital Signal Processor (DSP) DS1102 (dSPACE Japan K.K,,
Shinagawa, Japan). A PVO8A (Rion Co. Ltd., Japan) piezoelectric acceleration pickup was attached to
the top of the stator and was connected to a UV-06 charge amplifier. The vibration and torque signals
were measured using a LABVIEW (2009, National Instruments, Japan) system.

PC
DS1102

Inverter DAQ DAQ: Data AcQuisition system

Charge
amplifier Sensor box

Torque meter

Acceleration pickup—s)

5 Torque -

Brake

-

Figure 4. Experimental setup.

detector

3. Vibration Characteristics of an Experimental IPMSM Driven under Vector Control

In the measurement, the experimental IPMSM was driven under vector control. Figure 5 shows
a typical block diagram for the vector-controlled PMSM system. In this diagram, two control loops
were used; one is an inner loop to regulate the stator currents by converting to the d and q axes with the
rotor position, and the other is an outer loop to control the motor speed. In this study, the d-axis current
was maintained at 0. The system was composed of the motor, inverter, position sensor, two current
sensors, and DSP DS1102. The switching frequency of the inverter was set to 4 kHz. The vector control
diagram was carried out in the DS1102. The load condition was fixed at 0% and 70% of the rated
torque by adding the load torque with a hysteresis brake. Figure 6 shows the measured vibration
waveforms for the healthy motor, the motor with 7.5% demagnetized PMs in the radial direction,
and the motor with 7.5% demagnetized PMs in the axial direction. The motor developed 70% of the
rated torque in this measurement. It was found that the amplitude of the vibration signals emitted
from the demagnetized motor was larger than that from the healthy motor.
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Figure 5. Block diagram for a PMSM under a vector control strategy.
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Figure 6. Vibration waveforms at70% load torque: (a) healthy motor; (b) R-7.5% motor; (c) Z-7.5% motor.

Figure 7 shows FFT analyses of the vibration waveform emitted from the motor with radial
demagnetization when the motor was running at a speed of 1200 min~'. Figure 8 shows those of the
motor with axial demagnetization. It was found from these figures that the vibration at 70% load
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torque was larger than that at no load torque. Since the motor was running at a speed of 1200 min~!,

the fundamental current frequency was 40 Hz. It can be observed from Figure 7b that the vibration had
peak values at 440, 480, 520, 920, 960, and 1000 Hz, that is, at the 11th, 12th, 13th, 23rd, 24th, and 25th
components. Since this motor has four poles, it was expected that the magnetic radial force would have
a large value at 80 Hz when the motor was running at 1200 min~!. However, the vibration at 80 Hz is
not large. By comparing Figures 7b and 8b, we can see that the amplitude of vibration emitted from the
motor with radial demagnetization was larger than that from the motor with axial demagnetization.
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Figure 7. FFT analysis of vibration waveforms emitted from the motor with radial demagnetization:
(a) no load torque; (b) 70% load torque.
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Figure 8. FFT analysis of measured vibration waveforms emitted from the motor with axial
demagnetization: (a) no load torque; (b) 70% load torque.

Although the vibration had another peak at 820 Hz, this component did not change in
correspondence with the demagnetization level. Therefore, we investigated the 11th, 12th, 13th,
23rd, 24th, and 25th components. Figure 9 shows the characteristics of the 12th vibration component
for load torque. The amplitude of vibration emitted from the healthy motor was almost the same
for the different levels of load torque. On the contrary, the amplitude of vibration emitted from the
demagnetized motor was approximately proportional to the load torque. The slope was large when the
demagnetization level was large. It was also found that the amplitude of vibration emitted from the
motor with radial demagnetization was about 1.5 times larger than that from the axial demagnetized
motor. The 11th, 13th, 23rd, 24th, and 25th vibration components showed similar characteristics to the
12th component.
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Figure 9. Characteristics of the 12th vibration component relative to load torque: (a) radial
demagnetization motor; (b) axial demagnetization motor.

4. 3-D FE Analysis of Vibration Characteristics

In this chapter, the vibration characteristics are calculated using a 3-D finite element method to
verify the experimental results. Figure 10 shows a model of the experimental motor. First, the flux
distribution in the motor and electromagnetic force at the stator were calculated using the 3-D FE
method. The analysis model is 1/2 of the model in the axial direction, because there is no symmetric
condition in the circumferential direction. The numbers of nodes and elements used were 132,813
and 225,758, respectively, as shown in Figure 11a. The magnetic flux density was calculated by the
3-D nonlinear FEM with the measured stator current as the input values. Then, the electromagnetic
force was calculated using Maxwell’s stress tensor. Figure 11b shows the finite element mesh of the
cross-sectional region in the 3-D model for the calculation of eigenvalues and vibration characteristics.
In Figure 11b, the aluminum case is taken into account.

Stator core

Stator coil

Rotor core

PM

Air region

Figure 10. Experimental IPMSM.

Natural frequencies were obtained by measuring the transfer function of the stator core. A PVOSA
piezoelectric accelerometer was attached to the top of the stator and was connected to one channel of
a UV-06 charge amplifier. A PH-51 impulse hammer was connected to the other channel. The charge
amplifier was connected to a SA-01A4 signal analyzer and then to a PC where software for the SA-01A4
was installed. The transfer function was measured by hammering the stator surface. Table 2 shows the
six lowest measured natural frequencies compared with the calculated ones. The relative error of the
natural frequencies was in the range of 10% through 15%.
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(a) (b)

Figure 11. Finite element mesh of the cross-sectional region in the 3D model: (a) for electromagnetic

field calculation; (b) for vibration calculation considering aluminum case.

Table 2. Natural frequencies.

Measured (Hz) Calculated (Hz) Relative Error (%)
179 207 15.6
472 521 12.5
592 647 11.0
952 1063 11.8
1240 1371 11.1
1468 1655 12.7

Figure 12 shows the FFT analysis of the electromagnetic force at a stator tooth calculated by 3-D
FEM, where Figure 12a,b shows the force in the radial direction and the circumferential direction,
respectively. Here, the measured stator current was used for the calculation by the 3-D FEM. It was found
that the calculated electromagnetic force in the radial direction at a stator tooth was 80, 160, and 480 Hz,
namely, the 2nd, 4th, and 12th harmonic components of the stator current. The electromagnetic force
in the circumferential direction was 80, 160, 480, 520, and 960 Hz, namely, the 2nd, 4th, 12th, 13th,
and 24th harmonic components.

Using the harmonic components of the electromagnetic force as the exciting force, the vibration
characteristics were calculated by 3-D FEM. Figure 13 shows the harmonic components of vibration
calculated by 3-D FEM for no load and for 70% load. It was found that the vibration at 70% load
was larger than that at no load, and the vibration amplitudes at 80 Hz and 160 Hz were not large.
Table 3 shows the amplitude of vibration at the main frequencies and at eigenvalues. By comparing
the calculated vibrations shown in Figure 13 and the measured ones shown in Figures 7 and §,
we observed that the calculated amplitudes of vibration were about 2 times larger than the measured
ones. We believe that the error between the measured and the calculated vibrations is due to the
calculated model. In the measurement, the motor was connected to a torque meter and a hysteresis
brake on a motor pedestal. However, the authors calculated the vibration of only the motor, without
including the pedestal and the torque meter, because it is difficult for 3-D FEM to calculate the whole
measurement system. However, the qualitative characteristics were the same: We found that the
vibration had peak values at the 440, 480, 520, 920, 960, and 1000 Hz components and that the vibration
was small at 80 and 160 Hz and the eigenvalues. The amplitude of vibration at heavy load was larger
than that at no load, and the amplitude of vibration emitted from the motor with radial demagnetization
was larger than that with axial demagnetization.



Appl. Sci. 2019, 9, 3111

Figure 12. Electromagnetic force at a stator tooth calculated by 3D FEM: (a) electromagnetic force in
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Table 3. Calculated amplitudes of vibration.

Vibration (mm/s?)

Frequency (Hz) Condition Healthy R-7.5% Z-7.5%
440 (11th) No load 0.070 0.235 0.162
480 (12th) No load 0.205 0.294 0.194
520 (13th) No load 0.192 0.256 0.160
920 (23rd) No load 0.173 0.257 0.176
960 (24th) No load 0.197 0.297 0.153
1000 (25th) No load 0.177 0.244 0.183
440 (11th) 70% load 0.090 1.14 0.915
480 (12th) 70% load 0.263 1.43 1.10
520 (13th) 70% load 0.245 1.25 0.903
920 (23rd) 70% load 0.221 1.25 0.997
960 (24th) 70% load 0.252 1.44 0.866
1000 (25th) 70% load 0.226 1.19 1.03
207 (1st eigenvalue) 70% load 0.006 0.008 0.001
472 (2nd eigenvalue) 70% load 0.022 0.007 0.068
593 (3rd eigenvalue) 70% load 0.022 0.009 0.001
952 (4th eigenvalue) 70% load 0.051 0.18 0.018

5. Estimation of Demagnetization Level

It was clarified by the measurement and FE analysis in the previous section that the amplitude of
vibration is approximately proportional to the load torque and demagnetization level. This section
proposes an estimation method for the demagnetization level using the pre-measured characteristics
shown in Figure 9. Let us explain how to estimate the demagnetization level using Figure 14.
When a motor with demagnetized PMs, the demagnetization level of which is unknown, is driven
under a vector control strategy, the vibration and the load torque are measured. Let the vibration be V
and the load torque be T. Four pre-measured points (T}, V)), (Ti+1, V)), (Ti, Vj+1), and (Ti41, Vj41) are
chosen which are close to (T, V). The demagnetization level & can be estimated as follows:

0= gyl ) o 0
where T_T,
Vi= m(vi+1,]’ - Vi,j) +Vi; )
and T-T.
V= m("iﬂ,fﬂ - Vi,j+1) + Vijt 3)

In order to verify the method for estimation of the demagnetization level, a new PM with
a demagnetization level of —3.75% was prepared. We estimated this demagnetization level by using
the proposed method. Table 4 shows the estimated results of the demagnetization level for the radially
demagnetized PMs using the 12th vibration component shown in Figure 9a. It was found that the
estimated demagnetization level was —0.8% at no load and —3.2% through —4.1% for load torque
larger than 0.48 Nm. Since the actual demagnetization level was —3.75%, it was verified that the
demagnetization level can be estimated by measuring the load torque and the 12th component of
vibration. Using the other vibration components, namely, the 11th, 13th, 24th, and 25th components,
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the demagnetization level can also be estimated. Table 5 shows the estimated demagnetization level
for the axially demagnetized PMs using the 12th vibration component shown in Figure 9b. Since it
was found, as shown in Table 5, that the estimated magnetization level was +1.12% at no load and
—3.0% through —3.6% for load torque larger than 0.48 Nm, the demagnetization level for PMs with
axial demagnetization can also be estimated, except when under no-load conditions. Therefore,
the measurement of vibration and torque can be used to estimate the magnetization level of PMs under
vector control, except for when under very light load.

Viﬂ,jﬂ i (Ti+1: Vi+l‘j+l )
“— line of demagnetization level |
2] @i :
E (T,Vy)
g |
.S I
2 v T Vig) !
S : ATY) !
> Vi ' (Tis1s Vi)
|
|
l (T, V)
|
|
Vig T.V..) | \ line of demagnetization level
( i 1‘_]) a.
J

i Ti+1
Torque (Nm)

Figure 14. How to estimate the demagnetization level using the measured torque T and vibration V.

Table 4. Estimation of the demagnetization level of a radially demagnetized PM using the 12th
vibration component.

Torque (Nm) Vibration (mm/s?) Estimated Value (%)
0.0 0.067 -0.80
0.48 0.093 -3.21
0.95 0.139 —-4.06
1.43 0.166 -3.59
1.91 0.226 -3.86
2.39 0.267 -3.70
2.86 0.324 -3.46
3.34 0.396 -3.51

Table 5. Estimation of the demagnetization level of an axially demagnetized PM using the 12th

vibration component.

Torque (Nm) Vibration (mm/s?) Estimated Value (%)
0.0 0.071 +1.12
0.48 0.086 -3.04
0.95 0.115 -3.20
1.43 0.134 -3.59

191 0.159 -3.36
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Table 5. Cont.

Torque (Nm) Vibration (mm/s?) Estimated Value (%)
2.39 0.179 -3.34
2.86 0.211 -3.41
3.34 0.234 -3.52

6. Conclusions

This paper clarified the vibration characteristics relating to low levels of demagnetization in

PMSMs under vector control by experiments and 3-D FE analyses. We found that the amplitude
of some components of vibration was approximately proportional to the demagnetization level of
PMs and the load torque. Moreover, the vibration and torque are very useful to the estimation of the
magnetization level of PMs under vector control, except for when under very light load.
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