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Abstract—A permanent magnet synchronous motor
(PMSM) has its bearing damaged and is irreversibly
demagnetized due to overcurrent. Due to the changes in its
electromagnetic configuration, the motor suffers from
extremely high torque ripple, which producesintolerable speed
ripple and acoustic noise. The aim of this paper isto evaluate if
arepetitive observer (RO) can be used to smooth therotational
speed and suppress acoustic noise. The RO is functionally the
same as a repetitive controller (RC), but is preferred duetoits
simplicity of tuning. Its effectiveness of reducing acoustic noise
will be evaluated in this paper for the first time. Experimental
test results show that the speed ripple and acoustic noise are
reduced significantly. Thework opens the possibility of reusing
the damaged motor and still achieve high performance. TheRO
can also be applied to enhance the fault toler ance capability of a
healthy motor.
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|. INTRODUCTION

Permanent magnet synchronous motor (PMSM) is
preferred over the induction motor due to its high efficiency.
On one hand, the use of permanent magnet benefits the high-
power density, on the other hand, the permanent magnet
material may suffer from demagnetization as the operation
temperature increases. In  severe conditions, the
demagnetization caused by overcurrent, overheating or short
circuits can beirreversble [1].

To prevent the demagnetization from happening, many
demagnetization models have been proposed to allow online
monitoring of the magnets. The comparison work is available
in [1]. Authors in [2] proposed a method to detect
demagnetization by acoustic noise.

However, once irreversble demagnetization has
happened, the broken motor is normally replaced and
disposed. Although authors in [3] have proposed a current
compensation scheme to cancel the torque ripple due to
demagnetization, it is barely discussed in existing literature
that if eventually the damaged motor can be reused with
proper compensations.

A lab-used PMSM for servo application that has been
damaged due to overcurrent is discussed in this paper. More
analysis on the damage will be presented in Section 1V. Asa
result, the motor suffers from exceedingly high second order
(with respect to the electrical frequency) torque ripple, which
produces intolerable speed ripple and acoustic noise. Hence,
the aim of this paper is to smooth the rotational speed and
reduce the audible noise by applying a recently developed

repetitive observer (RO), and evaluate its effectiveness. The
RO is considered suitable for this application because of the
following benefits:

¢ ROisfunctionally the same asarepetitive controller (RC)
[4, 5], which is a promising tool that can self-learn the
periodic disturbance. Therefore, no pre-knowledge of the
ripple needs to be measured. The disturbance produced by
the demagnetization can be online observed and canceled.

e RO is dructurally the same as a high-dimension
disturbance observer [6], therefore, it can be designed
following the well-known separation principle. That is,
the RO can be added to an existing control loop without
affecting the system stability.

e Since torque disturbance [7] is often present even for a
healthy motor due to harmonics in the inverter, cogging
effect, non-sinusoida flux distribution, current sensor
offsets/scaling errors and mechanical misalignments, the
RO can be used aso in the healthy condition, and once
the demagnetization is happened, the RO can adapt itself
and maintains the high performance. Hence, the fault-
tolerance capability and robustness of the PMSM can be
enhanced.

The effectiveness of the RO on reducing acoustic noise is
evaluated in this paper for the first time. Experimental test
results have shown that the significant speed ripple and
audible noise reduction have been achieved. Also, the
performance of the damaged motor with compensation is
comparable with the healthy version of the same motor.

Il. SIMILARITIES BETWEEN RC AND RO

Block diagram of a conventional RC with additional
correction term can be seen from Fig. 1a. Where, L.cis the
gainof RC, zNisthedelay chainin RC, Nistheratio between
the sampling frequency and the target ripple frequency, Gi«(2)
is known as the stability filter for canceling the delays
produced by the plant and any measurement delay, which can
be chosen as, for example, the reverse of the plant. Q«(2) is
namely the robustness filter for attenuating the high
frequency noise, of which the simplest choice is aforgetting
factor (i.e. aconstant value from zero to one).

Considering the state-space eguation, the mechanical plant of
PMSM with periodic disturbance is as given in (1) and Fig.
1b. The inner current loop isignored in the diagram because
it is not the focus of this paper. Also, it isnegligible since its
dynamicsis much faster than the mechanical system.
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The periodic disturbance can be expressed using a N-
dimension state vector x4 asin (2) and Fig. 1b.

{xd(k +1) = Agxq(k)
D(k) = Cqxq(k)

xq1 (k) ] [0 1 0 0 0]
and, x4(k) = o) 1 100 1 0 0]
e - lxdzv—1(k)|' ¢ lO 0 O 0 1J'
xan (k) 1 0 0 0
C,=[1 0 0 0 0] (2)

According to the concept of DO, the disturbance state
vector X4 can be observed as in Fig. 1c. It can be seen from
Fig. 1c that the left part of RO is equivalent to the reverse of
the plant, and therefore equivalent to Gi(z). Wheress, the
forgetting factor Q isincluded in Adasin (3), and L=[000
... Lr] T isthe observer gain.

Overdll, the RO in Fig. 1c is equivalent to the RC with a
correction term in Fig. 1a. The proposed speed loop control
diagram for the damaged motor is drawn as in Fig. 2. Only
two parameters, L. and Q need to be tuned in the RO.
According to [8], it is recommended to set Q=1 and L,c to a
small value to reduce the interaction between the speed
proportional-integral (Pl) regulator and RO. It has also been
mathematically proven in [8] that the PI can be designed
independently from the RO. Overal, the PI controller has
been designed to obtain 450 Hz speed loop bandwidth, and
the gain of RO L is set to 0.05.
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Fig.2 Block diagram of the proposed speed loop for the damaged
PMSM

I11. ISSUESIN PRACTICAL IMPLEMENTATION

For practical implementation, the following issues have
been considered, which are not shown in the control diagram.
These issues have been discussed in [9]. Briefly:

e Theacquisition of speed om:

The position is measured from a 17-bit encoder. The
mechanical speed is calculated from the measured
position. A low-pass Finite Impulse Response (FIR) filter
isused in the speed cal cul ation to remove the quantization
error in the position.

e Adapting the RO to variable speed:

Following the concept of angle-based RC proposed in
[7], the RO is implemented with respect to the rotor
position in [9] since the disturbance torque is rotor-
position-based.

e Therobustness of the RO to speed and |load transients:
Results in [9] have confirmed that the speed loop Pl is
responsible for the transient response, and the observer
will not disturb the PI controller.

e The robustness of the RO against mechanical parameter
variations:

Anaysis in [9] shows that the performance of RO will
degrade if the mechanical parameters are larger than the
real parameters. However, the detuned mechanical
parameters will not cause any instability. In this paper, the
mechanical parameters are set according to the datasheet.



IV. EXPERIMENTAL TEST RESULTS

The machine and control parameters are shown in Table
I. The control algorithms are implemented on a high
performance FPGA/DSP platform [10]. The test rig is as
shown in Fig. 3. It is worth noting that the d and q axis
inductances after the damage become 1.7 mH and 3.3 mH,
respectively. However, the parameters set in the controller
during the tests are kept as their datasheet values asin Table
I. The intended controller is robust against such inductances
variation. The size of the damaged motor is larger than the
healthy motor because the damaged motor is integrated with
an electrical brake.
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Fig.4 Back emf at 125 rad/s.

TABLEI.

HEALTHY MACHINE AND CONTROL PARAMETERS

Parameter Value [Unit] Parameter Value [Unit]
Number of dg-axis
pole pairs 4 inductances Lgq 2.6 [mH]
Stator 043[0hmg | Magneticflux | 0.0589 [Wb]
resistance ) ag )
Friction factor 0.8e® Moment of "
B [Nms/rad] inertiaJ 1.06e* [kgm’]
Forgetting Observer gain T
factor Q ! matrix L [00...00.05]

A. Test 1: Back emf

To analyse the damage, a load motor has been used to drive
the damaged motor at constant speed, the back emf waveforms
are recorded and compared with the healthy motor. The line-
to-linevoltagesat 125 rad/s are shown in Fig. 4a. The voltages
are converted into the phase voltages in alpha-beta frame and
plotted in Fig. 4b. Results show that the back emf of the
damaged motor is unbalanced and has shrunk due to
demagnetization.

B. Test 2: Speed Ripple Suppression

Thetest iscarried out by controlling the motor at 500 rpm
with no load. Fig. 5a and Fig. 5b show the speed with and
without the RO for compensation, whereas Fig. 5¢ show the
FFT results of the speed with and without compensation.

It can be seen from Fig. 5a and Fig. 5b that the peak to
peak value of speed ripple isreduced significantly from-11.4
~ +15.5 rpm to -1.7 ~ +1.5 rpm with the compensation.
Correspondingly, the significant speed ripple reduction can
also be seen from the frequency domain in Fig. 5c¢.

520

— Without cor ) With cor
515
—510
g
Es05
-
$ 500
o
D@ g05
480
485
0.1 0.15 0.2 0.25 03 0.35 04 045 0.5
Time [s]
(a) Speed
503 : - x
Without compensation — With compensation
502
E'501
=
o 500/
o
a
0 499
4981
497+
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]
(b) Speed (Zoom-in)
10
s Without compensation
g 8 With compensation
£
w B
B
£ 4
=
22
=
o
0 BE.66 13332 199898 26664 3333 39986 46682

Frequency [Hz]

(c) FFT results
Fig.5 Speed ripple of the damaged motor with and without
compensation at 500 rpm.
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Fig.6 Speed ripple of the healthy motor with and without compensation at 500 rpm.
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Fig.7 Waterfall plots of he acoustic noise at 500 rpm.

Considering the fundamental electrical frequency at 500
rpmfor a4 pole-pair PMSM is33.33 Hz. Asshownin Fig. 5c,
the key effect of the damage is that exceedingly high second
(i.e. 66.66 Hz) harmonic speed ripple is produced.

The same test has been repeated using the healthy motor,
and the results are shown in Fig. 6. It can be seen that the
proposed RO can not only work with the damaged motor, but
also with the healthy motor. With the healthy motor, speed
ripple has been reduced from 2.2 rpm to £1 rpm. Comparing
Fig. 5 and Fig. 6, after compensation, the damaged motor
rotates even smother than the healthy motor without
compensation.

C. Test 3: Acoustic Noise Reduction

Despite of the demagnetization, the damaged motor also
suffersfrom bearing damage. As aresult, audible noise occurs
even when rotating the motor shaft by hand.

The acoustic noise is measured during Test 2. The
waterfall plots of the ambient noise, and the noise
with/without compensation are shown in Fig. 7, meanwhile,
the noise level measured from a commercial sound meter is
also annotated in each plot.

The ambient noiseis measured when the machineisnot in
operation. The noise due to operation is superimposed on the
ambient noise, so without compensation the noise is 24.2 dB
and after compensation, it is 15.4 dB. So, the noise reduction
is 8.8 dB before and after the compensation.

It is also worth noting that there is no significant noise
change for the healthy motor before and after compensation.
This confirms that the proposed RO will not cause noise
problem for the healthy motor.

Damaged motor with
compensation 69.4 dB

The proposed RO targets ripple below 1000 Hz. Hence,
the high frequency ripple as shown in Fig. 7 cannot be
eliminated. However, such high frequency ripple will not be
present in the speed due to the low-pass nature of the
mechanical system. As a result, the damaged motor with
compensation and the healthy motor have the same noise
measurement (i.e. 69.4 dB).

V. CONCLUSION

Theaim of this paper isto evaluate the effectiveness of the
RO on smoothing the speed ripple and reducing the acoustic
noise caused by damaged bearing and irreversible
demagnetization. Experimental tests have shown that
significant speed ripple and noise reductions are achieved.

This novel work is important because it opens the
possibility of reusing the damaged motor and still achieve high
performance such as in servo applications. For heathy motor,
the technology can also help enhancing the fault-tolerance
capability of the PMSM by continuous learning about the
speed ripple arising from demagnetization and compensating
it.

The authors believe that this work transcends the state-of-
the-art of PM servomotors' diagnostics and reuse, and opens
new avenues for research in this direction.
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