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Abstract:
synchronous machines (PMSMs) depends on the magnetization

Torque production capability of permanent magnet

state of the permanent magnets (PMs). Electrical stress, thermal
effect of both can produce
demagnetization of the PMs, which eventually can result in

stress, or the combined
several adverse effects including decrease in the motor torque
and efficiency, and increase of the torque ripple and vibration,
eventually degrading the performance and reliability of the
motor and drive system. A number of approaches have been
proposed for detecting PM demagnetization using model-based
flux estimation, signal injection, spectrum analysis of
current/back-EMF; however, all these methods show limitations
in terms of invasiveness, implementation cost and/or reliability of
the diagnosis. In this paper, accurate PM demagnetization
detection based on measurements from hall-effect sensors is
proposed. Such sensors are often mounted in commercial
PMSMs, the proposed method can therefore be implemented at
practically no cost. !

Index Terms — Permanent magnet synchronous machines,
demagnetization, magnetization state estimation, Hall-effect

sensors.
I. Introduction

Permanent magnet synchronous machines (PMSMs) have
been the focus of significant research efforts due to their high
efficiency, high power density, good dynamic response, and
ease of control compared with other types of machines [1]-
[22]. Since the torque production capability of PMSMs
directly depends on the magnetization state of PMs [1]-[2],
methods for detecting PM demagnetization at an early stage
have been intensively investigated [3]-[22]. Demagnetization
is typically caused by a combination of electrical and thermal
stresses [3]-[4]. Demagnetization in PMs can occur locally
causing partial demagnetization, or globally resulting in
uniform demagnetization [3]. Local demagnetization can
potentially reduce the motor torque and efficiency, also
increasing the harmonic content of the stator current,
producing torque ripple and vibration. Global demagnetization
has a more severe impact on the average torque and efficiency.
Therefore, early detection of PM demagnetization detection is
of great importance.
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Magnetization state of the PMs can be measured or
estimated. Magnetization state can be directly measured on
the surface of the rotor using a gauss meter [4]-[5], however,
this normally requires motor disassembly or even rotor
removal. A PM field distribution measurement system for
IPMSMs was presented in [6], which provided precise and
high bandwidth measurements of the PM field without
interfering with the normal operation of the machine.
Unfortunately, the use of such system is not viable in
commercial applications due to both cost and installation
issues. In conclusion, systems for direct PM field
measurement suitable for their use in industry are not available
to the best of authors’ knowledge.

Alternatively to direct measurement, magnetization state
can be estimated to detect either global or partial
demagnetization. Global demagnetization detection methods
that have been proposed include the wuse of back-
electromotive-force (BEMF) [7]-[9], pulse injection [10], and
high-frequency signal injection [11]-[12]. BEMF and pulse
injection methods require the machine to be rotating,
estimation with the motor at standstill not being possible.
High-frequency signal injection methods can operate in the
whole speed range. These methods estimate the PM
magnetization state from the PM high-frequency resistance.
However, these methods place concerns due to the potential
adverse effects of the injected HF signal. Previous methods
[7]-[12] provide an average estimate of PM magnetization
state and therefore are not able to distinguish between global
and local demagnetization. A wide variety of local
demagnetization detection methods have been proposed [13]-
[23], including stator current analysis [13]-[17], zero-sequence
voltage [18], BEMF [19], vibration analysis [20]-[21], change
in the shaft trajectory [22], or signal injection [23] methods.
Stator current analysis, zero-sequence voltage, BEMF,
vibration and shaft trajectory methods require the machine to
be rotating, whereas signal injection methods require the
machine to be at standstill. Among online methods, stator
current analysis [13]-[17] and BEMF [19] are the most
appealing option, as they use the stator terminal variables, and
do not require installation of additional sensors. A limitation
of online spectrum analysis based methods [13]-[23] is that
mechanical issues, such as eccentricity, load
oscillations/variations or misalignments can induce frequency
components in the stator current identical to that of local
demagnetization, which makes it very difficult to distinguish
between mechanical issues and local demagnetization.

Commercial PMSMs are often equipped with hall-effect
field sensors intended for initial position estimation, their use



Table I. Machine parameters

Prarep (kW) 7.5

IRA TED (A) 1 4
Wrarep (rpm) 1800
Stator slots 36
Poles 6

Rotor radius (mm) 54.2
Magnets N42 SH
Magnet dimensions: width, height and length (mm) | 42x6x10
Magnet position from shaft center (mm) 44.6
Magnet position, xyz (mm) 0,0,6
Airgap length (mm) 0.8
Inner stator radius (mm) 55

Outer stator radius (mm)

Phase a

window

e ) f)
Fig. 1.- Schematic representation of the machine. a) sensors location, b)
coordinate system for each sensor (x = tangential direction, y = radial
direction, z = axial direction), ¢) Nedimioum Neomax 42SH PM
(42*6*50mm), d) rotor lamination assembling, e) machine assembling
and f) end shield modification.
for torque and motion control has also been reported [24]-[32].
The hall-effect sensors can be digital [24]-[27] or analog [28]-
[32]. Detection of PM demagnetization using hall-effect
sensors is investigated in this paper [35]. The method detects
demagnetization by direct measurement of the PM flux,
instead of by means of indirect measurements (stator terminal
voltages/currents, vibration, shaft trajectory...) used in the
methods reported in the literature [7]-[23]. This helps improve
sensitivity and reliability since interference due to non-fault

related factors and sensitivity to model or parameters can be
minimized. The proposed method is intended to use hall-
effect sensors already available in many commercial PMSMs
and does not affect therefore the machine design, performance,
or cost.

The paper is organized as follows: analysis of the
measurements provided by digital and analog hall-effect
sensors used in PMSMs is presented in section II, principles of
demagnetization detection using both types of hall-effect
sensors and experimental results to demonstrate the viability
of the concepts are presented in section III. A discussion of
practical implementation issues is presented in section IV,
while conclusions are provided in section V.

II. Flux measurement in PMSMs using hall-effect sensors

This section studies the behavior of digital and analog hall-
effect sensors mounted in PMSMs. The schematic design of
the machine that will be used for the study is shown in Fig. la
and 1b. Dimensions and ratings of the test machine are shown
in Table I. Fig. lc shows a Neomax 42SH PMs with rated
magnetic flux density of 1.33T, which was used in the test
machine. Fig. 1d shows the rotor lamination assembling, Fig.
le shows the machine final assembling and Fig. 1f shows the
end shield modified (see rectangular window) to allow
insertion/extraction of the magnets without the need to remove
the rotor. This is key to make viable the evaluation of magnets
with a large variety of magnetization states.

Table II. Magnetization Circuit Parameters
External source voltage 0-750 V
Capacitor “C” 11750 pF
Diode “D” 1000 V, 1250 A
IGBT 1700 V, 1400 A
Coil “L” 1960 turns
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Fig. 2.- a) Pulse magnetizer, b) schematic representation of the circuit

used for PM magnetization and demagnetization, ¢) and PM remnant flux

(B:) depending on the capacitor voltage.
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Fig. 3.- a) Measurements in the x-axis direction by all the three analog hall-
effect sensors ( B, , B, and B, ), b) resulting magnetic flux density

complex vector, B;, , c) magnitude of B}, , d) and FFT of B}, . Note
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the logarithmic scale for the FFT magnitude. x=0mm, y=0mm, z=5mm,
o,~1pu and i,=0pu, case #1 in Table III, with all PMs fully magnetized.
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Fig. 4.- Same results as in Fig. 3 but for the y-axis direction.

Hall-effect sensors normally used in PMSM drives
measure the magnetic flux density along a single direction (i.e.
1D sensors), y direction in the coordinate system shown in Fig.
1b being normally used [24]-[25]. For analysis purposes,
field sensors that measure the magnetic flux density in x, y and
z directions (3D sensors) will be used in this paper. The
purpose of this is to study the sensitivity of the proposed
method to the orientation of the sensor. It has been concluded
from the preliminary analysis, that the magnetic flux density in
the z-axis direction is not useful for detecting PM
demagnetization, the measurements in this direction not being
shown therefore in this paper.

For the experiments shown in this paper, PMs are first
magnetized to the desired level using the pulse magnetizer
shown in Fig. 2 and then inserted in the machine. The
parameters of the magnetization circuit are shown in Table II.
The magnetization state of the PMs can be changed between -
1 to 1 pu; uniform and non-uniform magnetization being
feasible.

1I.A Healthy machine (PMs fully magnetized)

The measured magnetic flux density by the three analog
hall-effect sensors (see Fig. la and 1b) in the x-axis direction
for one mechanical rotor revolution (which corresponds to
three electrical periods) and without injecting stator current
(i.e. iz=0pu) are shown in Fig. 3a. The use of complex vector
notation for the analysis of the field measured by all the three
hall-effect sensors can provide relevant advantages, compared
to the option of analyzing the signals individually. The
magnetic flux density complex vector E;’qus , is defined as (1),
where m stands for either x or y-axis and B,,,, B, and B, are
the magnetic flux densities measured by sensors a, b and c
along the m direction respectively.

B.,.=2/3(B, +aB,, +a’B,) (1)

mdgs

The trajectory of the resulting magnetic flux density
complex vector in the x-axis direction is shown in Fig. 3b. A
nearly hexagonal trajectory is observed.

The magnitude of E;zqs and the corresponding FFT are
shown in Fig. 3b-c, respectively. It can be observed from Fig. 3¢
that |Ejdqs has a mean magnitude of =0.046T with a peak-to-
peak value of =0.01T (see Table III, case #1). The spectrum in
Fig. 3d consists of a fundamental harmonic component, which
rotates at the machine speed, and additional harmonic
components. The fundamental component is in principle the
desired component, as it is used for continuous torque
production, while the harmonics are in principle undesired
components, as they will produce torque pulsations, additional
losses, etc. E,‘fldqs can be expressed as (2), where w, is the
machine speed, B,,,, |, i the magnitude of the fundamental
harmonic component, B, ., is the magnitude of the “p”
harmonic component, ¢, is the angle between the field
produced by the stator current (which has a radial direction)
and the measuring direction of field sensors, i.e ¢,=90 (x-axis)
and ¢,=0 (y-axis), and ¢,, is the angular offset of the n"
harmonic component.

DS _ ps j(0,+9,,) s j(ne,1+9,,,)
B =B e\ rem) 4 ; B e’ ¢ 2)

mdqs mdgs _lwr mdqs _nor
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Fig. 5.- a) Measurements in the x-axis direction by all the three digital Aall-
effect sensors ( B, , B, and B, ), b) resulting magnetic flux density
¢) magnitude of B}, , d) and FFT of B, . Note

the logarithmic scale for the FFT magnitude. x=0mm, y=0mm, z=5mm,
o,~1pu and i,=0pu, case #1 in Table III, with all PMs fully magnetized.
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Fig. 6.- Same results as in Fig. 5 but measuring the field in the y-axis
direction.

From (2), the total harmonic distortion (THD) can be used

to assess the signal (fundamental component) to noise
(additional harmonics) ratio. The THD for the case shown in
Fig. 3 is 5.63%. Fig. 4 shows the same results as in Fig. 3 but

for the y-axis direction (see Fig. 1). The mean value of ‘B;dqs
is ~0.054T in this case, with a peak-to-peak value of
~0.0065T and a THD of 3.98%.

The measurements and processing shown in Fig. 3 and 4
where repeated using digital hall-effect sensors, the
corresponding results being shown in Fig. 5 and 6. The
resulting magnetic flux density complex vector both for the x
and y-axis is now a hexagon, as observed in Fig. 5b and 6b.
The FFT of E‘x‘qus (see Fig. 5d) is seen now to consists of a
fundamental harmonic component which rotates at the
machine speed and harmonics components of orders n=-5,7,-
11, 13... whose magnitude is inversely proportional to the
harmonic order. The THD of E‘x‘qus is 31.16% in this case.
Fig. 6 shows the same results as Fig. 5 but for the y-axis
direction. Case #1 in Table III summarizes all the results
using both analog and digital field sensors.

III. Demagnetization detection using hall-effect sensors

Analysis of the signals provided by the hall-effect sensors
for the case of healthy machines has been presented in the
previous section. The use of these signals for demagnetization
detection is discussed in this section. A simple model able to
predict the effect of demagnetization on the measurements
provided by the field sensors is developed in subsection //7-A.
Experimental verification is presented in further subsections.

1II.A Flux profile of partially demagnetized PM modeling

Fig. 7a shows the flux measured by the three analog hall-
effect sensors (B,,,B, and B ) in the y-axis direction for
the case of an ideal machine. The signals consist of a purely
sinusoidal component. This is seen to be in good agreement
with the results shown in Fig. 4. Fig. 7b shows the FFT of Ev‘dqs
(1), which is seen to consist of a single harmonic component
of the type B;dqumej (o1+6) , 1.e. which rotates at the machine
speed.

In the event case of a machine with some demagnetized
PM, the flux measured by the analog hall-effect sensors in the
y-axis direction should be reduced when the demagnetized
PM faces each sensor compared to the healthy PM. This
behavior can be modeled by multiplying signals shown in Fig.
7a, by a square-type window function. The value of this
window function is 1 for the angles in which healthy PM face
the sensor, and will have a value <lpu when demagnetized
PMs face the sensor. Window functions for sensors a, b and ¢
(W,,,W,, and W ) will be shifted by 120 electrical degrees,
as this is the angle among sensors. An example of such
window functions is shown in Fig. 7c. Fig. 7d shows the FFT of
the window function, which will be used later. For a 6-pole
machine and for the case of a single partially demagnetized
PM, the window function is <I only for one semicycle of the
sinusoidal wave (see Fig. 7e). Fig. 7e shows the magnetic flux
densities that result from multiplying the flux measurement
for the case of a healthy machine shown in Fig. 7a by the
window functions in Fig. 7c, (3)-(5). Finally, Fig. 7f shows the
FFT of B,,, (resulting form B, B, and B, in Fig. 7e, i.e.

ya 2
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Fig. 7.- a) Ideal flux measurements in the y-axis direction by all the three
analog hall-effect sensors (B, , B, and B, ) in a healthy machine, b)
FFT of B;,, for a healthy machine (a)), é) ideal flux variation due to
demagnetization, d) FFT of the waveform shown in c), ¢) example of ideal
measurements in the y-axis direction by all the three analog hall-effect
sensors for the case when 1 PM is demagnetized and f) FFT of B:, fora

vdqs
machine with 1 PM demagnetized (e)). w,=lpu, 1 PM dem'ciglnetized
(case #7 in Table III).

faulty machine). It is observed that the spectrum of E\jdqs for
the case of a machine with a demagnetized PM includes
additional harmonics compare to the case of a healthy
machine. The harmonic content in Fig. 7f was expected, as
the multiplication in the time domain, in (6) corresponds to the
convolution in the frequency domain describe by (7), where *
is the convolution operator.
B, =B,W, (3)

B yb = Bbeyb (4)

B y = Bchyc (5 )

B, =2/3(B W, +aB W, +a'BW,)
= 2/3(B‘W +aB,, +azB;,C) ©
FFT(B,,)*FFT(W,,)
FFT (B,,,)=2/3| +a(FFT (B, )*FFT(W,,)) )

+a’(FFT(B,, )« FFT(W,,))

It is concluded from the previous discussion that partial

demagnetization of one PM is expected to produce in the y-

axis the wave shapes shown in Fig. 7e, the spectrum of the
resulting flux vector being shown in Fig. 7f.

Unfortunately, the effect of a demagnetized PM in the x-
axis measurements cannot be modeled easily as it is influenced
by rotor design aspects such as g-axis flux bridges; analysis in
this case will be based on experimental measurements.

III.B Experimental verification of a partially demagnetized
PM

Experimental results showing the effects of partial
demagnetization of a PM on the measured flux are presented
in this section. Fig. 8 shows the same results as Fig. 4 when one
of the magnets (PM #5 in Fig. 1), is partially demagnetized.
This corresponds to case #7 in Table III. It can be observed
the measurements shown in Fig. 8a are in good agreement with
the predictions shown in Fig, 7e. Also, the frequency
spectrum of E‘V"dqs shown in Fig. 7f, is in good agreement with
the experimental results shown in Fig. 8d.

While the effects of demagnetization on the measurements
in the y-axis has been shown to be relatively easy to model,
analysis of the effects on the measurements in the x-axis
direction is not straightforward. Therefore, only experimental
results are shown in this case.

Fig. 8 and Fig. 9 show the same results as Fig. 3 and Fig. 4
when one of the magnets (PM #5 in Fig. 1), is partially
demagnetized. It can be seen from Fig. 9a that peak values and
zero crossing of the waveforms remain almost invariant for the
x-axis, though changes in the magnetic flux density waveforms
are readily visible. On the other hand, effects on the
measurements in the y-axis direction (Fig. 8a) are significantly
more noticeable. It is deduced from Fig. 8 and Fig. 9 that
measurements in the y-axis are more sensitive to
demagnetization compared to the x-axis, being therefore the
preferred direction.

It can be observed from Fig. 8b and Fig. 9b that x and y-axis
magnetic flux density complex vectors trajectory, E‘x‘qus and
B}, , do not exhibit a symmetric pattern anymore. The
frequency spectrums shown in Fig. 3¢ and Fig. 4c reveal a
reduction of the mean magnitude of E,i,dqs together with an
increase of B,idqs peak-to-peak value compared to the healthy
machine case. It can be also observed from Fig. 8d and Fig. 9d
that the harmonic content of B! B!, . significantly

and B’

ydgs :x;lqs
increase compared to that of the healthy machine case. The
asymmetric fault results in an increase of the THD of B;

— Txdgs
from 5.63% to 29.22%, and from 3.98% to 34.70% for B’

ydgs *



o
%
s
=
> —0.05 ; T ; . )
0 50 100 150 200 250 300 350
a) Position (mech. deg.)
& 005
>
=
= 0
E
& 005
-005 0 005
b) d-axis flux (T)
. 006 \
=)
— 004
- 2 : : : : : : :
m™ 002} : : : : : : : : 1
0 50 100 150 200 250 300 350
c) Position (mech. deg.)
e 0.06 : = . - : S R
5
= 0047} : : : : : : : : BRI
2
3 002F : : : : : B
T
> " L N N | I I | PN L L

95 -4 -3 -2 -1 0 1 2 3 4 5
d) Harmonic order
Fig. 8.-. Same results as in Fig. 3 for the case when PM #5 magnetization
(see Fig. 1) is 0.5pu (0.64 T). x=0mm, y=0mm, z=5Smm. o,=lpu and
14,~0pu, case #7 in Table I1I.

£ 005fF - T e
[
< —0.05¢ e X T . 1
0 50 100 150 200 250 300 350
a) Position (mech. deg.)
& 005
%
=
&= 0
%
<
& 005 T
-005 0 0.05
b) d—axis flux (T)
e
i
w X
/
0 50 100 150 200 250 300 350
c) Position (mech. deg.)
Coosf T T T T T T ]
z
= 004} : : : : : : : : : 1
% 002t : . - - : R . - 1
ol A . M . N | [ |

(15 -4 -3 -2 -1 0 1 2 3 4 5
d) Harmonic order
Fig. 9.- Same results as in Fig. 8, measuring the field in
direction.

the x-axis

It is concluded that either peak-to-peak or frequency
content based analysis, e.g. THD, using the signals provided
by analog hall effect sensors, allow reliable demagnetization
detection, independent of whether the sensors are aligned with
the x or y-axis direction.

Fig. 10 and Fig. 11 show the same results as Fig. 5 and Fig. 6
when PM #5 (see Fig. 1) is partially demagnetized and digital
hall-effect sensors are used. The differences between the
healthy machine (Fig. 5a) and the machine with a
demagnetized PM (Fig. 10a) cases are almost negligible. This
is due to the digitalization process, as demagnetization barely
affects to the zero crossing of the signal. Consequently,
differences in the harmonic content for the digital signal E‘x‘qus
between healthy (Fig. 5d) and faulty (Fig. 10d) machine, as well
as differences in the THD, are almost negligible as well. It
can be concluded that digital measurements along x-axis
direction are inadequate to detect demagnetization.
Measurements in the y-axis direction using digital sensors
show slight differences between the healthy (Fig. 6a) and
demagnetized (Fig. 11a) cases; the increase of the harmonic
content of E}qus for the faulty machine resulting in a modest
increase of the THD (from 31.16 to 33.11%)).

Fig. 12a shows the THD of B, using digital hall-effect
sensors when the magnetization state of PM #5 changes from
100% to 50% (cases #1-#7 in Table III); differences in the
THD being negligible. This confirms the inadequacy of
digital hall-effect sensors aligned with the x-axis to detect
demagnetization, the sensitivity when they are aligned with the
y-axis being also modest.
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14,~0pu, case #7 in Table I1I.
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Fig. 11.- Same results as in Fig. 10 but for the y-axis direction.

Fig. 12b shows same results as Fig. 12a for the case of analog
hall-effect sensors. It can be observed that the THD both in
the x and y-axis increases with the demagnetization level.
However, demagnetization levels up to 15%, ie.
magnetization state of PM #5 from 100 % to 85% (cases #1-
#4), can be difficult to distinguish, as the increase of the THD
with respect to the healthy case is relatively small. When
demagnetization becomes more severe, (>20%, cases #5-#7 in
table III), increase of the THD becomes evident, meaning that
the fault can be reliably detected. It is also observed that
though both x and y-axis show similar trends, measurements in
the y-axis consistently shows an increased sensitivity.

Fig. 12¢ shows the mean value of ‘ES only for the case of

mdgs
analog hall-effect sensors. It is observed that the mean value
of ‘B,idqs decreases as the magnetization state decreases; this

was expected since the overall magnetization of the machine
decreases. Again the variation of the mean value of ‘E,ﬁ,dqs‘ is
observed to be slightly higher when the field is measured
along the y-axis compared to the x-axis, which is consistent
with the behavior observe for the THD.

Fig. 12d shows the peak-to-peak value of E,‘fldqs for the case
of analog hall-effect sensors. The peak-to-peak value is
observed to increase as the magnetization state of PM #5
decreases. Consistently with the results shown in Fig. 12a and
12b demagnetization between 0 and 15% can be hardly

detected.
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III.C Machine with asymmetric fault: multiple PMs partially
demagnetized

Fig. 13-Fig. 14 show experimental results when three of the
PMs (PMs #4, #5 and #6 in Fig. 1, case #8 in Table III) are
partially demagnetized; Fig. 13 shows the results using analog
hall-effect sensors along the x-axis direction, Fig. 14 along the
y-axis direction. It can be observed form Fig. 13a and Fig. 14a
that while the peak values of the waveforms are affected by
the demagnetization, zero crossings remain almost invariant.
Consistently with the experiments shown in Fig. 8 and Fig. 9,
measurements in the y-axis are significantly more sensitive to
demagnetization than the x-axis. As expected, the trajectories
of B!, and B, are not circular anymore (see Fig. 13b and

xdgs ydgs - g .
Fig. 14b). Fig. 13¢ and Fig. 14c show ‘Bl ‘ and ‘Bjdqs while Fig.

xdgs
13d and Fig. 14d show the correspondin(;g frequency spectrums.
The THD increases by an amount of =8.76% for the y-axis and
~4.61% for the x-axis with respect to the healthy machine
(case #1).

Experimental results using digital hall-effect sensors are
not included since no significant differences exist with respect
to case #7 discussed previously. Table III, case #8,
summarizes the results.
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Fig. 13.- Same results as in Fig. 3 for the case when PMs #4, #5 and #6
(see Fig. 1) magnetization is 0.9pu (1.15 T, case #8 in Table III).
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Two cases using two magnets partially demagnetized (PM
#5 and #6 in Fig. 1), cases #9 and #10 in Table III, have also
been considered.

It can be observed from Table III that, consistently with the
experimental results shown in Section [/I.B (cases #2-#5),
differences in the THD, x and y-axis, are almost negligible
when the demagnetization is <15%, differences among one,
two or three partially demagnetized PMs cases being hardly
detectable. As expected, the mean magnitudes of |B,,,| and
‘B;dqs decrease as the number of demagnetized PMs increases
(for the same demagnetization degree). THD, x and y-axis, is
seen to slightly depend on the number of demagnetized PMs,
while the peak-to-peak value is not affected, which was an
expected result.

III.D Machine with all PMs partially demagnetized (symmetric
fault)

Experiment with all PMs partially demagnetized was
carried out (80% of the rated magnetization state, case #11 in
Table III). It is observed from Table III that the differences in
the THD, x/y-axis, digital/analog hall-effect sensors, between
the healthy machine (case #1 in Table III) and this case are
negligible. It is also observed that the mean magnitudes of
‘Eﬁdj and ‘E;dqs decrease by ~20% respect the healthy
machine, i.e. symmetric demagnetization fault can be reliable
detected by the mean magnitude of ‘Bjdqs‘ and ‘B;dqs . On the
contrary, it is observed from Table III that symmetric
demagnetization cannot be reliable detected using digital hall-

effect sensors. This was an expected result as symmetric

=
=3
=
=
E
0 50 100 150 200 250 300 350
a) Position (mech. deg.)
£ 005
»x
=
= 0
E
& —0.05 :
-005 0 005
b) d—axis flux (T)
0.06
0027 : : : : : : : : 1
0 50 100 150 200 250 300 350
c) Position (mech. deg.)
£ 006}
5
= 004}
£ 002¢
> ; ; ; [ ; ;
-5 4 3 -2 -l 0 1 2 3 4 5
d) Harmonic order

Fig. 14.- Same results as in Fig. 13 but for the y-axis direction.

demagnetization modifies the magnitude of the flux vector, but
magnitude information is lost during digitalization.

Results of all the experiments that have been performed are
summarized in the right columns of Table III. Two major
conclusions are reached: 1) y-axis is the preferred direction to
measure the field for demagnetization detection purposes; 2)
demagnetization detection is significantly more challenging
using digital sensors compared to the case of analog sensors. It
is interesting to note in this regard that while retrofit of
existing drives (machine and control) to replace digital hall-
effect sensors by analog devices is not considered viable in
most of applications due to economic issues, this would be
perfectly possible in new designs. Indeed analog sensors are
not necessarily more expensive than digital sensors, also
modern digital signal processors offer variants with increased
analog inputs at very competitive costs.

Iv.

Implementation issues

There are a number of issues, which could affect to the
performance of the proposed method and must therefore be
considered. These include, among others: 1) magnets’
temperature, 2) offsets in the sensors, 3) variations in the
sensors’ gains; 4) assembling tolerances and 5) stator current
effects.  All these issues are analyzed following. The
following discussion will be limited to the case of analog
sensors, as this option provides significantly better results than
digital sensors.

IV.A.  Effect of magnet temperature




PM temperature makes the PM remanent flux, B,, to
change, according the PM thermal remanent flux coefficient,
which is defined as the PM remanent flux rate of variation
with temperature, Oy [2] and [6]. Typically, an increase of
PM temperature results in a reduction of B,, i.e. the magnet
becomes demagnetized. If the PM’s temperature becomes
higher than its maximum working temperature, the PM will
become irreversible demagnetized. Otherwise demagnetization
will be reversible, i.e. the PM recovers its original properties
when the temperature decreases.

If the temperature of the rotor magnets is uniform, i.e. no
significant difference among poles, an increase in the PMs’
temperature will decrease the field, but without any further
effect as additional harmonics or THD increase of the field
complex vector. This corresponds to case #11 in Table III.

If the temperature of the rotor magnets is not uniform, i.e.
difference among poles exists (e.g. due to rotor lamination
grain orientation [33]), the same measurable effect as non-
uniform demagnetization will be induced.

It is concluded from the previous discussion that
temperature variation will induce the same effects as PM
demagnetization. This uncertainty can be avoided if the
magnet temperature can be measured or estimated [6].

IV.B.  Effects due to offsets in the sensors

Offsets in the sensors measurements, mainly due to
imperfection in the electronics, induce a DC component whose
magnitude and phase depend on the offsets [34]. It is
observed from Fig. 8 and 14, that demagnetization also
induces a DC component. To prevent interference of the
sensor’s offsets with the method, a pre-commissioning stage to
calibrate the sensors can be performed.

It must be noted however that this effect will be only
relevant if demagnetization detection is based on the absolute
value, e.g. of THD or peak-to-peak values. On the contrary, if
demagnetization detection is based on the detection of
incremental variation with respect to the healthy case, offsets
in the sensors are not expected to affect.

IV.C.  Effects due to unbalances in sensors gains

Unbalances in sensors’ gains will affect to the fundamental

component of B,, , and also induce a negative sequence

component [34]. Demagnetization faults also induce negative
sequence component in B, spectrum. However, as

mdqs

discussed in the previous subsection, this is not expected to

affect to the performance of the method assumed that
demagnetization detection is based on incremental variations
form the healthy case.

IV.D.  Effects due to assembling tolerances

Assembling tolerances in the sensors assembling include
displacements in axial, radial and angular directions.

Axial and radial displacements induce a variation of the
magnetic flux density measured by the sensor, i.e. it can be
modeled as a variation of the sensor’s gain [34], which has
been previously analyzed in section /V-C.

Angular displacements induce four additional components
to E,‘fldqs spectrum [34]: two positive sequence components
and two negative sequence components. Conclusions obtained
for the case of unbalances in the sensors’ gains apply in this
case.

IV.E.  Effects due to stator current

a)  Stator d-axis current

Flux due to negative d-axis current partially counteracts
the PM flux (flux-weakening current), resulting in a reduction
in the magnetic flux density measured by the hall-effect
sensors [34]. On the other hand, negative d-axis current does
not induce significant variations in E;’qus harmonic content
[34]. Tt can be concluded from the previous discussion that
negative d-axis current produce the same effect as a uniform
temperature increase or uniform demagnetization in the PMs,
see section /V-A, meaning that distinguishing among these
effects might not be feasible. However, it is possible to
measure the influence of the d-axis current during a
commissioning process and further compensate for it during
normal operation of the drive.

b)  Stator g-axis current

Flux induced by g-axis current results in slight variations

of ‘ES mean value and of E;’qus harmonic content [34].

xdqs
Since uniform PM temperature variation and negative d-axis

current also induce variations of ‘BS mean value, the

xdgs
conclusions reached in those cases (secqtion 1IV-A4 and IV-E)
apply. Asymmetric PM demagnetization faults also increase
E;’qus harmonic content; therefore g-axis current injection
could limit the reliability of the proposed demagnetization
detection method. However, the THD increase due
asymmetric PM demagnetization faults is expected to be more

significant compared to I, current injection (e.g. =3.5%

Table III. Experimental results

Case PM magnetization state x-axis measurement y-axis measurement
THD (%) (T) THD (%) (T)
#1 #2 #3 #4 #5 #6 Digital Analog Mean | pk-to-pk | Digital Analog Mean | pk-to-pk

#1 100 100 100 100 100 100 31.6 5.63 0.046 0.0101 31.6 3.98 0.054 0.0065
#2 100 100 100 100 95 100 31.6 6.02 0.044 0.0145 31.18 4.47 0.053 0.0073
#3 100 100 100 100 90 100 31.6 7.89 0.043 0.0158 31.31 7.77 0.051 0.0111
#4 100 100 100 100 85 100 31.6 9.63 0.04 0.0201 31.38 10.98 0.049 0.0129
#5 100 100 100 100 80 100 31.6 13.04 0.039 0.0245 31.48 0.047 0.0143
#6 100 100 100 100 60 100 31.6 0.033 0.0347 0.04 0.0203
#7 100 | 100 | 100 | 100 |"S0 | 100 | 317
#8 100 100 100 90 90 90 31.6
#9 100 100 100 100 90 90 31.6

#10 100 100 100 100 90 80 31.6

#11 80 80 80 80 80 80 31.6




increase for /,=1pu and for the test machine shown in Fig. 1
[34]). Therefore I, current injection effect is expected to be of
reduced importance in practice.

V. Conclusions

The use of low cost hall-effect sensors for PMSMs
demagnetization detection is proposed in this paper.
Preliminary experimental results show that while both analog
and digital hall-effect sensors can potentially be used for this
purpose, analog type are clearly advantageous. This was an
expected result as conversion of a continuous signal into a
digital signal, which can only take two values necessarily,
implies an information loss. It has also been determined that
alignment of the field sensor with the radial direction improves
the sensitivity of the method. The THD and the peak-to-peak
value of the magnetic flux density complex vector have been
shown to be reliable metrics, the second one being much
simpler to obtain in practice. Implementation issues which
could affect to the performance of the proposed method have
also been discussed, including magnets’ temperature, offsets in
the sensors, variations in the sensors’ gains, assembling
tolerances and stator current effects.

It is finally noted that the proposed method has been
discussed for machines equipping three hall-effect sensors,
which is a common choice in commercial PMSMs. However
it can also be implemented using only two hall-effect sensors
shifted by 90 electrical degrees.

VI
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