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Abstract—Variable flux PMSMs (VF-PMSMs) are gaining
importance, especially in automotive applications. The use of such
machines will require the development of methods to estimate the
permanent magnet (PM) magnetization state. PM magnetization
state estimation methods reported in literature include BEMF
and high frequency signal injection. One advantage of high
frequency signal injection methods is that they can operate over
the whole speed range, with practically no interference with the
regular operation of the machine. Magnetization estimation using
high frequency injection relies on the variation of the d-axis high
frequency inductance with the saturation produced by the
magnets. Alternatively, the changes of the magnet electrical
resistance due to the magnetoresistive effect can also be used for
this purpose. These methods have been tested with different
materials, including NdFeB, AINiCo and SmCo magnets. NdFeB
magnets are usually protected from oxidation using NiCuNi
coating. However, NiCuNi also shows magnetoresistance effect,
and can affect therefore the performance of the method when
used with magnets having NiCuNi coating. This paper studies the
effects of PM coating on the performance magnetization estate
estimation by means of high frequency signal using the
magnetoresistance effect. The analysis will include NdFeB,
AINiCo and SmCo magnets. !

Index Terms— High frequency signal injection, Magnetization
State, Magnetoresistance, NiCuNi coating,

1. INTRODUCTION

MSMs have been widely studied and used during last

decade due to their high efficiency, high power density and
good dynamic response. However, the increased cost of rare
earth materials during the last years has increased the interest
in machine designs using less magnet materials, as well as on
the substitution of rare earth materials by cheaper magnets
(e.g. AINiCo, Ferrite). However, these types of magnets can be
demagnetized relatively easily, e.g. due to the temperature rise
or the current injected in the stator windings under normal
operation [1]. VF-PMSMs can either use low coercivity
magnets, or combine high coercivity magnets (i.e. NdFeB) and
low coercivity magnets (e.g. Ferrite, AINiCo...) [2-4].
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VF-PMSMs magnetization state can be changed during
normal operation of the machine by applying a current pulse to
the stator terminals [3]. Knowledge of the magnetization state
after a magnetization/demagnetization process is critical.
Direct magnetization state estimation is not viable in practice,
which has boosted the interest in the development of
magnetization state estimation methods [5-7].

Magnetization state estimation methods can be divided into
BEMF and high frequency signal injection based methods.
BEMF based methods estimate the PM magnetization state
from the PM flux linkage, which is obtained from the machine
terminal voltages and currents [8], without interfering at all
with the normal operation of the machine. These methods can
be used in the mid-to-high speed region, but are not viable at
very low/zero speed due to the reduced magnitude of the
BEMF. In addition, previous knowledge of some machine
parameters (i.e. stator resistance, inductance maps...) is
needed. High frequency signal injection based methods can
estimate the magnetization state either from the d-axis high
frequency inductance [7], which changes with the saturation
level, or from the stator reflected magnet high frequency
resistance [5-6], which changes with the PM magnetization
state due to the magnetoresistive effect [S]. Magnetoresistance
based methods have been tested with NdFeB, Ferrite and
SmCo magnets, NdFeB showing the highest sensitivity, SmCo
and Ferrite showing very modest values [6].

PMs in PMSMs often use coating for protection, e.g.
NdFeB magnets are usually protected to oxidation with
NiCuNi coating. Previous studies have shown that coating can
improve the magnetoresistance sensitivity in the machines
equipped with Ferrite, AINiCo or SmCo magnets [10-11].
However, this effect has not been studied in detail yet.

This paper analyses the effects of the PM coating on its
magnetoresistance  sensitivity. An  experimental setup
especially designed for this purpose will be used. The paper is
organized as follows: Magnetoresistance effect is briefly
reviewed in section II. High frequency signal injection for PM
magnetization state estimation is presented in section III.
Finally, experimental results are provided in section IV, while
conclusions are presented in Section V.

II. MAGNETORESISTANCE EFFECT IN THIN FILM LAYERS

Magnetoresistance is defined in (1) as the change of the
material electrical resistivity when an external magnetic field is



applied [9-10], where MR is the magnetoresistance, i.e.
variation of resistivity due to the external field with respect to
the initial resistivity, o(0) is the resistivity of the material in
the absence of magnetic field and p(H) is the resistivity of the
material and H the strength of the magnetic field being
applied.
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The variation produced by the magnetoresistive effect over

the absolute material resistance is defined by (2) where 4 is the
coefficient that links the PM flux and the resistance variation
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Fig.1 Magnetoresistance variations in multilayer structures.
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Fig.2 Magnetization direction of the coating layers when an external
magnetic field is applied
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Not all materials have the same sensitivity to the
magnetoresistance effect. As already mentioned, NdFeB
magnets have a higher sensitive compared to Ferrite and SmCo
magnets [6]. In addition, certain designs, e.g. the layer stack
arrangement shown in Fig. 1, can be used to increase the
sensitivity to magnetoresistance effect in magnetoresistive
sensors, the sensitivity increasing with the number of layers
[10]. Giant magnetoresistance (GMR) is defined when the
variation of the electrical resistance is higher than 10% [12].
A common arrangement to achieve GMR is a three-layer stack
made of two ferromagnetic materials (e.g. Niquel, Iron...) and

an electric conductor, non-ferromagnetic material (e.g. copper,
gold..., see Fig. 1). The resistor model for GMRs is defined by
(4) where R, is the resistance with opposite magnetization in
layers (i.e. in absence of H), R,,is the resistance measured
when the same direction of field A is applied to the layers and
0, is the GMR [10]. Therefore g is function of both MR
and &, (5).
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It is interesting to note the similarities between the
arrangements shown in Fig. 1 to maximize the
magnetoresistive effect in the magnetoresistive sensors and the
NiCuNi coating used with NdFeB magnets to avoid oxidation
(see Fig. 2).

III. MAGNET HIGH FREQUENCY RESISTANCE MEASUREMENT

The procedure used to measure the magnet high frequency
resistance is presented in this section. The experimental setup
that will be used is shown in Fig. 3. It consists of a magnetic
core made of iron powder [5, 6] and a coil. The core was
constructed using Fe-Si alloy iron powder blocks (BK8320-26
and CK2020-26, 1,=26) [5, 6]. The core has a cylindrical
shape central column, the magnet having the same diameter as
the central column [5, 6].

Iron powder
core

Magnetic flux
density sensor
position

¥
Fig. 3. Experimental setup used for PM magnetoresistance evaluation.

The coil in Fig. 3 is fed by an H-bridge (Fig. 4). The H-
bridge allows simultaneous injection of both DC current used
to change the PM sample magnetization state and the high
frequency current used to estimate the magnet sample
magnetization state. The system parameters are shown in
Table 1. Fig. 5 shows the power converter control block
diagram. A PI controller is used to control the injected DC
current ig*cp , while a resonant controller is used to control the
injected the high frequency current i,ff; .
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Fig.5. Block diagram of the DC and high frequency signal

TABLE 1. EXPERIMENTAL SETUP PARAMETERS

Coil Parameters Core Parameters Single Phase Inverter
Rated Parameters
Number of | 490 Central column 20 Switching 10 kHz
turns diameter (mm) frequency
Resistance | 0.699 Saturation, Bya: 1.6 Voltage 380V
(D) 5 (M
Parallel 7 Relative 26 Current 75 A
wires per permeability, ur
turn
Inductance 12.5 BSF1 10Hz
(mH)
oeu (1/K) 3.9e-3 Bandwidth 200Hz
of current
reg.

When the coil is fed with a high frequency current l,%) (6),
the overall high frequency impedance is given by (7), where
vy, s the high frequency voltage, Z,, is the overall high
frequency impedance, while R,; and L, are the overall high
frequency resistance and inductance respectively. The real part

of the high frequency impedance, R, , is a function of the coil

Ry, , core Ry, and magnet R high frequency resistance.
l’iﬁ = Ihf sin(a)hf t) (6)
Vi
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The reflected magnet high frequency resistance, Ry , can
be estimated from the overall coil high frequency resistance,
R,,, . However, this requires decoupling of the coil (R, ) and
core (Rj ) contributions to the overall high frequency
resistance.
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Fig. 6. a) Equivalent high frequency circuit of the experimental setup
without core and magnet, b) coil high frequency resistance, R,ffp, for
different frequencies, c) coil high frequency resistance, Rh’;p , for different
values of H values. fi=250Hz and Iy=1A.
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Fig. 7. a) Experimental setup configured for core high frequency resistance
estimation (i.e. without magnet), b) equivalent high frequency circuit and c)
core high frequency resistance for different frequency values, d) R,f;p , for
different H values. fi=250Hz and /)~=1A.

The coil high frequency resistance Rj, can be
approximated by removing the coil from the core and injecting
a high frequency signal. Under these conditions, the
equivalent high frequency circuit is shown in Fig. 6a. Figs. 6b
shows Ry, vs. the frequency of the injected signal. Fig. 6¢c

show Rffl; vs. the strength of the magnetic field, /# , which is



produced by forcing a DC current into the coil. As expected,
Ry, increases as the frequency does due to the skin effect (see
Fig. 6b). Also as expected, Ry slightly increases with H,
meaning that the magnetoresistive effect in the coil (made of
copper) cannot be negligible
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Fig. 8. a) Experimental setup configured for magnet high frequency
resistance estimation, b) equivalent high frequency circuit, ¢) magnet high
frequency resistance for different frequency values, d) thfp , for different
H values. fi=250Hz and Ir=1A.

The core high frequency resistance, i.e. Ry, , can be
estimated by injecting a high frequency signal into the coil
with the coil and the core assembled, and replacing the magnet
in the central column by a non-ferromagnetic material (see Fig.
7a). Fig. 7b shows the equivalent circuit in this case, the core
high frequency resistance being obtained after decoupling the
coil high frequency resistance, Ry, (8). Figs. 7c and 7d show
R}y, vs. the frequency of the injected signal and vs. H,
similar to Figs. 6b and 6¢c. As for Ry, Ry, increases with
frequency due to the skin effect (see Fig. 7¢). It is observed
from Fig. 7d that R, decreases as H increases, meaning that
core is slightly affected by the magnetoresistive effect. This
was an expected result [6].

Finally, the contribution of the magnet resistance, R}, , to
the overall high frequency resistance can be measured by
inserting the magnet in the central column of the core (Fig.
8a), once the core and coil contribution to the overall high
frequency resistances is decoupled (9). The equivalent circuit

and measured high frequency resistance in this case are shown
in Fig. 8b and Fig. &c, for a NdFeB magnet. It is observed
from this figure that Rj, significantly decreases with 77, i.e.
the magnet is strongly affected by the magnetoresistive effect.

IV. EXPERIMENTAL RESULTS

Experimental results measuring the effect of coating on the
magnetoresistive effect using the experimental setup shown in
Fig. 3 are presented in this section. Demagnetized and
magnetized NdFeB, SmCo and AINiCo disk shaped magnets
have been tested. Two types of coatings, NiCuNi and Epoxy
were used. Magnet thickness 5 and 10 mm, were selected. all

with the same radius (see Fig. 9).
TABLE II. EXPERIMENTAL SETUP PARAMETERS

Coil Parameters Single Phase Rated Parameters
Number of Turns 335 Switching frequency (kHz) 10
Resistance (Q) 0.3236 Voltage (V) 380
Inductance (mH) 5.2 Current (A) 75
NiCuNi
020x5

Fig. 9. Magnet shape, size and coating type evaluated for NdFeB, AINiCo
and SmCo.

Fig. 10. Flux density sensor position, a) flux density sensor, b).position of the
magnet on the sebsor array
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Figl1.Magnetic flux density distribution on magnet surface for a demagnetized
NdFeB magnet when constant DC field is applied by the coil. Magnet location
is indicated by the red circle, sensors location are represented by red squared
spots.

Epoxy coating presents the same magnetic permeability as

air. It was used to keep the same total magnet width, avoiding
variations in the equivalent reluctance path of the prototype. In



addition, the thickness of the magnet material is also kept
constant, avoiding errors due to the differences in volume
among samples. Magnets and coating characteristics are
summarized in Table III.

If magnetic flux density is measured with only one sensor,
errors may occur as the magnetization is not uniform along the
magnet surface [6]. To avoid this problem, a thin PCB
(0.7mm thickness), see Fig. 10, that is equipped with a matrix
of 3x3 Hall sensors was designed to measure the magnet flux
density distribution on the magnet surface. The measurement
provided by all the nine field sensors will be averaged, and
used as a metric of the PM magnetic flux density. Fig. 10
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Fig. 12. Reflected high frequency resistance Rfﬁ of a NdFeB magnet with
Epoxy coating,O, and NiCuNi coating, (. 20°C, fi,=250Hz and Iy=1A
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Fig. 13. Reflected high frequency resistance Rf[S of a AniCo magnet.
Same conditions as in Fig. 12
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Fig. 14. Reflected high frequency resistance, R,ffx of an SmCo magnet.

Same conditions as in Fig. 12.
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shows an example of a contour plot of the field measured by
the Hall sensor array when the magnet is fully demagnetized
and a DC field of =0.8 T is applied by injecting a DC current
into the coil terminals, see Fig. 8a.

TABLE III: MAGNETIC MATERIAL AND COATING THICKNESS

. NdFeB SmCo .
Materials (N42H) :17) AINiCo
Ni layer thickness (um) 3 3 3

Cu layer thickness (pum) 4 4 4

NiCuNi Coating
Thickness (pm) 1 1 1

Epoxy thickness 6 6 6

Magnetic Material
Thickness (mm)

A. Demagnetized samples

Figs. 12-14 show the reflected magnet high frequency
resistance, R,i;s , for the NdFeB, SmCo and AINiCo samples.
The demagnetized PMs are inserted in the core as shown in
Fig. 8a. The magnet, coil and core temperatures are at room
temperature. All magnets were initially fully demagnetized, B
being therefore the result of the injected DC current. The high
frequency current used for high frequency resistance
estimation is superimposed to the DC current. The core and
coil high frequency resistances are decoupled from the total
estimated high frequency resistance (9), using the data shown
in Figs. 6¢ and 7d.

It can be observed from Figs. 12-14 that the thicker magnets
show larger high high frequency resistance when no DC field
is applied. Most PMs materials show similar values of the
estimated high frequency for large values of the DC field
(>0.7T), independently of the magnet thickness. The exception
is the SmCo magnet, see Fig. 14, magnet with epoxy coating,
which shows slightly lower resistance at high DC magnetic
fields. The highest variation of the high frequency resistance
is observed for NdFeB magnets. This was expected as this
material presents the largest high frequency resistance
variations with the magnetization state.

B. Magnetized samples

Thicker lines in Figs 15-20 show experimental results for
NdFeB, AINiCo and SmCo magnets, with and without coating,
for five different magnetization levels, i.e. remanent fluxes, of
0, 25, 50, 75 and 100% of its nominal value (1.2 T for NdFeB,
0.8 T for AINiCo and 0.9 T for SmCo magnets).

The magnet samples were magnetized using a peak
magnetizer shown in Fig 21. The magnetizer parameters are
shown in Table IV. Once the samples are magnetized, they are
inserted in the core shown in Fig 8a. No DC current is injected
in this case, only the high frequency current signal needed for
high frequency resistance estimation is being applied. The
magnetic field shown in Figs. 15-20 is attributed therefore
exclusively to the PM remanent flux.

It is observed that in all cases, the higher the magnetization
state is, the lower is the reflected high frequency resistance. It
is also observed that magnets with NiCuNi coating show larger
high frequency resistance variations, meaning that they are
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Fig. 15. Reflected PM magnet frequency resistance R, for a Smm
thickness magnetized NdFeB magnet with epoxy, and NiCuNi coating,
for different magnetization levels.
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Fig. 17. Reflected PM magnet frequency resistance Rn,s for a 5 mm
magnetized SmCo magnet with epoxy, and NiCuNi coating, for
different magnetization levels.
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Fig. 19. Reflected PM magnet frequency resistance R,; for a 10 mm
magnetized AINiCo magnet with epoxy, and NiCuNi coating, for
different magnetization levels.

more sensitive to the magnetoresistive effect. The estimated
high frequency resistance when the magnetic field is produced
externally by the coil (see Figs. 12-14) is different from the
estimated high frequency resistance when the flux is produced
by the magnet itself. This is mainly due to the differences in
the magnetic flux distribution between magnetized magnet and
demagnetized magnet within the magnetic circuit (see Figs 11
and 22).
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Fig. 16. Reflected PM magnet frequency resistance R, for a 5mm
magnetized AINiCo magnet with epoxy, and NiCuNi coating, for different
magnetization levels.
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Fig. 18. Reflected PM magnet frequency resistance R fora 10 mm
magnetized NdFeB magnet with epoxy, and NiCuNi coating, for different
magnetization levels.
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Fig. 20. Reflected PM magnet frequency resistance R#s for a 10 mm
magnetized SmCo magnet with epoxy, and NiCuNi coating, for different
magnetization levels.

C. Magnetoresistance in magnetized samples combined

with flux-weakening and flux-intensifying current

Figs 15-20 show experimental results for NdFeB, AlniCo
and SmCo magnets, with and without coating, for different
magnetization levels, when flux weakening/ intensifying
current is applied. Thicker lines show the high frequency
resistance obtained for different DC current levels, for three
different values of the initial magnetization level of =0, 50 and
100%. The maximum injected DC current is limited by the



power losses in the coil, as coil and magnet should remain at
constant temperature for all the experiments. As in the
previous cases, a high frequency signal is superposed to the
DC current for high frequency resistance estimation.

For each initial magnetization level, the magnet flux is
weakened or intensified by injecting a DC current. It is
observed that in all cases the estimated resistance in absence of
DC current increases when the permanent magnet flux is
weakened and decreases as the magnetic field the magnet
surface increases. Different trends are observed by the
estimated high frequency resistance for different PM
remanences and for magnetized magnets when an external
field is used to weaken/intensify its field, no determinant
conclusion is reached for this results.

It is concluded from the experimental results that the studied
magnet materials coating changes the magnetoresistance
effect. The largest high frequency resistance variations are for
NdFeB, being slightly smaller for AINiCo magnets. SmCo
magnets show the smallest high frequency resistance
variations.

External
source

Fig. 21. Schematic representation of the circuit used for PM magnetization
and demagnetization

TABLE IV. MAGNETIZATION CIRCUIT PARAMETERS

External source max. voltage 750 V
Capacitor “C” 11750 puF
Diode “D” 1000 V, 1250 A
IGBT 1700 V, 1400 A
Coil “L” 1960 turns
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Fig. 22. Magnetic flux density distribution on magnet surface for a fully
magnetized NdFeB. Magnet size and position is represented by the red circle,,
sensors positions represented by red squared spots.

V. CONCLUSION

This paper presents an analysis of the contribution of the
PM coating to magnetoresistance sensitivity. The physical
principles of the proposed methodology for magnetization
state estimation use the same principles as in GMR structures.
Experimental results using NdFeB, SmCo and AINiCo

magnets with NiCuNi and epoxy coatings have been presented.
It has been demonstrated the coating improves the
magnetorresistive effect sensitivity, NdFeB showing the
highest increments in sensitivity.
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