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Abstract—This work compares a synchronous reluctance
machine (SynRM) to a permanent magnet assisted SynRM
(PMaSynRM) with identical rotor geometry and additional Al-
NiCo magnets. Thus, no rare earth elements are required for both
machines. Design validation requires the manufacturing of these
machines and identification of their characteristics. However,
commissioning and identification present additional challenges.
The SynRM'’s rotor position sensor cannot be aligned using the
induced voltage method because there is no induced voltage
when idling due to the lack of rotor excitation. Considering
the PMaSynRM, the demagnetization issues of AINiCo magnets
during manufacturing of electric machines are discussed, and a
magnetizing approach for a fully assembled electrical machine
is presented. The proposed solutions are applied to machine
prototypes to compare the characteristics with and without
magnets considering flux linkages and torque.

I. INTRODUCTION

Electric drive systems continue to gain importance and
market shares in vehicle propulsion. However, these systems
typically rely on rare earth enabled permanent magnet syn-
chronous machines (PMSM) for torque generation. These
materials pose both economical and environmental risks, since
they are expensive, supplied only by few countries and only a
small percentage of them is being recycled [1].

To mitigate these risks, alternate machine topologies are in-
vestigated. This work focuses on the SynRM and PMaSynRM.
In SynRMs, torque generation relies solely on the difference
in magnetic conductivity between the rotor’s d- and g-axis.
The PMaSynRM employs so-called semi hard magnets, such
as AINiCo or ferrite alloys. Both magnet types do not rely on
rare earth materials. AINiCo magnets typically present with
higher remanence B¢y, than ferrite alloys, but have smaller
coercivity H.. A comparison between an AINiCo and a ferrite
magnet’s behavior is presented in Fig. 1. In the figure, the
difference in B,., and H. is visible. While the remanence
of the AINiCo magnet lies beyond 1T, the ferrite is only at
0.4'T. However, the ferrite has a linear behavior throughout
the entirety of the second quadrant of the BH plane. The
critical field strength of the AINiCo magnet H.,; is displayed
as a dashed line in the figure. It denotes the minimal magnetic
field strength threshold at which permanent demagnetization
of the magnet occurs. Thus, H.i is an important quantity to
consider in both the design stage and during operation of the
machine [2], [3].
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Fig. 1. BH curves of the AINiCo LNGTS80 used in this work and a high-
performance ferrite.

While SynRMs suffer from poor power factor and therefore
require oversized inverters, PMaSynRMs mitigate this problem
partially, improving the power factor compared to SynRM.
Therefore, adding rare earth free magnets to a SynRM rotor
design allows an improvement in power density of the drive
system. The scope of this work is to directly compare a
PMaSynRM and SynRM employing a high reluctance torque
rotor design based on the authors’ previous work [4], [S]. The
focus lies on the achievable output torque and the behavior of
the current dependent flux linkages ¥4 and ¥, rather than the
machines’ efficiency maps. The specific rotor design allows
the direct comparison of the machine’s performance with and
without magnets.

Owing to the small coercivity of the AINiCo LNGTS80
magnets used in the PMaSynRM, its rotor is partly demag-
netized prior to assembly. This poses a challenge in design
and manufacturing of rare earth free PMaSynRMs, since the
magnets’ operating points in the assembled state differ from
the load acting on the magnets in the rotor in the unassem-
bled state. Due to this, the rotor cannot be magnetized with
a separate magnetizing fixture, making the investigation of
alternative magnetization setups necessary. This work proposes
to magnetize the rotor “’in situ”, i.e. while it is mounted in the
stator.

The paper is structured as follows: Sec. II presents the
mathematical machine model used and the key data of the
investigated machine designs. Sec. III discusses the challenges
faced during testing and presents the authors’ solutions to deal
with them. The magnetizing approach for the PMaSynRM is
presented and the SynRM specific considerations in machine
testing are discussed. In Sec. IV the measurement results are
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Fig. 2. Cross-section of the investigated machine: the red area marks the
possible mounting position for permanent magnets

presented and discussed. The conclusions of this work are
given in Sec. V.

II. FUNDAMENTALS

The electrical behavior of the three-phase star-connected
SynRM and PMaSynRM is described using the voltage equa-
tions in the rotor-oriented reference frame:

o dwg(ia,i o
v(ist-zd—l—%—w-Wq(zd,zq)
A7, (i, is) )
Uq:Rs'iq‘i‘M"'w'Wd(id)iq)

dt

Here, v are the voltages and ¢ the currents of the respective
axis. Ry denotes the ohmic resistance of the stator winding
and w is the rotor’s electrical speed. The flux linkages ¥y and
¥, define the machine’s magnetic properties. The inner torque
T; of the machine is given by:
3 . .
Li=35p (Ya-iqg—Yq-ia), ()
where p denotes the number of pole pairs.

Fig. 2 shows the investigated machines’ cross-section. The
triangular hole in the rotor towards the shaft is required to
assemble the rotor’s segments with the correct skewing angle.
For the PMaSynRM, AINiCo magnets are added in the red area
of the flux barriers while they remain empty in the SynRM.
Table I shows the design parameters of the machines.

III. CHALLENGES IN MACHINE COMMISSIONING AND
IDENTIFICATION

Since the design enables operation either as SynRM or
PMaSynRM, rotors with and without permanent magnets were
manufactured — enabling a comparison of the performance.
For the comparison, the machine characteristics are evaluated
using the constant speed method (CSM) with a conven-
tional back-to-back test bench setup that will be discussed
in Sec. IV. However, the manufacturing and commissioning
process have several additional challenges compared to con-
ventional PMSMs that will be addressed in this section.
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TABLE I
PARAMETERS OF THE INVESTIGATED MACHINES

Parameter Value
Active length 70 mm
Bore Diameter 90 mm
Air Gap Length 0.5mm
Number of Pole Pairs 3
Number of Slots 36
Rotor Segments 5
Skew Angle 10°

Magnets (only PMaSynRM)  AINiCo LNGT80

Maximum Speed 5000 min !
Rated Current 70 A (RMS)
Rated DC-Link Voltage 48V
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Fig. 3. Induced voltage of the demagnetized PMaSynRM at 1500 min~*!

A. De- and Remagnetization of the PMaSynRM

The comparable low coercivity of AINiCo LNGTS80 leads
to demagnetization of the PMaSynRM’s rotor when it is not
fitted to the stator, due to the large load imposed on the
magnets through the magnetic resistance of the surrounding
air. To demonstrate this, the machine’s induced voltage at no
load was measured directly after gluing the magnets to rotor
and placing it in the stator of the machine. Fig. 3 shows the
measured voltage at a speed of 1500 min~*. The amplitude of
the induced voltage and consequently the permanent magnet
flux linkage Wpy; are less than 10% of the finite element
analysis (FEA) result of a fully magnetized rotor.

The rotor has to be magnetized while assembled in the stator
because demagnetization is expected as soon as it is removed
from it. FEA analysis shows that to apply the magnetizing
field of the used AINiCo LNGT80 of Hy,.e ~ 480kA/m
to all the magnets in the rotor, a positive d-current pulse
id,mag ~ 4kA is required in the stator. To achieve currents
in this range, the institute’s double pulse test bench [6] is
used with FZ3600R17HP4 IGBT modules from Infineon and
an extended DC link capacitance. The module is rated for
a repetitive surge current of 7.2kA with a pulse duration of
1ms [7]. Fig. 4 shows the electrical setup used to create a
current pulse in the a-axis: Terminal V and W of the machine
are shorted. Assuming a symmetrical machine, the current of
phase U splits symmetrical at the star-point and results in the
desired current space vector. This series-parallel connection of
the machine phases replaces the load inductance of the double
pulse test bench.

The rotor’s d-axis is aligned with the a-axis of the stator
and mechanically locked during the magnetization as shown
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Fig. 4. Modified double pulse setup to magnetize the machine

Fig. 5. PMaSynRM connected to the double pulse test bench

in Fig. 5. Fig. 6 shows the current pulse applied to the
machine measured with a CWT Mini HF30B Rogowski coil
from PEM. It rises in approximately 1ms to 4.25kA. The
rotor magnetization is then evaluated using the induced voltage
presented in Fig. 7. The voltage amplitude increases by a
factor of 7.5 compared to the voltage before magnetization
shown in Fig. 3 yielding Ypy = 10.5mVs. This corresponds
to approximately 67 % of the FEA result for a fully magnetized
rotor.

B. Alignment of the Rotor Position Sensor of the SynRM

Current control in the rotor-oriented reference frame, that is
used for the CSM measurements, requires information about
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Fig. 6. Current pulse measured during magnetization of the motor with the
double pulse test bench
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Fig. 7. Induced voltage of the magnetized PMaSynRM at 1500 min !
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Fig. 9. dg-currents during the proposed alignment procedure for positive and
negative speed after offset calibration

the absolute position of the rotor relative to the stator. The
machine prototypes feature rotor position sensors that are
mounted in an arbitrary position relative to the rotor’s d-axis
and thus need to be aligned. The state-of-the-art method from
the PMSM [8] cannot be used for the SynRM because it does
not show an induced voltage when idling. Alternatively, a
current in the a-axis of the machine can be applied to the
unloaded machine. It is assumed that the rotor aligns with
the axis of lowest reluctance. However, friction and position
dependent torque ripple lead to a deviation from an exact
alignment.

To avoid such a deviation, this work proposes a different
method that is based on the SynRM’s torque symmetry for
positive and negative d-currents:

Ti(ia,iq) = —Ti(—ia, iq) 3)

The proposed method applies a voltage space vector to the
stator winding of the unloaded machine starting with zero
speed. Similar to the method of a constant current in the
a-axis, the rotor is expected to align its g-axis close to the
current space vector after an initial transient. Next, the rotor
is accelerated to a constant speed n using a rotating voltage
space vector determined with V/f-control, and the currents
are recorded. Then, the speed is reversed, and the currents
recorded again. Assuming the load torque is symmetrical for
positive and negative speeds, according to (3) the g-current
should be identical while the d-current changes its sign as
illustrated in Fig. 8. This is achieved by modifying the offset
angle of the rotor position sensor accordingly. Fig. 9 shows the
measured dg-currents after applying the proposed calibration
of the offset for positive and negative speed.
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Fig. 10. Result of the design characterization for the SynRM at 900 min—

C. Alignment of the Rotor Position Sensor of the Demagne-
tized PMaSynRM

As described in Sec. III-A, the rotor’s d-axis needs to be
aligned with the stator’s a-axis for the magnetization process.
Due to the low magnetization, the position sensor alignment
using the induced voltage [8] does not yield reliable results.

However, the alignment does not need to be very precise
because AINiCo LNGT80 as part of the AINiCo9 class is
an anisotropic material that has only little remanence when
magnetized in the non-preferred direction [9]. After magneti-
zation, the conventional induced voltage approach can be used
for precise alignment of the rotor position sensor.

IV. RESULTS

The machines are evaluated using the test bench platform
proposed in [10]. A Dewetron DEWE3-PAS8-RM power an-
alyzer is used to record all quantities. The electrical mea-
surements use a TRION3-1810M-PA module with Signaltec
CT 100 current transducers. Torque and rotor position are
measured with a Kistler 4503B shaft torque sensor rated for
50 Nm. For the measurements, both designs are operated with
a DC link voltage of 60 V. The design comparison includes
besides the flux linkage and torque evaluation also the analysis
of the demagnetization of the PMaSynRM in the rated current
range.

A. Synchronous Reluctance Machine

After manufacturing, the SynRM is mounted to the test
bench and its rotor position sensor aligned as proposed in
Sec. III-B. Fig. 10 shows the flux linkages ¥4, ¥, and the
shaft torque 7%, of the SynRM identified at 900 min~' using

Fig. 11. PMaSynRM mounted to the test bench
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Fig. 12. Current targets used for machine characterization: the color high-
lights the expected magnetization state after applying the current to a fully
magnetized the machine

[v] in V

Fig. 13. Induced voltage after measuring different current targets: 1 denotes
the initial induced voltage. The further color coding corresponds to Fig. 12.

the CSM. Saturation is visible for ¥ for higher currents and
W4 shows some cross saturation.

The measured torque is near ONm for pure d- or g-
current as expected, and the flux linkages show the expected
reflection symmetries. This indicates, the proposed position
sensor alignment is able to align the rotor position sensor
precisely.

B. PMaSynRM

Fig.11 shows the magnetized PMaSynRM mounted to the
test bench. Its position sensor is aligned using the induced
voltage method [8]. Compared to the SynRM, the temporal
order in which the current targets are measured needs to be
considered due to expected demagnetization during operation
with negative d-currents. Fig. 12 shows the current targets
used to characterize the PMaSynRM. The color indicates
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Fig. 14. Result of the design characterization for the PMaSynRM at 900 min—!

the expected rotor magnetization state (A/.S) based on FEA
simulations after a given operating point is applied.

To achieve the maximum machine performance, the char-
acterization starts with only positive d-currents and then con-
tinues with the current targets in the order of their expected
MS. Fig. 13 shows the induced voltage measured for no
load at 1500 min~' after each M S interval was measured.
The decreased voltage clearly indicates demagnetization after
applying negative d-currents.

The result of the design characterization is presented in
Fig. 14, which results when the current targets are measured
in the previously described order. The motoring peak torque
current target was measured again after completing all pre-
sented current targets to highlight the influence of the order
of measurement. The measured torque is reduced by 3.4 %
from 10.5Nm to 10.1 Nm at the lower M.S. The identified
Wy also reduces by 1.9mVs while ¥, remains unchanged.

C. Comparison of the Designs

While the flux linkage in the g-axis is similar for both
machines, the d-axis clearly shows the influence of the magne-
tization that causes a positive offset for ¥4 of the PMaSynRM.
For high negative iq the demagnetization of the PMaSynRM
is visible in the steeper descend of ¥,y. Magnetization of the
rotor bridges in the SynRM causes a high slope of ¥y for
small 74, that is not visible for the PMaSynRM because the
magnet’s leakage flux already saturates the bridges.

Because the SynRM has no magnets, there is just reluctance
torque present, that does not change when the current vector is
rotated by 180°. In the PMaSynRM, synchronous and reluc-
tance torque are present. They partly cancel out for 74 > 0 A
and reinforce for iq < 0 A. Considering the maximum possible
torque, the magnetized PMaSynRM prototype reaches a 13 %
higher torque of 10.6 Nm in generating mode compared to the
pure SynRM due to the additional synchronous torque. When
motoring, the torque increases by 16 % over the SynRM.

Even when the lowest magnetization state is considered that
has to be expected in the rated current range, the PMaSynRM
achieves 12 % higher peak torque than the SynRM in motoring
mode. Also, the power factor increases for this point. At the
evaluated speed of 900 min~"' it changes from 0.59 (SynRM)
to 0.68 (PMaSynRM).
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V. CONCLUSION

This work presents challenges faced when building rare
earth element free synchronous machine prototypes. The eval-
uated machine design can be build as SynRM or PMaSynRM
when magnets are added to the rotor. For operation as SynRM,
a new position sensor alignment procedure is proposed that
considers harmonics in the flux linkages and enables a precise
alignment.

The SynRM has a lower torque density and worse power
factor compared to the design with magnets. The PMaSynRM
remains rare earth element free by using semi hard magnetic
AINiCo LNGTS8O for the rotor magnets. These show a sig-
nificantly lower coercivity compared to rare earth magnets,
that results in demagnetization during manufacturing when the
magnets face the high magnetic resistance of air. Measure-
ments of the induced voltage demonstrate that the initially
demagnetized rotor can be significantly magnetized with the
same stator that is used for operation. The required current
pulse is generated with a double pulse test bench that is
typically used for semiconductor characterization.

Future work includes the development of an operating strat-
egy considering the demagnetization of the PMaSynRM and
efficiency comparison with the SynRM over the torque-speed-
range. The PMaSynRM characterization results can be used as
feedback for the machine design process to further improve the
magnetization and demagnetization behavior during operation.
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