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Abstract—A potential analysis for the application of iron
nitride magnets in (hybrid) variable flux machines ((H)VFM)
is presented, investigating the possibility to design rare earth
free machines using ferrite and iron nitride magnets. A review
on variable flux machine research is given to contextualize the
presented work. Delta topology machines with different magnet
combinations are simulated using design of experiments. The
magnetization characteristics of the machines are investigated
by directly deriving the magnetic fields in the machines’
permanent magnets from the vector potential in the single
mesh elements. Series HVFM machines using magnet alloys
with strongly different remnant magnetization are discussed. The
performance of different (H)VFM is compared with regard to
their ability to demagnetize, the demagnetization characteristics
in the torque-speed plane and the overall performance. Series
HVFM with iron nitride and ferrite magnets are challenging
due to demagnetization of the iron nitride magnets.

Index  Terms—variable flux machine, iron
demagnetization, series hybrid variable flux machine

nitride,

I. INTRODUCTION

With market shares of electrified transportation growing,
sustainable solutions to provide the increasing demand for
electric traction systems need to be investigated. Most modern
traction systems rely on rare earth enabled permanent magnet
synchronous machines (PMSM) to generate propulsion.
However, rare earth materials are expensive, are only recycled
in small amounts and pose a risk in supply chains [1].

To mitigate these risks, alternate machine topologies
are investigated, such as (hybrid) variable flux machines
((H)VFM). The conventional variable flux machines employ
so-called semi hard magnets, such as AINiCo or ferrite
alloys. Owing to their low coercive forces, these magnets
can be de- and re-magnetized during machine operation
by applying adequate stator current (d-current) pulses. A
schematic representation of this process is shown in Fig. 1.
Once the magnitude of the applied current in the d-axis is
sufficiently large, the d-axis flux linkage ¥4 is reduced even
after the current returns to 0, with Uq|;—9 = Wpy. This is due
to the demagnetization of the rotor magnets. The process can
be reverted by applying a sufficiently large, positive d-current.

(H)VFM operate with regular multiphase stators and require
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Fig. 1: Demagnetization process, schematic representation
with the d-axis current ramp applied (a) and the resulting
behavior of the d-axis flux linkage (b).

no additional parts in the rotor [2], [3]. A magnetization
state (M S) is introduced, representing the permanent magnet
(PM) flux linkage Wpni mom related to the maximum PM flux
linkage Wpn max at full magnetization as
\IIPM,mom

MS = .
\IIPMJnaX

D

In hybrid VFM, there are both a set of high coercive force
(HCF) and low coercive force (LCF) magnets, either arranged
in series or parallel. The placement of the respective magnets
in the rotor is schematically represented in Fig. 2. While the
advantage of parallel structures is a greater range of adjustable
magnetization with a lower output torque, series topologies
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Fig. 2: Series (left) and parallel (right) topologies in HVFM
with radial magnetization, HCF magnets in red, LCF in blue.
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have more stable working points of the LCF magnets and
further enable easier re-magnetization, while having larger
output torque [4]. However, this comes at the cost of a reduced
range of applicable M.S. The HCF magnets are typically
comprised of NdFeB alloys, while the LCF magnets are
AINiCo or ferrite ones, as in regular VFM [5]-[7]. To make
use of both topologies, combinations of parallel and series
machines were proposed [8], [9].

Recently, the novel permanent magnetic alloys based on
iron nitride (FeN) were introduced for utilization in electric
machines and investigations into their application for electric
machines were carried out for conventional PMSM and VFM
[10], [11]. This material presents with large remanence and
coercive forces, the latter comparable to those of high-
performance ferrite magnets [11]-[13]. One of the main
problems of FeN appears to be mechanical stability: The
magnetic properties cited are achieved in nano films rather
than magnet blocks [14]. The BH data regarding FeN magnets
presented in this work in Fig. 3 is based on the hysteresis curve
presented in [11].

The performance of (H)VFM is in part determined and
limited by the LCF magnets. The maximum operating current
under full magnetization is determined by motor topology,
as the combination of stator current and machine geometry
is directly responsible for the external fields acting on the
magnets. It is therefore useful to define an expected operating
current in the design process and make the magnets’ working
point part of the optimization process [15].

While the LCF magnets should have a constant working
point during normal operation, the ability to change
their magnetization is important for inverter design as
it determines the maximum required currents. These
magnetization characteristics can be represented in current
dependent magnetization maps as presented in [10], where the
required d-g-current combination to magnetize or demagnetize
the magnets to a certain working point is represented.

The aim of this work is to investigate the novel FeN
magnets and their applicability in HVFM. The FeN magnets
are used as LCF magnets. High performance ferrite magnets
are used as HCF magnets. Machines with AINiCo LNGTS80
magnets are used for comparison. The behavior of the magnets
regarding undesired demagnetization during normal operation
is described. The focus thereby lies on the series HVFM. The
effects of the starkly different remanence flux densities and
the effects on the machines’ performance is discussed.

The paper is structured as follows: in section II the approach
to identifying the magnets’ load and the machines investigated
in this work are presented. Section III gives an overview over
the simulations that were carried out and the results of these
are presented and discussed in section IV. A summary and an
outlook are given in section V.

II. MODEL

The BH data of all magnets used in this work is represented
in Fig. 3. The ferrite magnet’s critical field lies in the third
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Fig. 3: BH curves of the magnets and rotor topologies
investigated [11], [16], [18].

quadrant of the BH plane, making accidental demagnetization
during operation unlikely.

For the BH curves of the AINiCo and FeN magnets, the
critical field strength H.,; is included as a dashed line in Fig.
3. It represents the magnitude of external fields loading the
magnet, from which on demagnetization occurs. In this case,
the magnet will not return to its original operating point (OP)
on the curves in Fig. 3 but rather to a new OP with reduced
flux density, following along a recoil line parallel to the linear
area of the magnet’s BH curve. The operating point settles
then again on the load line, presented dotted orange in the
figure [16], [17].

A. Volume based demagnetization calculation

To enable the analysis of machine designs created with
design of experiment (DoE), i.e. large quantities of machines
simulated through FEA, adequate strategies are required. To
investigate the utility of FeN magnets in HVFM, the external
magnetic fields acting on the rotor magnet, i.e. the magnets’
OP, are analyzed. The FEA mesh in the magnets is used to
calculate the quantities of interest, such as the flux density B
and the magnetic field strength H, directly from the magnetic
vector potential A based on the methodology presented in [19]:
The relation between A and B

B=VxA )

with the nabla operator V is used. Since the FEA is solved
in a 2D plane the relation between flux density and vector
potential simplifies to

94,
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With the knowledge of the rotor position and the magnetization
direction of the magnets it is possible to calculate the flux
density components in normal B,, and tangential By direction
relative to the magnets for each mesh element of interest [19].

With this information the hystersis curve of each magnet
is used to determine its OP. Owing to the geometry’s
discretization into polygonal mesh elements, an individual
element’s proportion of a magnet’s cross section can be



derived. Since (3) is evaluated for each mesh element in each
magnet, the volume based demagnetization of each individual
magnet can be determined by comparing the magnet’s OP to
its intrinsic H,it, as shown in Fig. 3. In the work presented
here, the investigated criterion is purely whether a mesh
element is subjected to a field with a magnitude larger than
that of the critical field, and the demagnetization by volume
is calculated based upon this information. It is, however,
possible to derive further information, such as the relative
demagnetization compared to a magnet’s Byep,.

The FEA results are current dependent maps for quantities
such as the flux linkages Uy, Uy, ¥y in each phase, the
iron losses P r, Pre,s, in rotor and stator respectively, or the
induced voltages. These maps are recorded for a given speed.
Based on them, the characteristic speed torque envelopes and
efficiency maps of the simulated machines are calculated in
post processing. In this step, the demagnetization data, which
is also saved in current dependent maps, is calculated for
the torque speed plane of the machine as well. Thus, the
demagnetization by volume percentage for each magnet is
available for the machine’s entire operating range.

B. Series magnet interface investigation

To determine the effect of the series configuration, the
interface condition

(1§1 f ég) fie =0 @)

is considered, where the magnetic behavior of different
materials on an interface is described, with the flux density
vectors to either side of the interface Bl and §2 and the normal
vector on the interface 7715. Eq. (4) effectively states, that the
normal part of the flux density to either side of an interface
must be equal. For a series HVFM the assumption can be
made that B = B, is valid on the interface between both
magnets, with the normal component of the flux density B,,.
As long as the flux density is homgoenous along the direction
of magnetization, it follows: Bycr = Brcr. Effectively,
both magnets must therefore find an equilibrium where (4)
is satisfied.

This relation is presented in Fig. 4: The flux density in
the operating point in this example is Bop =~ 0.6 T. Due to
the nonlinear behavior of the LCF magnet’s BH curve, the
relative permeabilities (i, ; and therefore the resulting fields
Hy differ. If the difference in between the HCF magnet’s
remanence Brem mcr and the LCF magnet’s remanence
Brem, LcF 18 too large or the LCF coercity H, 1,cF is too low,
demagnetization of the LCF magnet will occur already under
no-load conditions.

C. Machine model

A delta base topology is investigated in this work, as
presented in Fig. 5. The magnets are split perpendicularly to
their direction of magnetization. DoE enabled FEA simulations
are carried out varying the rotor geometry only. Latin
hypercube sampling (LHS) is employed as statistical sampling
method to generate the variations for the DoE. There are
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Fig. 4: BH-working points of LCF and HCF in a series
configuration.

TABLE I: Common properties of the simulated machines.

Property Value  Unit
Outer diameter D, 120 mm
Bore diameter Dy, 80 mm
Air gap length ¢ 0.5 mm
Length ¢ 80 mm
No. of slots Ng 36 -
No. of pole pairs p 3 -
No. of conductors per coil Z. 10 -
Parallel branches a 1 -
Rated current Irmsg 45 A
DC link voltage Ugc 400 \%
Max. speed nmax 15000  1/min

three sets of simulations carried out. A set of machines using
AINiCo magnets only is used as a base line to compare
the other machines to. Further, machines using FeN magnets
only are analyzed. Lastly a dataset with FeN-ferrite hybrid
machines is investigated.

The same three-phase stator is used for all machines with
the geometrical and electric properties given in Table 1.

A parametrized geometry is used, where the partition of the
magnets is added. The geometry’s main features are presented
in Fig. 5. The width (Myy) and thickness (M) of the magnets
are adjusted in the DoE, as well as their radial position inside
the rotor (H). In the case of magnet 2, the value Hy defines
the length of the v-shape while keeping the opening angle
ag constant. Effectively it determines the burial depth of the
iron web at the bottom of the v-shape. Both flanks of the v-
shape are equal, which is why only one of the magnets in this
position is parametrized. The angle oo determines the opening
angle of the v-shape.

An additional parameter My determines the ratio between
the LCF and HCF magnets’ thickness, thereby enabling the
analysis of HVFM. It is defined as

_ M ucr

Mg ®)

M T,total
with the thickness of the HCF magnet Mt gcr with regard to
the total thickness M (ota1 Of the respective magnet. The ratio
divides the magnet accordingly within the respective thickness
M ; presented in Fig. 5. The full list of DoE parameters
including their variation range is presented in the bottom part
of Table II. The parameter Mg ; denotes the magnet ratio as
given in (5).



Fig. 5: Rotor topology investigated in this work, red HCF
magnets, orange LCFE.

III. SIMULATION

All FEA calculations presented in this work are carried out
in Ansys Electronics.

The FeN magnet material was modeled in Ansys as a non-
linear permanent magnet using the hysteresis curve presented
in Fig. 3. No thermal modification was added.

The different machine configurations are simulated taking
the number of variation parameters into account: for the hybrid
version there are two additional parameters, which is why the
size of the DoE was increased from 500 machine variations
for the normal machines to 750 variation for the hybrid
ones. Invalid parameter combinations may occur, resulting
in a discrepancy between the initial size of the DoE and
the actual number of successfully simulated machines. The
corresponding data is given in the top part of Table II, where
the success rate represents the percentage of successfully
completed FEA simulations in relation to the size of the DoE.
The success rate beyond 95% for all magnet combinations
suggests a sensible selection of the variation parameters’
range.

TABLE II: Simulated machine combinations, top: DoE data,
bottom: range of variation parameters.

Magnet material Size of DOE  Success rate / %
AINiCo 500 95.60
FeN 500 96.00
Hybrid 750 97.07
Variation parameter  Range Unit
MT,I,Z 1.5-3 mm
MW»LQ 5—12 mm
Hq 1-5 mm
Ho 11— 17 mm
az 90 — 110 °©
Mr,1,2 0.2—-0.8 -
IV. RESULTS

The torque-speed envelopes of the simulated machines
with the different magnet combinations are presented in Fig.
6, where the y-axis on the left presents the mechanical
shaft torque Ty, and the right y-axis the mechanical output
power FPy,. The AINiCo machines have the the lowest
performance in the comparison, which is to be expected
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Fig. 6: Torque-speed envelopes of the simulated machines for
all magnet material combinations used.

considering their magnetic properties as presented in Fig. 3.
The FeN machines exceed the hybrid machines’ maximum
torque and consequently power. The range in which the
performance varies for either machine type is similar. The
FeN machines consistently present with nearly constant power
in the field weakening range. Contrary to what is expected
of series HVFM according to the considerations discussed in
section I and [4], the FeN machines exceed the hybrid ones
performance-wise. This is due to the difference in remanence
flux density Biem between both machines, as described in
section II-B.

This relation is represented in Fig. 7 for a generic delta
machine, where the external fields H acting on either magnet
are given as an extract from the FEA simulation for an
exemplary machine. There is no load acting on the magnets
other than the magnetic resistance of the machine’s air gap
and iron circuit i.e. ¢ = 0. While the FeN magnets, presented
in orange, are loaded by a negative field, the ferrite magnets
are subject to a positive field. Typically a permanent magnet
in a magnetically resistive circuit, as is an electric machine
with the air gap and iron resistances, would be subjected to a
negative magnetic field (external field). This indicates that the
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Fig. 7: Detailed view of fields acting on the magnets in the
hybrid delta machine under no-load conditions.

FeN magnets with the larger B,.,, are effectively magnetizing
the ferrites and in the process become demagnetized beyond
the critical knee point, with external fields reaching up to
Hjgaq =~ 275kA/m in magnitude in the given example.

These FEA results confirm the assumptions with regard to
(4) presented in section II-B.

This pre-load acting on the LCF magnets negatively impacts
the hybrid machines’ performance. The overall effect can be
recognized when considering the machines’ LCF magnets’
volume based demagnetization throughout their operating
range. This investigation is exemplarily carried out on two
delta machines: One is a non-hybrid FeN machine, the other
one is an FeN-ferrite hybrid one. For both machines, magnet
2 (see Fig. 5) is investigated. Both machines are selected for
their maximum shaft torque Tinax = Tsh,max ~ 25 Nm out of
the DoE datasets.

In Fig. 8 the demagnetization by volume percentage for
the selected FeN (Fig. 8a) and the hybrid (Fig. 8b) machine
is compared. The data presented in Fig. 8 refers to the
FeN magnet in either machine, i.e. the ferrite magnet is
not represented in Fig. 8b. While the FeN machine has full
magnetization up to approx. 17TNm =~ 0.68 - T),,y, the
magnet in the hybrid machine is fully demagnetized at approx.
8Nm ~ 0.32 - Tiax. Also, the hybrid machine requires 60 %
more magnet material by volume in total to generate the same
output torque.

A VEM'’s capability of MS changes can be investigated
with demagnetization maps, as presented in [10]. Here, a
demagnetizing current pulse Igemag Of a certain magnitude
and current angle ¥ (i.e. the angle between the g-axis and the
current phasor in the d-g-plane) is applied to the machine and
the residual flux linkage after reducing the current back to 0 A
is analyzed (see Fig. 1). The resulting demagnetization maps
for both selected machines are visualized in Fig. 9 for current
magnitudes of up t0 Igemag = 3-Inom- Fig. 9b shows that albeit
the FeN magnets in the hybrid machine demagnetize beyond
their H.,i; (see Fig. 8b), it is not possible to demagnetize the
rotor completely due to the ferrite magnets’ large coercivity:
The minimum magnetization state achieved with the hybrid
machine i8 M Shyb min =~ 30 % as compared to M SpeN,min ~
0% in the FeN machine, where the remaining 30 % of PM
flux linkage are attributed to the ferrite magnets. This is
in accordance with the theorical considerations presented in
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Fig. 8: Demagnetization behavior of magnet 2 in the selected
delta machines with T}, ~ 25 Nm.
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Fig. 9: Demagnetization maps for the selected delta machines
with Tpax ~ 25 N m.

section I.

Both machines’ performance is compared in Fig. 10 in the
shape of efficiency maps in the torque-speed plane, with the
mechanical torque Ty, and the rotating speed n. The torque-
speed envelope of the other machine is represented as a line
in each diagram (i.e. the hybrid machine’s M-n-curve in the
FeN machines efficiency map and vice versa), to allow a direct
comparison of both. The efficiency is calculated based on the
optimum M S. Both reach a similar maximum efficiency with
nren = 96.4 % for the FeN and np,1, = 96.5 % for the hybrid
machine. The hybrid machine has a slightly higher maximum
efficiency and a larger operating range with the efficiency
beyond 93 %. In the base speed range the behaviour of both
machines is similar. The hybrid machine achieves a larger
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maximum torque at maximum speed.

V. CONLUSION AND OUTLOOK

Rare earth free series hybrid variable flux machines
with FeN-ferrite magnet combinations were investigated. The
behavior of the LCF magnet in the series configuration
was analyzed and a method to calculate the magnets’
demagnetization throughout a machine’s operating range was
presented. The ability to demagnetize a hybrid machine was
compared to a regular VFM and the findings presented
in literature regarding HVFM with NdFeB magnets were
confirmed for the rare earth free machines.

The FeN magnets remain an experimental technology with
a promising outlook. In electric machines they present an
improved performance compared to AINiCo magnets, albeit
they appear to not be commercially available at this point.
However, their coercivity is not large enough to function
together with ferrite magnets in (serial) HVFM, since the FeN
magnets are demagnetized by the ferrite magnet behaving like
an additional air gap in the magnetic circuit. The analysis of
invidual magnets’ demagnetization behavior during operation
allows extended analysis and optimization of (H)VFM beyond
analytical concepts like magnetic equivalent circuits. Using the
methods presented in this work, sensitivity analyses can be
carried out.

Measurements on machine prototypes need to be carried
out to validate the assumptions presented here. Especially
the no-load operating point of the magnets needs critical
investigation: For the FEA analyses, idealized geometrical

features are assumed to facilitate quick simulations. However,
tolerances in manufacturing lead to additional airgaps in the
magnet slots, that are difficult to predict in simulations but
can lead to demagnetization of LCF magnets under no-load
conditions. Further, the demagnetizating and re-magnetizing
behavior in a prototype may differ from simulated results:
The electrical sheet’s simulated properties represent the values
measured for the unprocessed sheet material. Typically, the
cutting leads to a decrease in performance, thus reducing the
flux linkage per current in the machine.

To take advantage of the FeN alloy’s properties,
investigations into HVFM with AINiCo magnets as LCF and
FeN magnets as HCF will be carried out. This combination
appears promising due to the similar remnant flux densities of
FeN and AINiCo. FeN as the HCF magnet has a larger Byem
than AINiCo, which has been proven to be beneficial in series
HVFM.
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