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Abstract—The paper presents the design and experimental
evaluation of a novel (12000rpm, 80kW) Ferrite IPM machine
for traction applications. First, the Ferrite IPM machine
concept employing both circumferential and axial permanent
magnets for airgap flux density improvement is introduced. An
extensive sizing exercise to maximize the axial magnet
contribution and meet the required torque-speed characteristic
within the specified space envelope is undertaken, which led to
the selection of a multi-stack rotor concept. In order to avoid the
computationally intensive 3D FEA, an equivalent 2D FEA model
is developed and employed for the design optimization of the
traction machine. A full-size prototype Ferrite IPM traction
machine is developed and tested, and it is shown that a
maximum efficiency of 97% can be achieved.

Keywords—Axial magnet, efficiency, driving cycle, FERRITE
magnet, interior permanent magnet (IPM) machine, spoke-type
IPM machine, traction machine.

L INTRODUCTION

IPM machines with rare-earth permanent magnets (PMs)
are often employed for traction applications due to their high
torque density, high efficiency, as well as good field
weakening operation ability [1], [2]. However, rare-earth PMs
are expensive and prone to significant price fluctuations and
supply-chain uncertainties [3]. Therefore, rare-earth free
traction machine topologies such as zero-magnet machines
including induction machines (IM), switched reluctance
machine (SRM), synchronous reluctance machine (SynRM)
[4]-[10] or ferrite magnet machine providing comparable
performances have been the subject of significant interest
from academia and industry [11]-[18].

In [4], optimal design of an IM was presented where a
measured efficiency up to 95% could be achieved. An IM
design technique for energy-saving operation over wide
frequency range was introduced in [5]. Design and
development of an SRM for hybrid electric vehicles with a
maximum 95% efficiency is reported in [6]. The effect of
stator/rotor segments on SRM performance was investigated
in [7]. In [8], a comparative study between IPM machine and
non-rare-earth machines such as IM and SRM is introduced.
Optimum design of SynRM with multi-objective optimization
was introduced in [9] where a maximum efficiency as 91%
was obtained. In addition, dual-phase material was proposed
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for SynRM to reduce the leakage effects on machine
performance resulting in 95% maximum efficiency and 5:1
constant power speed ratio [10].

Replacement of rare-earth PMs by low-cost rare-earth free
PMs such as ferrite magnets is also another subject of interest
[11]-[18]. Design of a ferrite-assisted SynRM machine
considering demagnetization risks under low temperature was
presented in [11] and [12]. In addition, a two-segment spoke
type ferrite [PM machine concept with better performance and
demagnetization protection was proposed in [13]. Measured
efficiency up to 95% for a ferrite spoke type IPM machine
under full load condition was reported in [14]. In addition, 2D
and 3D demagnetization study of a ferrite IPM traction
machine was respectively reported in [15] and [16] where it is
shown that a reduction of stack length may mitigate the
demagnetization risk due to the relevant increasement of stator
reluctance. To reduce leakage flux and improve torque
density, two type rotor cores with and without rotor bridges
was combined together for a ferrite spoke type IPM machine
[17]. A comprehensive study on opportunities and challenges
of rare-earth free alternatives was presented in [18]. It is noted
that due to its low remanence flux density, airgap flux density
of ferrite IPM machines are significantly lower than rare-earth
IPM machines.

For airgap flux density improvement, a novel ferrite [PM
machine concept employing a unique configuration of
circumferential and axial ferrite PM with an achievable airgap
flux density higher than 1T was proposed in [19] and
experimentally validated in [20]. To maximize the airgap flux
density, the ratio of the axial length to the rotor diameter
should be minimized, Fig. 1. In the paper, the concept will be
further investigated to meet the requirements of a traction
application, and the performance of the ferrite IPM and a
benchmark rare-earth [IPM are compared [21].

Therefore, the paper presents the design and experimental
evaluation of a ferrite IPM machine (12000rpm, 80kW) for
traction applications. It is shown that airgap flux density of the
proposed concept can be significantly improved using axial
permanent magnets. It is also demonstrated that a maximum
efficiency of 97% can be achieved.
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Fig. 1. Ferrite-based IPM machine concept with axially magnetized PM
[19], [20]. (a) Machine topology. (b) Prototype rotor with axial and
circumferential PMs.
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TABLE I - FERRITE MACHINE DESIGN SPECIFICATIONS

0.1
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=R = =4

Normalized torque density

Peak/continuous torque (Nm) 245/120
Base/maximum speed (rpm) 3750/12000
Peak current (A) 290
DC-link voltage (V) 600

II. FERRITE CONCEPT DEVELOPMENT FOR TRACTION
APPLICATION

In the section, design development of the ferrite machine
concept in [19] and [20] to meet the requirement of a traction
application, Table I, is presented. The benchmark rare-earth
IPM machine (BM) parameters including space envelope is
provided in Table II and a cross-sectional view is shown Fig.

6(e).
A. Sizing of ferrite IPM machine

Initially, the machine sizing is determined. Starting from a
spoke-type IPM rotor for a high airgap flux density, Fig. 1,
several configurations are investigated. First, the effects of the
combinations of pole pairs and split-ratios between the stator
bore diameter (ID) and outer diameter (OD) on normalized
torque density TD (Torque/Volume/Constant) [22] are shown
in Fig. 2(a). As can be seen, for the number of pole pairs from
3 to 6, the split-ratio should be between 0.5 and 0.7. With a
maximum operation speed of 12000rpm, Table 1, it is essential
that the number of pole pairs is chosen in such a way that the
fundamental frequency is controllable by a traction inverter.
On the other hand, using the lumped parameter circuit [19],
and FEA, and for a fixed rotor diameter, circumferential and
axial ferrite magnet thicknesses, the effects of the active length
on the airgap flux density is depicted in Fig. 2(b). As can be
seen, to maximize the axial ferrite PMs contribution to the
airgap flux density, the ratio of axial length to rotor diameter
(named as rotor aspect ratio) should be minimized.

The results in Fig. 2 are utilized for an extensive analytical
parameter scanning to determine the optimum initial size of
the ferrite IPM machine, which meets the specification
requirements within the specified spatial constraints. The
effects of pole pair number, rotor ID, rotor OD, rotor aspect
ratio, circumferential magnet thickness, axial magnet
thickness, bolt diameter, split-ratio, on torque density are
shown in Fig. 3. It can be seen that a single-stack with a low
aspect ratio result in the highest torque densities. However,
this would require a stator OD larger than the specified stator
OD of 180mm. Therefore, to maintain the rotor aspect ratio
and maximize the axial PM contribution while satisfying the
available space envelope, a multi-stack rotor topology should
be adopted.
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Fig. 2. Initial sizing step for ferrite machine. (a) Optimum pole-pairs and split-
ratio for maximizing torque density [22]. (b) Average airgap flux density vs
axial length with fixed circumferential and axial ferrite magnet thickness [19].
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Fig. 3. Determination of machine sizing via extensive analysis targeting for a

given torque density.

TABLE I — INTENSIVE SIZING DEVELOPMENT

Designno. | 1554 | 260671 [ 4604083 [ 5610296 | 5605943 | BM
Stack no. 2 3 3 3 4 1

Slot/pole 4878 | 60/10 | 60/10 | 60/10 | 60/i0 | 48/8
T (Arms/mmd) | 31 28 23 28 28 28
Active axial

ometh (o) | 166 | 160 166 189 192 155
Total axial

onath oy | 234 | 250 | 238 | 255 |
Fundamental

airgap flux 0.9 1.02 0.9 0.9 0.9 0.9
density (T)

Rotor OD 126 | 126 126 126 126 126
(mm)

Rotor ID 40 | a 55 65 65 55
(mm)

Stator OD | 45 | g9 180 180 180 180
(mm)

Peak ~Torque| o3; | 236 | 234 | 257 251 240
(Nm)
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Fig. 4. Optimum rotor sizing. (a) Rotor stack with circumferential PM. (b)
One-half stack 3D model. (c) Final rotor sizing with 3 separated stacks.

Table II presents feasible concepts from the analytical
sizing procedure, taking into consideration of the fixed stator
OD of 180mm. The benchmark rare-carth IPM machine has
also been included in the table for a comparison and
highlighted in blue. It may be noted that these designs are
down selected from more than 5 million designs generated by
the analytical study. As could be seen in Table II, each specific
sizing concept is associated with a number. It is noted that the
ferrite machine is designed for traction application with half-
shaft connection. Therefore, rotor ID parameter is also highly
essential for maintaining gearbox connection.

B. Design optimization of ferrite IPM machine

Based on the sizing envelop limitation, the mechanical
connection requirement (high rotor ID for half-shaft
connection), and the torque-speed performance, the design
number 5610296 with 3-stack topology is selected for the
design optimization, Fig. 4. For design analysis, the M235-
35A magnetic steel [23] is utilized for stator and rotor core
while the TDK FB9H [24] is employed for the rotor ferrite
magnet. As can be seen, BH-curve of the selected ferrite
magnet is very linear down to -60 degrees Celsius, Fig. 5. The
characteristics of the employed ferrite at 20 Celsius degrees
and -10 Celsius degrees extracted from Fig. 5 is presented in
Table II1.

1)  Stator design

Since the spoke-type rotor is well-known for high spatial
harmonics [25], a distributed winding with shorted-pitch (5/6)
is selected to minimize winding harmonics. For reduction of
AC losses, multi-strand conductor is employed. FEA and
measurement on the machine prototype (Fig. 10) show that at
maximum operation speed (12000rpm), an increase up to
130% of stator resistance at 20 Celsius degrees could be
observed. In addition, the tooth width and the back-iron
thickness are selected to minimize the torque ripple. The
winding turn-number and conductor area is defined based on
the torque-speed characteristic, DC-link voltage, cooling
methodology, and the achieved slot-filling factor. The
machine winding insulation is class H. The machine casing is
equipped with water-jacket cooling and the flow-rate is as 6.5
liters/minute. The machine airgap is selected as high as
0.75mm for easing of manufacturing and safety performance
regarding long axial rotor shaft, Table II.
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Fig. 5. BH-curve of employed ferrite magnet (TDK-FB9H) [24].

(d)

Fig. 6. Evolution of rotor design. (a) Initial design. (b) Close-bridge rotor,
low torque ripple. (c) Close-bridge rotor, high active length. (d) Open-bridge
rotor, final concept. (e) Benchmark rare-earth machine.

TABLE IIT FBOH FERRITE CHARACTERISTICS AT 20 ANDS -10 CELSIUS
DEGREES [24]

Temp. B, (T) Hc (kA/m) H,; (kA/m) | H.knee (kA/m)
20°C 0.43 330.2 397.9 378
-10°C 0.445 350 364 347

2)  Rotor design

Based on the initial rotor concept, Fig. 6(a), and for a given
axial length, the circumferential and axial magnet thicknesses
are selected to maximize the airgap flux density and avoid
demagnetization. For the ferrite [IPM machine, the magnet
thickness should be determined so that it can sustain transient
short-circuit current at the minimum temperature of -10
degrees Celsius without risk of irreversible demagnetization,
Fig 5. Then, in the 2" rotor concept, the outer bridge is
introduced for the magnet retention, Fig. 6(b). Fig. 6(c)
illustrates the 3™ concept with bigger bolt diameter, wider
outer bridge thickness and introduction of the inner bridge for
better sustainable structural performance. However, rotor
bridges result in leakage flux leading to reduction in airgap
flux density. Selected final configuration is illustrated in Fig.
6(d) with open bridges to reduce the leakage flux and



0.6 T T T

gom——

0.5f .

04f |
< o03f : I
=)

02t :

—3D-FEA with Axial PM
0.1F 3D-FEA without Axial PM
g . J , ‘ . 2D-FEA with modifield PM
0 20 40 60 80 100 120 140 160 180
Angle (Degree)
(a)

3D-FEA with Axial PM
3D-FEA without Axial PM
2D-FEA with modifield P

| llr—lllij_-lEL

7 9 11 13

Harmonic
(W]

Fig. 7. Airgap flux density of ferrite concept. (a) Airgap flux waveform. (b)
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maximize the airgap flux density. However, an open bridge
may result in a higher demagnetization risk for the top magnet
area due to the concentration of leakage flux-line over this
region [15] (see section IV). For illustration purpose, the
benchmark rotor is also depicted in Fig. 6(e). The rotor design
optimization evolved from the 1% concept to the final concept
due to mechanical considerations under maximum speed
operation and efficiency over WLTP driving cycle. It is worth
noting that both the ferrite machine and the benchmark rare-
earth machine are with similar outer diameter as shown in
Table II.

III. EVALUATION OF PROPOSED TOPOLOGY WITH 3D FEA
MODEL AND EQUIVALENT 2D FEA MODEL

To investigate the performance of the proposed topology
with axial PMs, 3D FEA is utilized and no-load airgap flux
density with and without axial PMs is shown in Fig. 7. As can
be seen, for the proposed topology, an increase of 13% in
fundamental airgap flux density could be achieved by adding
the axial PMs. However, in order to simplify the analysis, an
equivalent 2D FEA model, where only the circumferential
PMs are considered is adopted. In order to take into account
of the contribution from the axial PMs, the magnetic
properties of the circumferential PMs are modified using the
lumped parameter model [19] to achieve the same
fundamental airgap flux density Fig. 7.

IV. DEMAGNETIZING INVESTIGATION

In comparison with rare-earth magnet, ferrite magnet
coercivity, H;, is around one-third in value [15]. For traction
application, high d-axis current under peak torque demand is
often required. In addition, under transient shorted-circuit
fault, a transient peak current with significantly higher value
than the rated current could be occurred, Figs. 8(a) and 8(b).
Therefore, the evaluation of the risk demagnetization risk is
essential. As the BH curve of the employed magnet (FBO9H) in
the 2" quadrant is very linear except under -60 Celsius
degrees, Fig. 5, the field strength for demagnetization analysis

100
0
<100
5-200
O
=300 -191.69(A) A
> -365.36(A)
-400 . L . . . .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (s)
(a)
0 , . . . . :
- £} Transient-peak|
5 IM%‘
3 -100f 1
E PR N O . A 4
2 200 o —— 1
Q
<
& -
£ -300f ———— ~gpesm=sst
S RS - T E i
Sl N E—
4002 . . . . . i
-40 -20 0 20 40 60 80 100
PM Temperature (Degree)
(®)
p > 4
3200rpm-peak torque|  12000rpm-peak  |Shorted-peak current
torque
»
(©)
- - -
- =4
3200rpm-peak torque 12000rpm-peak Shorted-peak current
torque

(d

Fig. 8. Demagnetization analysis. (a). Transient shorted-circuit fault at -10
Celsius degree. (b) D-axis transient and steady-state shorted-circuit current
under different PM temperatures. (c) Field strength contour for higher level
than 95% of intrinsic coercivity, -10 Celsius-degree PM. (d) Field strength
contour for higher level than 95% of intrinsic coercivity, 20 Celsius-degree
PM.

for each temperature value is defined as a 95% of its intrinsic
coercive force (H.i), Table III. During the design optimization
step (see section II), several measures for demagnetization
protection have been considered. Such measures include
adjusting of the circumferential and axial magnet thicknesses
to increase magnet reluctance in relevant axis.

Field strength contour with higher level than 95% of
relevant intrinsic coercive force (H.;), Table III, for the ferrite
machine under normal operation condition and shorted-circuit
fault condition (peak current) with -10 Celsius-degree PM and
20 Celsius-degree PM is respectively presented in Fig. 8(c)
and 8(d). As can be seen, in normal operation condition for



Fig. 9. 3D FEA demagnetization analysis for -10 Celsius degree PM. (a)
Circumferential magnet. (b) Axial magnet.

both -10 Celsius-degree and 20 Celsius-degree PM, the
magnet area under demagnetizing risk is very limited (only
less than 1%). This demonstrates the performance capability
of the ferrite machine under low-temperature conditions.

On the other hand, in shorted-circuit fault condition,
around 4.2% magnet area with -10 Celsius-degree and 1.8%
magnet area with 20 Celsius-degree exhibit a high risk of
demagnetization, Figs. 8(c) and 8(d). This could not mitigate
by adjusting the magnet thicknesses. It is also noted that the
demagnetizing area is significantly small (5%) and the
direction is mainly in radial axis which may not significantly
affect to the ferrite machine performance. However, to
strengthen the rotor structure and mitigate the
demagnetization risk under low temperature, a 0.4mm thick
spacer is inserted between the bridge and the magnet [26].

The shorted currents in 2D FEA are also applied to 3D
FEA for further demagnetization investigation. By way of
example, Fig. 9 shows 3D FEA study with the transient
shorted-circuit currents for -10 Celsius degree PM, Fig. §(a).
As can be seen, the circumferential magnet shows 4.92% area
under demagnetization risk while the axial magnet depicts
7.68% area with demagnetization risk.

V. EXPERIMENTAL VALIDATION OF PROPOSED CONCEPT

A prototype ferrite [IPM machine (1200rpm, 80kW) is built
to validate the predictions and demonstrate the performance
of the proposed topology, Fig. 10. During testing, the
prototype is controlled under torque control mode while the
dyno is controlled under speed control mode, Fig. 10(c).

Fig. 11 compares measured and predicted, using 2D FEA,
back-EMF waveform and its harmonic spectrum. It can be
seen that a very good agreement exists, which demonstrates
the effectiveness of the proposed 2D FEA model. On the other
hand, measurement validation of the machine performance via
torque and flux linkage maps is illustrated in Fig. 12 where a
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Tested machine Rotor with 3 stacks

assembly ar™
s . h

Tested machine under
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Fig. 10. Prototype ferrite [IPM machine. (a) Stator. (b) Rotor. (c) Test-rig.
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Fig. 11. Line-line back-EMF at 1288rpm. (a) Waveform. (b). Harmonic
spectrum.

maximum of 4% differences between measurement and 2D
FEA could be observed. The measured torque and flux linkage
maps, are used to produce dg-axis current references over
torque speed curve [1]. For control development, the machine
is under maximum torque per ampere (MTPA) control in the
low-speed region and field-weakening (FW) control in the
high-speed region [1].

Figs. 13 (a) and (b) show the predicted efficiency maps of
the proposed and the benchmark machines, respectively. It can
be seen that efficiencies as high as those for the benchmark
machine can be achieved. Furthermore, for the ferrite
machine, good agreement between measured and predicted
using 2D FEA, efficiencies under 3000rpm and 10000rpm
operation conditions, can be observed in Figs. 14(a), and (b),
respectively. In addition, good agreement between 2D FEA
with modified PM, 3D FEA, and measured torque under
MTPA operation at 1500rpm is shown in Fig. 14(c).
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VI. CONCLUSIONS

The paper presents the design and experimental evaluation
of a novel ferrite IPM machine topology for traction
applications. It is shown that adding axial PMs enhances the
airgap flux density. It is also shown that efficiencies similar to
equivalent rare-earth IPM machine can be achieved.
Furthermore, despite the 3D nature of the magnetic field
distribution in the rotor, it shown that an equivalent 2D FEA
model can provide accurate predictions of the key
performance indicators. The proposed concept is highly
demonstrated via measurements on the 80kW prototype
machine with up to 97% efficiency achievement.
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