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Abstract—This paper introduces an innovative design for a
synchronous electric motor that has phase coils and permanent
magnets (PM) embedded in the stator. The electric machine
contains both concentrated winded phase coils in dedicated slots
and spoke-type permanent magnets solely in the stator. The
spoke-type magnet arrangement achieves a high flux intensity
even with low remanence non-rare earth permanent magnets.
As the rotor has no active electromagnetic components, the risk
for demagnetization is reduced and advanced cooling applied
to the stator can enable high-speed operation. The principle of
operation and polarity of the motor are investigated with a unique
approach including analytical flux density analysis and piece-
wise computational modeling. A design optimization is performed
for a 100kW motor at a speed of 3,000rpm, which is typical
for industrial applications. The conflicting objectives of active
material cost and motor losses are considered using both rare-
earth and non-rare-earth ferrite PMs in the inner and outer
rotor configurations of the proposed motor topology. Discussions
on the trade-off between conflicting objectives, a specific EV
motor design using ferrites, as well as alternative manufacturing,
considering achievable slot fill factor (SFF) and choice of steel
are also presented. Furthermore, an open-frame lab prototype
(OFLP) of the proposed motor topology is constructed and tested
to validate the principle of operation and design optimization
approach, with due consideration to manufacturing.

Index Terms—Electric machine, synchronous motor, flux-
intensifying topology, flux switching, flux modulation, variable
flux, spoke permanent magnet, FEA, non-rare-earth.

I. INTRODUCTION

There is a need for continuous development of electrical
machines to improve performance and enhance competitive-
ness [1]. The ongoing technological advancement is essential
in driving innovation and meeting the growing demands of the
evolving electric machine industry, which plays an important
role in various sectors, such as energy generation, industrial
applications, building appliances, and electrification of trans-
portation [2].

The current paper proposes and reports on a special electric
machine in which AC armature windings with concentrated
toroidal coils, along with permanent magnets (PMs), are
placed in the stator, and their combination with a reluctance
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rotor is responsible for the excitation. The machine operates
with a revolving fundamental field and belongs to the general
class of hybrid synchronous, which also includes other topolo-
gies, such as for example those discussed in [3]. An alternator
with dual sets of windings in the stator and a reluctance rotor,
has been proposed in the 1950’s and studied by Das Gupta,
as part of his graduate studies research [4]. The research
was contemporary with Rauch and Johnson’s development
and explanation, from an engineering-intuitive perspective, an
alternator with AC windings and PMs in the stator, which
they labeled as “flux switching” [5]. Das Gupta has continued
analytical developments together with Dash in late 1960’s [6],
and in the 1990’s machines with PMs in the stator have been
proposed by Liao et al., labeled as “doubly salient” PM [7],
and by Deodhar et al., as “flux reversal” doubly salient [8].

The development of such machines has been continuing, as
summarized for example in a more recent review paper [9].
It should be noted that the term “flux switching” does not
represent a complete definition, because in AC machines the
magnetic flux is alternating and hence “switching”. Therefore,
typically the use of a reluctance or salient rotor needs to be
additionally specified for clarification. These machines are not
to be confused with the switched reluctance motors, which
only have one set of windings in the stator and operate on
different principles. The electronically controlled version of
the switched reluctance motor has been introduced by Nasar
in the late ‘60’s [10], and this type of machines also benefited
of developments over the years, as exemplified in a recent
review paper [11].

The machine covered in the current paper employs in
the stator a repetitive structure of circumferentially placed
modules, each comprising a permanent magnet that is arranged
radially and magnetized tangentially. Each stator module also
includes a single coil belonging to one of the three-phase
windings. The coils are concentrated and wound toroidally
around the core, such that their magnetic flux axis is also
tangentially oriented, similar to the magnets. The rotor has
alternate protrusions creating a single flux barrier effect. The
machine is operated with AC sinewave-regulated currents
and may have some common features with what is typically
informally labeled as “flux switching” machines, within, of
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Fig. 1. Design evolution of high power density PM motor topologies from the (a) IPM spoke-type PM motor, to reluctance rotor motors with active stators
having PMs and toroidal AC windings in (b) inner rotor configuration with 10 protrusions (-P), (c) inner rotor configuration with 14-P, (d) outer rotor
configuration with 10-P, (d) outer rotor configuration with 14-P, and (e) outer rotor configuration with 14-P employing non-rare earth PMs.

course, the general class of synchronous hybrid excited to
which it belongs.

This current paper expands on the authors’ group research
on the concept machine, which was recently studied for ap-
plication in multi-MW direct drive generators by Mohammadi
et al. [12], and for EV traction motors by Badewa et al. [13],
and potential implementation in a dual-stage fault-tolerant
electric machine concept for electric propulsion by Lewis et al.
[14] in VTO DOE and NASA-funded projects. Each section
brings substantial new contributions, as briefly described in
the following. In the next section, possible arrangements with
inner and outer stators, and with or without rare-earth PMs
are introduced. To demonstrate that the hybrid synchronous
excitation is provided not only by the stator components, but
by their field interaction with a reluctance rotor of suitable
polarity, a new analysis method considering the PMs, a two-
part airgap permeance function, and the harmonics of the
airgap field, is proposed and described in Section III. The
comparative systematic optimal design of study from Section
IV includes different main dimensions, polarities, NdFeB, and
ferrite design versions with high flux concentration, identifies
relative merits, and enables the generalization of the results.
Manufacturing aspects are discussed with prototyping, testing,

and successful experimental validation in Section V, which is
followed by a conclusion.

II. MOTOR TOPOLOGIES

In this machine, with implementation in inner and outer
rotor configurations, the stator comprises multiple modules,
each containing a PM and a single concentrated coil belonging
to a phase winding as shown in Figs. 1b - f. The stator core is
modular, with rectangular slots enabling the use of rectangular
wire, leading to a high slot fill factor and low copper losses.
The concentrated coils are toroidally wound, with compact
axial ends, further contributing to reduced copper losses. The
winding pattern follows the succession of the three phases
around the stator circumference, and high fault tolerance is
achieved by placing only one coil side in each slot. The
PMs are also placed in the stator, in a radial position, with
each two consecutive PMs magnetized tangentially in opposite
directions.

The rotor does not include any active excitation components
and has a laminated steel core of the reluctance-type with pro-
trusions, the number and dimensions of which are coordinated
with the stator characteristics. This simple rotor design allows
for high-speed operation of the machine which is beneficial
for range extension and overall high power density.



In the inner rotor configuration, as shown in Figs. 1b -
¢, the PM length is constrained by the rotor, necessitating
an optimized split ratio between the rotor and stator for
optimal performance. In contrast, the outer rotor configuration,
illustrated in Figs. 1d - f, removes this constraint, allowing
for longer PMs to be accommodated in the inner stator. This
results in increased power density and maximization of flux
intensification [15].

The associated high cost, material availability, and en-
vironmental sustainability of rare-earth PMs have always
been a concern for PM-excited machines. The outer rotor
configuration presents an opportunity for cost reduction by
accommodating longer PMs made from less expensive and
readily available materials. Lower-cost PMs, such as non-rare-
earth, iron nitride, and ferrite types, can be used in greater
quantities in the outer rotor configuration, shown in Fig. 1f,
achieving competitive performance with rare-earth PM designs
while reducing overall PM costs within the same volume [15],
[16].

The subsequent sections will provide a more detailed analy-
sis of the motor topology, its operation, and potential benefits.
It is beneficial to mention that this motor topology is not
without its challenges, such as eddy and supplementary losses
due to significant magnetic field variations from open slots, as
well as high common mode (CM) current and electromagnetic
interference (EMI) issues associated with toroidal windings
[17]-[19]. These challenges can be addressed through design
improvements such as reduced slot openings, the use of Litz
wire, and other advanced techniques [19], [20].

III. OPERATION AND ANALYSIS

In this section, a phenomenological approach is proposed
to explain the operation of the proposed machine in its outer
rotor configuration by studying the airgap flux, its modulation,
and motor permeance. An examination of the airgap flux in
this machine obtained through FEA simulation [21] gives
insight into its operation, the geometric modulation of the
primitive mmf produced by the PMs, as well as its polarity.
The rotor and stator airgap permeance models are developed
by studying their geometry and modulating effects through
harmonic decomposition using Fourier series. Additionally,
mathematical expressions for slot-pole and phase combinations
are derived along with discussion on the flux concentration
mechanism.

The original approach, combining a variety of techniques in
a unique configuration, is used for the analysis of a machine
with spoke-type PMs and stator-only excitation. The spoke-
type topology allows for the maximization of PM utilization
using the concept of flux concentration can be implemented
similarly to the IPM motor shown in Fig. 1a and as previously
exemplified in existing research and industrial projects, e.g.
[22]-[24]. The explored machines, of which an example is
provided in Fig. 1, are part of a general class of synchronous
machines with stator-only excitation that have been referred to
in recent literature as being of the “flux-switching” type and

(b)

Fig. 2. Models of proposed motor topology in an outer rotor configuration
showing changing PM radial length for flux concentration ratios of (a) 1.5,
and (b) 2.0.

seek to leverage flux intensification for high power density
[12], [13], [25].

The use of a solely active stator containing the PMs and
toroidal AC windings reduces the risk of PM demagnetization
and allows for advanced cooling concepts such as stator-only
cooling, enabling high-speed operation. Possible implemen-
tations of state-of-the-art stator-only cooling include liquid
cooling and stator-mounted air fin coolers [26], additively
manufactured shaped and profiled windings with heat ex-
changer infill [27], and liquid pumps and microchannels [28].
The eventual choice of a cooling strategy would also be based
on optimal design studies, with an example methodology as
investigated by Fatemi et. al [29].

In the outer rotor configuration shown in Fig. 2, preliminary
analysis indicates the potential for greater electromagnetic
advantages compared to the inner rotor configuration through
higher flux intensification from longer PMs, and larger possi-
ble airgap diameters [13]. In subsequent sections, systematic
analysis and comparisons are detailed concerning the perfor-
mance of the proposed synchronous machine in inner and outer
rotor configurations.

A. Magnetic Field, Induced Voltage, and Polarity

The phenomenological breakdown of the principle of oper-
ation for the flux density in the airgap begins with the study of
a computational variant with very thin magnets and no rotor
protrusions. The PMs are modeled very thin to separate their
effect, i.e. slot openings of the PMs, on the open circuit airgap



Table I
MOTOR PARAMETERS

Description Symbol Unit
Rotor outer diameter OD, mm
Rotor inner diameter ID, mm
Rotor pole pitch Tr deg.
Number of rotor protrusions Npr -
Stator outer diameter ODg mm
Stator inner diameter 1D mm
Stator pole pitch T deg.
Number of phases m -
Number of armature winding slots Z -
Depth of the ac winding slot hsiot mm
Length of the ac winding slot Csiot mm
PM length in the direction of magnetization Cpm mm
PM height along the rotor radius hpym mm
Airgap length g mm
Airgap diameter Dy mm
Stack length st mm
Rated current density J A/mm?

field and its harmonics. The open circuit radial component
of flux density in the middle of the airgap for this model
is depicted in Fig. 3a. The variation in flux density with a
change in rotor angle can be represented by a square wave
whose duty cycle is a function of PM width in the direction
of magnetization and the stator pole pitch. The decomposition
of this waveform shows harmonics of k,ppns, where k, is
an odd integer, and ppjs is the permanent magnets pole pair
number, i.e. six in this example machine. Therefore, the mmf
produced by the PMs only, Fpys, can be approximated with:

o0
Fpu .

Fru(0) = ; 2oy sinl(2v = Dpear®@ = 6o)), - (1)
where v is the harmonic order, and 6, is the angular displace-
ment from the stator reference point.

The addition of rotor protrusions to the computational model
enables the confirmation of the equivalent number of poles
in the machine, which varies from conventional motors due
to the stator-only excitation. The altered model and normal
component of the airgap flux density in open circuit condition
considering the slot-less stator, PMs, and the castellated rotor
is presented in Fig. 3b. It is observed that in this example
machine, despite the 6-pole pair mmf, the dominant principle
pole pair number is 14 consequent of the number of rotor
protrusions N, resulting in a 28-pole machine.

The stator permeance, A, considering the slots, PMs, and
teeth positions relative to the reference axis, as shown in Fig.
4b can then be quantitatively summarized as:

Apns 0€ (0350480
Ag(0) = Apnry,, 0 €(0— 222 g4 B2y (2)
Mstpar,  0€(0— 520+ B,

where 6 is the angular displacement along the stator periphery,
and By, Bpy, and B, are the angular coordinates of stator
slots, PMs, and teeth respectively. Minimum values of per-
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Fig. 3. Open circuit airgap flux and harmonic decomposition for computa-
tional models with (a) very thin magnets and the radial component with PMs
only showing a 6-pole MMF, (b) very thin magnets with rotor protrusions and
normal component indicating a 14 principal pole pairs corresponding to the
number of rotor protrusions.

meance denoted by Ay . and Apys, .. are obtained in the
location of the slots and PMs respectively, while the maximum
At can be found in the stator teeth.

An unrolled linear equivalent geometry was developed as
shown in Fig. 4b assuming an infinite permeability in the stator
with the direction of the green arrow, and the dashed line as the
center of the airgap. From this representation, the rotor airgap
permeance per unit area can be approximated as a function,
A,., of the rotor moving in time, ¢, at a mechanical speed,
w, and starting at an initial position, 6,,, measured from the
stator reference point. The resulting square wave function has
minimum and maximum values dependent on the position of
the rotor protrusions as shown in dotted lines in Fig. 4a.

The rotor permeance function can be expressed as:

An(0,t) = Ao+ Y Aycosv[f — (wt+0,,)],  (3)

v=1
1 1 1
A0:u0[+1“(—>}, @
9Mr gMr 9Imr
2 1 1
A, = 2HO ( . ) sinol', (5)
T gMr Imr



Fig. 4. (a) The rotor permeance square wave model and its fundamental
component, and (b) a linear half-model of the proposed motor with a reference
axis, airgap descriptions, stator, and rotor pole pitches, as well as angular
coordinates of stator slots, teeth, and PMs. The horizontal dotted line is
positioned at the center of the air gap.

where (wt + 6,,) gives the angular displacement of the rotor
from the stator reference point. The derived values of g and
I" consider appropriate Carter coefficients to account for slot
openings and pole flux fringing effects.

The overall airgap permeance, A4 (6, t), can then be obtained
as:

Ag(0,t) = As(0) + A (6,1). (6)

The open-circuit flux density in the machine airgap,
By, (6,t), combines (1) and (6), the representations of the PM
mmf and the airgap permeance, as:

Bgo(07t) = FPM(H) ' Ag(07t) (7)

In this open circuit condition, the airgap flux due to the PMs,
Upar(0,t), can be obtained by integrating over the surface of
the machine’s airgap as:

The back-EMF of this machine, £(0,t), is a function of the
PM flux in the open circuit condition such that:

OUpr(0,1)
ot

By examining the back-EMF obtained using FEA as given

in Fig. 5, the motor polarity can be obtained from the period

of the sinusoidal back-EMF waveform and speed of the motor.

For this machine, at a speed of 3,000rpm, a period of 1.43ms

E0,t) = . ©))
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Fig. 5. Back-EMF of proposed motor with a period of 1.43ms at a speed of
3,000rpm; resultant of 28 electromagnetic/consequent poles.

is obtained corresponding to 14 pole-pairs, and 28 consequent
pole motors.

B. Flux Concentration Analysis

The airgap flux density in the spoke-type PM arrangement
of the studied machine can be mathematically expressed as

follows:
209\ "
n ug> ’
Lpym

where p,- is the PM relative permeability, B, the PM remanent
flux density, and k, the rotor leakage coefficient, which can
be adjusted to account for the saturation and slotting effects.
The airgap flux density is directly related to PM remanent flux
density, its length, and its height.

Considering the length of the PMs, a flux concentration
ratio, &, can be defined as:

D
B,, = B, g
g < 4ko'Npr hPM

(10)

¢ = 2hPM.

Tp

Y

With the spoke-type arrangement of PMs, the magnetic flux
from two magnets contributes to the airgap magnetic flux in
each pole, enhancing the overall magnetic field strength in
line with expectations from previous work by Ionel et al. [23].
Models with flux concentration ratios of 1.5, and 2.0 are shown
in Fig. 2 amongst a range of achievable ratios.

To determine the optimal flux concentration ratio, an “ex-
citation goodness”, GDg., is defined as:

GD... — hPMBPMgstk7
Mpy
where Mpj, is the mass for each PM and suitable ratios are
found for Ipy; and hpjs. In line with expectations, increases
in airgap flux density and flux concentration ratio improve
excitation goodness but increase PM mass for the considered
remanent flux densities.

(12)

To determine a suitable flux concentration ratio, another
metric of performance is introduced known as the machine



Fig. 6. Cross-sectional view of outer rotor design with 11 labeled geometric
independent variables considered in the multi-objective optimization.

goodness, G D, which is defined as in [30]:
Temg
Vv PlOSS ’

where T, is the electromagnetic torque, and P is the
motor loss comprising components in the laminated core, and
winding copper. The machine goodness was compared for
potential designs with varying flux concentrations and PM
width to stator pole pitch ratios. A flux concentration of two
with a PM width ratio of 0.3 was optimally selected for an
outer rotor configuration with the considered PM remanences
of 0.4T and 0.8T similar to that discussed prior in [13].

GD = (13)

IV. COMPARATIVE OPTIMIZATION STUDIES
A. Problem Formulation and Optimization

Manufacturing cost and efficiency are typically optimized
for electric vehicle traction and propulsion motors while meet-
ing necessary torque-speed requirements [29], [31]. Therefore,
parametric models of the outer and inner rotor configurations
of the proposed motor as shown in Figs. 6 and 7, with
outermost diameters of 10" and 7”, are analysed for an
objective torque of 350Nm at a speed of 3,000rpm resulting
in a 100kW motor which is typical for industrial applications
[32], [33].

In the proposed motor, the outer rotor topology can concen-
trate flux and as such allows for utilization of lower-cost lower-
remanence non-rare earth PMs such as ferrites. According
to Rosu et al [1], active material cost (AMC) models can
be established for machines with ferrite magnets (C7), and
NdFeB magnets (C2), relative to per unit mass of laminated
steel estimated as:

C1=5mpp + 8mcy + Impe, (14)
Co = 65mppr + 8mew + 1mpe,

where mp. is the mass of laminated steel, m¢, mass of
copper, and m,, mass of permanent magnets.

The AMC objective formulation optimizes active mass by
applying weighting factors accounting for production eco-
nomics. Given the critical importance of cost, similar ap-
proaches have been used for design optimization aimed at the

Fig. 7. Cross-sectional view of inner rotor design with 8 labeled geometric
independent variables considered in the multi-objective optimization.

Table II
INDEPENDENT VARIABLES AND THEIR RANGES FOR OPTIMIZATION OF
THE INNER ROTOR DESIGN WITH NDFEB.

Variable  Description Min  Max
k_sp split ratio 0.65 0.78
k_pm_l PM width ratio 0.10 0.25
k_br bridge length ratio 0.20 0.33
k_tw stator tooth width ratio 0.20  0.30
k_sh shaft dia. ratio 0.56 0.70
k_tp rotor pole top ratio 048 0.72
k_rt rotor pole root ratio 040 0.60
k_rr rotor pole depth ratio 024  0.36

commercialization of IPM motors, as described by Fatemi et.
al [29] and Zhang et. al [34], and DC-excited flux reversal
motors for direct drive wind turbines by Kalengo et. al [35].
For higher-performant higher-cost steel, for example, AK steel
HF10, which is considered unless otherwise stated, a factor
of 3 is considered the multiplier for mp.. Hence, the two
concurrent optimization objectives in this study are to minimize
the motor loss, Fi, and active material cost, F5:

FIZBOSS:PF€+PCU7

(15)
F2 =C1or C2.

The objective function for motor loss was calculated as
the sum of the variable and constant losses of the motor,
where Pr. represents the core loss (constant losses) and Pgy,
represents the copper loss (variable losses) at a current density
of 30A/mm? with anticipated liquid cooling. The objective
function for AMC considers the cost of the stator core, rotor
core, AC toroidal windings, and PMs.

In the developed parametric models, the inner and outer
rotor topologies have 8 and 11 independent geometrical vari-
ables as described in Tables II and III. Due to non-linearities
in the simulated responses of the proposed motor topology,
it has been found that all variables play a significant role
in its operation. Optimal ranges were therefore determined
using analysis of data from sensitivity studies, response surface
methodology (RSM), and box plot analysis with similar result
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Fig. 8. The implemented two-level optimization algorithm is based on the
differential evolution method using the design of experiments for initialization
with an interior loop. The optimization results for the 7/ OD I 10-P
configuration are shown with the Pareto front designs in red. Cross-sections of
selected designs from the Pareto show the change in the stator’s PM, copper,
and steel areas concerning cost and losses.

trends to those documented by the same group of authors in
[12]. These studies were carried out for inner and outer rotor
configurations having outermost diameters of 7"/ and 10” with
10 and 14 rotor protrusions employing NdFeB and ferrites and
resultant optimization ranges are summarized in Tables II and

Table III
INDEPENDENT VARIABLES AND THEIR RANGES FOR OPTIMIZATION OF
THE OUTER ROTOR DESIGN WITH NDFEB.

Variable  Description Min  Max
k_sp split ratio 0.70  0.85
k_pm PM length ratio .00 1.20
k_pm_l PM width ratio 0.15 0.25
k_br bridge length ratio 0.20 0.40
k_h slot length ratio 0.20 0.40
k_l slot width ratio 020 040
k_tp rotor pole top ratio 0.30  0.50
k_rt rotor pole root ratio 0.30  0.50
k_rr rotor pole depth ratio  0.40  0.60
k_sp_s stator split ratio 0.40 0.50
k_st stator extension ratio 020 0.35

Norm. distribution
of variables
o o
o (6]
t
|
t

{1

|

-]

05}
R " . . . . . .
S S S S N 'S 'S LS.

Independent optimization variables

Fig. 9. The distribution of variables for optimum Pareto front designs for a
10" OD “I 10-P” configuration shows that variables responsible for the active
stator cross-section favor the upper limits to reduce cost.

IIT to ensure robust FEA models and a wide optimization area.

The optimization process follows an extensively researched
pattern employing differential evolution (DE) as depicted in
the flowchart shown in Fig. 8 [1], [12], [36]. A two-pass study
is used to ensure the rated torque of 350Nm at the rated speed
of 3,000rpm is met by each design. Each design’s torque is
first obtained via FEA, and then the stack length is scaled to
meet the required rated torque before evaluating it for the op-
timization objectives and other specified performance metrics.
To improve the computational efficiency of the optimization,
a hybrid stopping criterion is implemented that considers the
convergence of the optimization algorithm either by meeting a
maximum number of generations or when there is a minimal
improvement in three representative points of the Pareto front
for a few consecutive generations.

To further confirm that optimal ranges had been set for the
independent variables, box plots showing the distribution of
the independent variables of the Pareto designs, with one ex-
ample shown in Fig. 9, were analyzed. In line with expectation,
for the inner rotor configuration, the optimal designs favored
the upper limits of k_sp, k_br, and k_tw in an attempt to
reduce the cost and losses of the active stator in line with
optimization objectives.

B. Results and Discussion

Following optimization of the inner and outer rotor topolo-
gies with specifics described in the previous subsection, the
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Fig. 11. Pareto front designs obtained from optimization of AMC and motor
losses for 7”7 OD. The normalization bases for the cost and losses are 640
per unit steel and 9.5kW respectively.

Pareto front designs for inner (I) and outer (O) rotor topologies
with rare-earth NdFeB or non-rare earth ferrite (NRE) having
10 (10-P) or 14 (14-P) rotor protrusions for outermost diame-
ters of 10” and 7" are shown in Figs. 10 and 11 respectively.
Irrespective of the selected diameter, the designs employing
non-rare earth ferrites (NRE) come to have the lowest cost in
line with expectations since they can use larger PMs without
significantly impacting the overall cost.

The outer rotor (O) designs can be seen to generally
favor higher cost and lower loss as compared to the inner
rotor (I) designs and this can be attributed to their geometry
naturally tending toward longer PMs for flux intensification
and a shorter stack length. Also, comparing the 10" and 7”
OD designs, the AMC increases with a decrease in diameter
as expected since torque increases with airgap diameter, so
shorter stack lengths are required. The 10” OD outer rotor
designs due to the availability of a larger cross-sectional area
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Fig. 12. Optimization results for the 10" O-14-P NRE configuration operating
at 3,000rpm showing high torque density, low active mass, and low cost can
be achieved with the selected design marked with a black star.
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Fig. 13. The cross-sectional view of the selected cost-effective high torque
density “best” design OR-NRE DI1.

for flux intensification with longer PMs can be seen to embrace
the use of ferrites more cost-effectively and may compete
favorably with state-of-the-art motors using rare-earth PMs,
especially at larger diameters. Also, between the 14-P and 10-
P configurations, the lesser polarity designs generally did not
fare badly and provided competitive performance in terms of
cost and losses.

C. Specific EV Motor Design using Ferrites

Conflicting objectives of cost and motor losses result in
design selection depending on priority within the intended
use case. An outer rotor topology employing ferrites may be
a cost-effective solution for industrial applications as sum-
marized in Figs. 10 and 11, especially at larger diameters.
Considering typical light and medium-duty EV applications, a
10” OD “O-14-P NRE” configuration is proposed with design
selection considering other critical factors such as torque
density, torque ripple, and weight.

A plot of the optimization results for the 10” OD designs
employing ferrites in Fig. 12 shows that the highest torque
density designs can be obtained without sacrificing cost and



Table IV

PERFORMANCE SPECIFICATIONS FOR OR-NRE D1

Parameter Value  Unit
Peak torque at 30A/mm? 350 Nm
Continuous torque at 10A/mm? 156 Nm
Max. power 100 kW
Base speed 3,000  rpm
Emag eff. at peak torque 92.8 %

Emag eff. at continuous torque 96.8 %

Rotor OD 10.0 inch
Stack length 6.6 inch
Total active mass 35 kg

0.75f

Norm. cost []
o
(6)]

active mass. The specific power, a function of active mass,
is especially crucial in applications where weight is a major
concern, such as electric vehicles (EVs). It can be observed
that designs with lower active mass—and thus higher specific
power—also tend to occupy less volume. The cross-section of
an example selected cost-effective high torque density design
“OR-NRE D1” is shown in Fig. 13 with its performance
summarized in Table. IV. With a peak torque of 350Nm,
the selected design has a torque ripple of approximately
5% which is considered satisfactory for typical applications
and can be further improved through optimization or rotor
shaping techniques [37]. With a specific torque of 10Nm/kg,
this design competes well with state-of-the-art traction motors
with publicly available 9 - 15Nm/kg performance estimates as
reported in [24].

V. MANUFACTURING CONSIDERATIONS,
PROTOTYPING, AND EXPERIMENTATION

A. Manufacturing Options

Considering manufacturing in the proposed motor topolo-
gies, the use of toroidal windings in an active stator provides
the advantages of shortened end turns for reduced losses,
the possibility of stator-only cooling, as well as potentially
shorter coils as compared to other winding types depending
on the aspect ratio of the machine. This winding type is also
suitable for low torque ripple applications advantageous in
EVs and aerospace applications with the downside of increased
common mode (CM) current and EMI issues which can be
managed through design [19].

In the previous sections, analysis has been carried out
considering the highest performant steel and latest winding
technology for high SFF as documented in [38], [39]. In this
section, analysis based on the scaled performance of the 7”
OD optimization resultant designs is carried out with a view to
manufacturing/prototyping considering a lower-cost steel and
a base slot fill factor of 0.4 which is typical, especially for
hand-wound prototypes.

Considering a lower SFF of 0.4, the performance of the
Pareto designs as in Fig. 14a shows an increase in cost as
longer stack and PM lengths compensate for the reduced SFF.
Also, the motor losses are reduced since the copper losses
dominate at this rated current density and speed. For lower-
cost M19-29G steel, the performance of the obtained Pareto
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Fig. 14. Performance evaluation of 7/ OD optimization result designs

showing Pareto fronts considering only (a) a lower SFF of 0.4, and (b) the
use of lower-cost steel M19-29G
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showing Pareto fronts considering a lower SFF of 0.4 and using lower-cost
steel M19-29G.

as shown in Fig. 14b indicates that the cost is not significantly
impacted since there is a counter-balance between increased
stack length and lower steel cost.
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with cost, and (b) separation of losses. The selected design for prototyping is
marked with a star having the lowest value of core loss.

With a SFF of 0.4 and M19-29G steel, the performance
of the obtained Pareto designs is shown in Fig. 15, with a
further evaluation of their power factors and loss components
as in Fig. 16. While the various configurations compete
favorably in terms of power factor with compromises in cost,
the 10-P configurations have lower core losses in line with
expectations, especially in the I-10-P configuration. For the
proposed prototype, the selected design indicated with a star
in Fig. 16 and having a cross-section as shown in Fig. 7 has a
competitive compromise between power factor and cost, and
the least value of core loss amongst all the designs. This low
core loss value makes it suitable for operation at higher speeds
since core losses scale with the square of frequency.

B. Prototype and Experimentation

To further the electromagnetic characterization of the pro-
posed topology including the theoretical development to ex-
plain operation as a synchronous machine, the configuration
with 10 rotor protrusions, “I-10-P” was selected for proto-
typing. The inner (I) rotor configuration is believed to win

(b)

Fig. 17. Experimental development of the selected motor design showing:
(a) dimensioned component and assembly drawings, and (b) CAD model
and constructed open-frame laboratory prototype (OFLP) of the 7"/ OD, 10-
protrusion motor with a 4/ stack length.

Table V
FEA AND EXPERIMENTAL VALUES OF CORE LOSS AT OPEN-CIRCUIT FOR
THE MODEL AND OFLP. AN EXPONENTIAL INCREASE IN LOSS CAN BE
SEEN WITH INCREASED POLARITY AND SPEED.

Speed  FEA Exp.  Error Est.
10-P 10-P 14-p
[rpm] (W] (W] (%] (W]
1,000 70.2 83.0 154 1627
1,500 1295 141.6 8.5 277.4
2,000 2046 206.0 0.7 403.7
2,500 2952 2928 0.8 574.0
3,000 4014 3689 8.8 723.0

with considerations to thermal and typical implementation
with non-moving external parts and stator directly attached
to the outer frame.

An open-frame lab prototype (OFLP) was constructed as
shown in Fig. 17, with a 4” stack length, having eight N42
grade NdFeB PM segments stacked in each of the PM slots.
With natural cooling, the OFLP was experimentally character-
ized through a combination of static and rotational experiments
to a static torque of 60Nm and a speed of 3,000rpm. A
comparison of the experimental and FEA results in Figs. 18
and 19 for the line-to-line back-EMF, static torque constant
kT, and variation of static torque with rotor position shows
good agreement between experimental and 2D FEA results.

Core losses were measured at open-circuit and a good
correlation was obtained compared to the FEA results, as
detailed in Table V. The measured values from the prototype
are also scaled to obtain an estimate considering 14-P to show
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Fig. 18. Experimental and FEA results for (a) line-to-line back EMF of
the prototype for one electric period at a rotor speed of 3,500rpm, which
demonstrates good agreement between the measurement and simulation, and
(b) normalized torque constant x7 with a base value of 0.33 showing good
correlation between prototype and model.
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the exponential effect of increased polarity on core losses with
increasing speed. The absolute percentage difference between
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Fig. 20. The efficiency map for the prototype machine plotted together with
the curve corresponding to an 11kW rated pump at full speed.

the simulated and experimental core loss values is below 10%
for the key speed ranges analyzed, with a slightly higher
discrepancy at the lowest speed, which can be attributed to the
typical challenges of low-speed measurements, such as equip-
ment sensitivity, noise, and thermal effects. The efficiency map
of the prototype machine was derived using experimentally
measured torque and power losses as shown in Fig. 20 plotted
together with the curve corresponding to an 11kW rated pump
at full speed.

The investigated motor topology has been proposed for
applications in multi-MW direct-drive generators in wind tur-
bines, EVs, and implementation in a dual-stage fault-tolerant
electric machine concept for electric propulsion in VTO DOE
and NASA-funded projects [12], [14], [40]. Ongoing research
focuses on exploring the fault-tolerant operation of this ma-
chine topology, innovative integrated cooling strategies, and
its synchronization within a dual-stage machine arrangement.

VI. CONCLUSION

The theory of operation and systematic optimization were
developed for a specialized electric machine topology that
employs toroidally wound coils, permanent magnets, and a
reluctance rotor, and these were experimentally validated. In
the investigated topology, localizing active components to the
stator allows for easier heat dissipation with the possible
implementation of advanced stator-only cooling methods, in-
creasing potential efficiency and reliability. In the outer rotor
configuration, the machine can have a larger airgap diameter,
larger stator coils, and longer PMs resulting in greater average
torque and power density than an inner rotor configuration.
Effective implementation of flux-focusing enables the use
of cheaper non-rare PM materials such as ferrites, reducing
machine cost and environmental impact while achieving com-
petitive performance.

A phenomenological approach was developed to analyze the
principle of operation for the proposed machine which was



used for the systematic design of key motor parameters. A
mixture of piece-wise computational and analytical modeling
allows for the characterization of PM mmf and confirmation
of the fact that irrespective of polarity, the principal pole pair
number is a function of the number of rotor protrusions, i.e.,
14 rotor protrusions result in a 14-pole pair machine. Design
for flux concentration was also discussed while considering the
potential impact on machine goodness or the ratio of torque
output to the square root of losses.

Systematic comparison for both inner and outer rotor con-
figurations based on cost and losses indicated that having
a l4-protrusion rotor has the advantage for specific power,
especially in the outer rotor configuration while the 10-
protrusion rotor design has advantages in terms of power factor
and losses, especially at high operating speeds. Overall, the
electromagnetic advantages of the outer rotor configuration
may not be big enough to justify the complexity of integrating
an outer rotor structure in an application dominated by inner
rotor constructions.
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