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ABSTRACT This paper introduces innovative designs for synchronous electric motors with phase coils
and permanent magnets (PM) or DC-excitation coils embedded in the stator. Alongside concentrated phase
coils in dedicated slots, the spoke-type PMs offer high flux intensification, while the option for DC-
excitation coils eliminates demagnetization risks. Since the rotor has no active electromagnetic components,
the machine can achieve high-speed operation while enabling advanced cooling systems focused solely on
the stator. A special implementation with a “wave” or “serpentine” DC-excitation winding which has the
potential for reduced losses depending on the motor aspect ratio is presented. The operation, control, and
polarity of the DC-excited variant are analyzed using analytical equations and an examination of the airgap
field. The design of experiment-based sensitivity analyses and multi-objective optimization employing
differential evolution (MODE) is used to analyze the machine topologies for a power rating of 100kW motor
at a speed of 3,000rpm, which is typical for industrial applications. The conflicting objectives of maximizing
average torque and minimizing motor losses are considered in both the inner and outer rotor configurations
of the proposed motor topologies. Discussions on the performance of the selected “best" designs from
each topology and their competitiveness compared to state-of-the-art motors are presented. A DC-excited
outer rotor design is analyzed and proposed for EV applications, considering different drive cycles, and a
prototype of a PM inner rotor design is constructed and tested, showing competitive performance even at
high operating temperatures.

INDEX TERMS Electric machine, synchronous motor, flux-intensifying topology, flux switching, flux
modulation, variable flux, spoke permanent magnet, DC excitation, FEA.

. INTRODUCTION

Continuous improvement in the performance of electrical
machines is a prerequisite for keeping up with the ever-
changing sustainability needs of this global electrification era
[1]. Computer-aided simulations such as finite element anal-
ysis (FEA) and analytical methods are typical tools used for
designing and optimizing electrical machines to meet these
needs [2]. The results obtained from these computational
approaches enable comparative performance assessments,
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facilitating the selection of optimal motor topologies tailored
to the specific demands of diverse applications, given the
large array of available choices.

The current paper investigates and comparatively analy-
ses special motor topologies with stator-only excitation em-
ploying either permanent magnets (PMs) or DC-excitation
windings placed in the stator and AC armature windings
working with a reluctance rotor. These machines belong to
the general class of hybrid excited synchronous machines,
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FIGURE 1. Exploded and cross-sectional views of motor topologies with (a) inner rotor PM-excitation (IR-PM), (b) outer rotor PM-excitation (OR-PM), (c) inner rotor
DC-excitation (IR-DC), (d) outer rotor DC-excitation (OR-DC), (e) inner rotor wave DC-excitation (IR-WDC), and (f) outer rotor wave DC-excitation (OR-WDC).

operating with a rotating fundamental field as documented in
[3]-[7]. They employ a repetitive structure of circumferen-
tially placed modules in the stator, each comprising either
DC-excitation coils or PMs that are arranged radially and
magnetized tangentially. Each stator module also includes
a single concentrated toroidal coil, wound around the core,
and belonging to one of the three-phase AC windings. The
rotors feature alternating protrusions that create a single flux
barrier effect and contain no active elements, allowing for
high-speed operations [7]. A novel implementation of a DC-
excitation winding is presented, potentially providing a trade-
off in performance between the PM and DC-excited toroidal
AC winding machines.

The earliest implementations of these machine topologies
go as far back as the 1920s with the “induction-type” syn-
chronous motor documented by Carr et al. [8] and in the
1950s, an alternator with a dual set of windings in the stator
and a reluctance rotor investigated by Gupta et al. [9] as
well as a “flux-switching” alternator developed by Rauch
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and Johnson [10]. Several variants have been documented,
including those referred to as “doubly salient” PM [11], “flux
reversal” doubly salient [12], “PM synchronous” [13], “syn-
chronous rotor DC-excited” [14], amongst others. The class
referred to as “flux reversal” or “flux switching” machines
(FSM) claims enhanced efficiency and high power density,
with reduced or zero reliance on rare-earth materials, making
them an attractive option for industrial applications [15],
[16].

These “flux-switching,” “flux-reversal,” or “variable-flux”
machines are nothing but synchronous machines whose ex-
citation is a result of the combined effect of the PM or DC
excitation and the rotor reluctance [7], [17]. Their operation
is based on the principle of variable flux linkage, such that the
induced EMF interacts with an alternating armature current.
While the field excitation is provided by magnets or DC
coils, the flux linkage of the armature windings changes by
the variation of the magnetic circuit reluctance as the rotor
rotates, such that an alternating EMF is induced without

VOLUME 13, 2025



O.A Badewa et al.: Design and Comparative Analysis of Electric Motors with “Flux-Switching” Effect Having Reluctance Rotors and PM or DC Stator Excitation

IEEE Access

rotating PMs or excitation coils [12], [18].

An extensive review of PM excited versions of “flux-
switching” machines was carried out by Chen et al. [16],
highlighting, for example, how outer-rotor configurations
with V-shaped or wedge-shaped magnets improve "torque
density" and “flux-weakening capability" compared to con-
ventional designs. Goli et al. [19] also proposed that a special
implementation of this motor topology can meet the SOkW/L
“power density target" set by the department of energy
(DOE) through modular stator windings and reluctance ro-
tors, achieving fault tolerance and high-speed operation while
maintaining sinusoidal back-EMF characteristics. Badewa et
al. [7] investigated inner and outer rotor designs for “high
power density applications” and possible use of ferrites,
demonstrating that spoke-type PM arrangements enable op-
timal magnet utilization through flux intensification and that
cost-effective non-rare earth PMs can be employed without
sacrificing performance.

Further approaches to improve the performance of the
PM versions have been proposed in the literature. For ex-
ample, Faiz et al. [20] proposed this PM topology for “EV
traction applications"”, recommending hybrid magnet systems
(Nd+Al-Ni-Co) to balance torque density and flux weak-
ening, though noting limitations in reluctance torque com-
pared to IPMSMs. Idoko et al. [21] suggested that using
a "dual stator" configuration further benefits this topology,
showing 43.5% higher specific torque and 75.9% lower
torque ripple in optimized designs. Schneider et al. [22]
proposed “nanocomposite materials" as a means of improve-
ment, achieving rare-earth-free axial FSPM machines with
6.1 kW/kg power density through metal amorphous cores,
though requiring advanced manufacturing for high-frequency
operation.

On the other hand, investigations have been made into
DC-excited or hybrid excitation variations, as a means to
reduce the reliance on rare-earth PMs, avoid demagnetiza-
tion concerns, amongst other proposed benefits. Badewa et
al. [23] demonstrated that “DC-excited stator synchronous
machines" offer competitive performance for propulsion,
achieving higher “specific power" especially at larger di-
ameters and fault-tolerant operation while eliminating PM
demagnetization risks. Boldea et al. [18] analyzed “DC flux-
switching machines" as switched reluctance motor (SRM)
alternatives, noting their compatibility with PWM inverters
but highlighting challenges like high current density and
lower power factor as compared to their PM counterparts.

Ullah et al. [24] developed a "modular E-shaped stator"
hybrid excited motor that combines PMs and DC field wind-
ings, achieving 62% higher "torque density" through genetic
optimization while reducing PM volume by 36%. Their de-
sign’s “flux gaps" enabled simultaneous flux regulation and
21% lower torque ripple, demonstrating how DC excitation
complements PMs in high-performance applications. Ali et
al. [25]’s review of “double stator machines” confirmed that
parallel hybrid excitation topologies outperform pure DC-
excited versions in torque density, but noted DC variants
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remain valuable for avoiding PM demagnetization risks in
harsh environments.

This paper expands on the authors’ group extensive re-
search on the concept machine topologies, which are be-
ing studied in DOE VTO and NASA-funded projects for
high power density applications in multi-MW direct drive
generators by Mohammadi et al. [26], EV traction motors
by Badewa et al. [27], [28], and more recently, electric
propulsion [29], [30]. 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 PM and DC excitation, are introduced.
The operational analysis of the motor topology is detailed,
considering the synchronous excitation provided by the stator
components and their field interactions with a reluctance
rotor of suitable polarity in Section III. The comparative
systematic optimal design-of-study from Section IV includes
a design of experiment-based sensitivity analyses for the
various motor topologies and a multi-objective differential
evolution-based optimization. Optimal designs of the differ-
ent topologies are comparatively analyzed for typical perfor-
mance indexes to identify their relative merits. An example
selected design is analyzed for EV application, considering
various drive cycles, together with prototyping, testing, and
successful experimental validation in Section V, which is
followed by a conclusion.

Il. MOTOR TOPOLOGIES

The proposed novel machine topologies have implementa-
tions in inner and outer rotor configurations with PM or
DC excitation in the stator as shown in Figs la - d, with a
special DC excitation “wave” winding configuration shown
in Figs le - f [31]. The stator in the inner rotor (IR-) or
outer rotor (OR-) PM-excited variants can be made into
multiple modules, each with a PM and single concentration
coil part of a phase winding while in the DC-excited variants,
a stator module would contain two toroidal coils belonging
to one AC phase and a DC-excitation winding or a special
implementation with a “wave” or “serpentine” DC-excitation
winding which has the potential for reduced losses depending
on the motor aspect ratio.

This modular stator design features rectangular slots that
accommodate rectangular wire, resulting in a high slot fill
factor and minimal copper losses. The concentrated coils
are toroidally wound with compact axial ends, further re-
ducing copper losses. The winding arrangement follows the
sequence of the three phases around the stator’s circumfer-
ence, with high fault tolerance achieved by placing only one
coil side in each slot. Permanent magnets (PMs) are also
arranged radially in the stator, with every two consecutive
magnets tangentially magnetized in opposite directions. The
DC-excited variants see these PMs replaced with excitation
windings with the same purpose.

The rotor has no active excitation components and consists
of a laminated steel core of reluctance type with protrusions.
The number and size of these protrusions will be shown to
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match the stator’s characteristics. This simple rotor design
enables high-speed operation, contributing to extended range
and high power density.

The high cost of rare-earth permanent magnets (PMs) has
long been a concern in PM-excited machines. The outer
rotor configuration offers an option for reducing costs by
using longer, lower-cost PMs, such as non-rare-earth types
like iron nitride or ferrites, in larger quantities within the
same volume. This can achieve comparable performance to
rare-earth PM designs while lowering the overall cost [32],
[33]. The concerns of cost and demagnetization associated
with PMs are eliminated in the DC-excited variants, allowing
for high electrical loading, provided sufficient cooling is
available.

The subsequent sections will provide a more detailed anal-
ysis of the motor topologies, their operation, and potential
benefits. It is worth noting that these motor topologies face
some challenges, including eddy currents and other losses
due to strong magnetic field variations caused by open slots,
along with high common-mode current and electromagnetic
interference (EMI) issues linked to toroidal windings [34]—
[36]. These challenges can be mitigated through design opti-
mizations such as smaller slot openings, using Litz wire, and
other advanced techniques [37].

Ill. OPERATIONAL ANALYSIS

In previous works, the concept of flux intensification through
the arrangement of toroidal windings as well as PM place-
ments has been validated through electromagnetic simula-
tions as well as from prototypes [2], [17]. The operation of
the PM-excited machine has also been explained through
mmf analysis and airgap field analysis as detailed in [17].

A similar approach will be applied in this section to
complement the existing work by investigating the operation
of the DC-excited variants, whose operation is similar in that
the PMs are replaced as the source of excitation with DC
coils [28]. The DC coil sides are optimally placed in the stator
core and can be supplied in the simplest implementation with
an uncontrolled DC voltage source to produce the excitation
field.

The electromagnetic performance of this machine is based
on the interaction of the excitation flux produced by the
DC-excitation windings, ¢¢;, the flux due to the armature
magnetic reaction, @g,m,, and the rotor. The armature flux
linkage between the active stator and castellated rotor, ¢ 47,
can therefore be defined as the vector sum given by:

¢XM = ¢::r + ¢a:7m (1)

This interaction provides the advantage of several degrees
of freedom in this machine as regards motor control in the
constant power and flux weakening regions. The armature
voltage, V, can then be expressed as:

V=¢anm- -w-p, 2
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FIGURE 2. Example control characteristics for proposed motor design
through AC supply, and DC excitation control.

where w is the mechanical speed, and p is the number of pole
pairs. The voltage drop across the resistance of the winding
is assumed to be minimal, and the less dominant element,
especially at high operating speeds.

The electromagnetic torque, T¢,,4, can also be derived as:

Temg =D - ¢ex - - cos(0),
=D ((bew 'iq+(Ld_Lq) 'id'iq)7

where I is the armature current, L4, and 74, are the compo-
nents of motor inductance and current in the d- and g-axes,
respectively. As such a a generalized expression of the total
armature flux can be gotten as:

3

¢AM = \/((bewc -

This relationship provides several options for control, espe-
cially in the constant power region where flux weakening can
be achieved through one or a combination of:

L-T-sin(f)2+ (L-1-cos(6))2, (4)

1) Adjusting the modulus of the armature current, I,

2) Adjusting the phase shift of the current with respect to
the EMF, 6, or

3) Excitation flux control, $em.

Therefore, at any given speed, the desired torque can be
achieved by varying the combinations of AC current density,
Jae, and DC excitation current density, J4., as depicted in
Fig. 2. A direct consequence of the freedom of control is
the ability of this machine to operate with an effective power
factor, allowing for a better dimensioning of the converter-
machine assembly.

For optimal performance, the active stator in the machine
is electromagnetically coordinated with the rotor such that an
investigation of the airgap field produced by the excitation
coils and their interaction with the armature windings can
provide insight into the feasible polarities of this machine.
Considering an example 24-slot OR-DC machine as shown
in Fig. 1d, the The concept of a half airgap is used to study
the influence of the active stator and rotor on the airgap flux.
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The airgap flux produced by a stator with only DC-
excitation coils is studied. Initially, the rotor is assumed to
have a smooth surface with no protrusions. The harmonic
spectrum of the airgap flux, By, is presented in Fig. 3. The
harmonic analysis shows that the principal harmonics present
are in odd multiples of the pole pair number of the DC-
excitation coils, in this case, 6.

A castellated rotor is then introduced to the stator with only
DC-excitation coils constituting an open-circuit condition for
this example machine. The rotor has an example number of
protrusions, Np,., equal 14, and By is analyzed as in Fig. 3b.
The previously dominant harmonics due to the DC-excitation
coils are suppressed, and the dominant harmonic equals Np,..

A full load condition is then analyzed with the addition
of energized 3-phase AC coils, along with the DC-excitation
coils, and the castellated rotor. The analyzed B, in Fig.
4 shows that the prominent harmonics are a combination
in between the number of rotor protrusions, Ny, and the
number of the DC-excitation coils. The dominant harmonic,
which determines the polarity of the machine, in this example
machine, is 14, which corresponds to Np,.. Other smaller
harmonics, which are multiples of dominant harmonics and
resultant of the interaction between stator and rotor, can be
further reduced through skewing and advanced rotor tooth
shaping [38]. Therefore, in line with expectations with either
DC or PM-excitation, the polarity of this machine topology
is determined by the number of rotor protrusions, V..

IV. COMPARATIVE OPTIMIZATION STUDIES

Comparative analysis of the proposed designs is carried out
using a mixture of design of experiments, sensitivity analysis,
and multi-objective differential evolution optimization. Con-
siderations for manufacturing, prototyping, and applications
of these electric machines are also discussed, considering
typical critical factors.

A. DESIGN OF EXPERIMENTS (DOE)-BASED
SENSITIVITY ANALYSIS

Experimentally validated 2D parametric models of the inner
rotor DC-excited (IR-DC), outer rotor DC-excited (OR-DC),
inner rotor PM-excited (IR-PM), and outer rotor PM-excited
(OR-PM) motor topologies were developed for comparative
analysis, as shown in Figs. 5 and 6. It is assumed that the
special design with the DC wave winding would have similar
characteristics to the DC toroidal winding designs in most
aspects. Each design had 8 - 11 independent geometrical
variables as described in Tables 1 - 4. The stator and ro-
tor pole pitches are represented by 75 and 7,, respectively.
These geometrical variables are dimensionless ratios related
to lengths and pole pitches in the stator and rotor. An airgap,
g, of 0.5Smm, and a slot fill factor (SFF) of 0.5, which is
typically feasible with hand-wound coils, are considered in
all models, along with a high-performance AK-steel HF-10
in the stator and rotor. Also, a minimum magnet thickness
of Imm was considered in the models, which is well within
manufacturing tolerances [39], [40]. These developed models
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FIGURE 3. Open circuit airgap flux and harmonic decomposition for
computational models with (a) only DC-excitation coils in the stator and a
smooth rotor showing harmonics in multiples of the slot number, (b) only
DC-excitation coils in the stator with a castellated rotor, indicating a strong
14th harmonic corresponding to the number of rotor protrusions.
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FIGURE 4. Modulus of the airgap flux density calculated based on the radial
and tangential components for the computational model with DC-excitation
coils, toroidal AC coils, stator, and castellated rotor, illustrating that the largest
harmonic component is the 14th.

leverage extensive optimization findings and experimental
data obtained using a small-scale open-frame lab prototype
developed as part of a larger DOE VTO and NASA ULI
project. This provided a prior opportunity for experimental
validation, including that for torque, loss, and mechanical
stability, as documented in [7], [19], [41].
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FIGURE 5. Cross-sectional view of IR-DC and OR-DC designs with labeled
geometric independent variables considered in the sensitivity analysis and
multi-objective optimization.

k sp

FIGURE 6. Cross-sectional view of IR-PM and OR-PM designs with labeled
geometric independent variables considered in the sensitivity analysis and
multi-objective optimization.

Sensitivity analyses were utilized to examine the impact
of varying geometric variables on the machine topology
performances relating to torque output, 7., torque ripple,
T, motor loss, W;, and power factor, pf, at peak loading
of 30A/mm? [42], [43]. The 2D parametric models used
have been experimentally verified to provide satisfactory
accuracy in computing performance values, and for one order
of magnitude less time than 3D models. This makes them
computationally efficient for large-scale design optimization
and comparative analyses. Additionally, an optimal mesh
analysis was performed to ensure satisfactory results within
a reasonable solve time. Critical regions such as the stator

6

TABLE 1. Independent variables for the IR-DC design optimization, and their
ranges.

Variable  Description Min  Max

k_sp split ratio = 22 0.60 0.70

k_1 ac slot width ratio = M 0.25 0.35
- - _ 2-%bridge_ac

k_br ac bridge length ratio = W—QIDS 030 0.35

k_i_ex  dcslot width ratio = “=let-de 030 035

B

k_br_ex  dc bridge length ratio = 25ridscde (30 (35

k_sh shaft dia. ratio = % 030 050
: . _ Tr_to
k_tp rotor pole top ratio = T” 040 0.80
k_rt rotor pole root ratio = @ 035 0.65
Lo Lrpd
k_rr rotor pole depth ratio = TLDT 020 0.40

TABLE 2. Independent variables for the OR-DC design optimization, and their
ranges.

Variable  Description Min  Max
k_sp split ratio = 2= 0.75 080
k_sp_s  stator split ratio = 52 055 070
k_h ac slot length ratio = % 030 0.35
k_1 ac slot width ratio = w“l;’i;*“ 020 0.23
k_h_ex dc slot length ratio = % 030 0.35
k_l_ex dc slot width ratio = w”:i;*‘“ 020 023
k_tp rotor pole top ratio = T=LoP 0.30 050
k_rt rotor pole root ratio = 777;7‘“” 040 0.70
k_rr rotor pole depth ratio = % 040 0.50

TABLE 3. Independent variables for the IR-PM design optimization, and their
ranges.

Variable  Description Min Max
k_sp split ratio = J2= 0.60  0.70
k_pm_l PM width ratio = wl;fM 10.00  20.00
kbr  bridgelengthratio= 05?78 017 0.3
k_tw stator tooth width ratio = “";’_7"” 0.15 0.30
kosh  shaft dia. ratio = Z2shest 030  0.50
k_tp rotor pole top ratio = W;% 040  0.80
k_rt rotor pole root ratio = ‘”{7:’” 0.35 0.65
o lepa
k_rr rotor pole depth ratio = TEIDT 0.20 0.40

teeth, rotor teeth, and airgap were assigned denser meshes.
A central composite design (CCD) method was employed
to generate the requisite number of FEA parametric models,
which were assessed and fitted using a regression curve to
establish a relationship between independent variables and
performance metrics [2]. The relationship was expressed
through a polynomial function of the form:
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TABLE 4. Independent variables for the OR-PM design optimization, and their
ranges.

Variable  Description Min  Max
k_sp split ratio = CI)J% 0.75 0.80
kpm  PM length ratio = 5P 100 1.10
k_pm_l  PM width ratio = wp—qM 2.00 8.00
kbr  bridge length ratio = SpPti9%e. 040 0.50
k_h slot length ratio = 2Lt 040  0.50
k1 slot width ratio = % 0.40 0.50
k_tp rotor pole top ratio = TT';% 0.30 0.50
k_rt rotor pole root ratio = T’"%y‘"" 040 0.70
k_rr rotor pole depth ratio = % 040 0.50
k_sp_s stator split ratio = é%’; 040 0.50
k_st stator extension ratio = % 0.25 0.30

90 9
Y =B+ BiXci+ Y BiXe

i=1 i=1
g dy ©)
+Y ) BiXeiXcej.
i=1 j=it1

In this formulation, Y represents the response or perfor-
mance parameter, § denotes the regression coefficients, and
g, corresponds to the number of geometrical variables. The
normalized value of the i factor is given by X;, while
x; represents the actual i" input factor. 3, corresponds to
the response parameter in this reference configuration, while
coefficients 3;; and j3;; capture second-order effects. A large
number of simulated designs were then extrapolated and
analyzed using the response surface methodology (RSM)
and box plots, with similar trends as those documented in
[26]. This was done to study the influence of the geometrical
variables on the performance metrics, visualize the trends,
and determine optimal ranges for the geometric variables as
summarized in Tables 1 - 4.

In line with expectations from the results summarized in
Figs. 7 and 8, variables relating to the PM size and coil area
impact the torque significantly, while the split ratios affect
the motor losses, especially in the DC-excited topologies.
The rotor geometry is closely tied to the torque ripple in all
topologies, and the power factor has a distributed contribu-
tion from multiple variables in the different motor topologies.
Due to non-linearities in the simulated responses of the pro-
posed motor topologies, it has been found that all variables
play a significant role in their various operations, and as
such would be considered in a multi-objective optimization
for best performance and mechanical stability of resultant
designs.

B. PROBLEM FORMULATION AND OPTIMIZATION

Maximizing the torque output of a certain motor volume
while achieving the highest possible efficiency is a typical
goal for most manufacturers [44], [45]. Therefore, the para-
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metric designs of the four motor topologies in inner and
outer rotor configurations as shown in Figs. 5 and 6 were
configured for outermost diameters of 10”. The aim is to
optimize all designs for an objective electromagnetic torque
of 350Nm within the shortest stack length possible at a speed
of 3,000rpm, resulting in a power of 100kW typical for
industrial applications [46], [47].

Multi-objective optimization employing differential evolu-
tion (DE) and FEA was carried out to minimize two concur-
rent objectives relating to the ratio of stack length to average
torque, F1, and motor loss, Fa:

Estk
Tavg’ 6)
fQZ-Ploss:PCu"_PFm

Fi=

where {4, is the stack length and Ty, is the average value
of electromagnetic torque. The objective function for motor
loss, Pj,ss, Was calculated as the sum of the variable and
constant losses of the motor, where Pr. represents the core
loss (constant losses) and Pc, represents the copper loss
(variable losses) at a current density of 30A/mm? with an-
ticipated liquid cooling [42], [43]. At this current density and
selected low-rated speed, the copper losses are expected to
be dominant. The maximum value of core loss is considered
in FEA to account for typical stray losses. It is assumed
that PMs would be properly segmented and several thin steel
laminations would be used, thereby mitigating eddy losses.
Therefore, the combined copper and core losses would pro-
vide a fairly accurate model for the large-scale comparative
analysis presented. Also, considering an anticipated high
operating temperature, considerations have been taken in the
selection of the B-H operating curves of the PMs as well
as the loss calculations. This ensures a reduced sensitivity
and variation in PM remanence and temperature-dependent
degradation that would be observed between FEA and exper-
imentation.

The optimization process employed is captured in the
flowchart shown in Fig. 10. It follows an extensively re-
searched pattern using DE as described in greater detail in
[2], [7], [26]. A two-stage study is conducted to guarantee
that each design achieves the target torque of 350Nm at
a speed of 3,000rpm. Initially, the torque for each design
is determined through finite element analysis (FEA). After-
ward, the stack length of each design is adjusted to meet the
required torque before it is evaluated for optimization goals
and additional performance metrics.

A hybrid stopping criterion is implemented to improve the
efficiency of the optimization process. This criterion allows
the optimization to halt when either a maximum number
of generations is reached or when minimal improvement
is detected in three key points on the Pareto front over a
few consecutive generations. The ranges for the independent
variables that control the motor geometry as shown in Figs.
5 and 6 were further confirmed to be optimal by checking
the distribution of variables from the Pareto designs with an
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the IR-PM configuration showing the uppermost limit is taken for variables

relating to PM thickness, k_pm_l1, and stator split, k_sp, in an attempt to
maximize torque while reducing losses.

example box plot for the IR-PM shown in Fig. 9. The box
plot reveals important characteristics of the Pareto-optimal
solutions. Variables clustered around zero indicate optimal
solutions tend toward the middle of their allowed ranges,
while wide boxes or long whiskers suggest greater variability
among optimal designs. The normalization enables direct
comparison of all parameters on a common scale, -1.0 to +1.0
in the plot, despite their differing original ranges. In line with

8

expectations, for example, the thickness of PM, k_pm_I[, and
split ratio, k_sp, cling to the maximum limits to maximize
torque while minimizing the motor losses, respectively.

C. RESULTS AND DISCUSSION

Following optimization of the inner and outer rotor topolo-
gies with PM and DC excitation in the previous section, the
Pareto fronts and their projections are shown in Figs. 11 and
12. In line with expectations, PM-excited designs achieve
the objective torque with the shortest stack lengths, partic-
ularly in IR-PM designs. DC-excited designs show higher
losses, typically 2-3 times greater than PM-excited designs,
since PMs are segmented with negligible losses while DC
excitation windings produce additional copper losses. The
outer rotor configurations generally have the benefit of a
larger airgap which is beneficial for torque. This would result
in reduced stack length for some designs with lower losses
as compared to their inner rotor counterparts. The novel
“wave” DC-excitation winding configuration in both inner
(IR-WDC) and outer (OR-WDC) rotor configurations offers
a performance compromise between PM and toroidal DC
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TABLE 5. Performance comparison of selected “best” designs of the various motor topologies, all with a fixed torque constant, K, of 11.7Nm/A/mm?.

Ref. Torque  Torqueripple  Goodness Active mass  Torque density ~ Specific torque
[Nm] [%] [Nm/vW] [kg] [Nm/L] [(Nm/kg]
IR-DC 350 6 2.8 52 36.3 6.7
IR-WDC 350 7 33 34 493 10.2
IR-PM 350 9 4.5 25 65.2 14.0
OR-DC 350 15 3.1 44 31.2 8.0
OR-WDC 350 6 33 36 36.6 9.7
OR-PM 350 6 4.6 31 479 11.2
Design Specifications % 50 "N
v Z
Problem Formulation < 2 #'H"H'
(2]
Differential Evolution Optimization Algorithm 8
Q 3.0 O RDC OR-DC ]
2D Electromagnetic Finite Element Analysis o + IRWDC X  OR-WDC
= —A— IRPM OR-PM
0 . .
Stopping No 5 10 15 20

Criteria?

Pareto Front Selection

No

Objective
Met?

FIGURE 10. The implemented optimization algorithm is based on the
differential evolution (DE) method. The Pareto designs would have the best
compromise between the conflicting objectives.

= 0.6 T T v
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I
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f . + IRWDC X  OR-WDC
o —A— R-PM OR-PM
n 9 . ; .
0 5 10 15 20

Motor loss [kW]

FIGURE 11. Optimization results: 2D Pareto front of objectives of stack length
to average torque, and motor loss.

winding designs without demagnetization risk. Compared
to toroidal implementation, the “wave” winding’s shorter

VOLUME 13, 2025

Motor loss [kW]

FIGURE 12. Optimization results: 2D Pareto front projection showing torque
density.

TABLE 6. Performance comparison with high power density traction motors

Type Torque  Active mass Torque-to-
weight ratio
[Nm] [ke] [Nm/kg]

IR-DC New 350 52 6.7
IR-WDC New 350 34 10.2
IR-PM New 350 25 14.0
OR-DC New 350 44 8.0
OR-WDC New 350 36 9.7
OR-PM New 350 31 11.2
Honda Accord 14 IPM (V) 306 33 9.3
YASA 400 Axial PM 360 24 15.0
Toyota Prius 10 IPM (V) 207 23 9.0
Chevrolet Bolt EV. IPM (V) 360 33 10.9
Tesla S Induction 430 55 7.8

overall excitation winding length achieves reduced losses and
higher goodness.

A projection of the Pareto designs in Fig. 12 shows the
ranges of torque densities for the optimal designs, with the
PM-excited designs being capable of about 25 - 50% higher
torque density for the selected design specification. A per-
formance comparison of the selected “best” designs from the
obtained Pareto for the various topologies is shown in Tables
5 and 6. These designs have the highest machine goodness
(which is the ratio of torque to the square root of losses) in
their topology class and serve as example representatives.
Typical values for machine goodness, active mass, torque
density, and specific torque for the defined power rating are
shown, as well as how they compare with documented per-
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formance values for state-of-the-art electric motors [48]. Low
torque ripple values, a critical performance metric for noise
and vibration in these machine types, are achievable. These
values can be further reduced through conventional skewing
methods or advanced tooth shaping techniques as described
in [41]. Also, the selected IR-PM design shows the most
competitive performance in terms of active mass and torque-
to-weight ratio, and may therefore be the most advantageous
for prototyping, considering the ease of integration of an
external stator configuration.

V. APPLICATION, PROTOTYPING, AND
EXPERIMENTATION

A. OR-DC DESIGN FOR EV

Based on torque-loss analysis, an outer-rotor topology with
toroidal DC excitation (OR-DC) may be an effective solution
for typical light- and medium-duty EV applications. This
configuration offers electromagnetic advantages, including
a larger airgap and potentially higher power and torque
density compared to inner-rotor implementations. Other ben-
efits include, for example, the ease of manufacturing at a
reduced cost, fault-tolerance, material availability, as well as
zero demagnetization concerns. Toroidal coils in rectangular
slots can benefit from established advanced windings such
as the hairpin winding for high slot fill factor [49]-[51].
Also, considering the various degrees of freedom previously
discussed for motor control, this motor can be operated for
a wide torque-speed range given sufficient cooling. It is
important to note that the final selection of a motor topology
for any application would greatly depend on several factors
including, for example, the ease of mechanical integration
and cost.

The cross-sectional view of the selected “best” design for
the OR-DC is shown in Fig. 13 with flux line and densities
at a peak loading of 30A/mm? showing low saturation in
the core. Its performance is summarized in Table 7 and its
Ansys simulated efficiency map over an example speed range
is shown in Fig. 14 [31]. The best performances can be
seen in regions with high speeds around continuous torque.
This performance indicates the motor may be well-suited for
geared EV applications. Drive cycle analysis using k-means
clustering has been performed for two example cases: the
Orange County Transit Association and WLTP cycles. An
example light EV was considered, with NREL drive cycle
data analyzed to obtain the 7 most representative torque-
speed points points (centroids). The corresponding energy
weights (C.E.W) show the importance of each operating
point, summing to 1, as shown in Tables 8 and 9. The first
set of values can be used for a direct drive analysis while the
second set shows the use of a gear ratio. Motor efficiency
values were computed for these centroids using the reference
2D FEA design, as shown in Tables 8 and 9 respectively [33],
[48]. Efficiency per cycle values of 90.0 and 95.2% were then
obtained for the WLTP and Orange County drive cycles.

B [tesla]
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2.0
l s
1.6

1.4
1.2

1.0
- 0.8
0.6
0.4
l 0.2
0.0

Min: 0.000

FIGURE 13. Cross-sectional view of selected “best” OR-DC design showing
flux lines and densities at peak loading in one half.

TABLE 7. Performance summary of selected “best” OR-DC design

Parameter Value  Unit
Peak torque 350 Nm
Continuous torque 73 Nm
Max. power 100 kW
Base speed 3,000 rpm
Emag eff. at peak torque 89.3 %
Emag eff. at continuous torque ~ 91.0 %
Rotor OD 255 mm
Stack length 197 mm
Active mass 44 kg
375
‘ ’ Efficiency map
Max: 1.00
- B
-+ 0.75
% 065
'c 250 l° =3
o 0.45
§ 0.35
® 025
P4 Iu 15
';' 0.05
g_ Min: 0.00
2 125

5000 7500 10000 12500 15000

Speed [rpm]

0 2500

FIGURE 14. Simulated efficiency map of selected “best” OR-DC design
showing its performance in constant torque and constant power regions; best
performance occurs around the base speed and in the continuous torque
regions.

B. IR-PM PROTOTYPE

Following the results of the comparative analysis, the IR-PM
topology provides the best performance in terms of torque
density and specific torque. Additional advantages for this
topology in terms of manufacturing come from its traditional
design with the rotor inner to the stator, which would reduce
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TABLE 8. OR-DC Drive cycle analysis for the WLTP reporting the centroids
and their corresponding energy weights (C.E.W).

Drive shaft Motor shaft (assuming a gear ratio)

Cent. | Torque | Speed | Torque | Speed | C.E.W | Motor eff.
no. | [Nm] | [rpm] | [Nm] | [rpm] | [-] [%]
1 978 351 109 3157 0.263 90.6
2 1401 311 156 2796 0.232 90.0
3 553 325 61 2926 0.203 91.0
4 1920 187 213 1687 0.118 87.1
5 2462 163 274 1464 0.093 84.6
6 196 281 22 2529 0.063 90.4
7 2950 159 328 1434 0.029 83.0

TABLE 9. OR-DC Drive Cycle Analysis for Orange County Transit Association
(31 minutes) reporting the centroids and their corresponding energy weights
(C.EW)

Drive shaft Motor shaft (assuming a gear ratio)

Cent. | Torque | Speed | Torque | Speed | C.EZW | Motor eff.
no. | [Nm] | [rpm] | [Nm] | [rpm] | [] [%]
1 1291 429 258 2146 0.208 88.3
2 946 560 189 2802 0.192 90.2
3 609 648 122 3240 0.190 90.4
4 351 743 70 3717 0.160 91.2
5 1783 442 357 2209 0.157 87.0
6 104 955 21 4775 0.090 91.0
7 87 88 17 442 0.001 73.5

B [tesla]
Max: 2.000

20
.13
16

Min: 0.000

FIGURE 15. The 2-D FEA as-built model of the IR-PM design and the
constructed prototype.

the complexity of integration. Also, with the external stator,
established cooling techniques such as a cooling jacket can
be applied for stator-only cooling.

The prototype for the IR-PM has been fabricated as shown
in Fig. 15 with a rated power of 100kW at 3,000rpm, and a
maximum tested power of 176kW with liquid cooling. The
stator features 12 tangentially magnetized PMs and 12 stator
segments for enhanced modularity. An M19-26G lamination
material was used due to its lower cost and high availability,
and the coils were hand-wound using a 23 AWG wire,
achieving the designed slot fill factor of 0.5.

The test setup for the motor prototype is as shown in Fig.
16. A dynamometer (dyno) is coupled to the motor to apply
mechanical loads, enabling performance testing across vari-
ous torque and speed profiles. The motor is instrumented with
18 winding temperature sensors and one magnet temperature
sensor to monitor thermal behavior, while a 6-wire resolver
provides the rotor position and speed feedback. Additionally,
11 accelerometers are installed to measure vibrations, aiding
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TABLE 10. Specifications and main dimensional properties of the 28-pole
3-phase IR-PM motor prototype.

Parameter Value  Unit
Rated torque 319 Nm
Maximum speed 10,000  rpm
Airgap 0.5 mm
Stator OD 235 mm
Stack length 127 mm
Active mass 42 kg

No. of rotor protrusions 14 -

Motor sensors
‘Winding thermistors (x18)
‘Wire resolvers (x6)
Accelerometers (x11).

Dyno PE converter

Dyno

Power supply
including battery
simulator 800Vdc

Inverter

Cooling with chiller system
Motorinlet/outlet temperature & pressure monitoring
Inverter inlet/outlet temperature & pressure monitoring.

FIGURE 16. The test set-up for performance evaluation of the constructed
IR-PM prototype.
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FIGURE 17. A comparison of the experimentally measured static torque with
varying phase currents with results obtained from FEA for the PM prototype.

in the assessment of mechanical stability. The motor temper-
ature is maintained via a cooling system, with pressure and
temperature sensors to ensure effective thermal management.

Further evaluation involved comparing the results obtained
from the 2D FEA analysis with those from experimental
tests. The results of static torque measurements at vari-
ous phase input currents are shown in Fig. 17, with satis-
factory agreement between FEA and experimental results.
Additionally, the prototype was tested at various torque-
speed points to develop the efficiency map shown in Fig.
18, using measured values obtained at the high operating
temperature of around 100°C. The rotor, which contains no
active components, maintained a temperature reading that
averaged between 25 - 35°C below the stator temperature.
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FIGURE 18. Measured efficiency map of the prototype machine at high
operating temperature showing capability for high-efficiency operation.

Overall, a satisfactory correlation is obtained between 2D
FEA and experimental results for this machine, confirming
that the FEA model accurately represents the prototype under
investigation. The high-efficiency values obtained at a high
operating temperature also show its suitability for typical
industrial applications.

VI. CONCLUSION

Synchronous motor topologies with PM or DC-excitation
in an active stator are presented. These machines employ
a simple reluctance rotor design with no active compo-
nents, providing several advantages in manufacturing and
high-efficiency operation. These machines can employ tan-
gentially magnetized PMs for flux intensification or DC-
excitation coils in the stator, which provides a PM-free oper-
ation, eliminating the typical risks associated with PMs. The
stator can be manufactured in modules with slots adapted for
high slot fill factors using the latest winding technology. The
simple rotor enables high-speed operation and an extended
range, with the potential for advanced stator-only cooling.

Through combined analytical and phenomenological anal-
yses, it is shown that these synchronous machines operate
through the interaction of the stator fields and the rotor, with
the number of rotor protrusions determining the principal
polarity of the machine. The control of the armature field,
current phase angle, and excitation flux is also shown as the
various degrees of freedom available in these motor topolo-
gies, making them highly advantageous. A novel design
utilizing a "wave" DC-excitation winding was introduced,
with the potential for reduced losses through shortened coil
lengths compared to toroidal winding implementations in
these PM-free designs.

A study of the geometry of motor topologies and their
performance shows a highly non-linear relationship, and
as such, established optimization methods such as those
employing differential evolution should be used to obtain
optimal designs. The selected “best” designs for each topol-
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ogy showed competitive performance against state-of-the-art
electric motors. The inner rotor PM designs showed the most
promise in torque density and specific torque.

The outer rotor design employing DC-excitation achieved
an efficiency per cycle value of 95% for the selected drive
cycle, indicating its promising suitability for EV applica-
tion. A prototype of a selected inner rotor PM design was
also experimentally tested, and the results showed a good
correlation with those obtained from FEA, thereby offering
validation. High values of efficiency were also obtained from
the prototype at high operating temperatures.
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