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Abstract—This paper presents an optimal design and compara-
tive analysis for a toroidally wound reluctance rotor synchronous
machine with either PM or DC excitation in the stator. The
prototype of the PM version is experimentally evaluated, and
its results are used to validate the model of the DC version as
they share the same topology. The stator DC-excited synchronous
(SDCES) motor is optimized at different outer diameters us-
ing large-scale multi-objective differential evolution (DE) and
comparatively analyzed at power ratings typical for electric
traction and propulsion applications. Its performance at reduced
temperatures shows increased efficiency and goodness due to
reduced losses, and its ability to employ modularity ensures
high-reliability and fault-tolerant operation, which is critical for
electric propulsion and traction applications.

Index Terms—Electric traction, propulsion, synchronous mo-
tor, spoke-type PM, magnet-free, castellated rotor, fault-tolerant,
cryogenic operation, finite element analysis.

I. INTRODUCTION

The application of electric motors in traction and propulsion
has grown in recent years, driven by the conflicting goals of
achieving higher power density and efficiency while reducing
costs [1]. Permanent magnet (PM) motors continue to be an in-
dustry favorite due to their ability to deliver substantial power
output within a compact and lightweight design, making them
particularly advantageous when space and weight constraints
are critical factors [2]–[5].

Recently, specialty topologies have been proposed to em-
ploy non-rare earth PMs, such as ferrites and FeN, achieving
a power density similar to that of rare earth PMs. One
such example is the spoke-type PM arrangement for flux
intensification [6]–[8]. Completely magnet-free motors using
DC excitation instead of PMs, as described in [9], [10], are
also a topic of interest due to their benefits of reduced cost,
potential fault tolerance, and improved controllability.

The machine topology explored in this paper is a toroidally
wound synchronous machine with all active components lo-
cated in the stator and a reluctance rotor. Variants of the base
design can employ non-rare earth PMs and DC toroidal or
wave windings for stator excitation, taking advantage of the
spoke-type arrangement and flux intensification. Previous work
has identified several advantages including high power density,
the elimination of demagnetization concerns, and wide torque-
speed operational range. Additionally, these machines offer the

potential for a high slot fill factor with hairpin wound Litz wire
and reduced losses [11], [12].

The castellated reluctance rotor in these designs allows for
easy construction and high-speed operation. The active stator
having either PM or DC excitation, allows for the implemen-
tation of advanced stator-only cooling. This cooling method
allows for possibility of operation at reduced or cryogenic
temperatures, offering benefits such as reduced copper losses
and increased PM remanence, ultimately improving efficiency
and power density. These advantages are particularly desirable
for electric traction and propulsion applications [13], [14].

Given the critical nature of electric propulsion, there is a
continuous search for fault-tolerant motors and drive systems.
This is pursued through ongoing reliability and fault diagnostic
studies Examples of fault-tolerant operation implementations
in the literature include the use of redundancy in modular
multilevel converters (MMCs) as described in [15], multi-
stage machine concept in [16], and machine learning for motor
control in [17].

This paper compares synchronous machines with reluctance
rotors and toroidally wound stators, employing either PMs or
DC excitation. A multi-objective optimization is formulated
and applied to PM and DC stator-excited outer-rotor ma-
chines using experimentally validated FEA models in ANSYS
Maxwell. Additionally, the fault-tolerant and cryogenic oper-
ation of the DC-excited motor are also studied to investigate
the potential benefits of the proposed topology [18].

II. MOTOR TOPOLOGIES, COMPUTATIONAL MODELS, AND
REFERENCE PROTOTYPE

The PM stator-excited motor features an active outer stator
with circumferentially magnetized PMs, concentrated toroidal
coils that form 3-phase AC windings, and a castellated conse-
quent pole rotor, as shown in Fig. 1a. A PM stator-excited
motor design variant is an outer rotor configuration that
enhances flux intensification by using longer PMs in the inner
stator. The stator DC-excited synchronous (SDCES) motor
variant, shown in Fig. 2, has a similar configuration, with the
key difference being that DC excitation coils replace the PMs.

Both motor designs have toroidal coils, which are naturally
concentrated and offer benefits such as improved copper slot
fill and reduced losses due to shortened end turns. These
machines use consequent-pole castellated rotors with no active
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Fig. 1. The investigated PM stator-excited motor topology as a (a) solid model for 3D FEA with labelled component parts, (b) 3D CAD model, and (c)
constructed prototype.

Fig. 2. A solid model for 3D FEA of the SDCES motor with toroidal AC
and DC coils, and a reluctance outer rotor.

components, the number of rotor protrusions corresponds to
the principal pole pair number, for example, 14 rotor pro-
trusions result in a 28-pole machine. The absence of active
elements in the rotor enables high-speed operations and the
application of advanced cooling techniques [11], [13], [19].
The operational principles of the PM and DC-excited machines
are explored in greater detail in [12], [20].

In the PM stator-excited motor topology, particularly in
an outer rotor configuration, the flux concentration ratio is a
function of the PM height, hPM , along the radius, as detailed
in [20]. Additionally, the motor torque is directly influenced
by the airgap diameter, Dg , as elaborated in Lehr et al. [21].
These findings led to the development of an outer rotor design
variant that is magnet-free and has a larger rotor diameter for
higher power density.

The DC-excitation variant shown in Fig. 2 leverages the
principles of flux intensification while addressing concerns

related to PM sourcing, prices, and demagnetization. The
outer rotor SDCES motor has the advantage of a larger
airgap diameter for high power density, PM-free operation,
adaptability to integrated advanced cooling, and toroidal coils
in rectangular slots suitable for the latest hairpin winding
technology. Additionally, its segmented stator allows for fault-
tolerant operation, making it a competitive candidate for
electric traction and propulsion applications [12], [16].

While both PM and DC-excited motor variants offer several
benefits, concerns include the cost of rare-earth PMs and addi-
tional electronics and control infrastructure. These challenges
can be mitigated by using ferrites or innovative PMs, such
as Niron, especially in an outer rotor configuration for the
PM stator-excited motor, and by employing a simple fixed
uncontrolled DC excitation supply [6], [20], [22].

Both configurations also employ open slots, which lead
to eddy currents and supplementary losses due to relatively
large magnetic field variations [23], [24]. Reduction in the
slot opening and the use of Litz wire are typical mitigation
techniques for optimal torque output and loss reduction [25].
The associated high common mode (CM) current and electro-
magnetic interference (EMI) issues for toroidal windings can
also be managed through design strategies, as detailed in [26].

Following the analysis and modeling of the PM stator inner
rotor design, a prototype has been modeled and constructed,
as shown in Figs.1b and 1c. The results of the locked rotor test
and static torque constant measurements are shown in Figs. 3a
and 3b, respectively, demonstrating good agreement between
the FEA and experimental results for the prototype, thereby
offering validation. The FEA model of the prototype was then
used as a foundational model for subsequent 2D FEA models,
including the SDCES.

III. MULTI-OBJECTIVE DESIGN OPTIMIZATION

Parametric models of the outer rotor SDCES motor with
14 rotor protrusions (14-P) were optimized with outer rotor
diameters of 255mm for electric traction and 500mm for
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Fig. 3. Comparison of experimental and FEA results for the PM stator-excited
prototype showing good correlation for (a) the locked rotor test at currents
of 250A and 500A, and (b) the static torque constant with increasing phase
currents.

electric propulsion within a fixed volume. Multi-objective
optimization employing differential evolution (DE) and FEA
was carried out with three concurrent objectives.

The three optimization objectives F1, F2, and F3 are to
maximize electromagnetic torque, Te, maximize the power
factor, pf , and minimize the motor loss, Ploss, respectively at
a speed of 3,000rpm, typical for traction and electric aircraft
applications. The motor loss, Ploss, is considered the sum of
constant core losses (PFe), and variable copper losses (PCu).
Optimal ranges were set for the independent geometrical
variables based on parametric studies to yield mechanically
stable designs within a wide optimization space [2].

The optimization results for the 255mm OD designs are
shown in Fig. 4 with the optimal Pareto designs highlighted
in red, and with the selected “best” design marked with a black
star. This design is scaled by stack length to achieve the desired
power rating. The cross-sectional views for the selected “best”
designs for the 255mm and 500mm ODs, along with their flux
lines and density plots, are shown in Fig. 5.

IV. RESULTS AND DISCUSSION INCLUDING COOLING AND
FAULT TOLERANT OPERATION

The comparative analysis between the PM prototype design
and the optimal design of the SDCES is documented in Table

(a)

(b)

Fig. 4. Multi-objective optimization results for 255mm OD SDCES with (a)
Pareto front designs in red and selected design marked with a black star, and
(b) a projection illustrating the high specific power.

Fig. 5. Cross-sectional views of optimal selected designs for SDCES with
255mm and 500mm ODs, showing flux lines and densities at peak loading.

I. Performance indexes such as machine goodness, specific
torque, specific power, and power density are evaluated at
power ratings typical for light and heavy-duty electric vehicle
(EV) and electric propulsion applications. An optimal design
of the SDCES at an outer diameter of 255mm is compared with
the tested, scaled, and simulated versions of the PM prototype.
In line with expectations, the PM stator-excited motor exhibits



Table I
CHARACTERISTICS OF PM STATOR-EXCITED PROTOTYPE AND SDCES

DESIGN OPERATING AT 3,000RPM AND ROOM TEMPERATURE

PM stator-excited motor prototype SDCES

Configuration Inner rotor Outer rotor
Status Tested Scaled Simulated Simulated
Rated power [kW] 100 150 250 250
Torque [Nm] 319 479 798 794
Goodness [Nm/sqrt(W)] 3.0 3.6 7.7 4.8
Specific torque [Nm/kg] 7.6 7.6 8.6 13.1
Specific power [kW/kg] 2.4 2.4 2.7 4.1
Power density [kW/L] 15.4 15.4 19.3 18.4

Fig. 6. Parametric analysis on the effect of cooling on total copper losses
Wcu and goodness in a 1.5MW SDCES motor showing the possibility for
reduced losses and improved machine goodness at lower temperatures.

Fig. 7. Example SDCES motor employing two independently powered
diagonal stator halves, represented by the dashed and dotted dashed lines
fault-tolerant operation.

higher machine goodness than the SDCES due to its use of
PMs as the excitation source. However, it has lower specific
power and torque because of its demagnetization constraints.
For a larger outer diameter of 500mm, the SDCES can achieve
a simulated specific power greater than 5.4kW/kg and power
density greater than 15.7kW/L for a power rating of 250 kW.
At a power rating of 1.5 MW, it can achieve a specific power
of 6.2 kW/kg and a power density of 23.7 kW/L. This indicates
improved competitive performance at larger diameters.

The application of advanced cooling, expected to be typical
for electric propulsion, is assumed when evaluating the perfor-
mance of the SDCES motor at 1.5MW operating at 3,000rpm.
Total copper loss (Wcu) and associated machine goodness
which is the ratio of torque to the squared route of losses,
were evaluated in simulations with varying temperatures, as

Fig. 8. Simulated normal and possible fault operating conditions for a dual
sector 1.5MW SDCES motor showing operation with the loss of one diagonal
sector and its energization with twice the rated current.

shown in Fig. 6. At an operating temperature of -150oC, copper
losses can be reduced by about 65%, and the overall machine
goodness can increase by 40%. The cost and size implications
of using such a cooling system must be considered to ensure
that high specific power and power density are maintained.

Furthermore, the SDCES allows for the implementation of
stator segmentation to enhance fault tolerance. This design
enables the machine to operate with two electrically separated
stator halves, each powered by a different inverter, as illus-
trated in Fig. Fig. 7 [27].

Performance under normal and fault conditions, such as
the loss of an entire segment (resulting in complete 3-phase
AC and DC excitation loss in one segment), is summarized
in Fig. 8. Even with the loss of one diagonal half of the
SDCES machine, fed by one converter, it can still operate
at approximately half of its full capacity.

The associated power electronics and machine windings
can be designed so that in the event of the loss of one
entire diagonal half, the functional half can be powered with
double the rated AC and DC currents, enabling the machine to
operate at about 75% capacity with the potential for increased
torque ripple, as shown in Fig. 8. Therefore, in terms of fault
tolerance—particularly crucial in propulsion applications—the
SDCES demonstrates the capability for segmentation, provid-
ing robust fault-tolerant operation and enhanced reliability.

V. CONCLUSION

In this paper, two machines were proposed, modeled, and
optimized, both employing all active excitation in the stator:
one with permanent magnets and one with DC windings. The
inner rotor machine with PMs was experimentally prototyped
and tested to validate the effectiveness of 2D ANSYS Maxwell
FEA models used for motor analysis and optimization. The
outer rotor machine with stator DC excitation represents a
variant of the same topology, which eliminates the possibility
of demagnetization.

The proposed DC-excited motor was optimized for outer di-
ameters of 255 mm and 500 mm, which are typical for electric
traction and propulsion applications. It was comparatively an-
alyzed with the prototyped PM version, with results indicating



that the PM version exhibits better machine performance and
higher efficiency. The DC-excited version, on the other hand,
excels in specific power, especially at larger outer diameters.
Further studies have demonstrated that the SDCES motor
can achieve enhanced performance at lower temperatures and
enable high-efficiency, high-reliability, fault-tolerant operation
through machine segmentation. This capability is crucial for
electric propulsion and traction applications.
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