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ABSTRACT This paper introduces a new motor design for traction applications that achieves high power
density and meets the power density target of 50kW/L target set by the US Department of Energy. The
proposed motor has a doubly salient structure with concentrated toroidal 3-phase windings and permanent
magnets (PMs) in the stator and a reluctance rotor, improves torque capability and operating speed compared
to traditional designs. A design optimization process was conducted to balance efficiency, power density, and
power factor. An equivalent circuit in the DQ reference frame is introduced to enable vector control for the
proposed special double salient machine. The resulting design was validated through the creation of an open
frame lab prototype (OFLP) and an experimental dyno test bench was developed. The prototype was tested
through open circuit tests, static torque tests, and unity power factor tests. This paper also discusses the use
of synchronous reference frame theory and per-phase diagrams to calculate electric machine parameters.
In addition to experimentation, 3D and 2D electromagnetic FEA simulations have been performed for unity
power factor operation as a generator to numerically separate the power loss components.

INDEX TERMS Permanent magnet synchronous motor, PMSM, flux switching machine, FSPM, DQ equiv-
alent circuit, vector control, electric vehicles, EV, traction, propulsion.

I. INTRODUCTION
A special double salient machine having a high volumetric
power density of 50kW/L had been proposed in [1] can
deliver higher torque and power over a wide speed range of
up to 37,500 RPM. This motor has been designed to meet
ambitious power density target of 50kW/L set by the U.S.
Department of Energy for the year 2025 [2]. The power
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densities of existing traction motors employed in commercial
electric vehicles were significantly below the key targets as
reported in [3], [4], and [5]. The proposed special double
salient machine in [1] was realized from the concept of par-
allel path magnetic technology in [6] and [7]. The proposed
machine has circumferential flux pattern which was different
from traditional doubly-salient permanent magnet machine
(DSPM) in [8] and [9] and flux switching permanent magnet
machine (FSPM) in [10], [11], and [12]. The PMs in the
proposed special machine can be cooled easily by employing
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TABLE 1. Nomenclature.

direct cooling methods [13], [14], [15], [16]. Thus, the risk
of demagnetization of PMs in the proposed special machine
can be alleviated significantly compared to rotor-bound
PM-assisted synchronous reluctance motor.

The motor double salient special topology and the prin-
ciples of operation have been described, together with the
design optimization of a very high-power density prototype
for EV traction, in a previous paper [1] and a disserta-
tion [17] by the same group of authors. The current follow-up
paper further expands the study by introducing a DQ motor
model to enable vector control, and by describing prototyping
and additional simulations and experimentation, including
equivalent circuit parameter identification and separation of
losses.

The stator of the studied electric machine includes 12 mod-
ules of concentrated coils in toroidal shape, which were
separated by permanent magnets of opposite polarity inserted
in the core, and a rotor with a castellated core structure. This
topologywas designed to have three phases, 4 coils per phase,
12 PMs, and a 10-pole reluctance type rotor with double
saliency. Exploded view of the assembled motor and typical
flux density were shown in Fig. 1 and 2.

An open frame lab prototype (OFLP) with air cooling
and an experimental dyno test bench setup were developed.
An equivalent circuit for the proposed special double salient
machine was introduced with proper justification by imple-
menting a minimum number of tests. These tests were open
circuit test at rated speed, static torque test or locked rotor test
at rated current to characterize the torque versus rotor posi-
tions, and unity power factor test as an uncontrolled generator
to calculate the parameters. The preliminary results from
these tests have been justified in this paper to establish an
equivalent circuit by applying synchronous reference frame
theory. In addition to these tests, 3D and 2D FEA simulations
have been performed at identical operating points of the UPF
test to numerically separate the loss components associated

FIGURE 1. Exploded view of the proposed PM motor. The PM-free
castellated rotor, modular stator, segmented PMs, and concentrated
toroidal windings were the key features.

FIGURE 2. Model for 3D FEA and example magnetic field distribution for
generator operation of the three-phase special modular machine with
12 concentrated coils and 12 PM in the stator. The reluctance rotor has
10 core protrusions, equivalent to a 20 consequent magnetic pole
arrangement.

with the core, PMs, and coils of the special double salient
machine.

An open frame lab prototype (OFLP) with air cooling
and an experimental dyno test bench setup were developed.
An equivalent circuit for the proposed special double salient
machine was introduced with proper justification by imple-
menting a minimum number of tests. These tests were open
circuit test at rated speed, static torque test or locked rotor
test at rated current to characterize the torque versus rotor
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positions, and unity power factor test as an uncontrolled
generator to calculate the parameters. The preliminary results
from these tests have been justified in this paper to estab-
lish an equivalent circuit by applying synchronous reference
frame theory. In addition to these tests, 3D and 2D FEA
simulations have been performed at identical operating points
of the UPF test to numerically separate the loss components
associated with the core, PMs, and coils of the special double
salient machine.

II. THEORY AND PRINCIPLE OF OPERATION
The principle of operation and production of torque for the
proposed motor were discussed in this section. PM field and
armature fields have been analyzed independently by consid-
ering an MMF-permeance model and winding functions as
shown in Fig. 3. Nomenclature listed in table.1. was used in
this paper.

Considering no slotting effect of stator core, the airgap
flux density distribution due to PMs alone with no armature
windings in the slots was expressed as (1). Likewise, the
airgap flux density distribution due to armature winding alone
has been expressed as (2). As per principle of virtual work,
the electromagnetic torque was expressed as closed-form
analytical airgap flux density distribution in (3).
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As per (1), considering PMs as the only source, there
exists three groups of flux density harmonics, with pole pairs
(2h+ 1) pm, (2h+ 1) pm + Nr , and , | (2h+ 1) pm − Nr |.
Similarly, another three groups of flux density harmonics
exist due to armature winding as the only source, with pole
pairs n = 3r + 1 = tpa, n + Nr , and |n− Nr |. Furthermore,
these harmonics were rotating at different speeds. By apply-
ing orthogonality relations of sine functions to (3), it can be
inferred that only the flux density harmonics from PM field
and armature field with same pole pairs will produce the
non-zero average torque. Thus, the average electromagnetic
torque of this motor was produced by multiple dominating
air-gap flux density harmonics with pole pairs of 4, 6, 8, 16,
18 and 28.

It has been observed that there exists no torque in the
absence of either of PMs in stator or current in the stator
toroidal coils or protrusions in the rotor. Thus, the castel-
lated rotor serves mainly as a modulator to couple armature
winding and PMs through air-gap flux density harmonics.
Another key observation has also revealed that there was no
synchronous type reluctance torque despite the saliency due
to protrusions in the rotor, which was proportional to product
of d-axis and q-axis currents as in traditional synchronous
machines.

Furthermore, the proper combinations of stator PMs, rotor
poles, and stator winding modules producing non-zero aver-
age torques can be easily identified by observing the terms
in (3). Many topologies can be derived from this approach.
Typical topologies were 5-protrusion (5-P) and 7 protrusion
(7-P) designs for a stator with 6 PMs and 6 toroidal coils, and
10-protrusion (10-P) and 14-protrusion (14-P) designs for a
stator with 12 PMs and 12 toroidal coils.

Principle of operation and torque production of the pro-
posed motor were explained by (1)-(3). However, these
equations were not suitable to compute torque precisely.
Thus, the Maxwell stress tensor method was used to compute
radial and tangential components fr and ft of the electromag-
netic stress in the airgap as expressed in (4) and (5).

fr (φ,t) =
Br (φ, t)2 − Bt (φ, t)2

µ0
(4)

fr (φ, t) =
Br (φ, t)Bt (φ, t)

µ0
(5)

The radial and tangential components of the force on stator
teeth and rotor protrusions can be obtained by integrating the
respective stress component over volumetric circumferential
intervals. Computation of these stresses has been shown by
an example in Fig. 4 and Fig. 5. Radial component of force
density was significantly higher than tangential component.
At any given position, radial force from two stator teeth
of adjacent segments separated by magnet has been shown
in Fig. 6. Torque contribution by these two stator teeth of
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FIGURE 3. Schematics for motor cross section (left), and MMF-permeance motor models considering the PMs only (top right) and the
armature windings only, respectively. The fundamental components of the air-gap permeance function and winding functions of armature
coils were used for derivation. The winding functions of the toroidal windings were sawtooth waves, which were very different from the
conventional slot windings.

adjacent segments separated by magnets was different from
each other, but half symmetry has been observed as shown in
Fig. 7. This approach was more feasible to calculate average
torque contributed by stator teeth, magnets, and coils. Major-
ity of the torque was produced by the leading teeth next to the
magnet on left-hand side when looking into the page. Torque
produced by the other teeth and magnet nearly cancel each
other. The toroidal coils contribute almost no torque.

III. MULTI-OBJECTIVE DESIGN OPTIMIZATION BASED ON
2D FEA
Parametric models for a number of motor topologies
were developed following the derived combinations from
Section III. Based on the parametric electromagnetic FEA
models for the 5-P, 7-P, 10-P and 14-P designs illustrated in
Fig. 2 with 10 independent geometric and control variables,

FIGURE 4. FEA results of the proposed motor at rated load, (a) flux
density distribution and flux pattern, (b) electromagnetic force on stator
teeth. Blue arrows denote the distributed force vectors and red dots
denote the resultant forces on teeth.

a large-scale design optimization was performed, following
the optimization approach used in, for example, [18] and
[19]. The objective was to maximize the power density with
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FIGURE 5. Air-gap stresses at rated load: radial component (top),
(b) tangential component (bottom).

FIGURE 6. Radial (top) and tangential (bottom) force on the stator tooth
module at different rotor position under rated load.

FIGURE 7. Radial (top) and tangential (bottom) force on the stator tooth
module at different rotor position under rated load.

a 50kW/L target, efficiency, and power factor, assuming
an equivalent electric loading, i.e., the product of current
density and copper slot fill factor, equal to 9.75A/mm2 can

FIGURE 8. Optimization results: 3D Pareto front projection with
objectives of total loss, power density, and power factor.

FIGURE 9. Optimization results projection in total loss - power density
plane.

FIGURE 10. Optimization results: Pareto front of total loss and volume.

be achieved by the cooling design and advanced winding
technology. The results of optimization studies indicated that
specific torque increases with number of rotor protrusions,
and so do core losses, in line with expectations.

A systematic comparative study between two motor
topologies was also carried out based on multi-objective
design optimizations, one with 10-P and the other 14-P,
as shown in Fig. 8. The three concurrent objectives were
to maximize the power density, minimize the total loss, and
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FIGURE 11. Torque-speed envelops of the Pareto front designs.

FIGURE 12. Torque waveform for high power density optimal design and
its OFLP version. Low torque ripple was observed for both operation
points.

maximize the power factor. The computational results show
that, the optimal 14-P designs can achieve similar funda-
mental power factors as optimal 10-P designs. There were
trade-offs between 10-P and 14-P designs in terms of the
power density and total loss (Fig. 9).
Multiple design generations of the adopted differential

evolution optimization yielded a satisfactory Pareto front.
A number of candidate designs were identified, with esti-
mated power density ≥ 50kW/L, as shown in Fig. 10. The
torque speed and efficiency maps have also been calculated
based on 2D electromagnetic FEA, as plotted in Fig. 11,
showing that the optimally designed motor can operate with
a constant power of 125kW at up to 3 times the base speed,
which was 12,500r/min. The selected optimal design for
the proposed topology produces 96Nm at 12,500r/min. The
waveform of the OFLP motor and the optimal design can be
seen Fig. 12.

IV. EXPERIMENTAL VALIDATION, JUSTIFICATION AND
FORMULATION OF A DQ MODEL
To validate the proposed very high power density motor and
the adopted design optimization approaches, as well as to

FIGURE 13. The CAD drawing and photo of the full assembly for the open
frame lab prototype motor. Dowel pins were used in the laminated stator
segments. PMs were segmented in both radial and axial directions to
reduce the PM eddy current losses. All the coil terminals have been
brought out for detailed testing purpose.

FIGURE 14. (a). Test and back EMF under open-circuit generator
operation at 3525 rpm. (b). Test and FEA simulation results for static
torque versus rotor position.

identify the potential challenges in manufacturing and testing
to achieve the final goal of 50kW/L, a 28hp OFLP motor
rated at 40Nm and 5,000r/min was fabricated, as shown in
Fig. 13, and tested. An open circuit test on the OFLP has
been performed at a rated speed of dyno test bench setup to
identify the shape of the back EMF. A sinusoidal back EMF
with low harmonics has been observed at the output terminal
of the OFLP in both experimental test and FEA simulation as
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FIGURE 15. Testing and simulation results of peak torque versus different
current values.

shown in Fig. 14. (a). and Fig. 14. (b). A static torque test at
a rated current of the OFLP has been implemented to plot the
torque versus rotor positions. The torque of the OFLP has a
peak at 90◦ electrical as shown in Fig. 14. (b).
The static torques at different rotor positions were also

measured when the phase-A winding was connected in series
with the parallel of phase-B and phase-C windings. Each
phase has 4 coils connected in series. It is shown that, within
the expectation, the measured static torque has the same
trend as the 2D FEA as seen in Figs 14.(a) and 15. The
effect of magnetic saturation was captured precisely, which is
significant for high current loading. The deviation is approx.
10% and can be explained by the backlash of the locking
device, especially at the high torque region, the temperature
rise, the inaccuracies of material properties, etc.

It was observed that there was no reluctance torque com-
ponent present either in the experimental static torque test or
FEA simulations. Thus, the special double salient machine
can be modeled as a non-salient DQ model based on the
results from the open-circuit test and static torque test. The
speed and torque control strategies for the proposed special
double salient machine can be established by applying syn-
chronous reference frame theory to realize vector control.
Thus, a DQ equivalent circuit of the proposed special machine
has been realized in this paper. From the theory of doubly
salient PM motor (DSPM) in [20], a generalized three-phase
instantaneous torque was expressed as in (6). Equation (6)
was a generic form of the three-phase instantaneous torque
consisting of the magnetic and cogging torque components.

T =

(
iaipm

∂La−pm

∂φ
+ibipm

∂Lb−pm
∂φ

+icipm
∂Lc−pm

∂φ

)
+

1
2
i2pm

∂Lpm
∂φ

(6)

The flux lines from the permanent magnets between the
modular coils in the stator link with three-phase winding
through a low reluctance path offered by the rotor. Thus,
the flux linkages due to permanent magnets were a function
of the rotor position as expressed in equation (7). The total

FIGURE 16. Schematic of the equivalent circuit of the proposed special
machine in the synchronous reference frame.

TABLE 2. Experimental data from a unity power factor generator test,
employed for inductance identification. The average inductance value
satisfactorily compares with the value estimated based on FEA
simulations.

flux linkages with the three-phase windings were due to the
three-phase currents and permanent magnets were expressed
as in equation (8).

Thus, the three-phase voltages were expressed as a rate
of change of total flux linkages, in addition to the volt-
age drop due to the winding resistance as expressed in
equation (9). The three-phase voltages were transformed into
the synchronous frame by applying Clarke’s transformation
and Park’s transformation to establish the expression (10).
By neglecting the winding resistance and assuming the rate of
change in the currents in (10) as negligible under steady-state
conditions, the output power and torque were expressed as in
equations (11) and (12). An equivalent circuit of the proposed
special machine has been realized from the expression (10)
was shown in Fig. 16. The speed and torque control strategies
were required to be realized by considering the effect of
nonlinearity, employing the look-up table method which will
be discussed in subsequent work.

[
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FIGURE 17. Schematic of the experimental dyno test setup of the OFLP of the proposed special double salient machine operating as a generator
at unity power factor.

FIGURE 18. Picture of the experimental dyno test setup of the OFLP of the proposed special double
salient machine operating as a generator at unity power factor.
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V. EXPERIMENTAL AND NUMERICAL IDENTIFICATION OF
EQUIVALENT DQ CIRCUIT PARAMETERS AND POWER
LOSS COMPONENTS
An experimental test setup was developed to evaluate the
inductance and losses for the proposed high-power density
PM motor as shown in Fig. 17. The experimental setup
consists of a three-phase AC/DC/AC drive, a three-phase

FIGURE 19. Schematic of per phase vector diagram of the OFLP as a
generator driving a resistive load at unity power factor.

induction motor, the OFLP of the proposed special machine,
and a three-phase resistive load has been shown in Fig. 18.
The UPF test has been implemented by operating the OFLP
as a three-phase generator supplying power to a variable
resistive load. The OLFP has been designed to run at a rated
speed of 5000RPM at 41Nm.

The three-phase induction motor was being used as a prime
mover has a rated speed of 3525RPM at a load of 30Nm.
A speed & torque sensor coupler has been mounted between
the prime mover and OFLP. The line-to-line voltages and
three-phase currents were measured at the output terminal
of the OFLP. The OFLP has been operated at four different
speeds at variable loads of up to 30Nm. The experimental
results have been used to determine the inductance and to
evaluate the losses. The experimental data of induced emf,
terminal voltage, and load current at different operating points
have been used to plot the per phase vector diagram and to
determine inductance as shown in Fig. 19 and reported in
table 2.
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FIGURE 20. Electromagnetic 2D FEA results in the motor cross section. (a) Specific power losses in the stator and rotor laminated core
(b) Eddy currents and (c) their associated power losses considering the details of the prototype winding.

TABLE 3. Experimental results and loss components calculated by 2D and 3D FEA.

Electromagnetic FEA simulations for this type of generator
operation at 3,500 rpm and 65A resulted in an induced voltage
of 53.7V and, though combinations with open-circuit simu-
lations, to an inductance of 130.2uH, indicating satisfactory
agreement with measurements.

The 2D and 3D FEA simulations for the special machine
have been performed at the identical operating points of
the experimental tests to numerically separate the losses
providing a basis for the ongoing optimization studies. The
3D FEA schematic of the special double salient machine
was shown in the Fig. 2. The 2D FEA schematic of the
special double salient machine showing the eddy current
losses and copper losses was shown in Fig. 20. Based on the
practical availability in the laboratory settings, the winding
has been prototyped with many parallel wires, i.e. ‘‘strands
in hand’’. The top turns of the coils, which are closer to
the airgap and are identified in red in the Fig. 20, expe-
rience the highest eddy current losses, as expected. These
losses could be further reduced using thinner wire and
advanced winding technology, as employed for high volume
manufacturing.

A hybrid approach such as observations from the exper-
imental tests and 3D and 2D FEA simulations were used

FIGURE 21. Loss components calculated by 3D and 2D FEA.

to determine the loss components. The 3D FEA simulations
have been performed to evaluate the core losses associated
with the rotor, stator, and eddy current losses in the PMs.
2D FEA simulations have been performed to determine the
eddy current losses in the windings. Joule losses or copper
losses of the winding were determined from the experimen-
tal test results. The conductors in the 2D schematic have
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been arranged in a specific sequence of series and parallel
combinations in identical with the winding structure of the
OFLP. The conductors nearby stator core segments experi-
ence higher skin effect due to more flux linkages and hence
higher inductance. Skin effect was less dominant in the
conductors nearby airgap and hence distribution of current
improves. The loss components at different operating points
have been reported in table 3 and Fig. 21.

VI. CONCLUSION
The electric motor design proposed in this paper has mul-
tiple advantages, including topology suitable for enhanced
direct coil cooling, construction for modular manufacturing,
winding with separated phase coils and inherent fault tol-
erance, high-speed operation capability, and a wide speed
range with a constant power speed ratio of at least 3:1. The
optimal design study for electric vehicle traction applications
indicates that very high-power density for the 50kW/L target
may be indeed achieved provided that the electromagnetic
configuration is supported by advanced winding technologies
and effective cooling techniques.

The DQ frame model that has been established for the
proposed machine and the equivalent circuit parameters iden-
tified through a minimum number of experimental tests
indicate non-saliency characteristics with equal d and q
inductances (Ld = Lq). The sinusoidal shape of the back
EMF that has a very low harmonic content has been validated
through open-circuit tests. Static torque tests at different
current loadings and variable rotor position have shown no
reluctance torque component, a characteristic specific to non-
salient machines. Further parameter identification and power
loss studies were performed on generator unity power factor
tests. The results of the experimental observations and FEA
simulations were in close agreement and provide a basis
for ongoing optimization studies and vector control drive
developments.
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