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Abstract—This paper studies motors that are part of a gen-
eral class of synchronous machines with stator-only excitation
including those that may be referred to in recent literature as of
the flux switching, variable flux reluctance, or hybrid excitation
type. In the studied example machine, the active stator has
circumferentially magnetized spoke-type PMs and concentrated
toroidal coils for improved slot fill and shortened end turns. A
systematic analysis of the mmf produced by the toroidal coils
in the stator and open-circuit airgap flux is developed to define
feasible polarities of this synchronous motor and to establish
that the dominant pole pair number is a consequence of the
number of rotor protrusions. Several methods are employed
for determining the d- and q-axes inductances and it is shown
that the machine displays a non-salient behavior despite its
castellated rotor. Analytical calculations and the 2-D FEA results
are validated using experimental results obtained from the motor
prototype.

Index Terms—Parameter identification, synchronous motor,
flux intensifying machine, active-stator, permanent magnet (PM)
machine, d- and q-axis inductances, castellated rotor, spoke-type
PM, finite element analysis.

I. INTRODUCTION

In recent years, there has been a surge of interest in the de-
velopment of specialty high-power dense motors with perma-
nent magnets (PMs) for applications where space and weight
constraints are critical [1], [2]. In electric vehicles (EV), for
example, approximately 80 - 90% of currently deployed EV
traction motors employ rare-earth permanent magnets (PM)
owing to their high coercivity, thermal characteristics, and high
energy product (BH) max [3], [4].

The growing concerns about the availability and geopolitical
risks associated with rare-earth permanent magnets (PMs)
have spurred increased research and innovation in alternative
materials for electric motor applications. Non-rare earth PMs
and innovative PM materials such as iron nitride PMs are being
explored for long-term sustainable development of PM motors
[5]–[8]. One consequence of employing non-rare earth PMs is
a reduction in the energy product relative to rare-earth PMs,
potentially reducing overall power density.

Specialty topologies such as the “spoke” type interior per-
manent magnet (IPM) configuration can increase magnetic
loading to enhance specific power capability and magnetic
loading with non-rare earth PMs. A specialty spoke-type syn-
chronous machine with radially oriented and tangentially mag-
netized PMs has been proposed prior to allow for increased

specific power with non-rare earth PMs. This topology can be
utilized in conjunction with, for example, flux barriers in the
q-axis [9], special stator tooth profiles [10], and high-polarity
fraction slot pole combinations [11] for further performance
improvement.

Demagnetization risks associated with PM overheating and
the effect of the armature field can be addressed by imple-
mentation of effective stator-only cooling with PMs placed in
a flux-focusing “spoke” arrangement in the stator alongside
the armature windings [12], [13]. Also, the positioning of all
active elements in the stator allows for a simple reluctance-
type rotor capable of high-speed operation.

The proposed machine is of the synchronous type with an
AC multi-phase winding in the stator fed with sine wave-
regulated currents. The excitation is provided by the com-
bination of stator PMs and rotor reluctance as described in
subsequent sections. This machine has a special winding with
toroidal compact concentrated coils effectively corresponding
to a fully-pitched distributed winding with the advantages of
reduced losses from shortened end turns and overall compact
design for high power density [14].

In this paper, investigations into the topology, operating
principle, effects of non-linearity, and parameterization of a
synchronous motor are carried out using theoretical formula-
tions, harmonic analyses, FEA, and results from experimental
tests [15].

II. MOTOR TOPOLOGY, DESIGN, AND OPERATING
PRINCIPLE

Operating principles for machines with hybrid excitation can
be derived through analysis of the topology and application
of phenomenological analysis. The example studied machine
has an active outer stator that contains circumferentially mag-
netized PMs, concentrated toroidal windings for improved
copper slot fill and reduced losses due to shortened end turns,
and a castellated consequent pole rotor as shown in Fig.
1a. It can also be modeled in an outer rotor configuration
which enables flux intensification through an increased flux
concentration ratio by using longer PMs in the inner stator.
The absence of active elements in the castellated rotor allows
for high-speed operations and application of advanced cooling
[16].
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Fig. 1. (a) Finite element analysis (FEA) model of studied synchronous motor showing mesh, flux lines, and densities, (b) 3D model of proposed PM motor
with active outer stator and castellated rotor, and (c) the constructed prototype of the synchronous motor.

Assuming infinite permeability in the rotor in the direction
of the green arrow such that the concept of a half airgap is
associated with the stator and the other half associated with
the rotor as shown in Fig. 2, a study of the stator and the
mmf field produced by the armature windings provides insight
into the polarity and working slot-pole combinations of this
synchronous machine. The stator permeance, Λs, considering
the slots, PMs, and teeth positions starting from the reference
axis as shown in Fig. 2 can then be quantitatively summarized
in:
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where θ is the angular displacement along the stator periphery,
βk, βPM , and βst are the angular coordinates of stator slots,
PMs, and teeth respectively. All angles are in mechanical
radians. Minimum values of permeance denoted by Λkmin

and
ΛPMmin correspond to the maximum airgap under the slots
and PMs respectively, while the maximum permeance, Λstmax ,
corresponds to the minimum airgap under the stator teeth.

Considering Nck conductors in a slot k located at an angular
coordinate θk measured in mechanical radians, the linear
current density produced at the airgap can be expressed as:

{
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where βk is the angular slot opening, ik(t) is the current
flowing through the conductors and D is the stator diameter
at the airgap surface. all angles are measured in mechanical
radians [17].

If all slots are considered to have the same slot opening,
the air gap mmf for phase A is given by the summation of all

slot contributions such that:
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where v is the harmonic order, Nsk is the total number of
series conductors in slot k, Tph is the number of series turns
per phase, Zl is the number of stator slots, kwv is the harmonic
winding factor, and kov is the overall slot opening harmonic
factor which reaches the unity value for infinitely thin slots
[17].

Using the forward and backward wave theory, for an m-
phase symmetrical system with p pole pairs, the total air gap
mmf produced can be obtained as:
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where kfv,bv are the forward and backward coefficients:
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Fig. 2. Linear half-airgap model of studied motor showing 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 airgap.

Fig. 3. The plot of overall mmf Fa,b,c(θ, t) and its harmonic decomposition
showing 10 and 14 as feasible pole pair numbers for this example 24-slot
3-ph synchronous machine with AC toroidal windings.

Using (3)-(8), the overall mmf produced by the 3-ph AC
toroidal coils in this machine can be obtained as shown in
Fig. 3 and its harmonic analysis shows 10 and 14 are feasible
pole pair numbers for this 24-slot example machine. Also,
the toroidal 3-phase winding is equivalent to a full-pitched
winding with a unity winding factor.

The specific relationship between the number of rotor poles,
stator slots, and armature poles is established as:

n
Zl

m
= ±2Npr ∓

Zl

2
, (9)

where n is an integer not divisible by 3, preferably 1 or 2, and
Npr is the number of rotor protrusions which is typically 5 or
7 for this 3-phase example machine [13].

Considering the modulus of the airgap flux density in a slot-
less stator with only PMs and a castellated rotor as shown in
Fig. 4a, where the PMs are modeled very thin to separate
their effect, i.e., slot opening of PMs on the open circuit
airgap field and its harmonics, it can be observed that for

(a)

(b)

Fig. 4. Modulus of the airgap flux density calculated based on the radial and
tangential components for the computational model with (a) very thin magnets
and castellated rotor showing 14 as the dominant/principle pole pair number
despite the 6-pole pair PM mmf, and (b) PMs, toroidal AC coils, stator, and
castellated rotor illustrating that the largest harmonic component is the 14th.

this example machine despite the 6-pole pair PM mmf, the
dominant pole pair number is 14 due to the rotor. A further
study of the modulus of airgap flux density and its harmonic
considering stator, 3-phase AC windings, PMs, and rotor in
an energized state as shown in Fig. 4b establishes 14 as the
principal number of pole pairs for this example synchronous
motor consequent of the number of rotor protrusions, Npr.
The operational principle of this machine is based on parallel
path magnetic technology and considerations for design and
manufacturing are discussed in more detail in [14], [16].

III. D-Q ANALYSIS, NON-LINEARITY, NON-SALIENCY,
AND EXPERIMENTAL RESULTS

The direct and quadrature axis inductances have a significant
impact on the torque-producing capability and flux control of
permanent magnet synchronous machines [18], [19]. These
inductances also affect the efficiency and power factor of
the machine and are useful for creating analytical models of
electrical machines. There are different methods to calculate



Table I
SPECIFICATIONS AND MAIN DIMENSIONAL PROPERTIES OF THE STUDIED

THREE-PHASE 28-POLE PM MOTOR PROTOTYPE

Parameter Value Unit

Rated power 100 kW
Rated speed 3,000 rpm
Airgap 0.5 mm
Stator outer diameter 235 mm
Stack length 127 mm
Active mass 42 kg
No. of rotor protrusions 14 –
No. of coils per phase 4 –
No. of turns per coil per phase 6 –

the values of d- and q-axes inductances [10]. The induced
voltage, V , in a permanent magnet machine can be related to
the back-EMF, ωλpm, and machine parameters, including the
winding resistance, Rs, the inductance of the direct axis, Ld,
and quadrature axis, Lq , and the direct and quadrature axis
currents Id, Iq . From the phasor diagram of PM machines, a
relationship can be obtained as:

Vd = RsId − ωLqIq, (10)

Vq = RsIq + ωλpm + ωLdId, (11)

V = Vd + jVq, (12)

and the current of the motor is given as:

I = Id + jIq. (13)

Utilizing FEA, the values of induced voltage, back-EMF,
and phase current along with their phases can be determined.
With currents applied to the d- and q-axes, the aforementioned
equation provides the reactance for these axes, enabling the
calculation of the corresponding inductances.

A second approach for the calculation of the inductances
is the use of the Park transformation (PT ), such that the self
(e.g. Laa) and mutual (e.g. Lab) inductances of the three-phase
windings are obtained from the FEA. A Fourier analysis of
the inductance profiles then provides expressions for self and
mutual inductances given by:



Laa(θ) = Lsa + Lsv cos(2θ)
Lbb(θ) = Lsa + Lsv cos(2θ + 2π/3)
Lcc(θ) = Lsa + Lsv cos(2θ − 2π/3)
Lab(θ) = −Lma + Lmv cos(2θ − 2π/3)
Lbc(θ) = −Lma + Lmv cos(2θ)
Lca(θ) = −Lma + Lmv cos(2θ + 2π/3)

, (14)

For a matrix of these inductances, Labc, the d- and q-axes
inductances can be calculated by:

Ldq0 = PTLabcPT
−1. (15)

Fig. 5. The lack of saliency and hence no reluctance torque is shown through
analysis of the electromagnetic torque and induced voltage using FEA.

Fig. 6. Torque and torque constant vs. the current density, to show the effect
of the non-linearity as a result of the armature current. Torque and torque
constant are normalized based on the peak torque at the maximum current
density.

The values for d- and q-axis inductances using the first
method are 123.9µH and 125.8µH, and using the second
method are 125.1µH and 124.6µH, respectively. The absolute
percentage difference in the results of these methods for d- and
q-axes inductance values is 0.9% for both cases. With nearly
equal d- and q-axes inductances in this machine, according to:

Te =
3

2
p [λpmiq + (Ld − Lq) idiq] , (16)

the reluctance component of the torque is negligible. This is
confirmed by a sweep of the electromagnetic torque and volt-
age curves obtained from the 2-D FEA model with increasing
current angle as depicted in Fig. 5. Therefore, the concept of
an equivalent large airgap can be applied to this machine due
its non-salient behavior despite its reluctance rotor. This hy-
pothetical simplification can reduce the complexity of analysis
and design for machines with this property allowing the use
of standard analytical methods developed for uniformly-gaped
machines [9], [20], [21].

There is a non-linearity in the torque constant and torque
of the studied machine as a result of the interaction between
the PM and armature reaction excitation fields. The non-linear



Fig. 7. Comparison of experimental and FEA results for the phase voltage
of the PM prototype showing good correlation. The phase voltage values are
shown for one electric period and rotor speed of 5,000rpm.

Fig. 8. A plot of the static torque with increasing phase currents. The three-
phase windings are connected in a star configuration. DC current is applied
to the windings such that it is equal to the peak of the AC current applied in
simulations.

behavior and saturation can be observed in the normalized
torque and torque constant curves as shown in Fig. 6 at very
high values of current density.

The prototype for the studied machine has been fabricated
as shown in Fig. 1c and its performance is further evaluated by
comparing results obtained from 2D FEA analysis with those
from experimental tests. The back-EMF for one phase shown
in Fig. 7 was obtained by testing the prototype in open circuit
condition while the results of static torque measurements at
various phase input currents are shown in Fig. 8.

High-efficiency performance is possible as seen from the
measured values obtained at high operating temperature in Fig.
9. Overall, a good correlation is obtained between 2D FEA
and experimental results for this machine which confirms that
the FEA model is an accurate representation of the prototype
under investigation.

IV. CONCLUSION

The general theory for machines with hybrid excitation is
developed using mathematical formulations and 2D FEA. The
mmf of toroidal windings which cannot be explained through

Fig. 9. Measured efficiency map of the prototype machine at high operating
temperature.

the conventional mmf theory approach is developed and an-
alyzed to reveal the feasible polarities of this synchronous
machine. The harmonic decomposition of the open-circuit
airgap flux confirmed that this machine’s dominant principal
pole pair is a final consequence of the selected number of rotor
protrusions.

The studied motor topology shows non-linearity at very high
values of current density due to the interaction of PM and
armature fields as well as a non-salient behavior despite its
castellated rotor resulting in an equivalent constant air gap.
Furthermore, experimental results obtained from the motor
prototype show a good correlation with those obtained from
FEA thereby validating the analytical model.
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