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Abstract—Recently, parallel flux switching machines
(PFSM) have come forward as a promising candidate
Jor hybrid and electrical truck applications due to their
high power density. Torque calculations, i.e cogging and
electromagnetic, are important features of these machines.
However, they require a finite element model (FEM) with a
long simulation time, especially for transient analyses. This
paper explains how the simulation time can be minimized
by employing a torque superposition principle.

Index Terms—Cogging torque, electromagnetic torque,
parallel flux switching, superposition principle.

I. INTRODUCTION

In the coming years, electrical vehicles will take their
place in the automotive market as a result of the
desire to increase sustainable transportation solutions
[1]. Before mass introduction of electrical vehicles, a
transitional period will take place where hybrid cars
will dominate the market. To date, most of the research
and development has been devoted to passenger cars.
However, a very important application area has attained
significantly less attention, namely the truck industry.
These applications are usually investigated from an
energy storage and/or management point of view, with
very little attention to the traction motor [2]- [5].
Although an improved efficiency arguably does add very
little to the total power train efficiency, it does minimize
the heat generation of the electrical machine which either
reduces the thermal stresses (increased lifetime) or the
required volumetric envelope (increased torque density).
Typical traction motor topologies used by the automotive
industry today are three-phase asynchronous machines,
however slowly these are replaced by permanent magnet
synchronous machines (PMSM) and switched reluctance
machines (SRM) mainly due to their advantages
in torque density and efficiency. Considering the

heavy-duty transportation industry, e.g. delivery trucks
with in-wheel traction machines, there is a recent trend
to search for alternatives which are even more efficient
in terms of power and volume. Especially for in-wheel
traction machines, it is an important issue to keep a
balance between the unsprung mass and efficiency [6].
Parallel flux switching machines (PFSM) try to provide
a solution by combining the advantages of the PMSM
and SRM.

Due to the nonlinear characteristics of this class of
machines, see Section 2, it is time consuming to
determine the key electrical machine design parameters.
To date, FEM seems to be the only used method [7]-
[9]. However it takes a long calculation time, especially
for transient analyses, which is already necessary for
a simple torque calculation. An alternative is the
superposition principle, as proposed in this paper, which
is applied for the first time to this class of machines.

II. PARALLEL FLUX SWITCHING MACHINES (PFSM)

The PFSM is a comparably new electrical machine for
the automotive sector. The classification of this machine
is not straightforward. Energy sources are placed in
stator, instead of traditionally separate frames as used
in Brushless DC machines (BLDC). Like in BLDCs,
PMs as well as excitation windings are used as flux
sources. They should guide the flux in such a way
to minimize the equivalent reluctance and maximize
torque. Although from a construction point of view
PFSM mainly resembles SRM, however if a sinusoidal
(armature) current is regarded the PFSM can also
be classified as a Brushless PM AC motor (BLAC).
The main difference between BLAC and PFSM is the
mechanism responsible for the flux polarity switch [10].
For the BLAC there is only one mechanism, which is
the change of rotor position from N to S pole, and for
the PFSM there are two mechanisms corresponding to



zero armature flux linkage, PM-rotor tooth and PM-rotor
tooth slot alignments as seen in Fig. 1.

With the absence of energy sources from rotor, the need
for brushes is eliminated. Additionally, PFSM has the
theoretical advantage of high speed capability together
with a high torque density. Although, currently there is
no data available in literature for the PFSM regarding the
torque density values, it must be noted that the torque
density levels compared to PMSM could be slightly
lower due to the decreased armature winding space.
However, the copper loss is up to four times lower than
compared to a standard machine with the same size and
with an increased iron loss [11].
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Fig. 1. Zero flux linkage positions of the PFSM (a) PM - rotor tooth
alignment (b) PM - rotor tooth slot alignment.

It was mentioned that the excitation field can be
produced either with field windings or PMs. On one
hand, with the use of field windings high material costs
and attraction forces due to the PMs can be avoided
and additionally a field control would be possible. On
the other hand, extra costs could appear due to the
increased energy use, power electronics, control, and
thermal issues. If efficiency wants to be maximized, the
excitation field is most likely to be supplied by PMs,
where the material selection is crucial for automotive
application. In general, rare earth magnets have higher
energy density compared to cheaper ferrite magnets,
which results in a higher excitation flux per meter
axial length and lower magnetic reaction (assuming
a constant current). However if the flux weakening
mode is regarded, more current density is required to
achieve the same flux output for rare earth magnets due
to low armature reactance [12]. Although the method
proposed in this paper is applicable for both field creation
techniques, for understanding purposes, the focus is

Fig. 2. Conceptual design of a 12/10 pole FSPMM.

set on the flux switching permanent magnet machine
(FSPMM) as the representative of the PFSM class. The
cross section of the machine is presented in Fig. 2.

/ | A. Working Principle

For an AC machine operation, there has to be a
rotating magnetic field, which can be represented as
following:

B = Bz - ejwt’

)

with w angular speed of the energy source.
The rotating magnetic field can be decomposed into
two alternating fields with a 90° shift:

2)

This basic principle is also valid for the PFSM. One
of the two necessary alternating fields is created by the
PMs (or DC windings). Although PMs are stationary, due
to the rotation of the rotor, armature flux changes both
in its amplitude and polarity. This results in a bipolar
flux linkage between stator and rotor. Consequently, the
bipolar flux creates an alternating field in the armature
windings. This field is orthogonal to the alternating
field in the armature windings, which is created by the
sinusoidal AC current.

In order to show this relationship more clearly, the
machine can be represented with simple elementary
cells in rectangular coordinates due to the high number
of stator/rotor pole combination. The stator consists
of twelve elementary cells with an example given in
Fig. 3, whereas the rotor of ten identical cells. The basic
principle of flux switching in one elementary cell occurs

Bimaz - €t = Bias - (coswt + jsinwt).
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Fig. 3.  Working principle of the FSPMM on the elementary cell.

due to the movement of the rotor. As shown in Fig. 3, the
flux lines switch direction in the next rotor position. The
resulting bipolar flux linkage is the phase flux linkage
of the coil which surrounds the PM.

This bipolar flux linkage gives an increase in the
energy utilization, which depends on the total change
of the armature flux linkage. The increased energy use
inside the machine occurs, because each coil in one
elementary cell spans one of the alternating poles and
a pair of laminated stator teeth. For rotary machines,
this leads to a parallel magnetic coupling of energy
sources (magnets and coils for the FSPMM); therefore
the machine class is referred as parallel flux switching
machine. Additionally, the placement of magnets leads
to a prebiased structure, resulting the motor to start-up
directly at saturation of the soft magnetic materials
B-H curve (umqee) and operating continuously near
the saturation region. This point in the soft-magnetic
material magnetization curve represents the maximum
change in co-energy (85/‘9/“), resulting in a high starting
torque. However, it must be noted that saturation limits
the applicable (semi-)analytical modeling approaches,
since it introduces a highly nonlinear behaviour [15].
The effect of saturation will be discussed in section 3
more detailed.

B. Machine Comparison

A general comparison among different machine classes
is presented in Table 1 [16] with the cross sections shown
in Fig. 4. In this table, two different types of PMSM
are considered, the double salient permanent magnet
(DSPM) and BLAC machine. The main difference
between these subclasses is the placement of the PMs.
On one hand the PMs are located in the stator back iron
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Fig. 4. Compared machine topologies.

of the DSPM similar to the FSPMM structure. On the
other hand, they are placed in the rotor part for the BLAC
machines leading to a lower speed operation due to the
increased rotor inertia.

The operation of an electrical machine can be
represented in a voltage-current, flux-current or
torque-speed characteristic, i.e. energy conversion
loop of the machine’s operation. Electrical machines
motoring in forward direction with unipolar phase
flux linkage operate only in the first quadrant of the
voltage-current characteristic. Some machines (e.g.
DSPM) also make use of the second quadrant, where
they can brake additionally in forward direction due to
the bipolar current capability. The bipolar phase flux
linkage enables the FSPMM and the BLAC machine
the benefit to use all four quadrants of the energy
conversion loop, which is the reason for the high energy
utilization.

As mentioned before, the significant advantage of the
FSPMM is that the PMs are situated in the stator
instead of the rotor, which leads to a relatively low
demagnetization probability compared to the PMSM
(e.g. Brushless AC). Additionally, since the rotor is
composed only of laminated ferromagnetic material, it is
easier to construct and the machine requires less volume
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TABLE 1
COMPARISON OF MACHINE TYPES USED IN AUTOMOTIVE
INDUSTRY

| SRM | DSPM | BLAC | FSPMM

Flux Unipolar | Unipolar | Bipolar | Bipolar
Linkage
Energy Coils Coil + | Coil + | Coil +
Source Magnet Magnet | Magnet

in stator | in rotor | in stator

back iron teeth

faces
Speed Time Time PM Time
Depend. const. const. mount. | const.
Rotor Low Low Medium | Low
Inertia / High
TABLE II
LIST OF SYMBOLS

T | Torque N m
W Energy J
r | Radial position (normal direction) m
6 | Angular position (tangential direction) degree
z | Axial position (longitudinal direction) m
A | Relative position between stator and rotor | degree

giving a higher torque density. In flux weakening mode,
the machine is capable to reach relatively high speeds,
such as up to 50.000 rpm for a single phase 3 kW
machine with a 30 mm rotor diameter [11].

III. TORQUE CALCULATIONS

In this section, the following parts explain the logic
leading to the machine model reduction using the
superposition principle.
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Fig. 5. Cogging torque comparison for the nonlinear and linear
cases for only 2 periods.

Fig. 6. Magnetic flux density distribution inside FSPMM in the
presence of only two alternate teeth.

A. Saturation Effect

In sections 1 and 2, one important aspect of the PFSM
was mentioned, i.e. highly saturated nature. Based on
the presence of this characteristic, two different cases
are created for the FSPMM example, the linear and
nonlinear. Because there is an expected difference in the
electromagnetic torque, the first emphasize is given to
the cogging torque for the comparison.

In order to show it more clearly, only two periods
of cogging torque are investigated for both linear and
nonlinear cases in Fig. 5. There are two significant
differences: The resulting graph from the nonlinear
case clearly shows less fluctuations and exhibits higher
maxima in both directions.

As for the first difference, for one total electrical cycle
of 360°, there are 6 torque periods for the nonlinear
case where a nonlinear B-H curve characteristic is
considered. The periods correspond to the rotor tooth
tip-stator tooth tip alignments during the rotor’s 36°
mechanical movement. Due to the pre-biased structure
of the machine, the rotor pole number of the FSPMM
corresponds to the rotor teeth number, which are in
a sense analogue to the PMs in a BLAC machine.
This pre-biased structure causes the FSPMM to operate
around the knee point of the soft magnetic material’s
B-H curve.

B. Implementation of Superposition Principle

Saturation in the teeth tips shown in Fig. 6 causes the
difference in the number of oscillations within the same
periodicity of cogging torque. The oscillation clearly
decreases in the nonlinear case due to the saturation,
while a periodicity of 60° electrical is kept constant. To
investigate this decrease in oscillations, the analysis of
the whole machine is reduced to the torque calculation



Fig. 7. Open-circuit flux distribution inside FSPMM in the presence
of only one tooth.

Fig. 8. Open-circuit flux distribution inside FSPMM in the presence
of only two alternate teeth.

acting on a single tooth. The idea is to calculate the total
torque of the machine using the superposition principle
presented in [13], where this principle was applied to the
PMs in the rotor of a BLAC machine.

In general, torque expression can be expanded in the
following series:

o0
T =) T;sin(iNAy),
=1

3)

where NV is the least common multiple between the stator
slot number and pole number, 7; is the amplitude of
the 7% harmonic, and Ay the mechanical angle between
stator and rotor [14]. For the FSPMM, the pole number is
the equivalent of the rotor teeth number. The periodicity
of torque is 360/N in electrical degrees, which gives 6

periods for the investigated 12/10 pole machine for one
electrical cycle.

For the implementation of the superposition method,
two different approaches are regarded regarded: one
tooth and two teeth methods. In the first one, the rotor
geometry is reduced from ten to one tooth, as illustrated
in Fig. 7. Following the results, which will be discussed
in next section, the tooth number is increased to two
teeth, as illustrated in Fig. 8.

IV. RESULTS

The superposition method can be applied both to
analytically derived and numerically solved torque
calculations. If we consider the numerically derived
results from FEM in Fig. 9 for one tooth, it shows that
this is not satisfactory yet due to the fractional 12/10
pole combination of the investigated machine. Fig. 10
explains the reason for this result, where harmonic
spectrum of the superposition methods used are shown.
The one tooth approach does not follow quite the
harmonic pattern of the machine torque with ten teeth.
The non-integer ratio causes that not all the harmonics
from the investigated one tooth approach contribute
to the superimposed result. The peak in the harmonic
spectrum is reached at 400 Hz, as expected. For one
electrical cycle of 360°, the machine has to rotate
physically 36° with a speed of 400 rpm. Therefore,
it takes 0.015 s. until all the samples (cogging torque
values) for the fast Fourier transform are calculated.
Because the torque period is 60° electrically, it is
0.015/6s, which results accordingly the 400 Hz torque
frequency. The harmonic analysis is realized using Fast
Fourier Transform with a sampling frequency of 6666 Hz
and a number of 100 samples. Due to the rules of
signal processing, not to lose any information during
transformations, the harmonic spectrum ends at the half
of the sampling frequency.

Following the unsatisfactory results from the one tooth
method, the approach is extended to the two alternate
teeth. The advantage of this approach is that a return
path for the flux lines is defined to derive more realistic
results. These flux lines can be seen clearly in the open
circuit distribution of Fig. 8, compared to Fig. 7.

In the two teeth approach the numerical torque results
are superimposed instead 36° over 72° mechanical
movement due to the relative position of the rotor teeth.
The results in Fig. 9 for the two teeth approach clearly
show an agreement for the cogging torque in (a) and
match perfectly with the rated torque output resulting
from the electromagnetic torque in (b).

All the FEM simulations with the one tooth and two
teeth models are realized using the full machine model.
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Fig. 9. Verification of superimposed torque calculations from one
tooth and two teeth for a) open-circuit analysis in the nonlinear model
and b) armature reaction analysis in the nonlinear model.
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Fig. 10.  Harmonic analysis of the cogging torque for the one
tooth and two teeth superposition methods together with the nonlinear
machine behaviour.

It is not possible to construct a half model with these
properties due to the boundary condition problems. If the
simulation time for torque calculation is compared with
the proposed method (FEM+Matlab code) to the FEM
only results, a decrease of approximately three times is
achieved.

V. CONCLUSIONS

Flux switching machines are a very promising alternative
to existing traction machine in the automotive industry.
Their prebiased structure due to the placement of
magnets into the stator leaves the rotor part suitable
to reach higher speeds (only limited by rotor surface
speed). In order to explain its advantages more precisely
and prevent confusion, a separate section in this paper is
devoted to the explanation of the working principle of the
PFSM. Additionally a comparative analysis to alternative
machine topologies has been presented for variable speed
applications.

Due to the double salient structure and nonlinearities of
the FSPMM, most researchers in this area prefer FEM
for the investigation of this machine. The regarded 12/10
pole FSPMM exhibits only half machine periodicity
resulting in a large FEM model and consequently long
computation time, especially in the transient 2D analysis
for torque calculations. This paper proposed to simplify
the machine model geometrically using the superposition
principle for torque calculations, which resulted in a
dramatic decrease of the total simulation time for the
transient analysis.

A detailed analysis of the cogging torque inside
the FSPMM is given. The analysis of the different
behaviours for the linear and nonlinear cases, provided
the idea of using the superposition principle for fast
torque estimation for this class of machines. After
careful consideration of two proposed techniques, one
tooth and two teeth approach, it was decided that the
latter one gives more satisfactory results due to the
closing of flux paths. The proposed technique is not only
suitable to be used in conjunction with the proposed
numerical technique but also with (semi-)analytical
modeling techniques. The machine model is simplified
in the rotor geometry as two teeth instead of ten, which
saves a lot of computational time.
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