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Abstract—Permanent Magnet Synchronous Machines (PMSMs)
are commonly employed in applications demanding a high specific
power. To achieve high specific power values, a high pole pair num-
ber PMSM with very thin yokes can be built. Such a design leads to a
high operating frequency. At high operating frequencies, AC losses
can more than double the DC losses if solid hairpin technology or
traditional bunches of nontransposed round enameled wires are
used in the stator windings of machines with a considerable power.
Against this negative effect, the emerging Litz wire coil technology
with prefabricated coils can be used. In this study, firstly, alternative
stator slot geometries required when using prefabricated Litz wire
coils are evaluated. A symmetric semi-closed slot is not suitable for
inserting such prefabricated Litz wire coils into the stator slots.
Instead, an asymmetric semi-closed slot can be used, and it may
even offer a better performance than the symmetric open slot. After
showing that the asymmetric semi-closed slot provides a better
performance, it is investigated how this asymmetric stator slot
geometry can be used beneficially. The findings were first studied
with finite element analysis (FEA) and then experimentally verified
on a high-specific-power machine.

Index Terms—Asymmetric stator geometry, high-torque density,
Litz wire, permanent magnet synchronous machine (PMSM).

I. INTRODUCTION

P ERMANENT magnet synchronous machines (PMSMs)
are widely used in various applications owing to their

advantages, such as high specific torque, high reliability, high
efficiency, wide operating speed range, and high overload capa-
bility [1]. They are used, especially, in smaller size applications
where the power output is important, e.g., in road vehicles and
more electric aircraft. High-speed electrical machines (HSEMs)
are popular in applications that require a mass and volume
reduction, because their active volume is mostly related to the
rated torque. For a given power, torque can be reduced by
increasing the rotational speed. The low mass of a high-speed
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motor is a key factor in mobile applications, and therefore, a
high number of pole pair numbers is favored to make the motor
lightweight. Such a motor, however, needs a converter capable
of providing a high output frequency [2], [3], [4], [5]. In the
context of high-speed applications, the mass of the motor is
considered differently in industrial drive systems and in mobile
applications. In industrial drive systems, mass is not a major
concern and a low number of pole pairs is favored, resulting in
a heavy machine but with a moderate electrical frequency. In
mobile applications, a low mass is a priority, and thus, PMSMs
with increased pole pair numbers are used to make the motor
lightweight. In theory, an infinite number of poles results in a
yokeless machine.

To achieve a high specific power, it is crucial to not only
increase the rotational speed but also attain a high specific torque.
In recent years, as a result of developments in magnetic materials
and the wide bandgap (WBG) power electronic switches, it is
possible to run machines with a very high fundamental fre-
quency. A high number of poles can lead to a high specific torque
but, at the same time, the motor operating frequency rises, and
at high operating frequencies, both the iron loss density and the
Joule losses increase. The AC losses can easily more than double
the DC losses if solid conductors, such as hairpin technology or
a traditional bunch of nontransposed round enameled wires, are
used in the stator windings of machines with a considerable
power [6]. The Litz wire coil technology has been adopted to
counteract this negative effect [7]. A prefabricated Litz wire
coil is manufactured outside of the machine [8]. Therefore,
it poses a challenge to assemble prefabricated Litz wire coils
into semi-closed stator slots. Moreover, it is not possible to
place such prefabricated Litz wires in traditional symmetric
semi-closed stator slots. This will be shown in the following sec-
tions. Thus, there are only two practical alternatives: asymmetric
semi-closed slots and symmetric open slots. In this study, firstly,
a comparison of the alternative feasible stator slot geometries is
discussed.

On the other hand, it should be noted that an asymmetric struc-
ture is not only applied for the sake of structural/manufacturing
needs but also to improve the machine performance. Asymme-
tries may also result from manufacturing tolerances or varia-
tions [9], [10], [11]. The effect of asymmetry on radial and
tangential stresses, torque pulsations, and unbalanced magnetic
pull caused by imbalances in the air gap were analyzed ana-
lytically and by using Finite Element Analysis (FEA). These
findings were further verified through experimental testing in the
given studies. In addition to these studies, asymmetry has long
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been used in industry to improve the performance of certain
electrical machines. Asymmetric rotor and stator designs are
common in various types of electrical machines, such as univer-
sal motors and DC machines, for improved commutation [12],
in single-phase brushless permanent magnet (PM) machines for
an optimized torque profile [13], in squirrel-cage asynchronous
motors for sensorless control [14], and in switched-reluctance
machines for enhanced torque characteristics [15].

The rotor or stator geometry can be optimized through asym-
metry to achieve the desired torque performance [16]. Asymme-
try in a PMSM can be divided into several categories in the rotor
or stator parts. The first of these is skewing or step skewing of the
magnets in the rotor [17]. Skewing helps to minimize cogging
torque, torque ripple, and back-EMF harmonics by suppressing
harmonics with counter harmonics generated in other parts of
the motor. Although skewing can reduce the harmonics of the
torque ripple, cogging torque, and back-EMF, it also reduces
the fundamental of the back-EMF and the average torque [18].
Another way to achieve a beneficial asymmetry is to modify the
geometry of the hard [19] or soft [20] magnetic material used in
the rotor. Optimization of the geometry of the magnetic material,
i.e., permanent magnets or steels, suppresses the undesired air
gap flux density harmonics.

Symmetric and asymmetric stator slots are compared in [21]
to investigate the electromagnetic performance of a PMSM.
According to the results, properly designed asymmetric stator
teeth result in a higher fundamental flux density in the air gap,
and therefore, a higher average torque. They also provide a lower
torque ripple, a lower cogging torque, and less harmonics in
the air gap flux density distribution. The rotor or stator teeth
can also be modified to minimize variation in synchronous
inductance under different operating conditions [22]. Modifying
the magnetic core can enhance performance in high-specific-
torque machines, where local saturation at nominal load results
in synchronous inductance variation. Some examples of other
asymmetries are unequal tooth tips [23], [24], and shifting of
the slot opening [25], [26] and the permanent magnets [27],
[28].

Reduced permeance, accompanied by the saturation of tooth
tips, may lead to a decrease in the magnetic flux. Depending
on the torque direction, the tooth tips on one side of the tooth
conduct more flux than those on the other side, causing asym-
metric saturation within the stator core. This change necessitates
a heightened armature reaction and an increased flux linkage to
maintain a constant flux linkage when the voltage remains the
same. In theory, reducing the inductance when operating in a
certain torque direction should increase the overload capability
in that direction if the back-EMF is not affected. However, the
reduction of synchronous inductance as a result of the increased
magnetomotive force (MMF) often also leads to a decrease in
the fundamental back-EMF, which has a negative impact on the
torque as a function of applied current. Further investigation is
needed to understand the impact of tooth tip saturation on the
synchronous inductance and the overall torque performance. In
the case under study, the use of an asymmetric structure was
mostly required for manufacturing reasons. However, the impact
of an asymmetric structure on electromagnetic performance is

Fig. 1. Types of a possible stator slot geometry in an outer-rotor PMSM:
(a) symmetric semi-closed slot, (b) symmetric open slot, (c) asymmetric semi-
closed slot (clockwise (CW) and counterclockwise (CCW) are indicating torque
directions).

investigated in detail, and it is discussed that the possible use of
asymmetric tooth tips may be preferred not only for manufactur-
ing reasons but also in terms of electromagnetic performance.

In this study, firstly, a performance comparison between sym-
metric and asymmetric stator geometries is made. Following
the comparison, the reasons for using asymmetric stator tooth
tips are explained. The proposed asymmetric stator tooth tip
geometry is analyzed in the FEA considering different torque
directions. In order to validate the simulation results, a test
machine is prototyped with the proposed asymmetry. The paper
is organized as follows. Section II outlines the reasons that lead
to local saturation in the stator core and discusses the possible
stator teeth geometries in a PMSM with a tooth-coil winding.
Section III describes the FEA model and discusses the FEA
results. Section IV addresses the test setup and the experimental
results.

II. ANALYSIS OF LOCAL SATURATION AND STATOR TEETH

GEOMETRY IN A PMSM WITH A TOOTH-COIL WINDING

To enhance the specific torque and power of electrical ma-
chines, attention is turned to PMSMs. These motors are good
candidates for high-speed and high-power applications, where
efficiency and specific torque are of paramount importance.

Each image in Fig. 1 depicts the cross-section of different
stator slot geometries of a 24-slot, 20-pole outer-rotor PMSM
with concentrated, nonoverlapping tooth-coil windings. This
machine is based on a 12/10 base machine that has two coil
groups for each phase. Different colors in the slots represent
different phases. Here, two pivotal factors that influence the
performance of PMSMs are explored: local saturation and the
role of stator teeth geometry.

A. Local Saturation

There are two contributors of flux in the air gap: the PMs
and the armature reaction. The PMs provide an approximately
constant source of flux in the air gap, and typically, the op-
erating flux density harmonic (in this case the fifth) is much
higher than the other harmonics. However, different values of
armature reaction generate different harmonics of the air gap flux
density (including high-order harmonics and subharmonics—in
this case the fundamental is behaving like a subharmonic).
In addition, the armature reaction can affect the value of the
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synchronous inductance, which, in turn, affects the flux density
value generated by the PMs. Further, the interaction of the PMs
flux and the armature reaction flux in some stator core areas
(e.g., stator teeth and tooth tips) can have a direct impact on the
machine performance, making the tooth tip geometry critical for
the PMSM performance.

Flux interaction in different stator core areas (e.g., tooth tips)
can result in saturation, which, in turn, reduces the torque-to-
current ratio. One solution to reduce such an effect is to increase
the cross-sectional area of the magnetic core, where saturation
occurs. However, doing so occupies more space within the ma-
chine (reducing the space for the winding) and can also increase
the leakage inductance (e.g., slot leakage inductance), which
may not always be desirable, especially in high-specific-torque
PMSMs. Additionally, it can lead to inefficient use of magnetic
materials and higher stator Joule losses, as the winding area
becomes smaller.

The flux density distribution in the teeth is nonsymmetric
under load. At different loads, the distribution of flux density in
the teeth changes, and the maximum flux density also changes.
The interaction of the PM flux with the armature reaction flux
affects the distribution of flux density in the teeth, leading to an
asymmetric saturation in the symmetric tooth tip design. This
has direct effects on the magnetizing inductance and the leakage
inductance but also on the torque-to-current ratio. Therefore,
the tooth tip design has a significant impact on the overall
performance of the machine [1]. The study highlights that it
is important to carefully consider the tooth tip geometry in the
design of a high-specific-power PMSM.

The asymmetricity of the total flux density distribution, which
results from the interaction of the armature reaction and the PMs,
can significantly affect the performance of the PMSM under
different loading conditions. This asymmetry in the flux density
distribution is caused by variation in the armature reaction,
which by interacting with the PM flux increases the total flux
on one side of the teeth and reduces it on the other side, thus
altering the reluctance according to the direction of the torque.
This asymmetry in the flux density distribution must be carefully
investigated for possible improvements in the performance of the
PMSM and for optimizing the design of the stator geometry.

B. Stator Tooth Geometry

Recent studies have shown that increasing specific torque and
power in electrical machines has become a priority in machine
design for special applications. Various studies have been carried
out and different methods have been adopted to achieve a high
specific power. One of the most effective methods is to increase
the current density of the stator windings. When increasing the
current density, the thermal behavior of the machine should be
considered because the loss density is also increasing. To avoid
AC losses caused by a high fundamental frequency, a prefab-
ricated Litz wire coil is employed. The stator windings with
prefabricated Litz wire coils are manufactured before inserting
them into the machine. The method is also known as prewound
winding. When prefabricated coils are placed in stator slots, the
slot openings have to be wide. The possible stator slot geometries

TABLE I
MAIN DIMENSIONS AND PARAMETERS OF THE MACHINE

are shown in Fig. 1. It is not possible to place the prewound wind-
ings in the stator slots in a symmetric semi-closed slot structure
while keeping the end-winding length at the minimum. Another
alternative is to use a symmetric open slot structure, but using
an open slot reduces the stator tooth tip width significantly. This
reduces the flux and back-EMF. However, also the synchronous
inductance becomes smaller, partly compensating the effect of
reduced flux in the torque production of the machine. Another
alternative without reducing the stator tooth tip width is to use
an asymmetric semi-closed slot. The slot opening and the stator
tooth tip width remain the same as with a symmetric semi-closed
slot. Therefore, in the asymmetric semi-closed slot structure, the
back-EMF and torque are not reduced as much as in the case of
an open slot opening design.

In [16] and [21] it is suggested that modifying the tooth tips
can improve the magnetic flux distribution and reduce saturation,
improving the PMSM performance without affecting the manu-
facturability of the machine, e.g., the slot opening size remaining
the same as in the symmetric geometry. The goal is to evaluate
the impact of asymmetry on the PMSM performance, providing
insights into optimizing PMSMs with tooth-coil windings for a
high frequency and a high specific power. Tooth-coil windings
also enable selecting the leakage inductance level as different
base machines have very different air-gap leakage inductances.

In this study, a PMSM with tooth-coil windings and an
asymmetric stator tooth tip geometry is investigated. The study
focuses on examining how the performance of the machine is
affected by the magnetic asymmetry in the stator tooth tip, with
consideration of the direction of torque. The objective is to
determine how this asymmetry can be advantageously employed
to enhance the machine performance. The main dimensions and
parameters of the PMSM are given in Table I. The PMSM has
an outer-rotor structure with rotor-inner-surface-mounted per-
manent magnets. The tooth-coil winding topology is preferred
owing to its several advantages. The inner-armature tooth-coil
winding topology allows the stator windings to be prepared as
prewound windings and then placed in the stator slots, and the
asymmetric tooth tip design enables the use of this prewound
winding assembly method in the present machine.

The asymmetric structure in the stator tooth tips could facil-
itate the implementation of prewound windings. It is possible
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Fig. 2. Comparison of the symmetric and asymmetric geometries (in the CCW
direction) in terms of (a) back-EMF, (b) iq = 75 A, (c) iq = 225 A, (d) iq =
375 A, and (e) iq = 750 A.

to place the first half of a coil turn on the tooth side with the
tooth tip and then slide the second half of the coil turn on the
tooth side without the tooth tip. The geometry of asymmetric
semi-closed stator slot tooth tips is shown in Fig. 1(c). The figure
shows that the slot opening width is about the same as in the
case with the symmetric semi-closed slot tooth tips shown in
Fig. 1(a). However, with the symmetric semi-closed slot tooth
tips, it would not be possible to insert the prewound coils into
the stator slots.

A comparison between symmetric and asymmetric geome-
tries was made to observe the difference in the performance
of the machine. The comparison is based on back-EMF and
different torque levels, and the results are shown in Fig. 2. In the

analyses, current values for each slot geometry were equal for the
given case, and the current vector angle was controlled according
to the Maximum Torque Per Ampere (MTPA) principle in all
cases. Based on the results, the symmetric semi-closed slot can
achieve a slightly higher torque with the same current at high
loads. However, at lower loads, the asymmetric semi-closed slot
provides about the same torque at the same supply current.
Additionally, the torque ripple in the asymmetric semi-closed
slot structure is smaller across most load levels. The main reason
for applying the asymmetric semi-closed slot structure is to avoid
using a completely symmetric open slot structure, which was the
only alternative for proceeding with the prewound coil assembly.
Therefore, in principle, there was a choice between using an
open slot structure or an asymmetric structure, which provides
significantly better torque characteristics.

III. FEA MODEL AND RESULTS

An FEA model was used to simulate and analyze the magnetic
field behavior. The flux density distribution and flux line patterns
are given in Fig. 3. The figure shows the magnetic flux density
distribution of the PMSM with tooth-coil windings and the
asymmetric semi-closed stator slot geometry in different torque
directions. The direction of the torque is given in the figures. In
the analysis, the machine operates always in the motoring mode.
The figure highlights the asymmetric flux density distribution
in the stator core and the saturation points at the tooth tips in
different torque directions. The saturation points at the teeth
become significant with higher load levels. The saturation points
are indicated by white circles. The analysis helps to understand
the impact of an asymmetric semi-closed stator geometry on the
magnetic field behavior and to optimize the design of the PMSM
for better performance and efficiency.

The asymmetric stator geometry leads to varying saturation
levels in the teeth depending on the direction of the torque.
Saturation increases the magnetic circuit magnetomotive force
and thereby reduces the synchronous inductance as the load level
increases. The change in inductance with both the direction
of torque and the load level demonstrates the importance of
considering the asymmetric stator geometry in the design of the
outer-rotor PMSMs with tooth-coil windings. The asymmetry
of the stator geometry affects the inductance, the value of which
changes with the direction of torque and the load level. The
results of the FEA analysis are used in determining the perfor-
mance characteristics of the PMSM.

The motoring performance characteristics of the machine,
including efficiency, power factor, phase current, and phase
voltage, were evaluated and compared in different torque di-
rections. The Maximum Efficiency Per Ampere (MEPA) control
algorithm was applied to maximize the efficiency of the PMSMs
by controlling the current angle command based on the total
losses. This algorithm searches for all possible current vectors
and selects the one that provides the highest efficiency. The
maximum current supply is allowed in all scenarios.

Figs. 4–7 depict various performance characteristics of the
machine in relation to the direction of torque. The torque direc-
tions are shown in Fig. 1. The CCW torque direction refers to
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Fig. 3. Flux density and flux line distribution at (a) no-load, (b) iq = 500 A
(CCW direction), (c) iq = –500 A (CW direction), (d) iq = 1000 A (CCW
direction), (e) iq = –1000 A (CW direction). (The negative values of the iq
current are given to indicate the operating direction in motoring.).

a situation where the torque direction aligns with the direction
of the “hammer” tooth tip. The CW torque direction refers to a
situation where the torque direction opposes the direction of the
“hammer” tooth tip. The CCW torque direction was chosen as
the main direction (positive q-axis current). Each graph presents
the base graph first, followed by the graph showing the difference
between the CCW and CW torque directions (the CW direction
has been subtracted from the CCW direction). The efficiency,
power factor, RMS phase current, and RMS phase voltage are
presented in Figs. 4–7, respectively, based on the operating
speed and load level. These figures illustrate the performance
characteristics for both the CCW torque direction as the main
torque direction and the difference between the CCW and CW
torque directions of the machine.

The results have shown that the machine under study produces
a specified torque level without a need to increase its dimensions.

Fig. 4. Efficiency map for different operating speeds and load levels (a) for
the CCW torque direction, (b) difference from the CW torque direction.

Fig. 5. Power factor variation for different operating speeds and load levels
(a) for the CCW torque direction, (b) difference from the CW torque direction.

The high performance of the machine, which includes the pre-
fabricated Litz wire coil in the stator windings, was confirmed by
the FEA results. Additionally, there is a performance difference
between the CCW and CW torque directions. However, for some
motor parameters, there is only a slight difference between the
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Fig. 6. RMS phase current values for different operating speeds and load levels
(a) for the CCW torque direction, (b) difference from the CW torque direction.

CCW and CW torque directions, e.g., for the phase voltage and
the power factor. In the higher power range, the efficiency is
slightly higher in the CCW torque direction, but the total losses
are consistently slightly higher in the CW torque direction.
Furthermore, the RMS phase current is slightly higher in the
CW torque direction.

The power factor difference is given in Fig. 5(b); according
to the figure, the power factor is higher in the high-torque–low-
speed region in the CCW torque direction, while it is higher in the
low-torque–high-speed region in the CW direction. However, in
fact, in many operating points the difference is very small and
negligible. Although the total current applied from the control
algorithm, the inductance, and the PM flux linkage vary depend-
ing on the torque direction, this does not produce a significant
difference in the power factor, except for some extreme operating
points.

Two different scenarios were tested with id = 0 A for nominal
operation and in field weakening with id = –500 A while
applying iq = +500 A (CCW) or iq = –500 (CW). According to
the results shown in Fig. 8, the average torque in the CCW torque
direction is higher compared with the CW torque direction in
the nominal operation. In the nominal operation (id = 0 A), the
average torque in the CCW torque direction is 3.53% higher
than in the CW torque direction. On the other hand, the torque
spectra shown in Fig. 9 indicate that the CW torque direction has
a 3.74% higher average torque in the field weakening operation.
However, the torque ripple is lower in the CCW torque direction
than in the CW torque direction for both nominal and field
weakening operation. The higher torque can be attributed to the
lower saturation level in the teeth.

Fig. 7. RMS phase voltage values for different operating speeds and load levels
(a) for the CCW torque direction, (b) difference from the CW torque direction.

Fig. 8. Average torque and spectrum at id = 0 A for (a) CCW torque direction
(iq = +500 A), (b) CW torque direction (iq = –500 A).

IV. EXPERIMENTAL RESULTS

One of the main reasons for preferring the asymmetric semi-
closed stator slot structure is the opportunity to easily assemble
prewound windings into the stator slots. The stator windings
were prepared outside of the machine because the stator wind-
ings contain prefabricated Litz wire coils. The symmetric and
asymmetric semi-closed slot structures, which are shown in
Fig. 1(c), were produced with a 3D printer in order to verify
the winding manufacture. The prototype symmetric semi-closed
stator slot core and the prewound winding that was attempted to
be placed in the stator slot are shown in Fig. 10(a).

It can be clearly seen in the figure that the prewound winding
with the minimum end winding length does not fit around the
tooth because of the symmetric tooth tip geometry. After making
the stator tooth tips asymmetric, the prewound winding could be
slid into the stator slots as shown in Fig. 10(b). It was validated
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Fig. 9. Average torque and spectrum in field weakening at id = –500 A for (a)
CCW torque direction (iq = +500 A), (b) CW torque direction (iq = –500 A).

Fig. 10. Installing the prewound Litz wire coils into the stator slots with
(a) symmetric tooth tips, (b) asymmetric tooth tips.

Fig. 11. Stator stack with an asymmetric stator-tooth tip geometry.

that the prewound stator windings could be inserted into the
stator slots because of the asymmetric tooth tips.

The experimental setup was used to validate the performance
of the machine with the proposed asymmetric semi-closed stator
slots. The stator stack of the machine is shown in Fig. 11.
The asymmetricity of the stator tooth tips can be clearly seen
in the figure. The machine under investigation is an external
rotor machine with rotor-surface magnets and a 24/20 slot-pole

Fig. 12. FEA and experimental results of the phase voltages.

Fig. 13. Schematic of the test bench.

combination (two times the 12/10 base machine). The tooth-coil
winding arrangement was selected because it provides an easier
coil assembly and short end windings for the PMSM. The
back-EMF of one phase is measured and compared with the FEA
results to verify the experimental results of the prototype ma-
chine. The FEA and experimental measured voltage waveforms
and harmonic spectra for the same phase are given in Fig. 12.
There is no significant difference between the FEA and the
experimental results. The mechanical shaft of the tested machine
was coupled to a 355 kW induction machine (IM). The torque
was measured by a torque sensor with a measuring range of 2000
Nm. Currents and voltages were measured by a power analyzer
(Yokogawa PX8000). The tested machine and the load machine
were controlled with a suitable commercial converter, the ABB
ACS850G1 series, with different power rates. The supply of the
power converter is a passive rectifier. A schematic view of the
complete experimental test setup is illustrated in Fig. 13, and the
experimental setup components are shown in Fig. 14.

The experimental results are presented in Figs. 15–18. The
efficiency for CCW torque direction is given in Fig. 15(a), and
the difference from the CW torque direction is presented in
Fig. 15(b). According to the results, the efficiency is about 2%
higher around the nominal operating point in the CCW torque
direction. However, in some points, the difference could reach up
to 9%. When the results are compared with the simulation results
given in Fig. 4, it can be seen that there is a good agreement
between the simulation and measurement results. There are
slight differences between the simulated and measured results
because of the mechanical, friction, and windage losses. Another
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Fig. 14. Experimental test setup (a) machines, (b) converters.

Fig. 15. Experimental results of the efficiency map for different operating
speeds and load levels (a) for the CCW torque direction, (b) difference from the
CW torque direction.

reason for not perfectly matching the measured and simulated
results can be due to the different control methodologies used
in the simulations and the measurements. In the simulation,
MEPA was used, while in ABB converters, the Maximum Torque
Per Ampere (MTPA) control logic is typically used. There is
an integrated fan at the end of the tested machine, and it was

Fig. 16. Experimental results of power factor variation for different operating
speeds and load levels (a) for the CCW torque direction, (b) difference from the
CW torque direction.

Fig. 17. Experimental results of RMS phase current values for different
operating speeds and load levels (a) for the CCW torque direction, (b) difference
from the CW torque direction.

not modeled in the electromagnetic simulations. However, this
difference is less than 1% for most of the operating points.
The efficiency decreases at a higher torque as a result of the
increasing Joule losses when a higher current is flowing in the
stator windings. The highest efficiency of 96% reached in the
motoring mode takes place at 300 Nm, 2500 rpm for the CCW
torque direction in the experimental measurements.
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Fig. 18. Experimental results of RMS phase voltage values for different
operating speeds and load levels (a) for the CCW torque direction, (b) difference
from the CW torque direction.

The experimentally measured power factors for the CCW
torque direction and the difference from the CW torque direction
are given in Fig. 16. It can be seen that the results match
quite well with the simulation results given in Fig. 5. Based
on the results, high power factors in a wide operating range are
obtained. While the power factor is the same in a wide range, the
difference reaches up to 5% in some operating points. But around
the nominal operating point of the machine, the difference is
approximately 2%. The power factor is slightly higher in the
CW torque direction because of the saturation phenomena in
the stator tooth tips that are more prevalent in the CW torque
direction.

The phase currents and phase voltages from the experimental
measurements are shown in Figs. 17 and 18, respectively. In
the figures, currents and voltages are given in RMS values.
The results match with the simulation results given in Figs. 6
and 7 for both directions. According to the figures, the RMS
phase current increases with an increasing load power level, and
the RMS phase voltage increases with an increasing operating
speed as expected. The applied current is slightly higher in the
CW torque direction than in the CCW torque direction for the
same operating point. However, the voltage in the CCW torque
direction is slightly higher than in the CW torque direction for
the same operating points.

V. CONCLUSION

A PMSM with tooth-coil windings and an asymmetric stator
tooth tip geometry was investigated. The stator winding coils
must, in practice, be manufactured outside of the machine and

then placed in the stator slots. Asymmetric teeth enable this.
A higher current density leads to local saturation, which is
difficult to avoid in the stator tooth tips that are closest to
the air gap; therefore, the reasons for local saturation in a
PMSM with tooth-coil windings were described. This is a result
of the interaction between the flux of the permanent magnet
and the armature reaction. Considering these saturation effects,
a comparison among the possible stator slot geometries was
conducted.

It was shown that in a stator with asymmetric tooth tips,
the stator windings with prefabricated Litz wire coils cannot
be placed in the stator slots while keeping the end winding
length at the minimum. Therefore, there are two alternatives,
a symmetric open slot and an asymmetric semi-closed slot. The
performances of the alternatives were analyzed by FEA, and
it was found that the machine with asymmetric stator tooth
tips gave a better performance than the open slot structure.
After finding that the asymmetric semi-closed slot provides a
better performance, it was investigated how this asymmetric
stator slot geometry can be used beneficially. It was noticed
that the performance of the asymmetry at the tooth tip of the
stator varied depending on the torque directions of the motor.
The saturation level, which changes with the torque direction,
changes the inductance of the machine according to the torque
direction even in a rotor-surface-magnet PMSM. Therefore, a
machine with asymmetric tooth tips can have different perfor-
mance characteristics depending on the torque direction.

In this study, this performance difference was examined;
further, it was emphasized how this difference resulting from
the torque direction can be utilized. The findings were first
simulated with FEA and then experimentally verified on the
machine. According to the results, the tested machine exhibited
an improved efficiency in the CCW torque direction, while the
power factor was slightly higher in the CW torque direction as a
result of the stator tooth tip saturation phenomena, which were
more prominent in the CW torque direction. Additionally, the
applied current was higher in the CW torque direction, while
the voltage was higher in the CCW torque direction. Based
on these findings, if the machine is to be operated more in
one direction, e.g., in electric vehicles, the direction of torque
should be selected according to the specific requirements of the
application. For example, if a high efficiency is a priority, the
CCW torque direction might be preferred. However, if a higher
power factor is more important, the CW torque direction might
be chosen despite the slightly lower efficiency. The decision
depends on the specific needs and constraints of the application.

REFERENCES

[1] H. T. Canseven, I. Petrov, and J. Pyrhönen, “Magnetic asymmetry in stator
tooth tips of a high specific power PMSM,” in Proc. Int. Conf. Elect. Mach.,
2022, pp. 1424–1429.

[2] S. Li, Y. Li, W. Choi, and B. Sarlioglu, “High-speed electric machines:
Challenges and design considerations,” IEEE Trans. Transport. Electrific.,
vol. 2, no. 1, pp. 2–13, Mar. 2016.

[3] D. Gerada, A. Mebarki, N. L. Brown, C. Gerada, A. Cavagnino, and
A. Boglietti, “High-speed electrical machines: Technologies, trends, and
developments,” IEEE Trans. Ind. Electron., vol. 61, no. 6, pp. 2946–2959,
Jun. 2014.



CANSEVEN et al.: IMPACT OF STATOR CORE MAGNETIC ASYMMETRY ON THE PROPERTIES OF A HIGH SPECIFIC POWER PMSM 3839

[4] A. Tenconi, S. Vaschetto, and A. Vigliani, “Electrical machines for high-
speed applications: Design considerations and tradeoffs,” IEEE Trans. Ind.
Electron., vol. 61, no. 6, pp. 3022–3029, Jun. 2014.

[5] A. M. El-Refaie et al., “Advanced high-power-density interior permanent
magnet motor for traction applications,” IEEE Trans. Ind. Appl., vol. 50,
no. 5, pp. 3235–3248, Sep./Oct. 2014.

[6] G. Du, W. Xu, J. Zhu, and N. Huang, “Power loss and thermal analysis for
high-power high-speed permanent magnet machines,” IEEE Trans. Ind.
Electron., vol. 67, no. 4, pp. 2722–2733, Apr. 2020.

[7] H. C. Born et al., “Development of a production process for formed Litz
wire stator windings,” in Proc. 12th Int. Electric Drives Prod. Conf., 2022,
pp. 1–9.

[8] H. C. Born et al., “Manufacturing process and design requirements of Litz
wire with focus on efficiency improvement of traction motors,” in Proc.
12th Int. Electric Drives Prod. Conf., 2022, pp. 1–7.

[9] A. J. P. Ortega, S. Paul, R. Islam, and L. Xu, “Analytical model for pre-
dicting effects of manufacturing variations on cogging torque in surface-
mounted permanent magnet motors,” IEEE Trans. Ind. Appl., vol. 52, no. 4,
pp. 3050–3061, Jul./Aug. 2016.

[10] A. J. P. Ortega and L. Xu, “Investigation of effects of asymmetries on the
performance of permanent magnet synchronous machines,” IEEE Trans.
Energy Convers., vol. 32, no. 3, pp. 1002–1011, Sep. 2017.

[11] A. J. P. Ortega, “Fast design of asymmetrical permanent magnet syn-
chronous machines that minimize pulsating torque,” Prog. Electromagn.
Res. B, vol. 76, pp. 111–123, 2017.

[12] A. Di Gerlando and R. Perini, “The universal motor: A classic machine
with evergreen challenges in design and modeling,” in Proc. IEEE Work-
shop Elect. Mach. Des., Control Diagnosis, 2013, pp. 85–94.

[13] M. Fazil and K. Rajagopal, “A novel air-gap profile of single-phase
permanent-magnet brushless DC motor for starting torque improvement
and cogging torque reduction,” IEEE Trans. Magn., vol. 46, no. 11,
pp. 3928–3932, Nov. 2010.

[14] D. Mingardi, N. Bianchi, E. Fornasiero, and L. Alberti, “Induction motor
with an intentionally created saliency for sensorless applications,” in Proc.
IECON-39th Annu. Conf. IEEE Ind. Electron. Soc., 2013, pp. 2929–2934.

[15] Y. K. Choi, H. S. Yoon, and C. S. Koh, “Pole-shape optimization of
a switched-reluctance motor for torque ripple reduction,” IEEE Trans.
Magn., vol. 43, no. 4, pp. 1797–1800, Apr. 2007.

[16] I. Petrov, P. Ponomarev, and J. Pyrhönen, “Asymmetrical geometries in
electrical machines,” Int. Rev. Elect. Eng., vol. 11, no. 1, pp. 20–27, 2016.

[17] R. Islam, I. Husain, A. Fardoun, and K. McLaughlin, “Permanent-magnet
synchronous motor magnet designs with skewing for torque ripple and cog-
ging torque reduction,” IEEE Trans. Ind. Appl., vol. 45, no. 1, pp. 152–160,
2009.

[18] Z. Shi et al., “Torque analysis and dynamic performance improvement
of a PMSM for EVs by skew angle optimization,” IEEE Trans. Appl.
Supercond., vol. 29, no. 2, Mar. 2019, Art. no. 0600305.

[19] C. Liu, Y. Xu, J. Zou, G. Yu, and L. Zhuo, “Permanent magnet shape
optimization method for PMSM air gap flux density harmonics reduction,”
CES Trans. Elect. Mach. Syst., vol. 5, no. 4, pp. 284–290, 2021.

[20] Y. Xiao, Z. Zhu, G. W. Jewell, J. Chen, D. Wu, and L. Gong, “A novel
spoke-type asymmetric rotor interior permanent magnet machine,” IEEE
Trans. Ind. Appl., vol. 57, no. 5, pp. 4840–4851, Sep./Oct. 2021.

[21] S. Kou, Z. Kou, J. Wu, and Y. Wang, “Modeling and simulation of a
novel low-speed high-torque permanent magnet synchronous motor with
asymmetric stator slots,” Machines, vol. 10, no. 12, 2022, Art. no. 1143.

[22] P. Ponomarev, I. Petrov, and J. Pyrhönen, “Influence of travelling current
linkage harmonics on inductance variation, torque ripple and sensorless
capability of tooth-coil permanent-magnet synchronous machines,” IEEE
Trans. Magn., vol. 50, no. 1, Jan. 2014, Art. no. 8200108.

[23] I. Petrov, P. Ponomarev, Y. Alexandrova, and J. Pyrhönen, “Unequal teeth
widths for torque ripple reduction in permanent magnet synchronous
machines with fractional-slot non-overlapping windings,” IEEE Trans.
Magn., vol. 51, no. 2, Feb. 2015, Art. no. 8100309.

[24] G. J. Li, Z. Q. Zhu, M. Foster, and D. Stone, “Comparative studies of
modular and unequal tooth PM machines either with or without tooth
tips,” IEEE Trans. Magn., vol. 50, no. 7, Jul. 2014, Art. no. 8101610.

[25] L. Wang, S. Lu, Y. Chen, and S. Wang, “An in-phase unit slot-opening
shift method for cogging torque reduction in interior permanent magnet
machine,” Mathematics, vol. 11, no. 7, 2023, Art. no. 1735.

[26] T. Liu, S. Huang, J. Gao, and K. Lu, “Cogging torque reduction by
slot-opening shift for permanent magnet machines,” IEEE Trans. Magn.,
vol. 49, no. 7, pp. 4028–4031, Jul. 2013.

[27] L. Dosiek and P. Pillay, “Cogging torque reduction in permanent mag-
net machines,” IEEE Trans. Ind. Appl., vol. 43, no. 6, pp. 1565–1571,
Nov./Dec. 2007.

[28] H. Yang et al., “A novel asymmetric-magnetic-pole interior PM machine
with magnet-axis-shifting effect,” IEEE Trans. Ind. Appl., vol. 57, no. 6,
pp. 5927–5938, Nov./Dec. 2021.

Hüseyin Tayyer Canseven (Student Member, IEEE)
received the B.Sc. and M.Sc. degrees in electrical
and electronics engineering from Ege University,
Izmir, Türkiye, in 2018 and 2022, respectively. He
is currently working toward the doctoral degree with
the Lappeenranta–Lahti University of Technology,
Lappeenranta, Finland. His research focuses on elec-
trical machines.

Ilya Petrov received the D.Sc. degree from the
Lappeenranta University of Technology (LUT),
Lappeenranta, Finland, in 2015. He is currently a
Research Fellow of the Department of Electrical En-
gineering, LUT.

Juha Pyrhönen (Senior Member, IEEE) was born
in Kuusankoski, Finland, in 1957. He received the
D.Sc. degree from the Lappeenranta University of
Technology (LUT), Lappeenranta, Finland, in 1991.
In 1997, he became a Professor of electrical ma-
chines and drives with the LUT. He is engaged in
the research and development of electric motors and
power-electronic-controlled drives. He has a wide
experience in the research and development of special
electric drives for distributed power production, trac-
tion, and high-speed applications. Permanent magnet

materials and applying them in machines have an important role in his research.
His research focuses on new carbon-based materials for electrical machines.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


