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Using magnetic flux barriers in the stator yoke of electric machines with fractional slots, tooth-concentrated winding, it is possible
to reduce or even to cancel some space harmonics of low order in the air-gap flux density resulting in lower rotor losses induced
by the armature reaction field. In this paper, this new technique is applied during the design and analysis of two permanent
magnet machines with different 12-teeth/10-poles concentrated windings. Considering the main machine performances, such as the
electromagnetic torque, machine losses, and also the field-weakening capability, the new stator design shows significant advantages
over the conventional design. According to the new technique, a prototype machine is built and some measurement results are
given.

Index Terms— Efficiency, finite-element method (FEM), loss reduction, magnetic flux barrier, magnetomotive force (MMF)
harmonics, permanent magnet (PM) synchronous machines, tooth-concentrated winding.

NOMENCLATURE

B Flux density (T).
I Stator current (A).
id Phase current, d-axis, (A).
iq Phase current, q-axis, (A).
Ld Machine inductance, d-axis, (H).
Lq Machine inductance, q-axis, (H).
Rm Flux path magnetic reluctance (m2/H).
u Voltage (V).
Te Electromagnetic torque (Nm).
φ1 Magnetic flux (Vs).
ψm

d PM flux linkage, d-axis, (Vs).
ψm

q PM flux linkage, q-axis, (Vs).
n1 Number of turns per coil side.
w Number of turns per phase.
ν MMF stator space harmonic.

I. INTRODUCTION

RECENTLY, permanent magnet (PM) synchronous
machines with fractional slot concentrated windings

(FSCWs) have been widely used in several industry applica-
tions. The use of concentrated windings offers the advantage
of short and less complex end winding, high slot filling
factor, low cogging torque, greater fault tolerance, and low
manufacturing costs. The stator coils may be wound either on
all the teeth (double-layer winding) or only on alternate teeth
(single-layer winding) and the manufacturing of these wind-
ings may be much cheaper because they contain simple coils
that can be wounded automatically. Furthermore, using FSCW,
different combinations of numbers of poles and numbers of
slots are possible [1]–[4]. However, the magnetic field of these
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windings has more space harmonics, including subharmonics.
For the PM machines, the torque is developed by the
interaction of a specific high stator space harmonic with the
permanent magnets. On other side, the rest of the sub and
high harmonics, which rotate with the different speed and
also in opposite directions, lead to undesirable effects, such
as additional stator and rotor iron losses, eddy-current loss
in the magnets [5]–[9], and noise and vibrations [10]–[13],
which are the main disadvantages of these winding types.

To improve the magnetomotive force (MMF) winding
performances of the FSCW regarding to power losses and
noise problems, several methods and techniques have been
developed and investigated in the past [14]–[22]. References
[14]–[20] show different methods for the reduction of winding
subharmonics, such as using multilayer tooth concentrated
windings [14]–[17], winding coils with different turns per coil
side [18], or magnetic flux barriers in the specific stator core
locations [19], [20]. Furthermore, in [21] and [22], two another
new solutions for reducing simultaneously the sub and high
MMF harmonics of the FSCW by increasing the number of
stator slots and using two winding systems are presented. The
investigations carried out on these methods show enormous
improvements on the PM machine performances, such as
reduction of the sub and high MMF harmonics more than 60%,
reduction of radial force modes of low order, reduction of
the machine losses (magnet losses, iron losses, and so on),
improved cooling capability (direct cooling of coil windings),
reduction in the slot proximity effects, and so on.

In this paper, the new stator structure with magnetic flux
barriers in stator yoke is investigated in detail by considering
two different concentrated winding types. Using the new
stator topology, two PM machines with the 12-teeth/10-poles
single- and double-layer winding are considered and their
performances are compared with the conventional stator. The
main objective of this paper is to investigate the flux bar-
rier effect on the electromagnetic torque, losses, machine
parameters, and also on the field-weakening capability of
the considered electric machines. The design and analysis of
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Fig. 1. Two 12-teeth/10-poles PM machines. (a) Single-layer winding.
(b) Double-layer winding.

the studied machines is performed using 2-D finite-element
method (FEM). For the PM machine with the double-layer
winding, a prototype machine with the new stator structure
is built and the first measurement results for the machine
torque, machine efficiency, current quality, and also the
no-load voltage are given.

II. 12-TEETH/10-POLES CONCENTRATED WINDING

As well as is mentioned previously, there are many possible
slot number and pole number combinations for PM machines
with concentrated windings. The winding layout and the
winding factor of a PM machine with concentrated winding
depend on its combination of pole and slot number. Therefore,
this combination should be chosen carefully to maximize the
fundamental (MMF working harmonic) winding factor and
thus the torque density. Single-layer windings are preferred
to double-layer windings when a high fundamental winding
factor and high fault tolerance is required. Otherwise, double-
layer windings are preferable to limit the losses and torque
ripple.

Fig. 1 shows two PM machines with 12-teeth in the stator
and 10-poles in the rotor and with different concentrated
winding layouts. Single-layer winding have coils wound only
on alternate teeth, whereas each tooth of the double-layer
windings carries a coil. The corresponding MMF harmonics
for these winding types are shown in Fig. 2. As well is shown,
for both presented winding types, the first, fifth, seventh, 17th,
and 19th are the dominant space harmonics and usually for
different machine designs, the fifth or the seventh harmonic is
mostly used as working harmonics. For the 10-pole machine,
however, only the fifth stator space harmonic interacts with the
field of the PMs to produce continuous torque. The other MMF
space harmonics, in particular, the first, seventh, 17th, and so
on, which have relatively large magnitudes, are undesirable
and in some cases, they limit the usefulness of this winding
type in different specific applications.

Let us be reminded here that the main difference between
the presented winding types is not only in the winding layout,
but, for the single-layer winding, the winding factors for the
fifth, seventh, and so on are about 3.3% higher compared
with the double-layer winding. However, as shown in Fig. 2,
the amplitude of the first MMF subharmonic is relatively too

Fig. 2. MMF winding harmonics for the 12-teeth/10-poles single- and double-
layer winding.

high, which induces huge losses in the rotor core and magnets,
and thus it decreases the torque density and the efficiency of
the machine. As results, the PM machines with the double-
layer winding are mostly used in many applications.

III. REDUCTION OF MMF WINDING SUBHARMONICS

USING MAGNETIC FLUX BARRIERS IN STATOR YOKE

A. Reduction of Subharmonics Using Coils With Different
Turns Per Coil Side

A simple method for reducing the subharmonics for the
tooth concentrated windings using winding coils with different
number of turns per coil side is developed in [18]. Fig. 3(a)
shows the basic idea for the reduction of subharmonics using
concentrated coils with different turns per coil side, the wind-
ing layout is shown in Fig. 3(b); however, Fig. 3(c) shows the
MMF distribution of one phase for the new 12-teeth/10-poles
winding. For the sake of simplicity, only the winding coils of
phase-A are presented in the sketch, with n1 and n2 denoting
the number of turns per coil sides of one winding coil. In the
new winding, the relation between n1 and n2 is

n1 = n2 − 1, and 50% ≤ n1/n2 < 100%.

From [18], the analytical function for the MMF of the
12-teeth/10-poles new winding can be described using
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∑

ν

m
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In (1), m is number of phases, νξw,new is the winding factor,
î is the phase current amplitude, δ is the current load angle,
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Fig. 3. (a) Realization of the new winding according to [18]. (b) Winding
layout of phase-A. (c) MMF distribution (phase-A) for the new winding.

ω is the angular frequency, w is the number of turns per phase,
and ν are MMF winding harmonics.

Investigations on the winding factors for the MMF har-
monics according to (2) show that for the n1/n2 relation
between 80% and 90%, e.g., n1/n2 = 6/7, 7/8, 8/9, and so on,
the first subharmonic of the considered winding type can be
reduced more than 90%; however, the working (fifth) harmonic
remains quasi uneffected (less than 0.45%). It is important
to point out that the presented technique is useful only for
the double (multi) layer concentrated windings. However, an
alternative solution for reducing the winding subharmonics for
the single and also the multilayers tooth-concentrated windings
is presented in [19].

B. New Stator Core With Magnetic Flux Barriers

Fig. 4 shows once again the new 12-teeth/10-poles machine
(coil groups of one phase) using coils with different turns
per coil side. Under one-phase excitation condition, the flux
lines due to stator currents flow through the neighbor teeth
around the slot, which contains the coil side of one phase.
The magnetic flux can be determined in simple form
using the well-known relation between the flux φ, magnetic

Fig. 4. Electric machine with the new 12-teeth/10-poles winding. Flux line
distribution under one-phase load condition.

reluctance Rm , and the winding MMF �S

φ = �S/Rm . (3)

For the machine section shown in Fig. 4, according to
Ampere’s law, the slot MMF (slot-1) is

�S = 2n1 · i. (4)

However, Rm represents the total magnetic reluctance of flux
path.

From (3) and (4), the resulting magnetic flux under
one-phase load condition is

φ = 2n1 · i

Rm
. (5)

Then, according to the first method presented above and (5),
the effect of winding subharmonics can be reduced by reduc-
ing the stator MMF in specific slots, or by increasing the mag-
netic reluctance in specific stator core location as described in
the following.

Case I: New winding and conventional stator core

�S,I = 2n1 · i

Rm,I = 2R0 + 2R1 + R2 + R3

φI = 2n1 · i

Rm,I
. (6)

Case II: Conventional winding and new stator core

�S,II = 2n · i, n1 = n2 = n

Rm,II = 2R0 + 2R1 + R∗
2 + R3

φII = 2n · i

Rm,II
. (7)

Fig. 5 shows a simple magnetic equivalent circuit (MEC) for
the 12-teeth/10-poles electric machine with the new stator
structure. With R0–R3 denoted the magnetic reluctances of
corresponding magnetic flux paths. R2 and R∗

2 represent
the magnetic reluctances of the stator yoke region for the
conventional and also the new stator structure, respectively.
Therefore, from (6), (7), and Fig. 5, the reduction of the
subharmonic effect can be reached also with the convectional
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Fig. 5. MEC for the new stator structure.

Fig. 6. New 12-teeth/10-poles PM machines with concentrated winding.
(a) Single-layer winding. (b) Double-layer winding.

winding (n1 = n2 = n), however, by modifying (increasing)
the magnetic reluctance R∗

2
1 in stator yoke.

From (6) and (7), the stator yoke reluctance for the new
stator structure should be

φI = φII ⇒ R∗
2 = kw · R2 + (1 − kw) · R′

e (8)

with

kw = n2

n2 − 1
and 1 < kw ≤ 2

R′
e = 2R0 + 2R1 + R3.

C. Flux Barrier Effect on the Air-Gap Flux Density
Subharmonics

To show the effect of the magnetic flux barriers on
the air-gap flux density subharmonics, the both single- and
double-layer 12-teeth/10-poles windings are considered in the
following. Fig. 6(a) and (b) shows the geometries of the
studied PM machines with the new stator core structure, with
hY denoting the stator yoke thickness, hw the flux barrier
width, and h B the flux barrier depth. As is described also
in the previous section, for the double-layer winding, the flux
barriers should be placed on the yoke region beside the stator

1Each magnetic resistance can be modified to fulfill the required condition;
however, the magnetic resistance of the stator yoke is the single resistance,
which fulfills the above requirements without influencing the flux density of
neighboring slots.

Fig. 7. Flux barrier effect on the first air-gap flux density harmonic.
(a) Single-layer winding. (b) Double-layer winding.

slots, which includes the coil sides of the same phase; however,
for the single-layer case, the flux barriers can be used beside
any second slot.

For the given machine geometries, Fig. 7(a) and (b) shows
the effect of the flux barriers depth on the air-gap flux density
harmonics due to reaction fields. Using FEM, the simulations
are performed for different load currents, and the resulting
air-gap flux density harmonics are observed for h B = 0 to
100% hY . Only the first subharmonic is considered and the
obtained results are presented as a relative ratio to the fifth
working harmonic, Bν=1/Bν=5. It can be observed here that,
for the electric machine with the double-layer winding, the first
subharmonic completely can be canceled by choosing a proper
flux barrier width. Depending on the excitation load current,
the h B parameter varies between 65% to 80% of hY . On the
other side, for the single-layer winding, a complete cutout of
the yoke region reduces the first subharmonic to about 60%.

IV. DESIGN AND ANALYSIS OF TWO 12-TEETH/10-POLES

PM MACHINES FOR AUTOMOTIVE APPLICATION

Using the new stator structure, two PM machines with
the new stator structure and 12-teeth/10-poles single- and
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TABLE I

MAIN GEOMETRY DATA

Fig. 8. Considered PM machines with the new stator core structure.
(a) Single-layer winding. (b) Double-layer winding.

Fig. 9. Flux density distribution due to the armature reaction field. (a) Single-
layer winding. (b) Double-layer winding.

double-layer concentrated winding are designed and analyzed,
and their characteristics are compared with the conventional
stator design. The geometries and the main geometry data of
the studied PM machines are presented in Table I and Fig. 8.

Fig. 10. Air-gap flux density due to armature reaction field. (a) Single-layer
winding. (b) Double-layer winding.

The flux barrier depth for the single- and double-layer design
is taken to be 0.95 · hY and 0.65 · hY , respectively. For all
machine designs, the electrical and geometrical constrains are
taken to be the same (UDC = 12 V, Imax = 70 Arms, and
volume: DOut = 81 mm and LStack = 70 mm). Furthermore,
the same rotor design is considered for the all examples; the
only difference on the investigated machine geometries is the
stator core (with and without flux barriers) and the winding
layout (single/double layer).

The simulation results presented in the following are per-
formed using FEM. The considered electric machines are
investigated under the same load condition (50 Arms load
current).

A. Air-Gap Flux Density

For the armature reaction field under I = 50 Arms and
δ = 20° three-phase load condition, the flux line distribution
is shown in Fig. 9, and the behavior of the flux density
in the middle of air gap is shown in Fig. 10. It can be
observed here that, using a proper new stator design, the
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Fig. 11. Single-layer machine design. (a) Electromagnetic torque for
Ieff = 5aA. (b) Power losses for Ieff = 5aA and n = 1000 rpm.

air-gap flux density subharmonics can be reduced more than
60% for the single-layer winding; however, for the double-
layer winding, the subharmonics completely are canceled. On
other side, the working harmonic for the single-layer winding
is slightly improved; however, in contrast, for the double-
layer winding as results of flux barriers, it is reduced for
about 3%.

B. Electromagnetic Torque and Power Losses

For the same load condition as above, the effect of
the flux barriers on the electromagnetic torque and power
losses is shown in Figs. 11 and 12. For the double-
layer winding, the average torque is reduced for about 3%,
while for the single-layer winding, it remains the same.
It is important to point out that the torque reduction for
the double-layer winding is mainly as results of the flux
barrier effect on the air-gap flux density working (fifth)
harmonic.

Furthermore, comparing the machine losses under the given
excitation current and at 1000 r/m, for the both winding
topologies, they are reduced enormously with the new stator
design. A loss reduction up to 40% for the stator iron,
60% for the rotor iron, and up to 80% for the magnets is
achieved. Therefore, the new stator design shows significant
improvements on the efficiency of the electric machines with
concentrated windings.

Fig. 12. Double-layer machine design. (a) Electromagnetic torque for
Ieff = 5aA. (b) Power losses for Ieff = 5aA and n = 1000 rpm.

C. Machine Parameters

The machine parameters play a key role in determining
various aspects of the PM machine characteristics, such as
the flux-weakening (FW) capability, torque components, fault
currents, and so on. The analysis of a PM machine is con-
veniently carried out in a d–q rotating reference frame. The
steady-state equations for the voltage and the electromagnetic
torque are

ud = R · id − ωLq · iq − ωψm
q

uq = R · iq + ωLd · id + ωψm
d (9)

Te = 3

2
p
[
(Ld − Lq) · id · iq +

(
ψm

d · iq − ψm
q · id

)]
(10)

where ψm is the flux linkage due to the PMs, L is the machine
inductance, and Te is the electromagnetic torque. Furthermore,
the dq-indexes represent the d- and q-axis components of the
machine parameters.

To examine the influence of the magnetic flux barriers on
the machine parameters, the finite-element (FE) investigations
performed in following are carried out for 50 Arms load
current and different current angles. To consider the saturation
effect on the machine parameters and also the cross-coupling
effect in the two-axis model, the fixed permeability method
is implemented in the FE model during the determination
of the dq-parameters [27], [28]. The variations of the
dq-machine parameters for different load conditions are shown



DAJAKU et al.: REDUCTION OF LOW SPACE HARMONICS 8201012

Fig. 13. dq-inductances versus current load angle for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

in Figs. 13 and 14. As expected, for the conventional stator
design, the dq-inductances for the single-layer winding are
higher compared with double-layer winding. Depends on the
load operation condition, the ratio between these inductances
is between 1.5 and 1.6, which is in good agreement with the
results presented in [23]. However, comparing the results for
the conventional and the new stator design, it can be observed
that, for the single-layer winding, the flux barriers have a
considerable effect on the dq-inductance results. Otherwise,
for the double-layer winding, its effect is negligible. To have a
clear explanation about the flux barrier effects on the machine
inductances in Fig. 15, we have presented the flux lines
distribution due to stator currents under one-phase excitation
condition. As well is shown here, for the single-layer machine
design, the flux barriers reduce completely the coupling effect
between the phase coils (opposite coils of one phase). The
flux lines for this case are analogously distributed as for the
double-layer winding design with the conventional stator.
Therefore, the reduction of the coupling effect and also of
the first subharmonic leads to the reduction of dq-inductance
parameters. On the other side, for the double-layer winding
design, the flux barrier effect on the dq-inductances is
minimal, even in the flux density, we can observe a more
uniform distribution of the flux lines around the air gap than
for the conventional stator. In contrast to the single-layer
winding, the relative amount of the first subharmonic in
the winding inductances is clearly small, and therefore the
reduction of this harmonic has a negligible effect on the

Fig. 14. dq PM flux linkage versus current load angle for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

machine inductances. Furthermore, analogous to the machine
inductances, the flux barrier effect on the PM flux-linkage
components is present only for the single-layer winding.

D. Field-Weakening Characteristics

Nowadays, the electric machines are mostly fed from
pulsewidth-modulated frequency inverters and are designed
for application in variable speed drives. One of the main
requirements for different industry applications, such as in
automotive, is the wide operation speed range (OSR) capa-
bility. In general, the maximum speed of a PM machines is
limited by the inverter current and voltage ratings. Wide OSR
can be achieved either by employing an inverter with higher
voltage rating or by reducing the back EMF of the machine
using field weakening (FW) techniques. The field-weakening
capability of PM machines depends on the machine parameters
and particularly from the winding inductances. In general,
PM machines with concentrated windings are characterized
with high winding inductance and thus with high FW capabil-
ity [24]–[26]. According to [24], the characteristic current Ich
is the best indicator for the FW capability of PM machines,
which is defined as follows:

Ich = ψm
d /Ld (Arms). (11)

It has been shown in [24] that the condition for optimal
FW in an PM machine can be achieved using concentrated
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Fig. 15. Flux line distribution due to the armature reaction field under
one-phase excitation condition (Ia = 50 arms and Ib = I c = 0 arms).
(a) Single-layer winding. (b) Double-layer winding.

Fig. 16. Characteristic current versus current load angle for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

windings with high winding inductances to limit the charac-
teristic current. Fig. 16 shows the characteristic currents for
the considered machines with and without flux barriers in
stator. The values for the machine parameters given in previous

Fig. 17. Electromagnetic torque versus rotor speed for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

section are used in (11) for the determination of Ich. It can
be observed from Fig. 16 that, for the single-layer winding
type, the flux barriers increase the characteristic current up
to 32%; however, for the double-layer winding, its effect is
negligible. Therefore, at the first point of view, regarding to
the field-weakening capability, the new stator design shows
to be not a good solution for the single-layer PM machines.
However, the torque–speed characteristics that are obtained
according to the previous relations (9) and (10) and under
the fixed 12 V dc voltage condition show the contrary. The
obtained results shown in Fig. 17(a) show that the flux barriers
improve significantly the torque–speed characteristics for the
single-layer design. Therefore, considering these results, it
can be concluded that only a high d-axis inductances is not
responsible for a good field-weakening capability; however,
according to voltage equations given in (9), both Ld and Lq

inductance parameters are responsible for the maximal volt-
age and field-weakening characteristics of the machine. The
resulting voltage components in function of speed are shown
in Fig. 18. As results of the high Lq inductance for the con-
ventional stator design, the ud voltage increases rapidly with
the rotor speed, and the sum of voltage components (u2

q + u2
d)

reaches early the voltage limit and also the field-weakening
region. On the other side, for the considered load current, the
high Ld inductance leads to an over weakening of the magnet
flux that results to a linear increase of the uq voltage with the
speed in the negative region. Therefore, the reduction of the
dq-inductance for the single-layer winding using flux barriers
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Fig. 18. dq-voltage components versus rotor speed for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

improves the field-weakening characteristics for this winding
type. In addition, as shown in Fig. 19, the flux barriers do not
degrade the reluctance torque component of the machine.

V. PROTOTYPE MACHINE

According to the new PM machine design with the
12-teeth/10-poles double-layer winding, a prototype machine
is built and tested. Fig. 20 shows the geometry for the
prototype machine. The stator core consists of 12 simple
tooth/yoke stator segments of iron core material and of six
additional stator yoke components of nonmagnetic material,
which are used as flux barriers and also for fixing (mounting)
the complete stator structure. The rotor consists of a simple
core structure with 10 rectangular magnets. Fig. 21 shows the
stator structure for the prototype machine during manufac-
turing. For fixing the stator components, two end rings are
used on both stator sides, and using a proper combinations of
the flux barriers and the end ring components, the prototype
machine is built as frameless machine. Therefore, according
to the simple machines structure and design in following, this
machine type is called as low-cost (LC) motor.

It is important to point out that, in the presented prototype
machine, the flux barriers in the stator yoke are built by
dividing completely the yoke region, and according to Fig. 7,
using a ratio of 100% for the double layer has no effect in
the fundamental harmonic. However, in the prototype design,
the same effect as in Fig. 7 (for 65% flux barrier depth ratio)

Fig. 19. Flux barrier effect on the reluctance components for Ieff = 50 A.
(a) Single-layer winding. (b) Double-layer winding.

Fig. 20. Geometry of the designed LC PM machine.

is achieved using an optimally shape geometry for the flux
barrier regions and also an optimal relation between hw and
hy flux barrier geometry parameters.

VI. EXPERIMENTAL RESULT

Fig. 22 and Table II show the test bench for the LC motor
and the main machine parameters. The maximum torque per
ampere (MTPA) control method [29], [30] is used during the
measurements of the LC motor characteristics for the steady-
state and transient analysis. The key point of MTPA is to
achieve MTPA by providing a combination of d-axis current id
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Fig. 21. Designed LC PM machine prototype.

Fig. 22. Practical LC motor measurement setup.

TABLE II

MAIN LC MOTOR PARAMETERS

and q-axis current iq . For surface mounted PM (SMPM)
machines, due to Ld = Lq , the electromagnetic torque
Te and iq have a linear relationship whether id is equal to zero
or not. Thus, based on id = 0, the vector control of SMPM
machines can achieve the MPTA effect. Different with SMPM,
because of saliency effect (Ld �= Lq) of considered prototype
machine (interior PM in rotor), id of MTPA for IPMSM is
not equal to zero, and for the rotor speed below the base

Fig. 23. Torque versus speed characteristics of LC motor.

Fig. 24. Current quality for 2 Nm and 1000 r/m operation point.

Fig. 25. Experimental results and machine efficiency.

speed, the reference id is determined from (12). However, with
the speed increasing, since the machine voltage is limited by
dc-link voltage of inverter, the FW method is used to increase
the torque under high speed the reference id will change to
(13) [31]. The switching speed of these two control strategies
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Fig. 26. No-load induced voltage at 3000 r/m.

is 1580 r/m

i∗
d =

ψm −
√
(ψm )2 + 8

(
Lq − Ld

)2
i2
q

4
(
Lq − Ld

) (12)

i∗
d = −ψ

m

Lq
+

√(
Udc√

2Ld · ωe

)2

−
(

Lq · iq

Ld

)2

. (13)

The drive performances of LC motor are shown in
Figs. 23–26. Fig. 23 shows the torque–speed characteristic for
different stator load currents, the current quality for 2 Nm and
at 1000 r/m is shown in Fig. 24, and the machine efficiency
is shown in Fig. 25. Furthermore, the FE predicted and the
measured per phase voltage of the prototype PM machine are
shown in Fig. 26. The comparison of results show a good
agreement between the experimental and FEM data.

VII. CONCLUSION

A novel method for reducing of the air-gap flux density sub-
harmonics for the fractional slot tooth-concentrated windings
using magnetic flux barriers in stator yoke is presented. Using
the new stator structure, two 12-teeth/10-poles PM machines
with different concentrated windings are investigated and
their performances are compared with the conventional stator
design. Considering the main machine parameters, such as the
electromagnetic torque, losses, and also the field-weakening
capability, the obtained results show that the new stator design
brings significant advantages over the conventional design,
such as:

1) subharmonic reduction more than 60%;
2) power loss reduction up to 40% for the stator iron losses,

60% for the rotor iron losses, and up to 80% for the
magnet losses;

3) high field-weakening capability.

The design and analysis of the considered machines pre-
sented in this paper is performed using FEM. For the
PM machine design with the double-layer winding, a prototype
machine with the new stator structure is built and different
measurement results for the toque–speed characteristics, phase

current, machine efficiency, and no-load induced voltage are
given. The experimental results on prototype machine demon-
strate the applicability of the new technique.
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