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The rotor configurations

⌅ SPM rotor

⌅ inset rotor

4-pole 24-slot motors.
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The rotor configurations

⌅ tangentially magnetized PMs

⌅ radially magnetized PMs
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The rotor configurations

⌅ two flux-barriers per pole

⌅ more flux–barriers per pole

⌅ axially laminated rotor.



(a) 4 poli) (b) 6 poli

Figura 3.1: Geometria di rotore su lamierino IEC80

3.2 Geometria di rotore

La geometria scelta per questo progetto è di tipo a magneti permanenti interni (IPM) con
magnetizzazione radiale, un esempio è riportato in Figura 3.1, per i casi a 4 e 6 poli, le frecce
indicano la direzione di magnetizzazione dei magneti, i quali sono evidenziati in verde.
Il vantaggio dei motori IPM, rispetto ai motori SPM, è la tenuta dei magneti soggetti
a forge centrifughe. Nel caso di motori IPM con magnetizzazione tangenziale o V-Spoke
sarebbe necessario optare per un elevato numero di poli, soluzione non considerata in quanto
l’aumento delle frequenza elettrica richiederebbe un inverter più performante.

3.3 Caratteristiche materiali

3.3.1 Ferromagnetico

Il materiale ferromagnetico scelto per questo progetto è di tipo M400-50A. Le figure 3.2a
e 3.2b riportano rispettivamente la curva di magnetizzazione e le curve di perdita specifica
a diverse frequenze, queste sono il risultato di prove sperimentali su lamierini M400-50A,
come riportato nei file allegati.

3.3.2 Magneti

In fase preliminare sono stati considerati magneti sia in Neodimio Ferro Boro (NdFeB) che
Ferrite, in quanto quest’ultimo, sebbene presenti deboli caratteristiche magnetiche, ha un
costo molto contenuto se paragonato a magneti in terre rare.
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3.10.3 Simulazioni

Figura 3.14: Simulazione a carico - Motore 4 poli
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Fig. 3. IPM analytical model: reference frame and rotor geometry.

shows the adopted reference frame and the simplified rotor
structure with two flux-barriers per pole that is considered in
the model.

First, a slotless stator is considered, in which the conductors
within the slots are replaced by a conductive sheet of infinitesi-
mal thickness placed on the inner surface of the stator. Then,
the geometry of the flux-barrier is simply described by the
length-to-thickness ratio (i.e., lb/tb) and the opening angle (θb1

and θb2 for the two flux-barriers, respectively) as in Fig. 3. An
additional simplification is related to the iron and steel that are
assumed to be infinitely permeable.

A. Air-Gap Flux Density

A linear current density distribution along the stator conduc-
tive sheet is considered when the current is carried by the actual
coils. The quantities are defined in the rotor reference frame.
The rotor angle ϑr is linked to the stator angular coordinate ϑs

and the angular rotor position ϑm by ϑs = ϑr + ϑm. The elec-
tric loading Ks and the corresponding stator scalar magnetic
potential Us are given by

Ks(ϑr) =
∑

ν

K̂ν sin [νϑr + (ν − p)ϑm − αe
i ] (3)

Us(ϑr) =

∫
Ks(ϑr)

D

2
dϑr (4)

where ν is the harmonic order, K̂ν is the peak value of electric
loading harmonic of order ν, and αe

i is the phase angle of the
current. As shown in Fig. 3, the subscript “1” is used for the
inner flux-barrier, while the subscript “2” is used for the outer
flux-barrier.

The magnetic potential of the rotor Ur(ϑr) is considered
to be constant in each magnetic island bordered by the flux-
barriers and the air-gap, and zero elsewhere. It follows that
Ur(ϑr) is a staircase function in which the rotor magnetic
potentials of each rotor magnetic island (Ur1 and Ur2) are the
step height.

Since an FS winding is considered, the MMF harmonic
content also contains subharmonics, which are not periodical
within an electrical pole. Therefore, the rotor potential can
assume a different value in each pole, and the rotor potential
Ur(ϑr) can be expressed as the composition of the potential in
each flux-barrier described as Ur1(np) and Ur2(np), where np

is defined as np = 2k − 1, with k = 1, . . . , 2p. A more detailed
description of the model is reported in [18].

Fig. 4. Flux line distribution of the simplified FE analysis.

Finally, the air-gap flux density distribution is given by

Bg(ϑr) = µ0
−Us(ϑr) + Ur(ϑr)

g
(5)

where g is the air-gap length.

B. Torque Computation

The torque τm is obtained by integrating the Lorentz’s force
density, which is the product Bg(ϑr)Ks(ϑr), along the air-gap
surface and by multiplying the result with the radius D/2. After
several manipulations, it is given by

τm =
∑

np

−kτ
4






npπ

2p
+ϑb2∫

npπ

2p
+ϑb2

Ur2(np)Ks(ϑr)dϑr

+

npπ

2p
+ϑb1∫

npπ

2p
+ϑb1

[Ur1(np) − Ur2(np)] Ks(ϑr)dϑr





(6)

where kτ is a constant term. It can be noted that the torque is
computed as the sum of the separate contributions due to the
interaction between the stator current and the rotor potentials.
Such a sum has to be repeated, considering separately each rotor
pole, e.g., for each value of np.

C. Model Validation

The geometry of a 12-slot 10-pole IPM prototype with two
flux-barrier per pole has been adopted to validate the proposed
procedure. A slotless stator is considered, in which 12 current
points are supplied in place of the slots. The current of each
current point is changed according to the rotor position ϑm.
For a fair comparison, the iron lamination has a linear behavior,
and each iron bridge of the actual rotor geometry is replaced
with air.

Fig. 4 shows the flux line distribution in the rotor geometry. A
two-layer winding is considered: the MMF subharmonic (ν =
1) is well evident since the flux lines cross the rotor from one
side to the other.

Fig. 5 reports the comparison between the analytical and FE
analysis results with linear model. In particular, Fig. 5(a) shows
the stator magnetic potential, and Fig. 5(b) shows the air-gap
flux density.

Fig. 6 presents the comparison between the torque behav-
iors obtained with the analytical model and the simplified FE
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Fig. 5. Comparison between the analytical model and the FE analysis with
linear model. (a) Stator magnetic potential. (b) Air-gap flux density.

Fig. 6. Comparison between the analytical model and the FE analysis with
linear model. (a) Torque behavior. (b) Torque harmonic content.

analysis. As highlighted in Fig. 6(b), there is a general overes-
timation of the amplitude of each torque harmonic. However,
there is an acceptable match between the average value and
the oscillation amplitude, as verified in Fig. 6(a). The harmonic
orders reported in Fig. 6(b) refer to a rotation of an electrical
period.

IV. APPLICATION EXAMPLE: 12-SLOT 10-POLE MACHINE

A. Analytical Model Results

Referring to the 12-slot 10-pole machine, a parametric anal-
ysis has been carried out using the analytical model in order
to identify the particular rotor geometries which minimize the
torque ripple. The optimized four-layer winding has been con-
sidered. It is designed to force the MMF subharmonic to zero.

The main geometrical dimensions adopted in the analytical
model refer to an existing IPM prototype [19]. It has been
assumed as the reference machine characterized by a two-layer
winding and a symmetrical rotor pole arrangement. Also, PM
sizes are fixed equal to those of the reference machine.

As fully described in literature [4]–[6], [9], the main torque
ripple component is due to the reluctance variation mecha-
nism. Hence, the current vector angle has been fixed equal to
αe

i = 135◦ in both the analytical model and the following FE
simulations. Such an angle is the theoretical maximum torque
angle for the synchronous reluctance machine.

The torque behavior has been computed for several couples
of flux-barrier angles ϑb1 and ϑb2. As a result, different torque
parameters are evaluated as a function of ϑb1 and ϑb2: average
torque, torque ripple, and amplitude of each torque harmonic.
Fig. 7 shows the torque ripple and the amplitude of the 12th
and 24th torque harmonics, respectively, in the ϑb1−ϑb2 plane.
Fig. 7(a) highlights that there are various local minima of the
torque ripple.

Even though the analytical model is affected by inevitable
simplifications that yield imprecision in predicting the absolute
value of both actual average torque and torque ripple, it is a
useful tool for sensitivity analysis on machine performance, al-
lowing us to individuate optimal rotor configurations [10], [18].

B. Symmetrical Rotor Pole Arrangement

Fig. 7(a) highlights the position of the machine prototype
in the torque ripple map. A complete comparison between the
predicted and experimentally measured torque behaviors, as
well as pictures and geometrical dimensions of the prototype,
is reported in [19]. It could be noted that flux-barrier angles
ϑb1−ϑb2 of the prototype are located in a minimum torque
ripple (MTR) area. This area is still a minimum also with the
two-layer winding (that is the actual case of the prototype).

Starting from the analytical results, FE simulations have been
carried out by adopting the actual model of the machine, i.e., the
complete stator and the nonlinearities. The purpose is compar-
ing the optimal geometry (that is the prototype) equipped with
both two-layer and four-layer windings. Even if the geometry
of the prototype is located in the torque ripple minima of
Fig. 7(a), the actual torque ripple with a two-layer winding is
still remarkable and is about 13% as reported in Table I. By
adopting the optimized four-layer winding, it becomes more
than halved, i.e., about 5%.

Fig. 8 shows the flux lines of the prototype with both two-
and four-layer windings. The suppression of the MMF har-
monic of order ν = 1 (the subharmonic) is clearly recognizable.
Fig. 9 shows the torque behavior and the harmonic content of
the prototype equipped with both the two-layer and four-layer
windings. The suppression of the sixth-order torque harmonic
with the four-layer winding is evident. The ripple reduction
is mainly due the lack of this harmonic, as emphasized in
Fig. 9(b).

C. Asymmetrical Rotor Pole Arrangement

The strategy to design the rotor is based on the following
remark. The torque harmonic varies in amplitude as shown in
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Fig. 3. IPM analytical model: reference frame and rotor geometry.

shows the adopted reference frame and the simplified rotor
structure with two flux-barriers per pole that is considered in
the model.

First, a slotless stator is considered, in which the conductors
within the slots are replaced by a conductive sheet of infinitesi-
mal thickness placed on the inner surface of the stator. Then,
the geometry of the flux-barrier is simply described by the
length-to-thickness ratio (i.e., lb/tb) and the opening angle (θb1

and θb2 for the two flux-barriers, respectively) as in Fig. 3. An
additional simplification is related to the iron and steel that are
assumed to be infinitely permeable.

A. Air-Gap Flux Density

A linear current density distribution along the stator conduc-
tive sheet is considered when the current is carried by the actual
coils. The quantities are defined in the rotor reference frame.
The rotor angle ϑr is linked to the stator angular coordinate ϑs

and the angular rotor position ϑm by ϑs = ϑr + ϑm. The elec-
tric loading Ks and the corresponding stator scalar magnetic
potential Us are given by

Ks(ϑr) =
∑

ν

K̂ν sin [νϑr + (ν − p)ϑm − αe
i ] (3)

Us(ϑr) =

∫
Ks(ϑr)

D

2
dϑr (4)

where ν is the harmonic order, K̂ν is the peak value of electric
loading harmonic of order ν, and αe

i is the phase angle of the
current. As shown in Fig. 3, the subscript “1” is used for the
inner flux-barrier, while the subscript “2” is used for the outer
flux-barrier.

The magnetic potential of the rotor Ur(ϑr) is considered
to be constant in each magnetic island bordered by the flux-
barriers and the air-gap, and zero elsewhere. It follows that
Ur(ϑr) is a staircase function in which the rotor magnetic
potentials of each rotor magnetic island (Ur1 and Ur2) are the
step height.

Since an FS winding is considered, the MMF harmonic
content also contains subharmonics, which are not periodical
within an electrical pole. Therefore, the rotor potential can
assume a different value in each pole, and the rotor potential
Ur(ϑr) can be expressed as the composition of the potential in
each flux-barrier described as Ur1(np) and Ur2(np), where np

is defined as np = 2k − 1, with k = 1, . . . , 2p. A more detailed
description of the model is reported in [18].

Fig. 4. Flux line distribution of the simplified FE analysis.

Finally, the air-gap flux density distribution is given by

Bg(ϑr) = µ0
−Us(ϑr) + Ur(ϑr)

g
(5)

where g is the air-gap length.

B. Torque Computation

The torque τm is obtained by integrating the Lorentz’s force
density, which is the product Bg(ϑr)Ks(ϑr), along the air-gap
surface and by multiplying the result with the radius D/2. After
several manipulations, it is given by

τm =
∑

np

−kτ
4






npπ

2p
+ϑb2∫

npπ

2p
+ϑb2

Ur2(np)Ks(ϑr)dϑr

+

npπ

2p
+ϑb1∫

npπ

2p
+ϑb1

[Ur1(np) − Ur2(np)] Ks(ϑr)dϑr





(6)

where kτ is a constant term. It can be noted that the torque is
computed as the sum of the separate contributions due to the
interaction between the stator current and the rotor potentials.
Such a sum has to be repeated, considering separately each rotor
pole, e.g., for each value of np.

C. Model Validation

The geometry of a 12-slot 10-pole IPM prototype with two
flux-barrier per pole has been adopted to validate the proposed
procedure. A slotless stator is considered, in which 12 current
points are supplied in place of the slots. The current of each
current point is changed according to the rotor position ϑm.
For a fair comparison, the iron lamination has a linear behavior,
and each iron bridge of the actual rotor geometry is replaced
with air.

Fig. 4 shows the flux line distribution in the rotor geometry. A
two-layer winding is considered: the MMF subharmonic (ν =
1) is well evident since the flux lines cross the rotor from one
side to the other.

Fig. 5 reports the comparison between the analytical and FE
analysis results with linear model. In particular, Fig. 5(a) shows
the stator magnetic potential, and Fig. 5(b) shows the air-gap
flux density.

Fig. 6 presents the comparison between the torque behav-
iors obtained with the analytical model and the simplified FE
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Fig. 7. Torque ripple and harmonic torque amplitude maps of the four-layer
winding configuration. (a) Torque ripple. (b) 12th harmonic. (c) 24th harmonic.

TABLE I
RESULTS OF THE FE ANALYSIS (Îphase = 9 Apk,αe

i = 135◦)

Fig. 8. Flux line distribution of the prototype with (a) two-layer winding and
(b) four-layer winding.

Fig. 9. Comparison between torque behaviors (FE simulations). The aver-
age torque term is not included in the torque harmonic content histogram.
(a) Torque versus position behavior. (b) Torque harmonic content.

Fig. 7(b) and (c) but also in phase according to the position
of the flux-barrier angles ϑb1 and ϑb2. Therefore, considering
the different minima exhibited by the torque ripple compo-
nents, it is possible to select two couples of flux-barrier angles
(θb1,1−θb2,1 and θb1,2−θb2,2) that exhibit one or more harmonic
orders with similar torque amplitude but with phase opposition.
Applying this strategy, the rotor geometry is not symmetrical
since the two rotor poles forming each pole pair are different.

Thus, the procedure adopted to select the candidates for the
optimal geometry is the following.

1) The sixth-order harmonic is almost canceled by using the
optimized four-layer winding.

2) For the higher torque ripple harmonic, i.e., the 12th-
order harmonic, the combinations of θb1,1−θb2,1 and
θb1,2−θb2,2 that minimize its value have been evaluated.
Of course, the amplitude of the torque harmonic is com-
puted by considering the phase value.

3) Among the set of combinations already selected, those
that exhibit a low value of the 24th-order harmonic have
been finally chosen as optimal candidates.
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