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Abstract— Not only does rotor skewing as a cost-effective
technique reduce the cogging torque, but also it affects
machines performance too. Hence, this paper studies the
torque, back-EMF and loss characteristic of a Flux Switching
Permanent Magnet (FSPM) machine with rotor skewing. The
cogging torque, torque profile, induced EMF and iron core
losses of a 10/12 FSPM machine with various degrees of rotor
skewing are calculated and compared using three dimensional
finite element analysis. First and foremost, the results have
shown that the torque oscillation is totally eliminated when
skew angle is equal to 6 degrees. In addition, the peak value of
both output torque and back-EMF does not change
significantly, and they reduce at most 5%. Finally, the
influences of rotor skewing on the iron core losses are carried
out using Bertotti formula and it is discovered that by
increasing the skew angle, core losses almost do not vary.
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1. Introduction

The electrical machines which have permanent
magnets (PMs) in their structure are able to produce
higher torque density and efficiency in comparison with
other conventional types [1]. Among PM machines,
stator-PM machines achieve higher power density if
compared to rotor-PM machines because the PMs are
well-ventilated. In addition, stator-PM machines have
better mechanical reliability for high-speed applications
as their windings are placed in the stator [2]. Stator-PM
machines are consisted to three categories, Doubly Salient
Permanent Magnet (DSPM) machines, Flux Reversal
Permanent Magnet (FRPM) machines and Flux Switching
Permanent Magnet (FSPM) machines [3]. FSPM
machines have the highest power density among other
types, because of the highest air-gap flux density which is
caused by the flux concentration effect. In addition, they
enjoy high power density, torque density, high flux-
weakening capability and robust structure [3]-[4]. These
types of electrical machines are a suitable candidate for
both low-speed and high-speed application such as
starter-generator in aircraft [5], hybrid vehicles [6] and

wind turbines [7]. The recent literature has focused
mainly on design optimization [8]-[9], on the
enhancement of the topology and on the performance
analysis of FSPM machines [10]. Most researches have
been focused on design procedure, optimized design and
performance analysis [11] while the cogging torque has
not been studied properly. In general, cogging torgue in
flux switching machines is higher than in other machines
and it generates unpleasant vibration and acoustic noise.
In order to obtain high performance, the minimization of
torque oscillations consists substantially upon the effort
to constant the alignment between the rotor teeth and the
permanent magnets [12]. Rotor/stator skewing is one of
the common methods to reduce the pulsation of the
cogging torque [13]. Rotor skewing in FSPM machines is
way easier in comparison with stator skewing because of
segmented construction of stator and embedded PMs in
stator structure.
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Fig. 1. Schematic of proposed FSPM machine

Not only does rotor skewing have influence on the
cogging toque, but it also affects other parameters of the
machine which have direct impact on machine
performance such as output torque, back-EMF and core
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losses which are missed in other literatures. The objective
of this paper is to explore the effects of rotor skewing in
FSPM machines for performance prediction of the FSPM
machines. Moreover, it proves crucial to model the
machine accurately, therefore Finite Element Analysis
(FEA) is performed to analyze various values of the rotor
skewing in a prototype FSPM machine.

2. Finite element simulation

The studied FSPM machine is a three-phase 12/10
motor. The 2D schematic of proposed FSPM machine is
shown in Fig. 1.

The main geometric parameters of the machine are
given in Table 1.

The FSPM machine is modeled with the CEDRAT
Flux package which is a FE software. The machine has
concentrated winding in which all coils are connected in
series and supplied by three-phase sinusoidal current
source. The circuit is coupled to the magnetic domain in
this study.

Table 1. Major Parameters of FSPM Machine

Quantity Value
Stator pole numbers 12
Rotor pole numbers 10
Outer diameter of stator 90mm
Active axial length 25mm
Air-gap length 0.5mm

Rotor pole width 4mm

Outer diameter of rotor 55mm
PM thickness 3.6mm
Stator tooth width 3.6mm
Stator back iron thickness  3.6mm

Number of turns per phase 72
Rated current 14A
Speed 400rpm

The periods of the cogging torque during a stator slot
pitch is given as follows [14]:
N, = iz 1
P~ GCD(N,.N,) )
where GCD(Ns,Nr) is the greatest common divisor
between the rotor pole number Nr and the stator pole
number Ns. For the studied machine, GCD(10,12) and Np
are 2 and 5 respectively. Thus, the suitable skew angle to
reduce the cogging torque is between 0 to Oskew and can
be achieved as follows [14]-[15]:

P _ 360 )
skew Np Ns

In order to model various condition of rotor skewing
completely, the parameter Osew i.€. the skew angle is
varied in six steps. A skewed model of the proposed
FSPM machine is shown in Fig. 2 for Osew=6. Moreover,
the flux distribution of skewed FSPM machine for both
rotor and stator shows in Fig. 3 (a) and (b) respectively.
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Fig. 2. Schematic representation of skewed FSPM
machine
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Fig. 3. Flux disturbution of skewed FSPM machine, a):
Rotor, b): Stator



3. Cogging torque in FSPM

The cogging torque is produced by the interaction
between the stator PMs and the rotor salient poles on
open-circuit. In other words, the variation of energy in a
machine while its rotor is rotating causes to generate a
periodic torque pulsation even if the current is equal to
zero due to the rotor field tends to be aligned with the
stator poles.

Generally, total co-energy in an electrical machine
consists of three terms which are corresponded to of the
self-inductance, permanent magnet and that due to mutual
flux. In an FSPM machine, total co-energy can be
calculated as follow:

W, = %Liz + %M%M + Nigpy )
where L is the machine inductance, i is the current of the
machine, R is total reluctance which is seen by the
magneto-motive force source and the magnetic field, ¢py,
is the magnetic flux of the permanent magnet and N is the
number of stator winding. Also the electromagnetic
torque can be derived estimated as follows:

Weo (@)
B

where [ is the angular position of rotor. The total energy
of the machine can be calculated as follow:

T IWeo )
cog —
7 aﬁ i=constant
1 dR
Teog = — E(pIZDM @ (6)

When the permeability of the iron core is extremely
large in compare with the permeability of the air-gap and
PMs and the variation of energy in the iron core is
neglected, co-energy is almost equal to stored energy in
the air-gap. The stored energy in the air-gap can be
calculated as follow:

I/Vco i Wair—gap (7)

1
Wair—gap = %]‘ Bz(a)dV
14

(8)

= 1 B%(a)G?*(a, B)dV
219 7

where a the angle along the circumference of the air-gap,
B(a) is the distribution of the air-gap flux density along
the perimeter, G(a,p) is a function used to model the effect
of the salient rotor [14].

Fourier expansion of B2(a) and G?(a,pB) are shown in
equations (9) and (10) respectively.

B?(a) = By + Z B, cos(npsa) (9)

n=1

G%(a,0) =Gy + Z G, cos(mp,(a + B))  (10)
m=1
Substitution of (9) and (10) into (8) yield an expression
for the cogging torque of an FSPM machine:

Teog(B)

L (D% — D2\ <
=ZZ“?< i m)EnGanksin(kﬁ) (1)

n=1

where Iy is the stack length, Dsi the inner diameter of
stator, Dy, the outer diameter of rotor, po the permeability
of the air and k the Least Common Multiple of the number
of stator poles and the number of rotor poles. According
to (7), the cogging torque are proportional to G, times Bix.

Fig, 4 shows the cogging torque of the studied machine
for different skew angles. The results show that the
cogging torque decreases considerably by increasing the
skew angle. It is observed that with 6 rotor skewing, the
cogging torque is around zero, causing the machine to
have a smoother torque profile. In table I1, the amount of
cogging torque for various degree of skew angle is
compared. It can be seen that cogging torque reduces
around 99% in comparison to the condition that Oskew=0.
It can be concluded that skewing the rotor is the best
approach to eliminate the cogging torque. In addition, it
is irrefutable that this method is easier if compared to
other methods such as teeth pairing or tooth notching.
Table Il compare the cogging torque for various degree of
skew angles.
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Fig. 4. FE computation of cogging torque for different
values of skew angle



Table 2: Compare of cogging torque for various values of
Skew angle

Cogging Torque

Skew Angle Tcog [N.m] Reduction [%]
0 0.110819 0.00%
1 0.102078 7.89%
2 0.07119 35.76%
3 0.04762 57.03%
4 0.031294 71.76%
5 0.013942 87.42%
6 0.00088 99.21%

4. Torque Characteristics
Generally, output torque of FSPM machines can be
defined as:

P
Toutput = e (12)
w
Poutput = nmeEl, cos(¢) (13)

where Pouput IS OUtput power and o angular speed, n is the
efficiency of the machine, m is the number of machine
phases, € is the ratio of the induced EMF by the stator PM
flux at no-load E to the machine terminal voltage V, I is
the phase current and cos(¢) is the power factor.

After applying rotor skewing in FSPM machines, the
output torque can be expressed as:

nmeEI, cos(¢)
Toutput = + (14)

One of the vital characteristics of an electric machine
is the output torque which can be affected by the skewing
of the rotor. According to the technical literature,
rotor/stator skewing causes electrical machines torque to
drop [5].

In order to model the effect of rotor skewing on the
machine torque, the coefficient ksew is multiplied to
equation (10) is calculated by FEA and it is expressed as:

meEl, cos(¢)
Toutput = skewu (15)
As shown in Fig. 5, the torque of the machine
decreases by increasing the skew angle. At the first look,
it seems that the machine’s torque decreases to less than
half, but in order to calculate the drop of the output torque
we need to compute the maximum torque-phase angle
profile (T-8) for one cycle. To compute the T-3, rated
current I, is injected to phase A, and —I./2 is injected to
phase B and C. Fig. 6 shows the T-8 for different values
of skew angle. As it can be seen in Fig. 6, the maximum
torque drop is limited. Also, the decrement of maximum
machine’s torque versus Osew IS presented in Fig. 7.
Moreover, the maximum torque, its reduction and
percentage of torque ripple is presented in table II. It can
be observed that when Bskew=6, the maximum torque drops

5.5% while torque ripple reduces 5.38%.

5. Back-EMF Characteristics

Back-EMF plays a significant role in machines
performance, and a small change in this parameter affects
machine’s performance.

According to Faraday’s induction law, the voltages
induced in the windings of a skewed rotor machine can be
determined as:

Ap
E = _kwkskewNphE (16)

where the factor kw is winding factor, Ksew is the
coefficient which present the skewing effects, Np is
number of coil turns in series per phase winding and o is
magnetic flux.

The back-EMF of the proposed machine for different
values of Oskew are illustrated in Fig. 8. It is observed that
the induced EMF reduces very a little. Moreover, the
EMF has a small shift backward. Furthermore, Fig. 9
presents the maximum value of EMF for different skew
angles. It can be seen that the maximum EMF for Osken=06
decreases around 0.05V. 1l addition, harmonic analysis of
EMF is performed and the results are indicated in Fig. 10.
By comparing the harmonic content of the induced EMF
it can be concluded that the all harmonic orders of EMF
drop and it causes the EMF waveform to be smooth.
Moreover, maximum EMF and EMF reduction for
various Bskew are compared table 1V.

6. Core Losses Characteristics

One of the crucial points which has a great impact on
machine performance is iron loss which should be
estimated precisely. The power losses in the electrical
machines consist of chiefly of three types, the magnetic
losses in the magnetic circuits which is known as iron
losses, the losses by joule effect in the coils which is
called copper losses and the mechanical losses which is
produced by friction and ventilation.

Calculating of the iron losses and the modeling of the
soft magnetic materials are two completely dependent
points. Thus, the hysteresis is taken into consideration at
the level of the magnetic behavior law B(H), and the
computation of the magnetic losses is therefore carried
out directly. In addition, the hysteresis is neglected at the
level of the magnetic behavior law B(H), and the
computation of the magnetic losses is carried out a
posteriori starting from theoretical or experimental
formulas [16].

Two reputable methods are being used by machines
designers to assess the iron loss such as Bertotti formula
and LS (Loss Surface) model. In this paper, Bertotti
formulas is used to calculate the iron losses. In this paper,
the formulas of Bertotti is used to calculate the iron losses
[17]-[18].

In Bertotti theory, the expression of the magnetic losses is
a function of the frequency and of the peak value of the
magnetic flux density and total magnetic losses (17) are
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Table 2: Compare of -8 for various values of skew angle

Torque

Table 2: Compare of EMF for various values of skew

Skew Angle  Twax [N.m] Reduction [%] Teog T
0 2.039341 0.00% 5.43%
1 2.032071 0.36% 5.02%
2 2.015476 1.17% 3.53%
3 2.003732 1.75% 2.38%
4 1.986186 2.61% 1.58%
5 1.960552 3.86% 0.71%
6 1.927137 5.50% 0.05%
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Fig. 11. Iron losses at f = 66.67Hz in M400-50A

divided into three terms, hysteresis losses (18), classical
eddy currents losses (19) and excess losses (20) as follow
[17]:

Pross = (Phys + Peddy + Pexc)kf (17)

Phystersis = knfBn (18)
om?d?

Peddy = 6 (Bmf)z (19)

Pexcess = ke (Bmf)LS (20)

where « is the coefficient of Steinmetz, ranging from 1.6
to 2, ks is the stacking factor which usually is very close
to 1, ke and ke are hysteresis loss coefficient and excess
loss coefficient respectively, ¢ is the conductivity of the
material, d is the thickness of the lamination, f is machine
frequency and B is the peak value of the magnetic flux
density.

As shown in Fig. 11, the iron losses-flux density cure
which is obtained by Bertotti overlaps with the measured
cure perfectly. Moreover, the calculated core losses in
demonstrated in Fig. 11 for Oskew=1 and Osew=6. The core
losses of the machine are calculated based on the formula

angle
Skew Angle EMF [N.m] EMF Reduction [%]
0 3.84608603 0.00%
1 3.840733048 0.14%
2 3.83978471 0.16%
3 3.832326401 0.36%
4 3.812842606 0.86%
5 3.788969318 1.49%
6 3.746603905 2.59%
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Fig. 12. Iron losses based on formulas of Bertotti

of Bertotti and presented in Fig. 12 both Bgew=1 and
Oskew=0.

Table 2: Detail of machine iron losses

Skew Total Hysteresis Classical Excess
Angle Losses Losses Losses Losses
0 2.4802 1.8138 0.378 0.28837
6 2.6293 1.9182 0.40455 0.30656

7. Conclusion

The effectiveness of rotor skewing on effective
parameters of FSPM machines which have great impact
on machine’s performance have been investigated under
different skew angles. It is found that the cogging torque
can be eliminated completely by rotor skewing in FSPM
machines. Also, output torque of machine falls, but the
decrement of output torque is not remarkable. It should be
considered that maximum output torque is depended on
the position of the rotor in FSPM machines. Thus, to reach
the maximum output torque, it is necessary to calculate T-
3. The effects on rotor skewing have been examined and
it is found that back-EMF is being smoother with a very a
little drop. Finally, the core losses of the machine for both
non-skewed and skewed condition have been computed,



and it found that the core losses increased which decreases
machine’s efficiency. Generally, it can be concluded that
rotor skewing is the best approach to improve machine’s
performance but some studies should be done to find the
optimal skew angle and rotor position to make this study
more practical.
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