J Electr Eng Technol.2018; 13(2): 812-821
http://doi.org/10.5370/JEET.2018.13.2.812

ISSN(Print)  1975-0102
ISSN(Online) 2093-7423

Calculation of Electromagnetic Excitation Forces in Double Skewed
Motors

Xiaohua Bao', Chong Di* and Yang Zhou**

Abstract — An electromagnetic excitation force is caused by the air-gap flux density, which greatly
influences the noise and vibration of the motor. In many real projects, skewed slot technology is
widely used to reduce the harmonic components of the air-gap flux density to reduce the noise and
vibration of the motor. However, a skewed slot has several side effects such as a transverse current and
axial drifting. Thus, a double skewed slot rotor is selected with the aim of eliminating these side
effects. This paper presents the exact structure of the double skewed slot rotor and the mechanism
whereby the electromagnetic excitation force can be reduced. A multi-slice method is adopted to
model the special structure. Finite element simulation is used to verify the theory.
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1. Introduction

Levels of noise and vibration have been a very important
technical index of electrical machines in recent years.
Electromagnetic noise and vibration are often induced by
the electromagnetic excitation force resulting from the air-
gap flux density [1-2]. Skewed slot technology is commonly
applied to reduce the noise and vibration of the motor.
Although the technology has been used in many real
applications for almost one hundred years, it has
nevertheless attracted many scholars’ attention of late. For
example, Xia et al. developed an analytical model for
surface-mounted permanent magnet machines with skewed
slots and verified the correctness with 3D finite element
analysis [3]. Karmaker et al. developed a computational
model to predict the air-gap flux density and other
electromagnetic parameters [4]. In consideration of the
electromagnetic force and vibration force, Hirotsuka et
al. discussed the effects of the skewed slot on the electro-
magnetic force and vibration both theoretically and
experimentally [5]. Im et al. considered the influence of the
skew by coupling several disks cut by planes perpendicular
to the shaft and found that the noise could be reduced by
adjusting a proper skew angle of the rotor [6].

The rapid development of computer technology has
enabled the simulation of the skewed slot structure by a
finite element method rather than simply discussing it
theoretically. Many scholars have focused on 3D finite
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element analysis. Kometani et al. put forward a new method
using a regular coupling mesh to analyse an induction
motor with skewed slots [7]. Yamada et al. proposed a
simplified 3D model for a skewed rotor [8]. Yamazaki used
a combination of 2D and 3D methods to consider the
effects of the skewed slots [9]. The 3D model is certainly
more accurate, but this model occupies too much computer
memory and remains time consuming, regardless of all
kinds of simplifications. Thus, the 2D model remains the
mainstream model because of its computational efficiency
and relative convenience. Therefore, many scholars have
proposed different kinds of equivalent 2D models to
substitute the complex 3D model to save computer
resources [10-13].

As mentioned above, many scholars have made contri-
butions to skewed rotors and they have discovered many
advantages of the skewed slot structure. However, they
also found many unwanted side effects, such as transverse
current, axial drifting, and additional eddy current losses,
especially in a relatively large motor [14-15].

Our previous work had the goal of designing of an ultra-
quiet induction motor, and led to the proposal of a novel
skewed rotor, i.e. a double skewed rotor without a middle
ring [16]. The rotor was divided into four parts along the
shaft with each part oriented towards the reverse directions.
However, a similar structure named herringbone tooth has
already been studied, and applied in permanent magnetic
motors, although it seldom appears in induction motors
[17-18]. However, the different parts of the rotor are
interlaced in permanent magnetic motors, such that the
harmonics in different parts may be opposite and they may
be reduced to a greater extent. Hence, in this paper, we
propose a double skewed rotor with a middle ring. The
rotor current in the induction motor is induced from the air-
gap flux density and the rotor current is required to develop
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a loop; thus, a middle ring is essential to connect the
rotor current in different parts of the skewed rotor. The
mechanism according to which the novel structure
reduces the harmonics of the air-gap flux density and the
electromagnetic excitation force is analysed theoretically. A
simulation is carried out by modelling a modified and
special multi-slice method of the double skewed rotor by
adding a different stator voltage excitation and changing
the rotor mechanical angle. The theoretical analysis indicates
that both the double skewed rotor and the multi-slice model
are correct. A finite element method is applied to construct
the multi-slice model. The amplitudes of the air-gap flux
density can be obtained by finite element simulation and
the amplitudes of the electromagnetic excitation force can
be calculated. This lays the foundation for further research
on the analysis of the noise and vibration of the motor. The
simulation results verify the correctness of the theory.

2. Analysis of Electromagnetic Excitation Force
in Double Skewed Rotor Motor

Normal skewed rotors are widely used to manufacture
electrical machines, especially in small- and medium-
sized electrical machines to reduce noise and vibration.
However, double skewed rotors have an advantage over
normal rotors, particularly in improving the quality of the
air-gap flux waves, reducing noise and vibration, reducing
torque ripple, and so on. Fig. 1 shows the simplified
structure of a double skewed rotor with two layers.
Actually, the layers of can be divided into more than 2
and it can be 4, 6, 8 and so on. However, the more layers it
means more difficult to manufacture. The main structure of
the rotor is similar to that of normal rotors, except that
the bar has been divided into two parts along the shaft,
with each part being skew towards the opposite direction.
Furthermore, the rotor contains an additional ring in the
middle of the rotor to connect the two different skews. This
ensures that there is an electrical coupling between the two
different parts. In addition, all the parameters of the two
skews are the same.

end ring

middle ring
shaft

Fig. 1. Simplified structure of a double skewed rotor
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Fig. 2. Expanded structure of a double skewed rotor
2.1 Mechanism of reducing the tooth harmonics

Conventional theory shows that the skewed slots are
mainly designed to reduce the harmonics of the air-gap
flux density, especially the tooth harmonics. The double
skewed rotor consists of two normal skews that also serve
the purpose of reducing the harmonics. In this work, we
use an analytical method to determine the mechanism
according to which the harmonics are reduced in the novel
skewed rotor. Assuming the machine is supplied with a
three-phase symmetrical current source, because of the
distributed winding and slotting on both the stator and
rotor, the air gap gives rise to many harmonics, which
have a great influence on the vibration and noise. Fig. 2
illustrates the expanded structure of a double skewed rotor.

If there are no skewed slots other than the straight slots
on the stator, the harmonics produced on the lower part of
the stator side area can be expressed as [19]

b, (0,t)= B, cos(vd -t —,) )

where 6 is the stator position from a reference point, ¢ is the
time, B, is the amplitude of the harmonic, w, is the power
supply angular frequency, ¢, is the initial phase angle, and
v is the harmonic order. When the main tooth harmonics
are taken into consideration, it can be expressed in the
following forms

Z
v=k—%1 k=0,+1,42,--- Q)
p

where Z; is the number of stator slots, and p is the number
of pole pairs. The acquisition of an induced current through
the rotor bar, requires the induced electromotive force to
be calculated first. According to Faraday’s law of
electromagnetic induction, and taking the straight slot into
consideration, the distribution of the induced electromotive
force can be expressed as

E,t,z)=B, cos(vl -t —¢,)zv, 3)

where v, is the relative velocity between the rotor and the
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rotated electromagnetic field, and z is the axial length
along the shaft in Fig. 2. It can be seen from (3) that the
induced electromotive force is related to the stator position
0, time ¢, and axial length z, and it will change with all
these parameters.

When taking the skewed slot into consideration and
assuming a neighbourhood ¢ around point z, the distri-
bution of the induced electromotive force at point z can be
expressed as

E@,t,z2)= J.Zﬂs B cos(vO—wt—¢, —Ap)v, sin BdL  (4)

where f is the mechanical angle between the skewed bar
and the horizontal position in Fig. 2, Ag is the angle
difference between the arbitrary point z on the bar and
neighbourhood point z+4, and L is the length of the bar.
The equation above indicates that the induced electro-
motive force will vary with the z. Taking an arbitrary point
z in Fig. 2 into consideration, the distribution function of
the bar length can be described as

z

sin 8

L(z) = )

The angle difference at point z and point z+J can be
also described with a z function

A0z b,z
V_

A =V =
(2) Rl

(6)

where A@ is the skew angle in Fig. 2, b is the skew
width of the bar, / is the axial length of the bar and R is
the outer diameter of the rotor. By substituting (5) and (6)
into (4), the equation can be transformed into the following
forms

Z+ b
E(Q,t,z):L ng cos(V@—awt—@, —v ;é‘lz)y‘,dz
Rlv B b bo . bo
= ZLcos(ve—a)lt—(pv —VLZ—VL)sva
vb, R 2R 2RI

(7

As 0=0, and assuming the angle in the neighbourhood is
constant, (7) can be transformed into the following forms

B ov,

cos(Vv@—wt—o, —vbsi) (8)

E0,1,2) = .

The equation above indicates that the stator harmonic at
point z will produce induced electromotive force in the
rotor bar. Assuming the resistance of a single rotor bar is
ry, the induced current in a single rotor bar can be
expressed as
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B ov b,z
Y— s cos(VO—wt —p, —v 2=
V}'}) ( 1 (pv Rl) (9)

1(0,1,2) =

The number of turns of the rotor bar is only one; thus,
the magnetomotive force caused by the induced current can
be expressed as follows

B,5 b
F(,t,z)= NI ==~ Vs cos(vl -t -, —v}%lz) (10)

v,

where N is the number of turns of the rotor bar. According
to classical theory, and assuming the air-gap permeance is
Ay, the induced flux density can be defined as

b (0,6,2)=FA, = B, cos(v0 -yt — g, —v%z) (11)

where B' v is the amplitude of the induced flux density.
In real projects, in order to suppress the force to the
minimum, by, is often selected as a stator tooth pitch of the
stator. Thus,

vbsiz(kéil).zplzﬂqﬂ (12)
RI p Z,

The two equations above indicate that the induced flux
density have the same order, i.e. the frequency with the
harmonics, which produces the induced flux density.
However, the angle of the induced flux density lags about
2k, behind that of the origin. The interaction of the stator
harmonics and the induced flux density can reduce the total
harmonics. This is the mechanism according to which the
skewed slots can reduce the tooth harmonics.

In consideration of the upper part of the stator side, the
induced flux density caused by the stator harmonics in (1)
can be expressed with almost the same equation

b, (0,t,2)= B, cos(vO -yt — 9, —v%—va) (13)

where a is the angle difference between the lower and
upper parts and o is a very important parameter in the
design of the double skewed slot rotor. This parameter has
a direct influence on the synthesis of the electromagnetic
excitation force and will be discussed next.

2.2 Analysis of electromagnetic excitation force

The analysis above shows how the skewed slot rotor
reduced the tooth harmonics. And (11) and (13) give the
exact induced flux density produced by v™ stator harmonics.
As a matter fact, there are more harmonics in the rotor
sides caused by different harmonics, and they can be
described as
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' ' b
b (6,t,z)=B, cos(ub-w t—¢p, — SkZ)
: y y y b lz (14)
b (0,t,2) = B, cos(ub—w,t -, — ”S_kl_ ua)

where o, is the frequency of the rotor harmonic, u is the
order of the rotor harmonic and it can be defined as

Z
uzk?zil k=0,+1,42,--- (15)

where Z, is the number of the rotor slots. According to (1)
and (14), based on Maxwell stress tensor method in [12],
the electromagnetic excitation force can be calculated as
the following forms

2b, b, b
P(0,1,2) == = B cos(nl— 1~ p, — =)
24y RI

2b, b, b
pz,, (9’ [’ Z) = ﬂ = })211 COS(I’ZG - a)nt - (pn - AULZ - ,ua)
24 RI

(16)

where g is the permeability of vacuum, » is the order of
the electromagnetic excitation force and w,, is the angular
frequency and ¢, is the difference of the angle. All these
parameters can be described as

B, B/;
2u,

. s, n=utv, 0,=0,to, (17)

It can be seen from (15) that the electromagnetic
excitation forces of the two different parts are almost the
same expect that there is an angle between the two parts.
And it is obvious that the both of the two electromagnetic
excitation forces will change with z position. Thus, the
average electromagnetic force along z axis can be determined
as

0 _1 12 0 d
p]ave( ,t,Z)—; 71/2p1n( ,t,Z) z
RI b 12
:—i—sin(nB—coﬂt—gon—,uiz)
! ub, Rl

1/2 18
B.R . b, (18)
=——"—-2cos(nf —w,t—¢@,)sin(—u—=)
by, R
i 2R
_p SHDL AR 0w i—0)

uby /2R

Similarly, the average electromagnetic excitation force
of the upper part can be described as

12
chlve(Q’t! Z) = 7]7//2 p2n (H,t,Z)dZ

inub, /2R (19)
= 2n81n‘u—‘kcos(n9_wnt_¢n _lua)
ub, /2R

12P,

1/2P,

Shaft

Fig. 3. Vector diagram of electromagnetic excitation forces

It can be seen that the average electromagnetic excitation
forces in (17) and (18) are calculated in consideration of
their own parts. Take the whole length into consideration,
the total average electromagnetic excitation forces of each
part should be divided by two, as the whole length is the
twice the length of each part.

Fig. 3 shows the vector diagram of the different
electromagnetic excitation forces along the shaft. It shows
the electromagnetic forces in the two different skewed slot
areas have the different phases. The face phase difference
between the two forces in different skewed areas is ua.
Finally, the synthetic electromagnetic excitation force can
be expressed as

inub, /2R
Ptut = Pn Slnﬂ—Skcosﬂ (20)
Iubxk /2R 2

where P,=P,,=P,,. According to the equation above, if an
appropriate parameter o is selected, the total electro-
magnetic excitation force may become very small even
zero. In order to make the electromagnetic excitation force
as small as possible, assumption has been made as follows

cos?% ¢ Q1)
2
In general, a is selected as #,/2, t, is the rotor pitch. Thus,

cosﬂ:cosl(
2 2

kZ, pr
t1)-—=0 22
p Z, @)

All the analysis above indicates that if appropriate
parameters are selected in consideration of a double
skewed rotor, the tooth harmonic can be greatly reduced
and the electromagnetic excitation force can be also
reduced, thus the machine can obtain a better level of noise
and vibration. In this paper, most of the parameters in the
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different parts are the same including the same core length
/, the same skew width b, but the each part is towards the
opposite direction. The skew width b, is selected as a stator
tooth pitch, and angle difference a is selected as a half of
the rotor pitch. What’s more, as the current in middle ring
is just the half of the current in the rotor bar, the middle
ring can be designed very thin. All these are the key to
design a double skewed rotor.

3. Analysis of Multi-slice Model

The normal skewed slot rotor can be simulated with 2D
model in many finite element analysis softwares in general.
However, due to the special structure of the double skewed
slot rotor, the simulation is often carried out with 3D
model. And it will cost a lot of computer memory storage
and the simulation will also take much time. Thus, a multi-
slice model is proposed in this paper on account of the
double skewed slot rotor. Fig. 4 shows the equivalent circuits
of a double skewed rotor. The induced electromotive
force caused by all kinds of air-gap flux density can be
transformed into an equivalent voltage source in each part
including V,, and V. R,, R, and R, are the equivalent
resistances of the end ring, rotor bar and the middle ring
respectively. I, and [, are the equivalent currents of the
rotor bar in each part respectively.

Take the stator tooth harmonic into consideration the
equivalent voltages can be expressed as

b
V,(0,t,z) = E, cos(vO — it — ¢, _V_;[Z)
(23)

skZ

V,,(0,t,z)=E,,cos(v0 —w,t —p, —v -

—-va)

As all the induced electromotive force is caused by the
power supply on the stator side, the equivalent voltages can
be transformed into the stator side. The equivalent voltage
sources at different parts can be expressed as

Fig. 4. Equivalent circuit of a double skewed rotor
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b
V.vl (H,f,Z) = E.vl COS(@ —a)lt—(po — SkZ)

V,(0,t,z)=E_, cos(6 —at—@,— ;sl —a)

The main idea of the multi-slice model is to divide the
skewed slot rotor into several straight slot rotors which is
numbered from 1 to M in Fig. 5. And there is a mechanical
angle Ad,, difference between different slices.

The equivalent circuit of multi-slice model of a double
skewed rotor is shown in Fig. 6. It can be seen that when
the skewed slot of each slice is replaced by an equivalent
straight slot, the induced electromotive force of Slice m
will be also transformed into the following forms

V, . (0,t,2)=E, cos(vO—awt—o, _vbSLZ.ﬂ)

lfle:In (25)
V. (0,t,z)=E, cos(V@—wt—q@, —v2"— _yg
b2on (0:1:2) = By SO =0 =, =y Zp mer pver)

Fig. 5. Multi-slice model of a double skewed rotor

R,
AW
Vizem T Ly

Slice 2 é
Slice 1 Vi lel—l
Yy L BV VYR

R.

Fig. 6. Equivalent circuit of multi-slice model of a double
skewed rotor
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And the equivalent voltage sources in each slice in stator
side can be expressed as

b
V, . (0,t,2)=E  cos(0—awt—, 2wz My

RI M

bz m 26)
V., (0,t,2)=E_ cos(0 —ayt —p, -2~ ——a
s2—m( Z) 2 ( | ?, Y )

4. Simulation and Calculation

In this study, a four-pole 380V 7.5kW three-phase squirrel
cage induction motor is simulated with the software of
Maxwell Ansoft. The number of slots of the stator and
rotor are 48 and 44, respectively. The finite element model
of the double rotor motor is shown in Fig. 7. As shown in
Fig. 7(a), the machine is divided into several slices along
the axial direction in each part. The equivalent 2D model
of each slice is shown in Fig. 7(b). As shown in Fig. 7(b),
the rotor turns around O with an angle of A&m. It represents
the difference in the mechanical angle as shown in Fig. 5
and Fig. 7.

Obviously, a larger number of slices may improve the
simulation result, but this would be computationally less
efficient. Thus, the rotor is divided into seven slices in each
part in this work to guarantee accuracy and a fast

Slice M

Slice 2
Slice 1

Fig. 7. Finite element model: (a) 3D finite element model.
(b) Equivalent 2D finite element model

simulation. The multi-slice model shown in Fig. 5 and Fig.
7 can be realised by requiring each slice of the rotor to move
by the mechanical angle along the axial direction. The
mechanical angle difference of Slice m can be expressed as

7.5°

AG, =

m

m=125°m me [0,6] 27)

where 7.5° is the angle of the skewed slot. There is another
way to realize the skewing by changing the corresponding
stator excitation current phase. The excitations on the stator
side the excitations on the stator side at different positions
along the axial direction in a skewed slot machine are
different if the rotor is fixed. Therefore, the stator
excitations need to be changed in each slice. Taking phase
A in Slice m in Fig. 7(b) into consideration, according to
(25) and (26), the voltage excitation on the stator side can
be expressed in the following forms

v, =2204/2 cos(1007t —zgl .%

1

me[0,6]. (28

Egs. (27) and (28) show how the rotor mechanical angle

Straight slot
—— Skewed slot

60

20

Air-gap flux density (T)

120

180

Fig. 8. Air-gap flux density distributions of straight slot

and skewed slot in rated-load condition

0.8

Flux density in upper part
Flux density in lower part
— Synthetic flux density

0.6

0.4+

0.2

0.0

Air-gap flux density(T)

150 152 154 156 158 160
Mechanical angle(°)

T
0 30 60 90 120 150 180
Mechanical angle(°)

Fig. 9. Air-gap flux density distributions of different parts

in rated-load condition
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difference and the voltage excitation are set in each slice in
the finite element simulation according to the analysis in
section 3. So the skewing model can be realized by either
changing the rotor mechanical angle or changing the phase
of the corresponding stator excitation. In this paper
changing rotor mechanical angle method is used.

Fig. 8 shows the air-gap flux density distributions of
straight and normal skewed slots in the rated-load condition.
The curve is much smoother for the skewed slot condition
than for the straight slot. Fig. 9 exhibits the air-gap flux
density distributions in the two parts shown in Fig. 2 and
Fig. 4. The flux density is obtained by calculating the
average of the flux density in different slices exactly. It can
be seen that both of the two curves are very smooth and
that they approximate the shape of a sine wave. There is
also an angle difference between the two curves. The angle
difference in Fig. 9 is found to be approximately 4° in
mechanical degrees and it can be transformed into /22 in
electrical degrees, thereby corresponding to the analysis in
(206).

0.024

0,021 —— 23" harmonic in upper part

0.0184 —— 23" harmonic in lower part
0.015 23" harmonic of synthetic flux density
0.012 4
0.009
0.006
0.003

0.000

Amplitude(T)

-0.003
-0.006
-0.009
-0.012 4

-0.015 4

Mechanical angle(°)
(a)

0.030

——25" harmonic in upper part

0.025 4 —— 25" harmonic in lower part

0.020 - 25" harmonic of synthetic flux density
0.015 4
0.0104
0.005 ~

0.000

Amplitude(T)

-0.005

-0.010

-0.015

-0.020 T T T T T T T T T T T

Mechanical angle(°)
(b)

Fig. 10. Comparison of the 23™ and 25™ harmonics of air-
gap flux density in rated-load condition in double
skewed rotor machine: (a) 23" harmonics of air-
gap flux density. (b) 25™ harmonics of air-gap flux
density
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Fig. 10 shows the details of the 1* stator tooth harmonic,
namely the 23™ and 25" harmonics of different parts and
the synthetic flux density in the double skewed rotor. It is
very clear that the amplitudes of the tooth harmonics in
the two different parts are almost the same because the
structure of each part is the same; however, the two curves
have opposite phases. The phase difference transformed
into electrical degrees is approximately m, which also
corresponds to the analysis in (26). This indicates that a
further reduction in the 23" harmonic of the synthetic flux
density would be possible. In addition, the distribution of
the other 1% stator tooth harmonic is almost the same.
Furthermore, the phase difference of the 25™ harmonic is
also approximately m; however, the angle difference is
smaller than that of the 23™ because the angle of the
skewed slot in the 23" is closer than that of the 25™.

Fig. 11 and Table 1 provide the exact simulation results
of the air-gap flux density obtained for the straight and
skewed rotors. It can be seen that the fundamental
harmonics of the straight slot and the skewed slot rotor are
almost the same, and that those of the straight slot are a
little larger than those of the skewed slot. This can be
explained by considering that the skewed technology is
also likely to affect the fundamental, thereby causing the
amplitude to be reduced slightly. This corresponds to the
traditional theory and the “skewed factor” is often selected
to account for the influence [23]. Taking the 1% stator tooth
harmonic into consideration, it is obvious that the 23™ and
25" harmonics are almost 0.12 T and 0.09 T, respectively,
for the straight slot rotor. However, the harmonics in both
parts of the skewed rotor are around 0.015 T. Furthermore,
the synthetic harmonics were reduced the most, and the

Table 1. Harmonics of air-gap flux density

Order Straight slot | Lower part Upper part Synthetic
(@)) @) @) (@))

1 0.5783 0.5754 0.5750 0.5735
23 0.1208 0.0150 0.0151 0.0033
25 0.0930 0.0170 0.0169 0.0077

0.6 [ Straight rotor
[ Skewed rotor in upper part
I Skewed rotor in lower part|
0.5 014 [ Synthetic
0.12
0.4 & 0.10
= Z 0.08
5 =
3 £ 0.06
E 1l Z o004
g < 0.02
< 02 0.00 \
23 24 25
Order
noa
0.1 h |
1 1
1 1
00+ —vJ]L-IE."". o e .'*.'—.lﬁ—;Lv-LL

0 2 4 6 8 10 12 14 16 18 20 23 24_ 96

Order

Fig. 11. Comparison of the harmonics of the straight slot
and skewed slot rotors under rated-load condition
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Table 2. Harmonics of electromagnetic excitation forces

Order Straight slot | Lower part Upper part Synthetic
(Pa) (Pa) (Pa) (Pa)
0 154610 135200 134989 135095
1 92673 82151 81832 81173
2 8202 9008 8766 8661
3 12809 8141 7856 7008
4 3184 2287 1681 1293
— Upper part
200000 L(l))vpi/er l:)art

Aﬁv M Synthetic

i i

100000 -

50000

Electromagnetic excitation force(Pa)

0 10 20 30 40 50 60 70 80
Mechanical degree(°)

Fig. 12. Electromagnetic excitation forces: distributions of
different parts of the double skewed rotor under
no-load conditions

23" and 25" harmonics are 0.0033 T and 0.0077 T,
respectively. All these results are a consequence of the
influence of the phase shift of the middle ring.

According to the Maxwell stress tensor method expressed
in (16), the distributions of the electromagnetic excitation
force can easily be obtained. Fig. 12 shows the electro-
magnetic excitation force distributions. The curves are very
similar to the air-gap flux density distributions. Similarly,
there is an angle difference between the two curves. The
conventional theory reveals that the noise and vibration
of the motor is mainly affected by the electromagnetic
excitation force of which the order is less than 4. Table 2
lists the main electromagnetic excitation forces related to
the noise and vibration with the order ranging from 0 to 4.
Moreover, the simulation results in Table 2 indicate that
the force of the 1* and 3™ order can be reduced as well.
They are reduced even more when the structure is
changed to that of a double skewed rotor. However, the
fundamental harmonics of the electromagnetic excitation
force are almost the same in the two parts and the 2" order
harmonic increases a little in both the normal skewed rotor
and double skewed rotor machines. This verifies the
correctness of the theory.

5. Conclusion

This paper presents a mechanism according to which a

skewed slot can reduce the tooth harmonic. We reduced the
electromagnetic excitation force by introducing a special
structure in the form of a double skewed slot rotor and
present the main design theory of the double skewed slot
machine in this paper. The results presented here enabled
us to conclude that the skew width for each skewed slot
is a stator tooth pitch and the angle difference between the
two skewed slots is a half rotor tooth pitch in general.

Because the use of a 3D model is computationally
intensive, a special simplified 2D model of the double
skewed slot rotor with a multi-slice method is proposed.
Finite element analysis was used to obtain the distributions
of the air-gap flux density and the electromagnetic
excitation force under different conditions. From this we
concluded that the skewed slot has a great effect on
reducing the stator tooth harmonics of both the air-gap
flux density and the electromagnetic excitation force. On
account of the angle difference between the two skewed
slots, the distributions of the 1* order stator harmonic, i.e.
the 23" and 25" harmonics, have a phase difference of 7.
Thus, the synthetic harmonics of the air-gap flux density
and the electromagnetic excitation force were found to
be very small. This verifies the correctness of the theory
and lays the foundation for the investigation of double
skewed rotor motors.
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