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ABSTRACT This article gives a comprehensive overview of the current research trends in the skewing
technique for permanent magnet synchronous motors (PMSMs). The skewing technique has been widely
used in many applications to reduce the cogging torque and torque ripple in PMSMs. There are many ways
to implement the skew, and new techniques are continually being developed. First, this article summarizes
the types of skew structures and presents a survey of existing techniques. Specific emphasis is placed on
what kind of skew structure is selected depending on the PMSM configuration. Second, the optimal value
of the skew angle for each structure is comprehensively explained, and the discrepancy between theory and
finite element analysis is discussed. The definition of skew angle varies across the literature, and one of the
purposes of this article is to organize the definition in an easy-to-understand manner. In addition, this article
offers three-dimensional finite element analysis (3D-FEA) results of various PMSMs employing the skew for
quantitative comparison. Then, this article discusses the properties of PMSMs using the skew by structure
and the latest trends, and finally describes future prospects.

INDEX TERMS Additive manufacturing (AM), axial leakage flux, cogging torque, electrical machine, finite
element analysis (FEA), induction motor (IM), interior permanent magnet synchronous motor (IPMSM),
noise, patents, permanent magnet synchronous motor (PMSM), skew, surface permanent magnet syn-
chronous motor (SPMSM), torque ripple, total harmonic distortion (THD), traction motor, transportation,

vibration.
NOMENCLATURE Bum Coefficient related to magnetic flux density in air
N Number of research reports. gap.
N, Number of poles. ky, Winding factor.
Ny Number of slots. kp Pitch factor.
M Number of steps in step skew. kq Distribution factor.
Teog Cogging torque. ks Skew factor.
Om Mechanical angle. ksn Skew factor of nth component.
0 cog Angle of one cycle of cogging torque. Yom Magnetic flux of permanent magnet.
Oskew_theo Theoretical skew angle. I, Armature current.
Oskew_step  Skew angle for each step. B Phase angle of armature current.
O skew Total skew angle. F, Axial force.
Ho Permeability of vacuum. O shift Stator shift angle.
L Stack length. Osior Slot pitch angle.
Ry Air gap inner radius. Sn Theoretical shift angle of tooth-tips.
Ry Air gap outer radius. ag Wider pole width in asymmetric pole rotor.
Gk Coefficient related to relative permeability. ap Narrower pole width in asymmetric pole rotor.
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Permanent magnet synchronous motors (PMSMs) are widely
used in many applications due to their high efficiency [1].
However, permanent magnets (PMs) generate cogging torque,
which increases vibration and noise [2]. In addition, demand
for electric vehicles (EVs) has increased, and reducing torque
ripple in traction motors is also important [3]. The skewing
technique is frequently used to reduce the cogging torque and
torque ripple in PMSMs [4]. Although skewing technology
has a long history, demand for PMSMs has increased in recent
years, and thus, new skewing technology is constantly being
developed. Many literature works have reported on reducing
torque ripple through optimizing parameters and combination
of appropriate number of poles and slots [5], [6], [7]. How-
ever, optimizing parameters requires many analyses. Hence,
in addition to taking a lot of time to design, it also places a
heavy load on the computer. In contrast, the skew can easily
reduce the cogging torque without major parameter optimiza-
tion because the harmonic order of the ripple to be reduced can
be theoretically calculated. Furthermore, the use of skewing
technology has benefits other than reducing the torque ripple
and cogging torque, and as a result, it is widely used in many
applications.

Fig. 1 shows the trends in the number of contributions ded-
icated to skewing techniques for PMSMs or induction motors
(IMs) in the IEEE Explore Digital Library. The skewing tech-
nique has been used in IMs for decades [see Fig. 1(a)], with
the first paper dating back to 1928 [8]. Three-dimensional
(3D) finite element analysis (FEA) is effective for verifying
the effects of skewing [9]. 3D-FEA began to become popular
in the 1980s, and the number of submitted papers about the
skewing technique has been increasing since then. The num-
ber of papers on skewing technology for IMs has also been
increasing. Fig. 1(b) shows that the number of papers dedi-
cated to PMSMs using skewing technology has also increased
since the 1980s when 3D-FEA became popular. Furthermore,
because PMSMs were slower to spread than IMs, the first
paper on the skew for a PMSM was published in 1983 [10].
Around the same time, rare earth PMs began to become pop-
ular [11].

With the spread of PMSMs, the number of reports on skew-
ing technology has increased dramatically over the last two
decades, and the number of reports is nearly twice that for
IMs. Reports on PMSMs using a skew have included not
only those about the structures but also those on analysis and
manufacturing methods [12], [13].

Thus, skewing techniques for PMSMs are an important
technology and are being considered by many research in-
stitutions. Various structures and theories have been reported
for the skewing technology for PMSMs. In addition, skewing
technology has been increasingly used for purposes other than
reducing the cogging torque and torque ripple. The same can
be said for patents related to the skew shown in Fig. 2, whose
number has increased rapidly since the same period. The
number of patents is greater than the number of academic pa-
pers, and there are many documents related to manufacturing
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methods. However, to the authors’ knowledge, there is no lit-
erature that comprehensively summarizes skewing technolo-
gies. In addition, skewing technology continues to develop
due to advances in materials and manufacturing. Therefore,
this article provides a comprehensive overview of skewing
technology in PMSMs and a clear summary of current re-
search trends.

This article is organized as follows. In Section II, the dif-
ferent types of skew structures are explained. In addition, a
survey of existing skew structures is shown. Based on the
survey, this article focuses on how the choice of skew struc-
ture depends on the PMSM configuration. In Section III,
appropriate theoretical skew angle is accurately discussed
and organized because the definition of skew angles differs
depending on the article, causing confusion. In Section 1V,
3D-FEA results of various PMSMs employing the skew for
quantitative comparison are shown. In Section V, the proper-
ties of PMSMs using different skew structures and the current
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state-of-the-art for each are reviewed. This section also dis-
cusses the accuracy of FEA-predicted skew characteristics
based on experimental results. In Section VI, based on the
3D-FEA results and references, advantages and disadvantages
of each skew structure are discussed. Finally, the article is
concluded in Section VII.

. CATEGORY OF PMSMS USING SKEW

This section describes the classification of structures using a
skew, although the characteristics of each structure are ex-
plained in detail in Section IV. The skewing technique used
depends on the PMSM structure, and Fig. 3 provides a com-
prehensive classification of reported skew structures. In this
article, skew structures are divided into 18 categories (#1 to
#18) to discuss each category. Generally, the skew is used
to reducing the cogging torque and torque ripple by stacking
the laminated steel sheet (LLSS) in the axial direction while
shifting LSS in the direction of rotation. First, skew structures
can be roughly divided into continuous skews (#1 to #4) and
step skews (#5 to #13) depending on the stacking method. In
addition, we refer to skew structures that do not fall into these
categories as other skews (#14 to #18).

In the continuous skew structure, the layers are stacked
and shifted continuously in the axial direction so that angu-
lar displacement in the rotational direction is smooth. This
structure can be classified further depending on the lamination
method as a linear or herringbone skew. In the linear skew
structure, the layers are laminated with angular displacement
in only one direction and it is a typical skew (#1 [14], #2 [15]).
In the herringbone skew structure, the direction of angular
displacement changes midway through (#3 [16], #4 [17]). The
herringbone skew is also called a V-shaped skew because its
position changes in the axial direction like a V-shape [18].
Both structures can be classified further depending on whether
the skew is in the rotor or the stator. Although the continuous
skew structure is highly effective in suppressing problems
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such as cogging torque, it generally has poor manufacturabil-
ity because it requires continuous angular displacement and
lamination.

In the step skew structure, rotor or stator is divided by
the number of steps M in the axial direction and is stacked
with a shift in the rotational direction. Because there is no
displacement in the rotational direction within each step, the
step skew structure is excellent in terms of manufacturability
[19]. Step skew structures can be classified into three types
based on the lamination pattern of each step. Similar to the
continuous skew structure, a structure in which the direction
of displacement is only in one direction is called a linear
skew (#5 to #7) [20], [21], [22], and a structure in which the
direction of displacement changes to the opposite direction
halfway through is called a herringbone skew (#8 to #10) [21],
[23], [24]. Furthermore, a structure in which the displacement
direction of each step alternates is called a zigzag skew (#11 to
#13) [21], [25], [26]. The three structures using step skew can
be classified further into two patterns based on the pattern in
which the rotor is skewed. Generally, a PMSM rotor is com-
posed of PMs and LSS. Segment patterns (#5 [20], #8 [23],
and #11 [25]) have a structure that displaces both the PM and
the LSS. In contrast, core skew patterns (#6, #9, and #12) have
a structure that does not displace the PM and only the shape
of the LSS is changed [21]. Furthermore, when introducing
the step skew in the stator, the core skew structure is most
often adopted from the viewpoint of winding installation [22],
[24], [27].

The multigap skew is in the other skew structure category.
This structure can be used when there are two stators or rotors,
that is, when there are multiple air gaps. For example, for a
double rotor structure, the cogging torque can be reduced by
shifting the mutual positions of the rotors (#14 [28]). Simi-
larly, for a double stator structure, the same effect as a skew
can be obtained by shifting the positional relationship of the
two stators (#15 [29]). An asymmetric skew has a structure
in which, for example, the shape of the PM or core differs
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FIGURE 4. Purpose of the skew in PMSMs [number of survey reports N =
291 from data on journal papers and conference papers from 2014 to 2024
in Fig. 1(b)].

between the N and S poles (#16 [30], [31]). Because there
is no angular displacement in the rotational direction, it can
be assembled in the same way as for typical PMSMs. There
are also structures that achieve skew effects using special PM
structures (#17 [32]). By using PMs with different shapes in
the axial direction, the locations where the cogging torque is
generated can be dispersed. One method for suppressing the
cogging torque and torque ripple is to include a notch at the
tooth tip of the stator core [33]. There are also structures in
which this notch is displaced in the rotational direction like a
skew (#18 [34]).

There are many skewing techniques, and it is necessary
to select an appropriate technique for the purpose, manufac-
turability, and material used. New skew structures may be
developed based on future advances in manufacturing tech-
nology and materials.

B. SURVEY OF PURPOSES OF SKEWING TECHNOLOGIES
IN PMSMS

Fig. 4 shows the proportion of the skew for each purpose in
PMSMs. The number of research reports is N = 291 (IEEE
Explore Digital Library). The main purpose of the skew in
PMSMs to reduce cogging torque and torque ripple accounts
for 55.4% and 30.1% of reports, respectively. The skew is
also used to reduce the vibration and noise [35], [36], and
to suppress the total harmonic distortion (THD) of the back
electromotive force (EMF) of PMSMs [37]. The use of a skew
to reduce the axial and radial forces to reduce the load on
the bearings has been examined [38], [39]. The skew is also
effective in improving the starting characteristics of line-start
PMSMs and suppressing shaft voltage [40], [41].

Fig. 5 shows the proportion of usage by skew structure.
Fig. 5(a) shows a breakdown of the continuous skew and
the step skew when the rotor is skewed. In addition, we
also separate surface permanent magnet synchronous motors
(SPMSMs) and interior permanent magnet synchronous mo-
tors (IPMSMs). The proportions of SPMSMs and IPMSMs
using the step skew are high at 40.6% and 36.8%, respectively.
The continuous skew is rarely used for rotors. In particular, for
IPMSMs, if the continuous skew is used, it is difficult to insert
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FIGURE 5. Usage percentage by skew category from data on journal
papers and conference papers from 2014 to 2024 in Fig. 1(b). (a) Rotor
configuration (N = 155). (b) Stator configuration (N = 59).

PMs into the LSSs, and the manufacturability is extremely
poor [42]. Consequently, the proportion of IPMSMs using
the continuous skew for the rotor is only 8.5%. SPMSMs are
used more often than IPMSMs because they have PMs on
the outside of the rotor and can achieve the continuous skew
through dedicated magnetization [43], [44].

Fig. 5(b) shows a breakdown of the continuous skew and
the step skew when a skew is provided in the stator. For
stators, the trend is opposite to that of rotors, and the pro-
portion of continuous skew use is high for both IPMSMs and
SPMSMs. The proportions of SPMSMs and IPMSMs with a
step skew in the stator are only 10.1% and 8.5%, respectively,
which is because dead space occurs between the stator core
and the windings, and the coil space factor decreases. The
numbers of reports of use of rotor skews and stator skews
are N = 155 and 59, respectively, which suggests that rotor
skews are more widely used. The percentages of rotor and
stator skews in Fig. 5(a) and (b), respectively, are higher in
SPMSMs because although IPMSMs can reduce the cogging
torque by changing the shape of the rotor core, it is difficult
to do so with SPMSMs owing to the PM being on the surface
[45].

C. MARKET PRODUCT USING SKEW

Skewing technology is also widely used in PMSMs in the
industrial sector. In particular, traction motors for EVs and
hybrid electric vehicles (HEVs) require low torque ripples to
ensure driving comfort. Cogging torque and torque ripple can
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TABLE 1 Skew Type of Traction Motors (PMSM) Mounted on Commercially
Supplied EVs and HEVs

&f.’is Model3 | IONIQS Lignlti(i)ng LEAF |Prius 4 FREED
wagen) (Tesla) |(Hyundai) (Ford) (Nissan) |(Toyota)((Honda),
Vehicle | - py EV EV EV EV | HEV | HEV
type
Step skew |Step skew |Step skew [ Step skew [Step skew
Skew (rotor) (rotor) (rotor) (rotor) (rotor)
e
e Linear Zigzag Linear
Un- Un-
kewed | skewed
No. of M=4 M=3 M=4 M=8 M=2 skewed | skewe
steps M
caeson 4 #8 #11 #8 #

be suppressed by appropriately selecting the combination of
the number of poles and slots [46], [47]. However, the skew is
generally used because it is difficult to completely eliminate
the cogging torque and torque ripple by only selecting the
combination of the number of poles and slots.

Table 1 summarizes the skew type used in traction motors
for commercially supplied EVs and HEVs. EVs do not have
the engine, and hence, characteristics of the traction motor are
directly linked to driving performance. Accordingly, traction
motors for EVs basically employ the skew. In addition, the
large stack length of EV traction motors also makes it easier
to employ the skew. These traction motors for EVs employ the
step skew but various categories are chosen. When the main
focus is on reducing the torque ripple and cogging torque,
the linear step skew (#5) is often used. However, when the
number of steps M is large, the manufacturing cost increases.
Hence, in some cases, the number of steps M may be re-
duced to prioritize cost. On the other hand, the linear skew
(#5) generates axial electromagnetic force, which can cause
problems with bearing loss, noise, and lifespan. Therefore,
the herringbone skew (#8) or zigzag skew (#11) may be used
to suppress the axial electromagnetic force. The quantitative
differences between each category are explained in detail in
the comparison using 3D-FEA in Section I'V.

Fig. 6 shows the photographs of some rotors obtained
by disassembling commercially available traction motors.
Fig. 6(a) shows the rotor of traction motor installed in
IONIQS, which uses category #11 with M = 4. A traction
motor of Nissan Leaf shown in Fig. 6(b) uses category #5 with
M = 2 and is designed to cancel only the fundamental com-
ponent of the cogging torque. Furthermore, Fig. 6(c) shows
the rotor of an IM for the rear-wheel drive of Toyota Prius 4th
generation, which has the continuous skew of category #1. In
the case of IMs, it is relatively easy to employ the continuous
skew to the rotor because they are molded as a single unit
using the aluminum die casting [48].

IIl. THEORY OF SKEWING TECHNIQUE AND SKEW ANGLE
A. COGGING TORQUE

This section describes the theory of the skewing technique,
focusing on the skew angle. Many research groups have
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FIGURE 6. Rotor photographs of traction motors using skew in
commercially supplied EVs and HEVs. (a) Category #11 rotor of Hyundai
IONIQ5. (b) Category #5 rotor of Nissan LEAF. (c) Category #1 rotor of
Toyota Prius 4th (IM for rear-wheel drive).

Mech. angle
On [deg.]

Torque
T [Nm]

FIGURE 7. Example of cogging torque waveform for a PMSM.

performed theoretical studies to minimize the cogging torque
and torque ripple. However, the definition of skew angle varies
across the literature, which can lead to confusion, and one
of the purposes of this article is to organize the definition
in an easy-to-understand manner. In addition, the relationship
between the skew factor k; and torque is also explained.

To suppress the cogging torque theoretically, it is necessary
to express it mathematically. Fig. 7 shows an example of the
cogging torque waveform. First, the angle 6., of one cycle
of the cogging torque can be expressed as follows [49], [50],
[51]:

360°

= LMV, Ny’ M
(Np’ NY)

cog

Here, N, and N, are the number of poles and slots in
the PMSM, respectively. LCM(N,, Ny) is the least common
multiple of N, and Ny. Therefore, the cogging torque period
depends on the number of poles and the number of slots, and
the larger the LCM(N,, Nj), the shorter the period. Conse-
quently, the larger the LCM(N,, Ny), the smaller the amplitude
of the cogging torque tends to be [52], [53]. In addition, Nian
et al. [54] showed a theoretical skew angle Ogew theo that
can theoretically minimize the cogging torque in a PMSM
with an arbitrary number of poles and slots. Ogew theo can be
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FIGURE 8. Step skewing scheme for a PMSM with number of steps M.

expressed as follows:
360° x GCD(N,, Ny)

NN, 2)

eskew_theo = ecog =

Here, GCD(N,, N;) is the greatest common divisor of N,
and Ny. Furthermore, Ogkew_theo 15 €qual to 6coe when N, and
N; are integers. Therefore, the theoretical skew angle deter-
mined only by the number of poles and the number of slots is
period O, of the cogging torque.

When using a step skew, it is necessary to consider the
number of steps M and select an appropriate skew angle.
Therefore, Nian et al. [54] derived optimal skew angle 6 gkew
considering M. Fig. 8 shows a schematic of a PMSM using
a step skew with M steps, showing that Oy is the total
skew angle. First, cogging torque Tcog(6m) shown in Fig. 7
is formulated as follows without considering the skew:

L x LCM(N,, Ny)
4y

T(6n) = (R3 — RY)
o
X Y nGuBamsin (n6, x LCM(N,, Ny)).  (3)

n=1

Here, L is the stack length. Ry and R; are the air gap of inner
and outer radiuses, respectively. G4 and B, are coefficients
related to the relative permeability and the magnetic flux den-
sity of air gap, respectively. Equation (3) can be written as
follows considering skew [54]:

mL x LCM(N,, Ny)
4uoM

00
X Z nGaBam

n=1

TOn) =

2 2
(Ry — Ry)
. nby x LCM(N,, Ny
sin NBskew 5 ( P ) M/\Zl
nBskewstep X LCM(N), Ny)
2

sin
B,
x sin |:n (9,,, + %) x LCM(N,, Ns)] @

Here, Oskew_step 15 the skew angle for each step. To reduce
the cogging torque, it is sufficient that Tcog = 0 in (4). To
satisfy T¢og = 0, the following equation must hold true:

nOskew X LCM(N,, Ny) M

i . 5
sin 5 U —1 5
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FIGURE 9. Cogging torque waveforms for each step in an example with
Np =8,Ns=48,and M = 4.

Oskew that satisfies (5) can be expressed as

M—1 360°

X . (6)
M LCM(N,, Ny)

Gskew =

The optimal skew angle for PMSM with M steps can be
calculated using (6). In addition, the skew angle for each step
Oskew_step 18 calculated as follows [55]:

Osk
eskewfstep = Mg jwl . (7N

Oskew_theo and Ogkey are different (see Fig. 8), and Ogkew theo
in (2) corresponds to the total skew angle up to the virtual (M
+ 1)th step. Fig. 9 shows an example of the cogging torque
waveform for each step when N, = 8, Ny = 48, and M = 4.
PMSMs using the combination of N, = 8 and Ny = 48 are
often used in EV traction motors [56], [57], [58]. According
to (6), the appropriate total skew angle ey is 5.625°. From
(7), skew angle Ogkew_step Of €ach step is 1.875°; thus, the
cogging torque waveform of each step is shifted by 1.875°. At
the (M + 1)th position, the total skew angle becomes equal
to Oskew_theo Obtained by (2). However, the cogging torque
waveform of the (M + 1)th step has the same phase as the first
step, so no cogging torque reduction effect can be expected.
Therefore, the (M + 1)th step is unnecessary, and O ey 1s less
than Ogkew_theo-

We plotted (2) and (6) with respect to the skew angle, as
shown in Fig. 10 for the combination N, = 8 and Ny =
48. Ogkew theo calculated using (2) does not consider M, so
it is constant at 7.5°. Furthermore, Oy calculated using (6)
increases as M increases. In Fig. 9, the asymptote of Ogyew
becomes Ogkew theo (=7.5°). Therefore, as M increases, the
appropriate skew angle approaches Ogkew theo- When M = 2,
the skew angle is half the value (3.75°) of slot angle Ogjqt.
Based on these results, Oskew_theos Oskews and Oskew_step Can be
expressed by the following relationship:

eskewftheo = Oskew + stewfstep- (8)
When a continuous skew is used, it can be assumed that M
is large, SO Ogkew ~ stewftheo.
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Oskew (from Eq. (6))
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Optimal total skew angle
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Number of step M

FIGURE 10. Optimal skew angle versus number of steps M (example for
Np = 8 and N; = 48).

B. SKEW FACTOR
One of the important parameters related to PMSMs is the
winding factor k,,, which is equivalent to the effectively usable
magnetic flux and is therefore related to the torque character-
istics. The winding factor k,, is composed of the following
three factors [59]:

ko = ky kg ks. 9)

Here, ky, kg, and k; are the pitch factor, distribution factor,
and skew factor, respectively. The pitch factor and distribution
factor are values that are mainly determined by the relation-
ship between the number of poles and slots. The skew factor
ks depends on the skew angle 6w and can be expressed by
the following formula:

’sin —GS‘;W

ks = (10)

skew

2

In addition, the skew factor kg, of the nth component can
also be expressed by a formula as follows [60]:

1 neskew
) s 0

ken = Y

MBskew

Fig. 11 shows the skew factors kg and kg, calculated using
(10) and (11). Fig. 11(a) shows the skew factor k; of the
fundamental torque, and it can be seen that as the skew angle
Oskew increases, the amount of magnetic flux decreases. When
Oskew 18 360°, ks becomes 0 and the fundamental torque is not
generated. Fig. 11(b) shows the cases of n = 36 and n = 48.
This is equivalent to the least common multiple LCM(N,,, Ny)
of the number of poles and slots being 36 and 48, respectively.
The skew angle Ogkew at which the skew factor kg, becomes
0 differs depending on the order. When n is 48, ky,, = 0 at
Oskew = 7.5°, and hence, the theoretical skew angle Ogew theo
of an 8-pole/48-slot motor is 7.5°. The exception is when
Oskew = 0°, in which case both kg and kg, are 1 because there
is no skew effect.
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FIGURE 12. Cross-sectional views of investigated models for 3D-FEA.
(a) SPMSM. (b) IPMSM.

IV. PROPERTY COMPARISON OF EACH SKEW STRUCTURE
USING 3D-FEA

In this section, the authors use 3D-FEA to evaluate struc-
tures using various skews in the SPMSM and IPMSM shown
in Fig. 12 and perform a quantitative comparison. Table 2
lists the parameters of the SPMSM and IPMSM, both of
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Parameters of SPMSM and IPMSM for Investigation

SPMSM IPMSM

No. of poles/slots 6p/36s 6p/36s
winding e | DG | P g
PM material Ferrite Nd-Fe-B

Air gap length 0.7 mm 0.4 mm

Stack length 75 mm 75 mm
Outer diameter 147.2 mm 147.2 mm
Max. speed 7200 rpm 7200 rpm

Max. current 10 Arms 10 Arms

Rated torque 4.0 Nm 4.0 Nm

Un-skewed #1 = ”#5;

E é'\ Un-skewed model

> 04T M=2 47 #5, step skew

s 03T \/-’. ,{/

S B #1, continuous
g 02 M =5 , skew
g 0.1 B /

)

Q O 1 L 1 L L L L L

0 2 4 6 81012141618 202224
Total skew angle Oskew [deg.]

Cogging torque of SPMSM versus total skew angle in skew
categories #1 and #5.

which have a 6-pole and 36-slot distributed winding structure.
The SPMSM uses a ferrite magnet, and the IPMSM uses
a neodymium sintered magnet, with a rated torque of 4.0
N-m. The maximum current and maximum rotation speed are
10 Ams and 7200 r/min, respectively.

A. COMPARISON BETWEEN CONTINUOUS SKEW (#1) AND
STEP SKEW (#5) FOR ROTOR OF SPMSM

First, this article compared the linear continuous skew (#1)
and step skew (#5) that are often used in SPMSMs using
3D-FEA. Fig. 13 shows the change in the cogging torque
under no-load condition when the total skew angle Ogey 1S
changed in the continuous skew model (#1) and the step
skew model (#5). For comparison, the cogging torque of the
unskewed model is also plotted in Fig. 13. In the step skew,
the number of steps M is evaluated from 2 to 5. For each
number of steps M, the skew angle Oy at which the cogging
torque is minimized is different. As the number of steps M
increases, the optimal skew angle Oy, increases, and the
effect of reducing the cogging torque also increases. This is
because the larger the number of steps M can reduce various
frequency components of the cogging torque.
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On the other hand, the continuous skew is equivalent to
a case where the number of steps M is extremely large in
the step skew. As a result, the effect of reducing the cogging
torque of the continuous skew is the greatest. In addition, the
optimum skew angle O ew 1s also the largest at 10°. However,
even in the step skew, when the step number M is increased
to 5, it is possible to reduce the cogging torque to the same
extent as in the continuous skew.

Fig. 14 compares the cogging torque waveforms of each
skew model and the unskewed model. Fig. 14(a) shows the
waveform of the continuous skew (Ogew = 10°) where the
cogging torque is minimized, and the cogging torque can
be reduced by 97.4%. Fig. 14(b) shows the cogging torque
waveform of the step skew model that employs the optimal
skew angle for each step number M. As the step number M
increases, the effect of reducing the cogging torque increases.

Fig. 15 shows the magnetic flux of PMs ¥y, at no load
versus the skew angle ey for the continuous skew and step
skew models. As the skew angle Oew increases, the skew
factor kg decreases, resulting in a decrease in the magnetic
flux ¥ pm. In the step skew models, the smaller the number
of steps M, the greater the reduction in magnetic flux. This
is because when the number of steps M is small, the step
skew angle 0 gew_siep increases, resulting in large axial leakage
flux between steps. In addition, the continuous skew model
can reduce the axial leakage flux. As a result, the reduction
in magnetic flux per skew angle Oy is smaller than the
step skew models. Fig. 16 shows the average torque of each
model versus the skew angle 6y When the rated current of
10 Ay is applied. The current phase angle 8 is 0° because
the SPMSM generates only the magnet torque [61]. When the
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Average torque of each model versus total skew angle when
the rated current of 10 Ay is applied.

magnetic saturation does not occur, the torque of the SPMSM
is proportional to the magnetic flux of PMs vpy,. Hence, the
magnitude of the average torque matches the relationship in
Fig. 15.

B. DIFFERENCE IN EFFECTS OF SKEW ON COGGING
TORQUE AND TORQUE RIPPLE

The difference in the effect of the skew on the cogging torque
and torque ripple is discussed using 3D-FEA results. Fig. 17
shows an on-load torque with 10 A, and the cogging torque
waveforms of the unskewed SPMSM. The torque waveform
changes significantly from that when there is no-load by ap-
plying an armature current. As a result, the spectra of each
torque waveform shown in Fig. 18 also differ significantly.
Fig. 18(a) shows frequency components of the cogging torque,
with the 12th-order component being the largest. This is due
to the slot harmonics. On the other hand, Fig. 18(b) shows
frequency components of the on-load torque when the rated
current is applied, with the sixth-order component, which was
not present in the cogging torque, occurring and being the
largest. This is due to the superposition of the magnetic flux
generated by the armature winding. Therefore, it is expected
that the optimal skew angle 6., Will change according to
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Spectra of torque waveforms of unskewed SPMSM.
(a) Cogging torque. (b) On-load torque (10 A/s)-

(11) because the frequency components of the torque wave-
forms were changed.

Fig. 19 shows the change in the torque ripple under on-
load condition with 10 Ay,s when the total skew angle Oggew
is changed in the continuous skew model (#1) and the step
skew model (#5). In the step skew models (#5), as with the
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cogging torque, the torque ripple reduction effect increases as
the number of steps M increases. In addition, the torque ripple
of the continuous skew model (#1) is the lowest, and the skew
angle Ogew 1n that case is 22°. Therefore, it is significantly
different from the skew angle Oy at which the cogging
torque is minimum. This is because the cogging torque and
the frequency components of the on-load torque are different,
as shown in Fig. 18.

Fig. 20 compares the theoretical skew angle Ogkew theo and
the skew angle Oy for each number of steps M obtained by
(2) and (6) with the skew angle at which the cogging torque
and torque ripple of the SPMSM are minimum by 3D-FEA.
It can be seen that the 3D-FEA result of the cogging torque is
consistent with the skew angle obtained by (6). In contrast,
for the torque ripple, there is a large error with the skew
angle in (6). Therefore, when the armature current is applied,
the frequency of the torque waveform may change, and the
appropriate skew angle would change.

C. AXIAL FORCE CAUSED BY SKEW

It is known that the use of a skew structure causes an imbal-
ance of magnetic flux in the axial direction, which generates
an axial electromagnetic force F, [17], [64]. In this article,
the mechanism of the axial electromagnetic force generation
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is explained using 3D-FEA results. As an example, we use
a linear step skew (#5) model with M = 2 and Ogew = 5°.
Fig. 21 shows the analysis results of the axial electromagnetic
force by 3D-FEA. Fig. 21(a) compares the axial force F of the
entire rotor under no-load and on-load (10 A;ns) conditions,
respectively. Under no-load condition, almost no axial force
is generated, but under on-load condition, —0.41 N is gener-
ated. This axial force applies a load to the bearing, causing
problems such as increased the noise and mechanical loss and
reduced bearing life.

Fig. 21(b) shows results of axial electromagnetic force of
each step. The axial force F in the first step is +1.74 N and
occurs in the upward direction. In contrast, the axial force F,
in the second step is -2.17 N and occurs in the downward
direction, which is greater than the force generated in the first
step. As a result, the axial force F; of the entire rotor is —0.41
N and acts in the downward direction.

Fig. 22 shows the magnetic flux vector diagram that shows
the cause of the difference in the axial force between the
first and second steps. In this model, Ogew = 5° and the
number of poles N, is 6, and therefore, the phase difference
between the magnetic flux in the first and second steps is 15°
in the electrical angle. Accordingly, as shown in Fig. 22(a),
the magnetic flux of PM ¥, in the first step leads 7.5° from
the d-axis, which is the magnetic center. By applying the
armature current /,,, on the g-axis, the magnetic flux due to the
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FIGURE 23. Axial force F, of SPMSM versus total skew angle in skew
categories #1 and #5.

armature current is added, and the final resultant magnetic flux
in the first step becomes W . In contrast, the magnetic flux of
PM v pm2 in the second step shown in Fig. 22(b) lags 7.5° with
respect to the d-axis. The magnitude of the magnetic flux due
to the armature current is the same, but because Wpno lags,
the resultant magnetic flux ¥, in the second step is smaller
than W . As a result, under on-load condition, the amount of
magnetic flux generated in each step differs, and axial forces
of different magnitudes are generated. In addition, when the
rotor rotation direction is reversed, the direction of the axial
force is also reversed.

Fig. 23 shows the change in axial force F, versus skew
angle Oy for the linear continuous skew (#1) and the lin-
ear step skew (#5) models. In all models, as the skew angle
Oskew increases, the difference in magnetic flux between steps
increases, and therefore, the axial force F increases. There
is almost no difference in the number of steps M, but the
larger the number of steps M, the larger the optimal skew angle
Oskew, and hence the axial force F; is thought to increase. In
the continuous skew model, the axial force F, under no-load
condition is also shown, but it is zero regardless of the skew
angle 0 gew-

Fig. 24 shows 3D-FEA results of the axial force F, for the
zigzag step skew (#11) having different number of steps M.
In the zigzag skew, when the step number M is odd, the axial
force F, can be suppressed because it is axially symmetric.
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On the other hand, when the step number M is even, the skew
model is not axially symmetric, and therefore, axial force F,
is generated. However, when the step number M is even, there
is an advantage that characteristics other than the direction of
the axial force do not change depending on the direction of ro-
tation. Consequently, the zigzag skew (#11) and herringbone
skew (#8) have the advantage of being able to suppress the
axial force F, under the on-load condition.

D. COMPREHENSIVE COMPARISON OF EACH SKEW

In this section, skew structures commonly used in SPMSMs
are compared by 3D-FEA. Table 3 compares 3D-FEA results
of each skew model. The 3D-FEA results for each model are
summarized for no-load and on-load conditions. The linear
continuous skew (#1) model has the highest cogging torque
reduction effect, which can reduce it by 97.4% compared
to the unskewed model. The herringbone continuous skew
(#3) also has a small cogging torque. The continuous skew is
equivalent to the step skew with an extremely large step num-
ber M, and hence it can effectively reduce the cogging torque.
In addition, the linear step skew (#5) can also reduce the
cogging torque very much by increasing the step number M
to 5. In contrast, in the case of the herringbone step skew (#8)
and zigzag step skew (#11) with the same step number M =
5 and Ogew = 8°, the cogging torque is about ten times larger
than that of the linear step skew (#5). This is because the step
skew angle Ogkew_step Of some steps in the herringbone skew
and zigzag skew are the same and Okew_step 18 large. In both
cases, in order to obtain the same cogging torque reduction
effect as the linear step skew, the skew angle 0 kew_step Of €ach
step must be determined by trial and error. In addition, the
step skew angle Okew_siep Of the herringbone step skew (#8)
and the zigzag step skew (#11) is large. Accordingly, the PM
magnetic flux ¥ py, is also greatly reduced, and the torque is
reduced. However, these skew structures have the advantage
of being easy to manufacture and can effectively reduce the
axial force F;. On the other hand, regarding the THD of
the induced voltage, the skew structure given in Table 3 is not
the optimal structure for THD because the skew angle 0 kew
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TABLE 3 Summary of 3D-FEA Results of SPMSM Using Various Skew Structures

Category (Fig. 2) [ Un-skewed #1 #2 #3 #5 (Rotor step skew, linear) #8 #11
No. of steps M - - - - M=2 M=3 M=4 M=5 M=5 M=5
=
&
§ Appearance
b=
3
= Total skew angle _ 10 deg. 10 deg. 10 deg. 5 deg. 7 deg. 7.5 deg. 8 deg. 8 de 3 de
O er (optimal) | (optimal) | (optimal) | (optimal) | (optimal) | (optimal) | (optimal) s &
S - - - - 5 deg. 3.5 deg. 2.5 deg. 2 deg. 4 deg. 8 deg.
each step 0., yiep
Cogging torque | 0.468 Nm | 0.012 Nm | 0.081 Nm | 0.023 Nm | 0.185Nm | 0.124 Nm | 0.064 Nm | 0.017 Nm | 0.166 Nm | 0.166 Nm
= -
g | Magneticflux g0 wh | 80.0 mWb | 80.8 mWb | 80.0 mWb | 80.2 mWb | 80.0 mWb | 80.1 mWb | 80.0 mWb [0.079 mWb|0.079 mWb
~ | generated by PM
2 THD of voltage 9.52% 4.07% 4.49% 4.12% 4.82% 4.11% 4.19% 4.17% 4.19% 4.19%
Iron loss 55.0 W 54.8 W 54.7W 55.7W 55.8 W 56.6 W 55.7W 56.2 W 56.7 W 56.7 W
. .| Averagetorque | 4.18Nm | 415Nm | 417Nm [ 414Nm | 415Nm | 414Nm | 414Nm | 414Nm | 412Nm | 4.09 Nm
g Z'[ Torque ripple 21.0% 11.0% 12.0% 11.4% 16.4% 13.3% 12.5% 11.7% 12.4% 11.7%
S T THD of voltage 9.07% 3.88% 4.29% 3.93% 4.59% 3.92% 4.00% 3.98% 3.97% 6.03%
'ﬁm < Iron loss 60.0 W 57.8 W 56.7 W 58.4 W 58.3 W 58.2 W 58.1 W 58.2 W 58.4 W 58.0 W
'§ E Ld, Lq 1.30 mH 1.28mH | 1.27mH | 1.28mH | 1.28mH | 1.28mH | 128 mH | 128 mH | 1.28 mH | 1.28 mH
2 2| Axial force 0.00 N -0.89N | -717N 0.00 N 042N | -059N | -0.63N | -0.74N 0.01N 0.00 N
© = | Coil resistance | 143.1mQ | 143.1 mQ | 1453 mQ | 1431 mQ | 1431 mQ | 143.1 mQ | 143.1 mQ | 143.1 mQ | 1431 mQ | 1431 mQ
that minimizes the cogging torque is selected. However, all 46 Un-skewed models
models are able to reduce the THD to less than half compared £ ) IPMSM | “ ] '
to the unskewed model. 4 45 gl ml ,' 'Jl‘
The linear continuous skew (#1) model also has the smallest @ 4.4 ‘
torque ripple under on-load condition. However, it does not c 43
have as much of a reduction effect as the cogging torque. This S 42
. . . %] ¢
is because the skew angle 6w at which the cogging torque 2 41
and torque ripple are at their minimums is different, as shown 5| 2EYSM TNy  Eel
- . . . .. > 4
in Fig. 20. There is no significant difference in iron loss and <«
3.9

the d-axis and g-axis inductances Ly and L, due to the skew
structure. The linear continuous skew (#2) model for the stator
is relatively effective in reducing cogging torque but the axial
force F, is the largest. However, it is effective in cases where
it is difficult to provide a continuous skew in the rotor, such as
in IPMSM.

E. DIFFERENCE BETWEEN SPMSM AND IPMSM

Fig. 25 compares the changes in average torque of the
SPMSM and IPMSM with respect to the skew angle Okew
in the linear step skew (#5). For each model, the models with
M =2 and M =5 are plotted. The IPMSM has a larger de-
crease in average torque when the skew angle 0y increases.
In addition, the effect of the number of steps M is significantly
larger for the IPMSM. For M = 2, the torque of the IPMSM
is 6.8% higher in the unskewed models, but when O gyey = 5°,
the difference between both models almost disappears.

Fig. 26 shows the details of the [IPMSM model for M = 2
and M = 5. For M = 2, Oskew_step = 3° (= Oskew), the end
of the magnet faces the LSS, as shown in Fig. 26(a). As a
result, the axial leakage flux occurs between the steps. On the
other hand, when M =5, Okew is 8° but Ogkew_siep 15 2°, and
therefore, the axial leakage magnetic flux between steps can
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FIGURE 26. Difference in axial leakage flux due to skew angle in IPMSM.

(@) M = 2 and Oskew

5°. (b) M = 5 and Osyew = 8°.
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FIGURE 27. dg- axis inductances versus skew angle in SPMSM and IPMSM
with M = 2 and 5. (a) d-axis inductance L. (b) g-axis inductance L,.

FIGURE 28. Cause of increase in the d-axis inductance when employing
skew in IPMSM.

be suppressed. However, the axial leakage magnetic flux of
the magnet is still larger than that of the SPMSM. Hence, the
decrease in the magnet torque due to skew is greater.

Fig. 27 shows the change in dg-axis inductances L; and
L, for the SPMSM and IPMSM with respect to the skew
angle Ogew. For the SPMSM, L; and L, are equal and re-
main constant even when the skew angle O¢ew changes. In
contrast, for the IPMSM, L, rises markedly when the skew
angle Ogew increases. As a result, when the skew angle 6 gkew
increases, the salient pole ratio decreases and the reluctance
torque decreases. From the above, when the IPMSM employs
the skew, both the magnet torque and the reluctance torque
decrease, and the average torque is more affected than with
the SPMSM. Fig. 28 shows an enlarged view between steps
of the IPMSM with M = 2 and 6 ey = 5. PMs normally have
a large magnetic resistance, but as shown by the arrows in
Fig. 28, the magnetic flux generated by the armature current
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passes between the steps. Consequently, when the skew is
used, L, likely to become larger.

Fig. 29 compares the theoretical skew angle Ogew theo and
the skew angle 6y for each number of steps M obtained by
(2) and (6) with the skew angle at which the cogging torque
and torque ripple of the IPMSM are minimum by 3D-FEA.
As with the SPMSM, the skew angle for the cogging torque
matches the theoretical value well but an error occurs for the
torque ripple. In the case of the IPMSM, this is also due to the
difference in the magnitude of each frequency component of
the cogging torque and the torque ripple.

V. RECENT ADVANCES IN SKEWING TECHNOLOGY

AND PROPERTIES IN EACH CATEGORY

Various skew structures have been developed in recent
decades, and this section introduces their characteristics and
state-of-the-art technologies in each category.

A. CONTINUOUS SKEW (CATEGORIES: #1 TO #4 IN FIG. 3)

In general, the continuous skew is more effective in reduc-
ing the cogging torque than the step skew. Zon et al. [62]
compared the cogging torque of PMSMs with a step skew,
a continuous skew, and PMs with modified shapes, and the
continuous skew showed the highest reduction effect. Contin-
uous skews have the advantage that all frequency components
of the cogging torque can be reduced because the angle is
changed seamlessly, although this type of skew is difficult to
manufacture due to its structure. The IPMSM structure (#1)
that uses a continuous skew in the rotor is particularly diffi-
cult to manufacture and has few applications [see Fig. 5(b)].
Therefore, category #1 models are often used in SPMSMs
and can be realized by skew magnetization using a dedi-
cated magnetizer [63]. Furthermore, because providing a skew
causes an imbalance in the magnetic flux in the axial direction,
Kang et al. [64] analyzed and measured the electromagnetic
force of a skewed SPMSM (see Fig. 30). Skewed structures
using additive manufacturing (AM) are also being consid-
ered in IPMSMs to improve manufacturability. Urbanek et al.
[65] manufactured a continuous skew IPMSM using AM (see
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Magnetic flux density [T]

=]

FIGURE 30. Magnetized pattern of rectangular PM (left) and skewed PM
(right) [64].

FIGURE 31. Sectional view of CAD model (left) and photograph of
functional model after production (right) [65].

Fig. 31) and demonstrated experimentally that torque ripple
was reduced compared with a step skew structure.

In contrast, PMSMs using a continuous skew in the stator
are widely used because the stators do not contain PMs, and
thus can be manufactured relatively easily, even if a continu-
ous skew is used. Losses of a PMSM with a continuous skew
have been analyzed in detail using 3D-FEA. Ohguchi et al.
[66] showed that a stator continuous skew model can reduce
the stator loss better than a rotor step skew. Furthermore, Koo
et al. [67] found that compared with a PMSM without a skew,
a continuous stator skew can reduce the eddy current density
of the rotor PM and PM loss. Han et al. [68] revealed that
vibration can be reduced by a continuous stator skew.

Continuous skews include the herringbone skew in which
the direction of displacement changes midway through in the
axial direction (#3, #4). The herringbone skew structure has
the advantage of suppressing the electromagnetic force in the
axial direction because it can be symmetrical in the axial
direction [17], [38]. Examples of using a herringbone skew
for the IPMSM rotor have been reported but it is generally
difficult to manufacture [16]. In addition, Looser et al. [69]
reported a PMSM with a structure in which the stator has a
herringbone skew (#4) but a slotless stator was used to make
the winding easier to configure (see Fig. 32).

B. STEP SKEW (CATEGORIES: #5 TO #13 IN FIG. 3)

The step skew is easy to manufacture and is often used as the
rotor skew for both SPMSMs and IPMSMs [see Fig. 5(a) and
(b)]. As shown in Section III, the skew angle and axial length
of each step are generally constant. However, the cogging
torque reduction effect can be enhanced further by varying
the axial length of each step (see Fig. 33) [70]. Moreover,
when there is a step skew in IPMSMs, leakage magnetic flux
between steps is likely to become a problem [71]. Core skew
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FIGURE 32. Photographs of continuously skewed winding (left) and
herringbone winding (right) for slot-less PMSM [69].

FIGURE 33. Variable step length and variable skew angle model (left) and
photograph of the prototype of a skewed rotor [70].

Central axis of slot-opening

FIGURE 34. Stator model with stepped slot-opening shift (three steps)
[72].

structures (#6, #9, and #12) that achieve skew through the
shape of the rotor core without changing the position of the
PMs are being studied [21]. Stators with a core skew have
also been investigated (see Fig. 34). The slot area is the same
in the axial direction in this structure, improving the manu-
facturability of windings compared with the entire skew on
the stator core [72]. §, is the theoretical shift angle of the
tooth-tips. However, depending on the theoretical shift angle
8», it may not be possible to insert the winding from the inner
circumference of the stator [24].

Similarly, a herringbone step skew can reduce the electro-
magnetic force in the axial direction [23], [73]. Zhou et al.
[73] reported that the herringbone structure shown in Fig. 35
suppresses axial electromagnetic force, reduces the torque
ripple, and suppresses the THD of back EMF. Zigzag step
skews (#11 to #13), in which steps are stacked alternately,
are also effective in suppressing axial electromagnetic forces
[74], [75]. Due to the leakage magnetic flux between steps, the
average torque tends to be smaller than that for herringbone
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Proposed rotor Conventional rotor

FIGURE 35. Rotors with step herringbone skew (left) and without skew
(right) [73].

—* *— Oshift

o e———

FIGURE 36. Shifted stators of an axial flux machine [29].

skews [74]. However, using a zigzag skew in the stator PM of
a DC motor can suppress torque reduction more than a typical
skew [26].

C. OTHER SKEWS (CATEGORIES: #14 TO #18 IN FIG. 3)

In PMSMs that have multiple stators or rotors, the multigap
skew structure produces a skew effect by shifting the posi-
tional relationship (#14 [28] and #15 [29]). Fig. 36 shows an
axial flux machine with a double stator structure, in which
the angle Ogpif of the stator is shifted in the rotation direction
[29]. In a multigap skew structure, the optimal skew angle can
be calculated by setting M = 2 in (6). In [28], the theoretical
skew angle of the multigap skew is expressed by the following
equation:

1

Oghife = 3 Oslot

where 0o is the angle of the slot pitch. In addition, a slight
skew effect can be obtained even with a normal structure
because the angle of the rotor poles and each stator slot is
different in the axial flux machine. There have also been
reports of axial flux machines with the skew technique but
most of them are related to the shape of the rotor magnet [76],
[77]. In addition, axial flux machines often use soft magnetic
composite for the stator core, which is different from the
material used in radial flux machines [78].

The asymmetric skew structure achieves a skew effect by
changing the structure of each magnetic pole (#16 [79]).
Fig. 37(a) shows the asymmetric structure method proposed
by Peng et al. [79], which achieves lower torque ripple than
the step skew. The proposed motor combines the asymmetric
structure and a segment rotor. Here, «, and o, are wider and
narrower pole widths in asymmetric pole rotor, respectively.
In addition, «. is the width between magnetic poles. They
also conducted actual measurements of vibrations and found
that noise frequencies could be removed from the human au-
dible range. Fig. 37(b) shows comparison of torque waveform
between a rotor step skew and the proposed models. The
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FIGURE 37. Asymmetric skew structure of PMSM [79]. (a) Rotor scheme
and superimposed magnetomotive force. (b) Comparison of torque
waveforms. (c) Magnitude of magnetic flux density B, of the rotor step
skew model (left) and the proposed model (right).

proposed model achieves lower torque ripple than that of the
conventional rotor step skew model. However, the asymmetric
skew structure induces the low-order harmonics in the air gap
magnetic flux density, as shown in Fig. 37(c).

Skews using magnets with special shapes (#17) have been
proposed. Singh et al. [32] manufactured a sinusoidal-petal-
shaped PM using AM (see Fig. 38), and experimental results
showed that the cogging torque could be reduced compared
with the linear continuous skew. Hong et al. [39] showed that
making the break in the step skew a continuous skew (see
Fig. 39) made the change in magnetic flux gentler and reduced
the THD of the back EMF and radial force compared with the
step skew. In addition, Ren et al. [80] proposed a structure
(#18) in which there is a skewed notch at the tip of the stator
core. The cogging torque was reduced more by alternating the
direction of the notch skew (see Fig. 40), as in the herringbone
skew, than by keeping the direction constant.
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Unskewed PM Petal-shaped PM

Skewed PM

>
4 '

(b)

FIGURE 38. Photographs of the prototype of rotor with cold-spray NdFeB
PM fabricated by AM. (a) Without skew. (b) Conventional linear skew.
(c) Proposed sinusoidal-petal-shaped PM [32].

Proposed
S PM pole
) S PM
In Axial "_0" ] _Sz_ _
S L

In Circumferential

FIGURE 39. Concept of piecewise staggered poles with continuous skew
(left) and photograph of prototype (right) [39].

FIGURE 40. Stator using teeth notching with a skew in alternating
directions [80].

Other structures that have been reported to reduce the
torque ripple include conical motors [81]. However, even if
the rotor and stator are made conical structure, the phase of the
torque waveform does not change much, and hence, the effect
of reducing the cogging torque and torque ripple tends to be
smaller than with the skew technique. In addition, the conical
structure has the issue of poor manufacturability because the
surface needs to be continuously changed. However, conical
motors are suitable when it is necessary to balance the external
force in the axial direction [82].

D. ANALYSIS METHOD AND ACCURACY

PMSMs containing a skew have a different structure in the
axial direction; thus, it is desirable to analyze the structure
using 3D-FEA. However, 3D-FEA is time consuming, so
many research groups are considering methods to predict
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FIGURE 41. Comparison of optimal skew angle for 2-D and 3D-FEA [86].

skew characteristics using 2D-FEA or mathematical models.
Mohr et al. [13] proposed a method using a multislice tech-
nique with 2D-FEA to shorten the analysis time. In addition,
Lazari et al. [83] proposed a method that includes the dg-axis
cross-coupling and the magnetic saturation in 2D-FEA that
considers the skew. This method not only shortens analysis
time but also enables accurate prediction of skew character-
istics under heavy loads where magnetic saturation occurs. A
mathematical model has been developed to predict skew char-
acteristics faster than 2D-FEA and the results closely matched
the 2D-FEA results [55], [84].

Predicted characteristics of PMSMs with a skew are likely
to have large errors between 2D-FEA and 3D-FEA. Errors
tend to increase for step skews, and the main cause of this
is leakage magnetic flux between steps [85]. Consequently,
Asama et al. [86] described that the optimal skew angles for
2D-FEA and 3D-FEA are significantly different (see Fig. 41).
Therefore, it is difficult to evaluate the characteristics using
2D-FEA in structures that have large leakage flux in the axial
direction.

In Fig. 41, for N, = 2, Ny = 12, and M = 3, when the
optimal skew angle is calculated using (6), 6 skew = 20°, which
matches the optimal skew angle calculated by 2D-FEA. How-
ever, in practice, the optimum skew angle changes from the
theoretical value due to the axial leakage flux and the end
effect. Another example in which the skew angle at which
the cogging torque reaches its minimum different in 3D-FEA
from the theoretical value has also been reported [72].

In contrast, for IPMSMs, because there is a core in the rotor,
leakage flux in a step skew tends to increase depending on
the structure, and Fig. 42 compares the 2D-FEA, 3D-FEA,
and experimental results in an IPMSM with a step skew [87].
The 3D-FEA and experimentally measured voltages agreed
well [see Fig. 42(b)]. However, there are large errors between
the 2D-FEA and experimental results, especially in the fun-
damental wave. Therefore, it is possible to predict the skew
characteristics roughly using 2D-FEA but there are errors in
the optimal skew angle and skew characteristics due to the
axial leakage flux and end effects.

E. PATENTS RELATED TO PMSM USING SKEW
As shown in Fig. 2, various patents related to the skew have
been published to date. Academic papers often investigate
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FIGURE 42. Comparison of FEA-predicted results and experimental results
[87]. (a) Prototype rotor stacks with three-step-skewed and unskewed
shafts. (b) Back EMF harmonics.

FIGURE 43. Structure that combines the continuous skew and the step
skew [88].

topologies using the skew, but patents published by motor
manufacturers are characterized by a large amount of
content related to manufacturing, especially in the case of
stators.

Fig. 43 shows a structure that combines the continuous
skew and the step skew. This structure is basically a step skew
of M = 4, but the continuous skew is adopted within each
step, and the skew angle Oy and direction are different for
each step. As a result, it is possible to reduce the torque ripple

VOLUME 5, 2024

FIGURE 45. Novel rotor core skew structure for IPMSM [91].

under on-load condition to almost zero with a small number
of steps M [88].

Fig. 44 shows patents for asymmetric skew in SPMSM and
IPMSM, respectively. In the case of the SPMSM in Fig. 44(a),
the installation angle of each PM is changed [89]. It can
be manufactured in the same way as typical SPMSMs, and
achieves a high cogging torque reduction effect and noise
reduction. In the case of the IPMSM in Fig. 44(b), the torque
ripple can be reduced while maintaining the average torque
by changing a pole arc angle [90]. In addition, it has excellent
manufacturability because it can be manufactured in the same
way as typical IPMSMs. However, the disadvantage is that the
shape of the PM differs depending on the magnetic pole.

In Fig. 45, the rotor is divided in the axial direction and a
protrusion is provided on the rotor surface. The position of the
protrusion can be changed in each step to obtain a skew effect.
In addition, PMs can be configured by a single tabular member
that penetrates axially divided steps due to this structure [91].

As discussed in the 3D-FEA results in Section IV, the step
skew reduces the effective magnetic flux ¥ pm due to the axial
leakage flux between each step. Furthermore, in IPMSM, the
reluctance torque also decreases due to the increase in d-axis
inductance. To prevent this deterioration, it has been proposed
to provide an air gap between each step in various step skew
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FIGURE 47. Example of stator continuous skew structure to only
tooth-tips while maintaining manufacturability [95].

structures [92], [93], [94], [95]. Fig. 46 is an example of
an IPMSM, where the reduction in average torque can be
suppressed by providing an air gap between the steps [92].
In addition, the insertion of nonmagnetic material between
the steps has also been considered. It has been reported that
the resistance to demagnetization of PMs can be improved by
increasing the distance between steps in IPMSM [93].

Fig. 47 shows a structure with the continuous herringbone
skew (#4) on the stator [96]. This patent reports a new punch-
ing method using a punching die for a split stator core to
achieve the skew. By making only the tooth-tip of the stator
core a different shape in the axial direction, the skew effect
can be obtained while maintaining an unskewed winding area.
As a result, it is possible to wind coils in an aligned manner
while employing the skew on the stator [96].

Fig. 48 shows a patent on the manufacture of continuous
stator skew cores. According to this patent, each skew core
can be integrally molded with thermosetting resin and easily
assembled by the insert molding method. As a result, even if
a skew core is employed, the coil winding process is easy by
adopting a split core structure [97].

Fig. 49 shows a patent on a manufacturing method for a
structure that combines magnetic wedges and the skew to re-
duce torque ripple. Open slots are more suitable for installing
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FIGURE 48. Stator skew core integrally molded with thermosetting resin
[97].
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FIGURE 49. Skewed stator core with magnetic wedges between teeth. [98].

windings, but the torque ripple becomes large. In such a case,
torque ripple is reduced by combining magnetic wedges with
the skew while maintaining manufacturability [98].

VI. DISCUSSION

This section compares and discusses each skew category
based on the 3D-FEA results in Section IV and information
from many references and patents. Tables 4 and 5 pro-
vide a comprehensive comparison of each skew category for
SPMSM and IPMSM, respectively. The main difference be-
tween SPMSM and IPMSM is that in categories #1 and #3,
SPMSM can be realized by using a corresponding magnetizer,
but it is difficult to adopt in IPMSM because PMs are inserted
into the core.

In addition, when a continuous skew is employed in the
stator as in #2 in both cases, although the torque ripple re-
duction effect is high, it is difficult to automate the winding
operation because of a twisted core. As a result, the cost
increases, making alignment winding difficult. Therefore, the
space factor also decreases, and there is a high possibility that
the copper loss will increase. In addition, this skew structure
has a large axial force F acting on the rotor, so the burden on
the bearing is also large.

In both SPMSM and IPMSM, segment-type step skews
(#5, #8, #11) are widely used because they are more feasi-
ble, although they are more expensive than typical motors.
Herringbone skews (#8) and zigzag skews (#11) are used to
suppress the axial force F,. However, linear skews (#5) are
more effective at reducing cogging torque. However, the step
skew may require additional dies to change the position of
the key grooves, which increase manufacturing costs [99]. In
addition, the continuous skew requires mechanisms to control
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TABLE 4 Comparison of Each Skew Category in SPMSM

e O e T o e e [ e o
Rotor #1 @ @ @ @ A A @
Continuous Stator #2 A A © © © X A A
skew Rotor #3 A @ @ @ @ @
Stator #4 X X A © © © © A
Segment #5 @ @ @ O O @
Rotor
Core skew| #6
Stator [Core skew| #7 X X X @ A O A
Segment #8 @ @ @
Step skew bone Rotor Core skew| #9
Stator [Core skew| #10 X X X O A A
Rotor Segment | #11 @
Zigzag Core skew| #12
Stator |Core skew| #13 X X X O A A
Multi- | Rotor #14 A @ @ A A
gap |Stator #s5 | 0O © A © © A A
Asymmetric #16 @ @ @ @ @ @ X X D
Novel PM #17 A A @ O @ @ O O
Notch skew #18 A A @ O @ @ A A
[@: Very good [ : Average A\ : Below average X : Poor ]
TABLE 5 Comparison of Each Skew Category in IPMSM
T o o e e e e e o
Rotor #1 X X X @ @ @ A A X
Continuous Stator #2 A A © © © X A A
skew Rotor #3 X X X © © © © X
Stator #4 X X A © © © © A
Segment #5 © © © O O ©
Rotor
Core skew| #6 A @ A O @ @ O a
Stator [Core skew| #7 X X X @ A O A
Rotor Segment #8 @ @ @ O @ @
Step skew | Core skew| #9 A © A O © ©
Stator [Core skew| #10 X X X O A A
Segment #11 @ @ @ O @
Rotor
Zigzag Core skew| #12 A © A O ©
Stator |Core skew| #13 X X X O A A
Multi- | Rotor #4 |[A ] A © | A © © A A O
gap |Stator #5 | 0O © A © © A A
Asymmetric #16 | © © © © © © X X | A
Novel PM #17 A A @ O @ @ O | A
Notch skew #18 A A @ O @ @ A A
[@: Very good [ : Average A\ : Below average X : Poor ]

the positions of the welding or caulking points to fix the LSSs,
which also increases manufacturing costs [100], [101].
Among other skews, asymmetric skews are superior in
terms of cost and manufacturability because they can be man-
ufactured in the same way as typical motors. However, costs
increase when the shape of the PM is changed depending
on the magnetic pole. Furthermore, asymmetric skews also
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generate low-order harmonics, which raises concerns about
iron loss, etc.

Finally, the advantages and disadvantages of each category
of skew are summarized in Table 6. Each model has different
strengths and weaknesses, respectively. It is necessary to se-
lect an appropriate skew structure for each application, taking
these properties into account.
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Comparative Analysis of Advantages and Disadvantages in PMSM Using Skewing Technology

Calt\ffory Advantages Disadvantages
# - Highly effective in reducing torque ripple and cogging torque - Difficult to manufacture, especially in IPMSMs
- Less axial leakage flux - Large axial electromagnetic force due to asymmetry in the axial direction|
- Winding becomes longer, and resistance and copper loss
“ - Highly effective in reducing torque ripple and cogging torque increase
- Applicable to IPMSMs - Extremely large axial electromagnetic force due to
asymmetry in the axial direction
. L . . - Manuf: i f IPMSMs i ly difficul
- Axially symmetric, with small axial electromagnetic force and long 2}"“ acturing o SMs is extremely difficult because magnets cannot
#3 bearine life be inserted
g - Difficult to magnetize PMs even for SPMSMs
4 - Axially symmetric, with small axial electromagnetic force and long - Extremely difficult to manufacture from the perspective of winding
bearing life placement
- Good manufacturability among skew structures
#5 - Axial leakage flux is less likely to occur because Gsken_siep can be made - Large axial electromagnetic force due to asymmetry in the axial direction|
small even with a small number of steps M
- Permanent magnets can be placed uniformly in the axial direction - Die for laminated steel sheet becomes larger
#6 (namely, without skewed PM) - Large axial electromagnetic force due to asymmetry in the axial direction|
- Less axial leakage flux - Few applicable structures
w7 - No axial leakage flux occurs in the rotor - Lz.lrge axnal. electror}mg.netlc force due.to asymmetry in the axial direction|
- Difficult to install winding, and low coil space factor
48 - Axial symmetry can suppress electromagnetic force regardless of the - When the number of steps M is small, Oskew_siep becomes large and the
number of steps M and can extend bearing life axial leakage flux becomes large
- Axial symmetry can suppress electroma.gnet.lc force regardless of the - Die for laminated steel sheet becomes larger
#9 number of steps M and can extend bearing life .
. - Few applicable structures
- Less axial leakage flux
- Axial symmetry can suppress electromagnetic force regardless of the - Die for laminated steel sheet becomes larger
#10 number of steps M and can extend bearing life - Difficult to install winding, and low coil space factor
- No axial leakage flux occurs in the rotor - Large magnetic flux leakage at tooth-tips
. W hen th'e flum bef of ste[.)s Mis an odd number, the rotor is symmetrical | ‘When the number of steps M is small, Osken_sicp becomes large and the
#11 in the axial direction, which suppresses axial leakage flux becomes large
electromagnetic force and extends the bearing life g g
- When the number of steps M is an odd number, the rotor is symmetrical
412 in the axial direction, which suppresses electromagnetic force and extends|- Die for laminated steel sheet becomes larger
the bearing life - Few applicable structures
- Less axial leakage flux
- .When th.e nu.mber of stel?s M is an odd number, the rot.or is symmetrical | Die for laminated steel sheet becomes larger
in the axial direction, which suppresses electromagnetic force and . . o e .
#13 PN - Difficult to install winding, and low coil space factor
extends the bearing life - Large magnetic flux leakage at tooth-tips
- No axial leakage flux occurs in the rotor & 8 8 P
- Electromagnetic forces of the two rotors cannot be canceled out, resulting
- Skew can be easily achieved by simply shifting the positions of the two in loud noise and vibration
#14 ! .
rotors - The number of steps M is equal to the number of rotors
- Installation in the motor case is difficult
- Electromagnetic forces of the two stators cannot be canceled out,
#15 - Easy to install because the stator is on the outside resulting in loud noise and vibration
- The number of steps M is equal to the number of stators
#16 - This structure can be manufactured in the same way as typical IPMSMs |- Low-order harmonic magnetic flux is generated, resulting in large iron
and SPMSMs without skew, making it the most manufacturable loss, vibration, and noise
#17 |- Extremely high degree of design freedom - Special techniques such as AM are required
. . - Difficult to manufacture
£18 - High degree of design freedom - A special die for la ted steel sheet is required

This article has provided an overview of PMSMs using skew-
ing techniques and recent trends. First, PMSMs using a skew
are classified into 18 categories and are described the char-
acteristics of each. This article also statistically discussed the
usage rate and purposes of each structure, and then summa-
rized and discussed the results in Figs. 4 and 5. The main
purpose of a skew is to reduce the cogging torque and torque
ripple but skews have also been used to reduce noise and
vibration. Furthermore, some studies concluded that skews
are effective in suppressing the shaft voltage and improving
startup characteristics.

This article discussed the theoretical skew angle and visu-
alized it using an example of a PMSM with 8 poles and 48
slots. Although the skew angle has been defined in various
papers, the definitions differ, so this article summarized the
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definition in an easy-to-understand manner. The skew fac-
tor was visualized and its relationship with the theoretical
formula for the skew angle was explained. In Section IV,
3D-FEA results of various PMSMs employing the skew for
quantitative comparison are shown. Furthermore, the differ-
ence in the effect of the skew on SPMSM and IPMSM was
clarified using 3D-FEA. In Section V, the characteristics of
skew structures in each category and the latest trends are
introduced. It has been difficult to use a continuous skew in the
rotor of IPMSMs but research has been conducted to achieve
this using AM. In addition, the number of studies in which
skew structures are fabricated by AM is increasing, and it
has been reported that PMs with special shapes manufactured
using AM had a high skew effect. Finally, in Section VI, this
article summarized the advantages and disadvantages of each
skew structure based on the results of 3D-FEA and references,
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and discussed their characteristics. It is necessary to select
the appropriate skew structure according to the application
because each structure has different advantages. It is likely
that new skewing technologies will continue to be proposed
as materials and manufacturing technology develop.
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