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Abstract: It is of significance to analyze the performance of eccentric electromotor for the research
on the electric vehicle wheel drive system’s operational reliabilities. We developed a fast equivalent
algorithm in which the two-dimensional finite element calculation results are translated into three-
dimensional calculation results. An electromotor with skewed slot was decomposed into straight-
slot electromotor units that were series-wound. A prototype electromotor driven by square wave
current under healthy and eccentric conditions was calculated, and the computation accuracy of
the equivalent algorithm was analyzed. The air-gap magnetic field and induced electromotive force
were calculated and contrasted. The study results indicate that the magnetic field distribution and
the induced electromotive forces of winding elements with different axis positions were affected
transparently by grievous eccentricity, yet the induced electromotive force of one phase winding and
average value of torque remained virtually invariable. The reference to reliability analysis of electric
vehicle wheel drive system is provided.

Keywords: static eccentricity; skew; electromotor; finite element

1. Introduction

Due to high efficiency, high power density, and good reliability, permanent magnet
electromotor is widely used as the core component of the propulsion system in low-power
electric vehicles [1-4]. Assembly technology and machining accuracy in the manufacturing
process are imperfect, and the electromotor may have slight air-gap eccentricity before
leaving the factory [5]. When the electromotor runs for a long time under severe and
complicated working conditions, the wear of bearings will also lead to eccentric air gap.
The influence of air-gap eccentricity on electromotor is obviously negative, and therefore it
is necessary to study these adverse effects in advance.

Eccentricity of electromotor will not only change the internal magnetic field distribu-
tion but will also affect the dynamic performance, especially the tangential electromagnetic
torque ripple and radial unbalanced magnetic pull, which will lead to the deterioration
of noise, vibration, and smoothness [6—8]. Many researchers have conducted in-depth
and detailed research on eccentric electromotor. M. Ojaghi proposed a two-dimensional
modified winding function theory for squirrel-cage asynchronous electromotor to obtain
the analytical expressions, which was suitable for axial uniform or non-uniform eccentricity
and healthy situations [9]. ]. J. Rocha Echeverria developed a new calculation tool to calcu-
late the magnetic attraction in the no-load air-gap with the misaligned centers of stator and
rotor, regardless of whether the eccentricity was dynamic or static [10]. H. Lee proposed
an analytical method to calculate the characteristics of eccentric electromotor quickly ac-
cording to the design variables [11]. H. Kim established an analytical model of the force by
Maxwell stress method and studied the influence of unbalanced magnetic tension on the vi-
bration of permanent magnet synchronous electromotor caused by air-gap eccentricity [12].
H. Lasjerdi proposed a comprehensive method based on the winding function method,
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and a non-invasive index was used to identify the type or even percentage of mechanical
eccentricity failures [13]. A. Aggarwal used incremental inductance method to detect static
eccentricity in off-line state [14]. J. Shin proposed a reliable method for classification of
rotor cage and detection of eccentricity faults [15]. According to the difference of research
contents, the literatures in the field of air-gap eccentricity can be broadly divided into two
types: (a) by detecting the characteristic signals such as voltage and current, the location
and type of eccentricities can be diagnosed accurately and non-destructively; (b) using
finite element method or analytical method, the operating characteristics of electromotor
under different eccentric conditions are predicted. The research content of this paper
belongs to the latter.

Skewed slot or skewed pole is the effective method to suppress torque ripple, which is
widely used in the design of various electromotors [16-19]. There are many studies on air-
gap eccentricity of straight slot electromotor, but studies on air-gap eccentricity of skewed
electromotor are rare. In this paper, a fast equivalent algorithm for synthesizing three-
dimensional results from a two-dimensional field analysis data series was developed to
calculate the characteristics of the electromotor with skewed stator slot and eccentric rotor
driven by square wave current. The calculation accuracy of the algorithm was deduced
and studied. Compared with the experimental data of prototypes, the effectiveness of the
algorithm is verified.

2. Geometric Structure of Air-Gap Eccentricity

Any actual situation of air-gap eccentricity is a different combination of static and
dynamic eccentricity [20-22]. A schematic diagram of air-gap eccentricity is shown in
Figure 1. In order to highlight the visual effect, we artificially exaggerated the air-gap
thickness and the degree of eccentricity compared with the real data of prototype.

Figure 1. Schematic diagram of air-gap eccentricity.

Under healthy conditions, the geometric centers of stator and rotor coincide, and the
rotor rotates around its own center. However, after the air-gap eccentricity occurs, the
two centers no longer coincide. If dynamic eccentricity occurs, the rotor rotates around
the center of the stator. If static eccentricity occurs, the rotor rotates around its own
center [23,24]. Only the static eccentricity is studied in this paper, and the air-gap length g
can be expressed as

g= \/an —e2sin?(0 — &) — 1oyt — ecos(f — a) 1)
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where R;, is the inner radius of stator, e is the eccentric distance, 0 is the rotor position
angle, « is the eccentric angle of rotor, and 7,y is the outer radius of rotor.

It can be seen from Equation (1) that once the static eccentricity occurs, the air-gap
length along the circumferential direction is no longer equal everywhere. In the magnetic
flux path, the permeability of air is much smaller than that of the soft magnetic material
constituting the iron core. Compared with the magnetic circuit of a healthy electromotor,
the longer the air-gap length, the smaller the magnetic density in the air gap, and vice
versa. The degree of eccentricity A can be defined as

e

A= %100% = — 5 x100% 2)
8o in — Yout

where g is the uniform air-gap length of a healthy electromotor.

3. Equivalent Algorithm
3.1. Principle

Magnetic circuit method is usually adopted to predict the performance of skewed
electromotor in traditional design process. However, the calculation accuracy of magnetic
circuit method is relatively low. In order to obtain higher calculation accuracy, finite
element method is often adopted at present. Two-dimensional finite element method has
advantages of simple modelling and less calculation, but it is only suitable for analyzing
straight slot electromotor with identical cross sections along the axial direction. Three-
dimensional geometric structure of skewed electromotor leads to different axial cross
sections, and thus two-dimensional finite element method cannot be adopted directly.
Compared with two-dimensional finite element model, three-dimensional finite element
model is more difficult to model, and the large number of three-dimensional subdivision
elements leads to a huge amount of computation.

In practical engineering, it is frequently necessary to calculate abundant prototype
schemes within a short time, while the establishment and calculation of three-dimensional
finite element models are quite time-consuming. In order to provide consideration to the
efficiency and accuracy of calculation, we adopted a fast equivalent algorithm. The algo-
rithm is based on two-dimensional finite element method, which is not only accurate, but
also easy to model, with less computation. As shown in Figure 2, the ideology is to divide
a skewed electromotor into several sections along the axial direction and treat each section
as an independent unit [25-28].

Axial direction of motor ——>

(a) (b)

Figure 2. Ideology of equivalent algorithm: (a) a skewed electromotor is divided into several sections; (b) the whole winding

conductor in the segmented skewed slot is replaced by several straight conductors.

In the figure, the thick blue line represents the original whole conductor in the skewed
slot, and the thick red line segments represent the equivalent straight conductor. The more
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segments, the smaller the skew angle of each segment. Then, each unit can be approximately
regarded as a straight slot electromotor and is calculated by two-dimensional finite element
method. According to the designed superposition rules, the performance of the whole
skewed electromotor can be obtained by numerically processing the data sequence obtained
by two-dimensional finite element calculation. The equivalent calculation model can meet
the accuracy requirements of general engineering, and the overall modeling difficulty and
solution time are better than those of the three-dimensional finite element model.

Under the condition of ignoring the leakage magnetic field at the end of the elec-
tromotor, the mathematical description of solving the straight slot electromotor by two-
dimensional transient field method can be expressed as follows

V x (UVXAZ)+U'B£Z =7,
" ©)
E ==t

where v is the velocity of winding, A, is the magnetic potential of vector, J; is the density
of current, E is the induced electromotive force of winding, and ¢ is the flux linkage
of winding.

In the equivalent model, the mathematical description of solving the series straight
slot electromotor segments can be expressed as

V x (vV x Ay) +Ua§;l’ = I,

A @
E=YE=) %

i=1 i=1
where 7 is the number of segments, A,; is the magnetic potential of the vector of the ith
segment, E; is the induced electromotive force of the ith segment, and ; is the flux linkage
of the ith segment.

3.2. Calculation Accuracy

As shown in Figure 3, a charged and moving inclined conductor is in the kth harmonic
magnetic field of the electromotor. In the figure, B, is the amplitude of harmonic magnetic
field, a is the position of one end of the conductor in harmonic magnetic field, By is the
skew angle in harmonic magnetic field, L is the projection length of the conductor along
the axial direction of electromotor, and I is the current passing through the conductor.

Figure 3. A charged and moving inclined conductor in harmonic magnetic field.
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The electromagnetic force F; and induced electromotive force Ej of the conductor in
harmonic magnetic field can be expressed as
B = f;;ﬁﬁk( k51n9)1/3 do= 2 B Bk IL sin(ay + ﬁk)sm Bx
= %BmkIL sin(ay + ﬁ) sin kﬁ
E, = f;{ﬁﬁk (B, sinf)v /5L do = l% B, Lousin(ay + ﬁk)sm B
= kﬁ B, Lo sin(ay + kﬁ) sin ﬁ

©)

Taking the fundamental magnetic field as an example, the equivalent model can
adopt two segmentation modes, as shown in Figure 4. In segmentation mode 1, the end
point of each conductor segment is selected as the section position, and therefore the
minimum segment number is two. In segmentation mode 2, a certain middle position of
each conductor segment is selected as the section position, and therefore the minimum
segment number is one. In the figure, the inclined thick line indicates the original conductor
in the skewed slot, which is divided into n segments with equal length. The length of each
segment along the axial direction of the electromotor is L/11, and the skew angle of each
segment is B/n. The tiny circle indicates the section position, and y is the distance between
the section position and an end point of each section.

Figure 4. Segmentation modes: (a) mode 1; (b) mode 2.

The skew angle of the ith segment with two segmentation modes can be expressed as

i—1
i =a+ —p (6)
i—1
Kzi:“+T/3+X )

In the kth harmonic magnetic field, the electromagnetic force and induced electro-
motive force with two segmentation modes calculated by the equivalent model can be
expressed as

n
1

Fa = 5,21 B = 21 By ILsin(a + =5 Bx)

i= i

sm(ak+7ﬁ)sm%
= By IL — 8)
nsin 55
kB . nkp
sin(ag+ ) sin 5y

Eu =1 Eu=Bylos 2 2T

) nsin 55555
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nsm 2n
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It can be seen from Equations (8) and (9) that the mathematical expressions of electro-
magnetic force and induced electromotive force are highly similar. Then, the mathematical
expressions of the relative errors of electromagnetic force and induced electromotive force
are completely consistent. Therefore, the relative errors of electromagnetic force and
induced electromotive force with two segmentation modes can be uniformly expressed as

. k
kB sin 72(':1751)
kg

. . kB
2n sin - sin IS

Fy—F
p = MT" x 100% = -1 (10)

kBsin[(a + ) + k(x — £))

2n sin(ay + %) sin g—’z

o = Bo =B | 1000 = -1 (11)
Fy
By comparing the calculation results of Equations (10) and (11) under the condition
that the variables in the error expressions take the same values, we see that the convergence
performance of mode 2 is obviously better than that of mode 1. Therefore, only mode 2 is
adopted in this paper.

4. Calculation and Analysis of Prototype
4.1. Selection of Segment Number

There is no doubt that increasing the segment number can improve the calculation
accuracy of the equivalent model. However, too many segments may be unnecessary,
and they may increase the calculation amount obviously, resulting in too long a calculation
time. In order to select the segment number rationally, we must discuss the factors affecting
the calculation accuracy before establishing the equivalent model of prototype. The skew
angle of prototype in this paper is a slot-pitch angle, which is a mechanical angle of
15 degrees. When the segment number increases from 5 to 20 and the harmonic order
increases from 1 to 20, the relative errors with different combinations of segment number
and harmonic order are given, as shown in Figure 5.

Figure 5. Relative errors with different combinations of segment number and harmonic order.

Comparing and studying the change trend and specific value of relative error data
series can provide reliable references for selecting the number of segments reasonably.
In order to calculate the electromagnetic force and induced electromotive force in higher
harmonic magnetic field accurately, more segments have to be taken; otherwise, the equiva-
lent accuracy is quite low. For example, if the number of segments is only 5, the calculation
error in the 20th harmonic magnetic field is close to 150%, which is unacceptable equivalent
calculation accuracy. In any harmonic magnetic field, increasing the number of segments
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Group Il

Group Il

can undoubtedly improve the calculation accuracy. However, a large number of segments
means that the amount of calculation is multiplied, and the equivalent calculation model
itself loses its meaning. Moreover, from the data sequence of errors, it can be seen that once
the number of segments is higher than a certain value, increasing continuously has little
effect on improving accuracy. For example, if the number of segments is 15, the errors in
the 1st to 20th harmonic magnetic fields are less than 10%, and it is of little significance to
continuously increase the number of segments to improve the calculation accuracy.

The key to choose the number of segments reasonably lies in the proportion of har-
monic components in the magnetic field in the real prototype. If the proportion of higher
harmonic components is large, then a great number of segments are needed. On the con-
trary, if the proportion of low-order harmonic components accounts for the vast majority,
then the existence of high-order harmonic components can be ignored and only a small
number of segments can be taken.

Therefore, before reasonably determining the number of segments, it is necessary to
use the two-dimensional finite element method to analyze the amplitude and proportion
of each harmonic magnetic field in the prototype.

4.2. Two-Dimensional Finite Element Model of Prototype

Radial cross sections of prototype drawn according to the initial design scheme are
shown in Figure 6. In the figure, A, B, and C indicate electromotor winding regions; + and
— indicate reference positive direction of current; and N and S indicate the permanent
magnet regions.

There are 24 slots in the stator. Each phase of stator winding consists of four winding
elements connected in series, that is, eight stator slots. Considering that the structures of
the three-phase windings are the same, this paper only analyzed the A-phase as an example.
Winding element Aj (j = 1,2,3,4) is composed of regions Aj+ and Aj—. The A-phase winding
is composed of winding elements Aj connected in series. Twenty-four stator slot regions
can be divided into four groups, namely, groups I, IL, III, and IV.

There are four pairs of permanent magnets in the rotor. Every two adjacent magnets
form a pair. These eight permanent magnets can be divided into four pairs, namely, pairs I,
II, III, and IV.

Group IV

(a) (b)

Figure 6. Radial cross section of the prototype: (a) stator; (b) rotor.

4.3. Calculation and Analysis

In a healthy state, the air-gap thickness should be equal everywhere along the cir-
cumferential direction. The design thickness of prototype is only 0.5 mm. However, once
static eccentricity occurs, the geometric center of the rotor will deviate from the geometric
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center of the stator by a certain distance. Then, the thickness of the air gap is no longer
equal everywhere.

The stator remains stationary. The rotor is moved to the right horizontally by 0.2 mm.
Taking the geometric center of new rotor as the rotation axis, we can artificially manufacture
a static eccentricity.

The degree of eccentricity A reaches 40%. The air-gap thickness at 0 degree circum-
ferential position is the smallest at only 0.3 mm. The air-gap thickness at 180 degree
circumferential position is the largest at 0.7 mm. Compared with the healthy state, the air-
gap thickness at 90 degrees or 270 degrees has little change.

The distribution of magnetic flux density is shown in Figure 7. It can be seen from
the figure that after the occurrence of static eccentricity, some changes took place in the
magnetic density distribution in each region.

Figure 7. Distribution of magnetic flux density: (a) healthy; (b) eccentric distance is 0.2 mm.

Taking the geometric center of the eccentric rotor as the center, we established a
circular closed path in the middle of air gap as sampling position. The data sequence of
normal component of magnetic flux density is shown in Figure 8. In the figure, different
values of eccentric distance are compared. Eccentric distance equal to zero indicates that
the electromotor is healthy. Where the air-gap thickness decreases, the density increases,
and vice versa. Near region N1, the thickness decreases the most and the density increases
the most. However, near region N3, the thickness increases the most and the density
decreases the most. In the vicinity of region N2 and region N4, the thickness keeps almost
constant and the change of density is not obvious.

Taking the whole circular closed path as a cycle, we analyzed the data of sampling
points of the normal component of magnetic flux density on the path by discrete Fourier,
and the harmonic analysis results are shown in Figure 9. According to the principle of
Fourier series, the amplitude of harmonic components will decay rapidly with the increase
of harmonic order, and the amplitude of higher harmonic components is also comparative
small. Only the amplitudes of harmonic components within 20 orders are listed. It can be
seen from the data in the figure that the distribution of magnetic flux density in a healthy
prototype undergoes a periodic change every other pair of magnets. Then, the change
of magnetic flux density on the sampling path should go through four complete cycles.
However, static eccentricity changes the periodicity of magnetic flux density distribution.
Although it has little effect on higher harmonic components, it introduces lower harmonic
components with smaller amplitude.

There are only phase differences in the induced electromotive forces generated by
winding elements in healthy state, and the waveforms are coincident. Two-dimensional
finite element model of prototype is simulated in constant speed driving mode at the
speed of 1000 revolutions per minute. The induced electromotive forces of all winding
elements have highly similar characteristics. Only the four winding elements of phase A
are analyzed as the example.
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Normal magnetic density/T
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Figure 8. Comparison of normal magnetic density waveforms of air gap in the whole circumference.
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Figure 9. Comparison of harmonic components of normal magnetic density of air gap in the whole
circumference.

When the rotor makes one revolution, the induced electromotive forces of winding
elements are shown, as is displayed in Figure 10. In order to avoid the excessive density of
curves in the drawing, we only provide the case when the eccentric distance is 0.2 mm in
the drawing. When static eccentricity occurs, the axial positions of Al and A4 are close to
the direction of air-gap thickness thinning, and the induced electromotive forces are higher
than that under healthy condition. By the same token, the induced electromotive forces of
A2 and A3 are lower.

The induced electromotive force of a whole phase winding can be calculated by
superimposing that of winding elements belonging to the same phase winding. Although
the variation tendencies in eccentric state are inconsistent, some increase and some decrease,
but the increase and decrease are basically offset, resulting in the sum being basically
unchanged. In view of the same characteristics of three phase windings, only A-phase
winding is compared in Figure 11. It can be seen that the waveforms are almost coincident.
Therefore, static eccentricity has a slight influence on induced electromotive force of a
whole phase winding.
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Figure 10. EMF of winding elements when the motor rotates once.
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Figure 11. EMF of A-phase winding when the motor rotates once.

The harmonic analysis results of induced electromotive force of A-phase winding
are provided in Figure 12. Considering that the amplitudes are extremely small, only the
harmonic components within the 50th order are listed. The induced electromotive force in
healthy state is only composed of harmonic components of multiples of 4. The 4th and 12th
harmonic components are the main, and the amplitudes of others are very small. Static
eccentricity does not change the periodicity of induced electromotive force, and the 4th
and 12th harmonic components are also the main.

The analysis results indicate that the induced electromotive force of a whole phase
winding will undergo a complete cycle change every two pole distances (90 degrees of
mechanical angle), whether static eccentricity occurs or not. The induced electromotive
force without skew of a complete cycle is provided in Figure 13.

According to the rules designed by the equivalent algorithm proposed in this paper,
we obtained the performances of skewed prototype by superimposing the analysis results
of two-dimensional field. The induced electromotive force with skew of a complete cycle
and harmonic analysis results are given in Figures 14 and 15.



World Electr. Veh. ]. 2021, 12,176

11 of 15

10

Magnitude of harmonic components/V
o

Order of harmonic components

Figure 12. Comparison of harmonic components of EMF without skew when the motor rotates once.
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Figure 13. Comparison of EMF waveforms without skew in a variable period.

Compared with Figure 13, the waveform smoothness is improved, and an obvious
flat-top interval appears. Compared with Figure 12, high-order harmonic components
are suppressed effectively with the amplitudes close to zero, and low-order harmonic
components are only weakened slightly.

Static eccentricity does not affect the suppressing effect, and the waveforms almost
coincide. However, it leads to a slight decrease of low-order harmonic components. The re-
search results indicate that the induced electromotive force of prototype studied in this
paper is only slightly affected even if serious static eccentricity occurs.

A comparison of cogging torques with and without skew in a variable period is shown
in Figures 16 and 17. Without skew, the peak value of cogging torque increases with the
increase of eccentric distance, but the increase is small. When the motor is healthy, the
peak position appears where the center line of magnetic pole coincides with the center
line of stator slot, but after static eccentricity, the peak position slightly deviates. When
there is a skew, whether static eccentricity occurs or not, the skew can restrain the cogging
torque well.
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Circumferential position/°

Figure 14. Comparison of EMF waveforms with skew in a variable period.
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Figure 16. Comparison of cogging torque without skew in a variable period.
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Cogging torque/mN.m

Circumferential position/°
Figure 17. Comparison of cogging torque with skew in a variable period.

5. Experiment

According to a preliminary design scheme, we manufactured the first batch of proto-
types, as shown in Figure 18a. The hardware platform for performance testing is shown in
Figure 18b.

The experimental data at room temperature are provided in Figure 19. The torque in
the figure refers to the output torque of prototypes, and the six curves correspond to the
forward and reverse experimental results of three prototypes randomly selected. The near
coincidence of the six curves indicates that the first batch of prototypes had high machining
accuracy, good consistency, and reliable experimental data.

() (b)
Figure 18. Photos of the experiment: (a) prototypes; (b) experimental hardware platform.

Comparison between the output torque calculation results of equivalent algorithm
and the experimental results is provided in Figure 20. The six curves of Figure 19 almost
coincided, and therefore it was not necessary to provide all the curves; only their average
curve was taken as the representative for comparison.

The slope of the calculated curve was close to that of the experimental curve, which
showed that the calculated torque constant was in good agreement with the experimental
results. At the rated driving current of 1.2 A, the calculated torque was only 0.014 N-m
higher than the experimental data. The comparison results prove the effectiveness of the
proposed equivalent algorithm.
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6. Conclusions

A fast equivalent algorithm of skewed electromotor is proposed, one that can syn-
thesize two-dimensional electromagnetic field analysis data into three-dimensional field
calculation results. The calculation model of a surface-mounted permanent magnet pro-
totype driven by square wave current with skewed stator slot was established, and the
influence of static eccentricity was studied.

Compared with the traditional magnetic circuit method commonly adopted by elec-
tromotor designers, the algorithm can consider the influence of cogging effect, winding
distribution, armature reaction, and magnetic circuit saturation. Compared with the
popular three-dimensional finite element method, the algorithm can greatly shorten the
modelling and calculation time.

Research results indicate that the static eccentricity significantly affected the mag-
netic field distribution in air gap but had little influence on the average value of torque.
The experimental results of prototypes prove the effectiveness of the proposed algorithm.
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