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pension and negligible friction loss. One major imperfection of this motor is that its perfor-
mance highly depends on the rotor slot width. This paper attempts to solve this problem
by using a combined analytical method and finite element analysis method (FEM). Firstly,
the influence on the motor starting characteristics is revealed by analytical method and
verified by finite element simulation. Secondly, using the fast Fourier transform (FFT), the
effect on the radial harmonic magnetic field distribution of air gap is analyzed. Meanwhile,
the impact on the motor load performance is calculated. Thirdly, the relationship among
the rotor slot width, the suspension force and the unbalanced magnetic pull force is ex-
plored. Finally, the simulation and experimental results show that the BIM designed by
the combined analytical method and finite element calculation can not only obtain good

torque characteristics and suspension performance but also has less load loss and a better
accuracy in its mathematical model. This paper provides a theoretical basis and means for
further design optimization of this type of motor.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Using the structure similarity between the magnetic bearing and an induction motor stator, a BIM is embedded in two
sets of different pole-pair windings to destroy the symmetry of air-gap magnetic field. It has some excellent characteristics,
such as no wear, no lubrication and long service life, and has broad application prospects in the special electric drive area
of life sciences, aerospace and semiconductor industry [1,2].

Regarding the rotor geometry of the BIM, it is similar to that of the ordinary induction motors. Its rotation and suspension
are performed by the Lorentz force and Maxwell force, respectively [3,4]. For the squirrel-cage BIM, its common rotor slot
types are rectangular slot, closed slot and double-cage slot. The BIMs with different rotor types and sizes have different
running performances. The saturation of magnetic density in the tooth and yoke of the rotor should be taken into account
for the evaluation of motor performance. Besides, the BIM torque and suspension force are generated by the change of the
air gap magnetic field. Due to the magnetic circuit changes with the rotor slot size, the distribution of the high-order air
gap harmonic magnetic field will simultaneously vary. Therefore, the rotor slot has significant impact on the pulsation of the
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Fig. 1. Motor model structure.

BIM torque and suspension force [5,6]. In addition, the magnetic saturation is related to the rotor slot, resulting in a further
influence on the BIM actual suspension force. In order to improve the starting characteristics, the rotation and suspension
performance, and enhance the accuracy of the mathematical model, it is necessary to analyze and optimize the rotor slot
parameters for the BIM.

In the existing methods of motor design, analytical method, finite element method and field-circuit coupling method
are normally used. The analytical method takes less calculation time and the affection of the rotor parameters are directly
presented [7,8]. However, it usually ignores the magnetic saturation and flux leakage phenomena. Thus, in the practical
application, some correction coefficients are necessarily added to the motor mathematical model [9]. The finite element
method can consider the actual factors such as flux saturation and eddy current effect, so it has high accuracy in the
evaluation of motor torque, radial force and loss calculation. The field-circuit coupling method couples magnetic field with
external circuit and mechanical motion. It has been used to analyze the transient performance of motor successfully and
has great calculation precision.

At present, the rotor parameters have been analyzed and optimized by using those methods. In [10], a deep bar and a
shallow bar were combined, and the finite element simulation shows that this structure can effectively improve the motor
starting characteristics while maintaining its operating efficiency. In [11], a finite element model of the motor was used to
study the influence of different rotor numbers on the bar current, output torque ripple and power factor, so as to find the
reasonable stator-rotor groove ratio, making the motor a better operational performance. In [12], by deducing the analytic
formula of stator and rotor current harmonics, the phenomenon was revealed that the induction motor with a closed-slot ro-
tor does not always have lower stator current harmonics than the one with an open-slot rotor. By using open-slot structure,
it effectively reduces the low-order current time harmonics. In [13], the structure of rectangular rotor slot was optimized
by analytic method and the mathematical model of dynamic parameters including rotor structure size and frequency was
established. This method is verified by the simulation and experiment.

The paper is organized as follows. A squirrel-cage BIM with two pole pairs is chosen. The effects of rotor slot width on
torque characteristics and suspension performance are studied by field-circuit coupling method. In Section 2, the BIM model
and field-circuit coupling theory are introduced. In Section 3, the motor starting characteristic is analyzed and demonstrated
by simulation in ANSYS Maxwell. In Section 4, its load characteristic is similarly analyzed and simulated. In Section 5, the
suspension performance is investigated. In Section 6, two prototypes are built, and their speed response and radial dis-
placement are tested. In Section 7, the conclusions based on the analytical method, simulations as well as experiments are
drawn.

2. The BIM model and field-circuit coupling theory
2.1. The BIM model and rotor slot parameter design

Fig. 1 shows a two-dimensional model of the motor built by ANSYS Maxwell. The stator adopts double-layer windings and
the slot type is pyriform. The rotor has cast aluminum and the slot type is parallel. The stator and rotor core are laminated
by silicon steel sheets, with a lamination coefficient of 0.98. Table 1 lists the parameters of the BIM.

Fig. 2 illustrates the distribution of torque winding and suspension winding in the stator. The pole-pair number of torque
winding is 2 and the phase sequence is +Aq, —Cy, +B1, —A;, +Cq, —B;. The pole-pair number of suspension winding is 1
and the phase sequence is +A;, —Cy, +B;y, —Ay, +Cy, —Bs.

Fig. 3 shows the rotor slot structure. The initial parameters are determined as Hyy = =0.5 mm, Hy; = =11 mm,
Hyy = =249 mm, By = =0.6 mm, By; = =4.8 mm, and By; = =2.0 mm. The slot width Byy varies from 0 to 1.8 mm.
Since the slot opening area occupies a small part of the whole slot area, the variation of the rotor resistance can be ignored
in the presence of slot width variation.
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Table 1
The parameters of the BIM.

Parameters Value

Stator outer diameter/mm 260
Rotor inner diameter/mm 170
Core length/mm 155
Air gap length/mm 1
Rotor outer diameter/mm 169
Rotor inner diameter/mm 60
Number of stator slots 36
Number of rotor slots 26
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Fig. 2. Winding distribution. (a) Torque winding (b) Suspension winding.
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Fig. 3. Rotor slot structure.

2.2. Magnetic field model

To simplify the analysis, the following assumptions are made in the computation process of motor electromagnetic anal-
ysis.

(1) The end effect of the motor is neglected and the distribution of magnetic field along axial direction is uniform in the
two-dimensional model.

(2) There is no leakage phenomenon on the outer surface of the stator and the inner surface of the rotor.

(3) The field quantities are assumed periodically varying and the temperature effect on the material is neglected.

Based on these assumptions, the 2-D transient field with magnetic vector potential A, can be described as follows [14,15].
D (1 9A, 9 (1094 _ ~ 9A
o (i) + 5 () =0 5 —Js

(1)
Aflr,r, =0
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Fig. 5. Motor field-circuit coupling model.

where p is the medium permeability, o is the conductivity, Js is the source current density, I'; is the stator outer circum-
ference boundary, and I'; is the rotor inner circumference boundary. The mesh generation and boundary setup of the BIM

is shown in Fig. 4.
Eq. (1) can be transformed into a ubiquitous equation. After the regional unit is divided and linearly interpolated, a

nonlinear equation system can be obtained as
KA=P (2)

where K is the coefficient matrix, A is the node magnetic vector potential, and P is the excitation. Then, by solving the
equations, the vector magnetic potential of each node is gained. Finally, the electromagnetic quantities in each region of the

motor can be calculated.

2.3. External circuit model

Regarding the external circuit model, the induced electromotive force of stator winding is expressed with magnetic vector
and the voltage balance equation of stator winding. It has the form as

L dig 94, 9A,
US_R515+LUE+§(//;2+W(1£2—//Q_Wdﬂ) (3)

where Us and is are the stator phase voltage and phase current, respectively, Rs is the stator resistance, L, is the stator
winding leakage inductance, [ is the axial length of iron core, S is the stator winding cross section area, and Q2+ and 2 -
are the total area of the positive and negative directions of the regional phase winding coils, respectively. Fig. 5 shows the
motor field-circuit coupling model.
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As shown in the Fig. 5, Uaq, Upq, U are torque winding phase voltages, Laio, Lgis, Lcio are torque winding leakage
inductances, Way,, Wg1,, W¢q, are torque winding beginnings, Wa., Wgy_, Wcy. are torque winding endings; Uaa, Upy, Uca
are suspension winding phase voltages, Layo, Lpoo, Leoo are suspension winding leakage inductances, Wy, Wpgy,, Wey, are
suspension winding beginnings, Wy,., Wg,., Wc,. are suspension winding endings.

3. Starting characteristic analysis

The torque generation principle of the BIM is similar to the ordinary induction motors. Therefore, according to the equiv-
alent circuit model of induction motor, the torque can be described as [16]

mu2 %
Te — sl s (4)

2
R, 2
27 fi(Ra+ %) + (10 +3,)

where T, is the output torque, m is the number of phases, Us; is the voltage of torque winding, f; is the frequency, s is the
slip, Rsq is the resistance of stator torque winding, X;, is the leakage reactance of torque winding, R’, is the rotor resistance
in stator side, and X5, is the rotor leakage reactance in stator side.

When s = =1, the starting torque Ts can be written as

mUs21R’2

= 2 2

27 fi[ R +R'2)*+(Xs10 +X26)?]
When the current frequency and the stator parameters are constant, the starting torque of the motor is determined by

the equivalent leakage reactance of the rotor slot. It has been deduced that for parallel cogging, the expression of the specific

flux leakage As can be calculated as follows [17].
Ho Hq
hs = 242 ————+C 6
: BSO BsO+Bs] ( )

The specific rotor slot leakage flux is composed of two parts, that is

Hy
{X” ", @
A= ZBsﬂ‘ilﬂﬂ +¢

(5)

Tse

where Ay is the slot-to-drain magnetic permeability, and A; is the specific leakage flux of the lower part of the conductor,
and c is a constant. The rotor slot width influences both Ay and A;. Through the above magnetic circuit analysis method,
the expression of the slot leakage reactance can be deduced as

N2 /Hy Hg
Kt (B o Ha) ;
o AT frid mq \ B + B + By (8)

where f; is the rotor current frequency, N is the number of rotor slots, and q is the number of slots per pole in each phase.

From Egs. (5) and (8), it can be seen that the rotor leakage inductance is decreased with the increase of the rotor slot
width, thus, the motor starting torque is enhanced and its loading capacity is improved.

Actually, the rotor induces not only the torque winding magnified, but also the suspension winding magnified. Therefore,
the rated current of the suspension winding is usually very small compared with that of the torque winding. The rated
current of the torque winding is 3A and the motor performance is compared under different suspension winding currents.

Fig. 6 illustrates the motor speed. When the suspension winding current is 5%-10% of the torque winding current, the
motor operating speed is approaching its rated speed. When the suspension winding current is too large, the operating
speed is apparently influenced. Thus, the rated current of the suspension winding is set as 10% of the torque winding to
guarantee the normal operation of the motor.

1500

1250
1000

750
500
250

Speed (r/min)

0 20 40 60 80 100 120 140 160 180 200
t(ms)

Fig. 6. Speed under different suspension winding currents.
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Fig. 8. Simulation results of motor starting. (a) Torque-speed curve (b) Speed response curve.

Fig. 7 shows the torque-slip curve obtained by the magnetic circuit analysis method. As shown, the starting torque and
the maximum torque of the BIM are increased with the increase of the rotor slot width. When By, varies from 0 to 0.2 mm,
the starting torque is increased by 41.02% and the maximum torque is increased by 16.41%, meaning that the load capacity
of the closed slot rotor is weak. When By varies from 1.2 to 1.8 mm, the starting torque is only increased by 4.58% and
the maximum torque is only increased by 2.35%, which indicates that the improvement of torque characteristics is not well
effective with large slot width.

Fig. 8 shows the finite element simulation results of the no-load starting performance based on field-circuit coupling
method. Four motor models (Bsy = 0, 0.4, 0.8, and 1.8 mm) are respectively built in the simulation process. The torque
winding adopts full pressure starting mode.

As shown in Fig. 8(a), the output torque is increased with the slot width, which is consistent with the conclusion of the
magnetic circuit analysis. Meanwhile, it can be found that the motor torque fluctuates slightly at the beginning. Because
of the sudden change in the stator winding voltage, many harmonic components are generated, leading to the large torque
fluctuation. As shown in Fig. 8(b), the motor with larger slot width has a quicker response speed than that with smaller slot
width. Before reaching 500r/min, the motor speed vibrates slightly due to the torque ripple.
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Table 2
Motor torque ripple.

Rotor slot width/mm  Average torque/(N m)  Standard deviation of torque /(N m)  Torque ripple coefficient

0 40.10 0.89 2.22%
0.4 39.98 1.58 3.95%
0.8 40.01 1.92 4.79%
1.8 40.03 2.15 5.37%

4. Load characteristic analysis
4.1. Load torque
Load torque characteristic is one of the significant factors reflecting the motor load characteristics. Therefore, load simula-

tion is carried out with the above four motor models. The rated load torque formula of an induction motor can be expressed
by

9549 x P
Te = (9)
n
where Te is the motor rated torque, P is the rated power, and n is the rated speed. Substitute P = =10 kW and

n = =1500 r/min into Eq. (8), the rated load torque of the BIM is about 60 N m.

Fig. 9 shows the load torque in stable state when the load is 40 N m. It can be seen that the load torque ripple is
increased with the increase of the rotor slot width, which may result in the instability.

In order to compare the effect of slot width on torque ripple directly, torque ripple coefficient is defined as the ratio of
the mean torque and its standard deviation. It has the form as

ViTLy (T — Tug)®
x 100% (10)

Tavg

where k is torque ripple coefficient, T; is instantaneous torque of motor in stable state, and Tqayg is average torque. According
to the definition, the torque ripple coefficient with different slot width is calculated, as listed in Table 2.

The average torque is very close to the load torque, but the torque ripple coefficient increases with the increase of
the slot width. Compared with the slot width of 1.8 mm, the torque ripple coefficient of the closed slot is reduced by
3.15%. This means that reducing the slot width of the rotor can effectively decrease the torque ripple, because the magnetic
permeability of the closed groove is larger, the torque ripple can be more effectively eliminated. Similarly, when the load
torque is increased to 50 and 60 N m, the motor torque ripple of the closed slot is also reduced respectively by 3.52% and
3.78%, respectively, compared with those with 1.8 mm as the open slot. It demonstrates that appropriate reduction of the
width of the rotor slot can effectively suppress the motor torque fluctuation.

4.2. Magnetic field analysis

Fig. 10 shows the magnetic flux density distribution of the BIM under load state. The magnetic field distribution under
different slot widths is similar. The magnetic field density in the stator yoke is relatively dense and in the rotor yoke is
sparse. However, in rotor tooth, there exists partial magnetic saturation. In Fig. 10(a), as the rotor slot width is 0 mm
(closed slot), the magnetic field is saturated in many parts of the rotor tooth, and the maximal flux density is 3.17 T. When
the rotor slot width is 1.8 mm, the saturation only occurs in two places of rotor tooth, and one is 2.54 T, while another is
1.97 T. This indicates that the flux saturation in the rotor tooth is eased with the increase of the slot width. However, this
is not applicable to the stator tooth. By comparing the magnetic density of stator tooth with different slot widths, it can be
found that excessive slot width will aggravate the stator flux saturation. Besides, it can be found the greater the slot width,
the greater the magnetic density of the rotor core.

Fig. 11 shows the radial distribution of the air-gap flux density along the rotor circumference. It can be found that the
amplitude and distortion of air-gap flux are increased with the increase of the slot width.

To further study the distortion degree of air-gap flux, the harmonic analysis is carried out by FFT. Fig. 12 shows the main
harmonic components of air-gap flux and Table 3 lists the calculation of total harmonic distortion (THD).

As shown in Fig. 12, the main harmonic orders are 12, 14, 17, 35 and 37, and the harmonic order with largest amplitude is
17, which is caused by the tooth harmonics of stator open slot. Since the magnetic field generated by the motor suspension
winding and that by the torque winding are superimposed, the symmetry of the air gap magnetic field is destroyed, so there
exists a large amount of even harmonics.

Table 3 shows the relationship between the air gap magnetic field distortion rate and the rotor slot width. As shown, the
THD of air-gap magnetic field is increased with the increase of the rotor slot width. Therefore, choosing a smaller slot width
is beneficial to reducing the air-gap flux density harmonics and decreasing the torque ripple.
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Torque (N-m)

4.3. Load loss

Load loss mainly includes iron loss, copper loss and additional loss, where iron loss and copper loss are the majority.
The iron loss includes the eddy current loss and hysteresis loss caused by alternating magnetic flux in the motor core. The
formula of iron loss can be described as [18,19].

Pre = K, fB2, + K. f?B2, + K. f1°BL> (11)
where Pg. is the iron loss, K}, is hysteresis coefficient, f is the frequency of alternating flux, B;; is magnetic field amplitude,

K. is eddy current loss coefficient, and K, is excess coefficient. Since the magnetic flux frequency in the rotor core is low,
the rotor iron loss can be neglected.
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Copper loss consists of the stator and rotor winding losses. Because the stator winding is made of multi-stranded con-
ductor, the eddy current loss caused by skin effect can be neglected. Therefore, the calculation formula of stator copper loss
can be written as

PsCu = 3(1321Rsl + ISZZRSZ) (12)

where 51 and Is, are the effective value of torque winding current and suspension winding current, respectively, Rs, is the
resistance of stator suspension winding.

The rotor winding will produce more harmonic currents when the stator and rotor are under different speeds, leading to
the uneven distribution of current density in the bars. In this case, we can use the following formula to calculate the rotor
copper loss [20].

1
Bea=1). —SafA (13)
A

where o is the conductivity of the rotor guide bar, S, is an element area in the conductor bars, and ], is the current density
in an element area. Substituting [, into (10), the distribution of copper loss in the stator under different slot widths can be
calculated, as shown in Fig. 13.

Fig. 13 shows the copper loss distribution of the stator and rotor with different slot width. It can be seen that they are
both increased with the increase of the slot width. However, the increasing trend of the latter is very small. Compared with
slot width of 0 mm, the copper losses of slot width of 0.8 mm and 1.8 mm are increased by 37.34% and 54.16% respectively.
It will not only affect the motor efficiency, but also increase the working temperature and reduce the motor lifetime.

Fig. 14 shows the variation of stator iron loss with different slot widths. It can be seen that the stator core loss is
positively correlated with the slot width. When the slot width varies from 0 to 1.8 mm, the core loss is increased by 12.55%.

(©) (d)

Fig. 10. Magnetic field of motor under load. (a) BsO = =0 mm (b) BsO = =0.4 mm (c) BsO = =0.8 mm (d) BsO = =1.8 mm.

Table 3
Calculation results of THD.

Slot width/mm  THD/%

0 41.66
0.4 43.90
0.8 44.11

1.8 46.83
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Therefore, combined with the previous analysis, if the closed slot is used, the starting performance of the motor will
be greatly affected. If the slot width is too large, the motor loss will increase greatly, leading to the great energy waste.
Therefore, a smaller rotor slot width is suitable in terms of the torque performance.

5. Suspension performance analysis
5.1. Suspension force generation principle of the BIM

According to Maxwell stress tensor method, the force on per unit area at the junction of rotor core and air-gap can be
written as [21-23]
BZ(0,t
Fy = B0 0.0 (14)
210
where (g is air permeability, and By is air-gap radial magnetic flux density. Considering the fundamental value of air-gap
flux density only, the air-gap flux density generated by torque winding and suspension winding can be written as

Bs1(t,0) = By (wt + p16 + A1) (15)
By (t,0) = By(wt + pa6 + A3)

where By and B, are the fundamental values of the air-gap flux density generated by torque winding and suspension wind-
ing, respectively, p; and p, are the pole-pair number of torque winding and suspension winding, respectively, A, and A,
are the initial phase of two magnetic fields, respectively, w is angular frequency, 6 is rotor angular position. Therefore, the
composed magnetic field has the form as

B =By (t,0)+ By (t,0) (16)

The radial force on the rotor core surface along the x and y directions can be expressed as

__ Ir’cosfdo
dFp(6) = I Gpe0e0 -

IrB? sin 0d0
dEny(0) = £ 2‘“’;‘?0
where r is the rotor outer radius. By substituting (13) into (14) and integrating along the rotor surface, the radial suspension
force is described as
Fnx = 58122 cos (g — 1)

18
me = % Sin()\q — )uz) ( )

From (15), it can be seen the amplitude of the magnetic field determines the value of radial force, while the phase of
magnetic field determines its direction. In practice, the suspension force is controlled by changing the magnitude and phase
of suspension winding current.

When the rotor is eccentric, there exists an unbalanced magnetic force. It can be expressed as [24]

Fsx = ksx
19
{F;Sy = kéy ( )
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where Fs, and Fs, are the magnetic force in x direction and y direction, respectively, ks = k”;é%z, k is a fading factor, § is

the air-gap length, x and y are the eccentricity distances, respectively. Therefore, the resultant force on the rotor is [25]

Fx = me JFFSX
ﬁ/:me'i'Féy (20)
E=FE+F

where Fs is actual force on the rotor.
5.2. Suspension force analysis

Fig. 15 shows the variation of suspension force with rotor slot width when the torque current is 3A. It can be seen that
the suspension force is decreased with the increase of the slot width and is linear to the suspension winding current under
the condition that the suspension current is less than the torque winding current. However, when the suspension winding
current is larger than the torque winding current, the suspension force increases nonlinearly because the air-gap magnetic
field has been saturated. At the same time, it can be found that the larger the rotor slot width, the more obvious the
nonlinear relationship between the suspension force and the current. This is caused by the magnetic saturation analyzed in
Section 3.2. The magnetic saturation occurs when the rotor slot width is large, and the excitation magnetic field no longer
enhances. Therefore, if the rotor slot width is too large, the actual suspension force will deviate.

Fig. 16 shows the variation of the suspension force with time when the torque current is 3 A and the suspension current
is 1 A. As shown, the suspension force is decreased as the increase of the rotor slot width.

To compare the fluctuation of suspension force, the coefficient of the suspension force ripple is defined and its expression
is similar to the torque ripple coefficient. Table 4 lists the suspension force coefficient of different rotor slot widths.

As shown, when the rotor adopts a closed groove type, the suspension force pulsation coefficient is the smallest, but the
average force is slightly smaller. When the open groove is used, the suspension force decreases with the increase of the slot
width. The pulsation increases gradually, negatively impacting the suspension performance of the motor.

Fig. 17 shows the unbalanced magnetic force of different slot widths when the rotor eccentric distance is 0.05 mm in
the x direction. It can be seen that the unbalanced magnetic force is sinusoidal approximately. The amplitude of unbalanced
force is decreased with the increase of the slot width and is much smaller than the suspension force.

Fig. 18 shows the relationship between the unbalanced magnetic force and the rotor eccentric distance under different
slot widths. As shown, the unbalanced force is increased with the eccentricity and decreased with the increase of the slot
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Fig. 17. Curve of unbalanced magnetic force varies with time. (a) Magnetic force in x-direction (b) Magnetic force in y-direction.

width. Therefore, for a small slot rotor, a larger suspension force can be obtained, but it has negative impact on motor
controlling, for the unbalanced magnetic force is enhanced. Similarly, for a wide slot rotor, it is possible to reduce the
unbalanced magnetic force but the suspension force is decreased. Thus, it is necessary to consider these two factors when
designing a motor.

Through the above analysis of the torque and suspension performance, it can be seen that the slot width has the greatest
impact on the motor loss, followed by starting performance. Firstly, to reduce the loss and improve the motor efficiency, a
smaller slot width (less than 0.6 mm) should be chosen. Secondly, the starting performance of motor should be taken into
account. When the slot width is less than 0.4 mm, the maximum output torque of motor is smaller and the load capacity is
lower, so it is not adopted. Then, comparing the motor with slot width of 0.4 and 0.6 mm, it can be found that the influence
of slot width on the torque ripple and suspension characteristics is small. Therefore, the slot width between 0.4 and 0.6 mm
is suitable for the model proposed in this paper.

6. Experimental results and analysis
To further verify the conclusions, two prototypes with slot widths of 0.4 mm and 1.8 mm are used to compare the torque

and suspension performance in terms of speed response and radial displacement. In the experiment, the other parameters
of the two prototypes are the same. The two prototypes use the same structure and material of the stator. When machining

Table 4
Coefficient of the suspension force ripple.

Rotor slot width/mm  Average suspension force /[(N)  Standard deviation /[(N)  Suspension force ripple coefficient

0 108.02 1.00 0.93%
0.2 109.30 1.05 0.96%
0.4 109.07 1.07 0.98%
0.6 108.62 1.11 1.02%
0.8 107.38 1.13 1.05%
1.2 105.68 1.17 1.11%

1.8 102.86 1.22 1.19%
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Fig. 19. Prototype motor experimental platform.

2 T T 2 / :
‘g ‘g 1500r/min
) 1500r/min S /
2 3
oo o001

Or/min Or/min

Times(200ms/div) Times(200ms/div)
(a) (b)

Fig. 20. Speed response. (a) BsO = =0.4 mm (b) BsO = =1.8 mm.

the rotors, only the slot width is changed. Meanwhile, the two experiments are conducted under same conditions, including
the rotor and stator currents, the horizontal position as well as the measuring equipment. The prototype mainly contains
four parts: suspension winding module, torque winding module, displacement sensor and torque sensor. The experimental
platform is shown in Fig. 19.

Fig. 20 shows the speed response of the motor. As shown, the motor with slot width of 0.4 mm takes about 0.4 s to
reach its rated speed, while the motor with slot width of 1.8 mm takes about 0.35 s. This means that the speed response of
the motor is improved with the increase of slot width, but the difference is not obvious.
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Fig. 21. Radial displacement. (a) BsO = =0.4 mm (b) BsO = =1.8 mm.

Fig. 21 illustrates the radial displacement of the rotor when the motor is operating in the stable state. As shown, the
radial displacement with slot width of 0.4 mm is obviously smaller than that with slot width of 1.8 mm. The main reason for
this is that when the motor is in the stable suspension state, its eccentricity is not serious, and suspension force generated
by the smaller slot width is larger and the ripple is small, so the rotor radial displacement is reduced.

7. Conclusion

In this paper, the influence of rotor slot width on the performance of squirrel-cage BIM is explored by using magnetic
circuit method and FEM. The rotor slot width has been optimized in terms of rotational performance and suspension perfor-
mance. The following conclusions can be drawn by analyzing the starting characteristics, torque and suspension performance

of the motor.

(1) The starting torque of the motor increases as the slot width increases. When selecting the closed slot, the starting
torque decreases drastically. If the slot width is too large, the improvement of starting torque is not obvious.

(2) A smaller slot width can reduce the magnetic field saturation and torque ripple in the rotor teeth and effectively
reduce the stator iron loss and rotor copper loss. Meanwhile, taking a smaller slot can reduce the magnetic core
density of the rotor core, so that the actual value of the suspension force has a less error than the theoretical value
of the mathematical model.

(3) Under the same suspension current, the suspension force decreases with slot width, so does the magnetic force.
Combining the influence of slot width on the torque performance and load loss, the smaller slot width (between
0.4 mm and 0.6 mm) is a reasonable choice to make the motor achieve the best performance.
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