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This paper investigates the application of using magnetic wedges in a semi-closed slot bearingless induction (BI)
motor. In this strategy, the electrical loss of the motor can be reduced, improving the overall efficiency. At the
same time, the temperature rise of the winding is reduced, and the vibration and noise levels are greatly de-
pressed, which prolong the service life of the motor. First, the principle of BI motor operation is introduced.
Second, the different magnetic permeability and geometric shape of the magnetic wedge are taken into con-
sideration during the analysis the proposed BI motor. Then, the performance of BI motor with magnetic wedge is
analyzed by finite element method. Finally, the results show that too high relative permeability materials can
degrade the performance of the BI motor, thus, the use of suitable permeable magnetic wedge is reasonable.
After adding the optimal magnetic wedge, the torque ripple, motor efficiency and the suspension force of the BI
motor are optimized. The use of magnetic wedges has economic advantages and is of great significance for

improving the performance of BI motors.

Introduction

High and ultra-high speed motors have developed rapidly in the
industrial field because of their great power density advantages [1].
However, the traditional high-speed motor has the unavoidable short-
comings due to the existence of mechanical bearings, which limits its
development and application in practice. Fortunately, the theory of
magnetic bearings have been put forward and developed rapidly, so
non-contact supporting motors are designed to overcome the short-
comings of mechanical bearings. Under the special circumstances of
high speed, ultra-high speed, empty space, cleaning and abominable,
motors without mechanical bearings can operate smoothly and cor-
rectly. In electronics, pharmaceuticals, flywheel energy storage, semi-
conductors, energy chemicals, flexible manufacturing, transmission
systems, rail transit, life sciences and other high-tech industries, mag-
netic bearing motors have a broad application prospect [2-4].

It is well known that conventional magnetic bearing motors tend to
be huge, requiring many single-phase inverters and a large number of
wires [5]. According to the configuration similarities between magnetic
bearings and conventional motors, various bearingless motors have
been proposed and extensively studied, including bearingless induction
(BI) motors, bearingless switched reluctance (BSR) motors, bearingless
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permanent magnet synchronous (BPMS) motors and so on [6-10]. The
bearingless motor has a great deal of advantages over the magnetic
bearing motor, such as greater critical velocity, a shorter shaft, and are
more suitable for locations where ultra-high speed operation is required
[11]. Among all kinds of bearingless motors, BI motors have obvious
advantages, such as simple rotor structure, high precision and uniform
air gap. In [12], an integration of magnetic bearings into the tubular
linear actuator is proposed, resulting in a new, self-bearing (bearing-
less) tubular linear actuator. In [13], in order to improve the torque and
suspension force performance of the bearingless synchronous re-
luctance motor, a multilayer reluctance rotor structure is proposed. The
key is to optimize flux-barrier layer number, flux-barrier thickness, and
magnetic guide thickness. In [14], a simple driving method is proposed.
For an actively controlled 2-DOF bearingless motor, only one three-
phase inverter is used. The radial suspension force is analytically cal-
culated and verified by the finite element method. In [15], the BI motor
that has separate windings was put forward and the fault tolerance of
the motor was improved by independent control. It can be found that
both the control strategy and the optimal design of the motor structure
can improve the performance of the Bl motor, and scholars at home and
abroad are actively involved in motor optimization research.

The possibility of improving the efficiency of BI motors is becoming
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more and more limited [16]. Therefore, it is necessary to find new ways
to reduce losses. Adding magnetic wedges to the stator slot is widely
used in the manufacturers of medium-voltage BI motors [17-20]. The
discontinuity in the gap caused by the existence of the slot produces
harmonic components. The components create parasitic moments (and
hence vibrations) in the motor, and there are harmonic components in
the stator current, increasing copper and stray losses [21]. To improve
space flux distribution and reduce its negative impact [22], semi-closed
slots are used in low power motors with stochastic windings. In con-
trast, in large power motor, semi closed slot cannot be used because of
the use of mounted windings. In this case, the use of open slot is an
alternate, and then the existence of parasitic torque has become an
important issue. In order to solve this problem, an effective solution is
to add magnetic wedge into stator slot [23]. In this paper, the magnetic
wedge is used to reduce the impact of semi closed slot, so as to improve
the performance of the motor.

In [24], when the magnetic wedge was used to seal slot opening of
the motor, the load current will decrease with the increase of efficiency
and power factor. In addition, this article reveals that the use of ex-
cessively high permeability wedge material will reduce the efficiency of
the motor. In [25], relative permeability and the magnetic wedge of
different sizes of the motor were researched, and the effect on the motor
starting performance was shown. Through simulation and experiment,
it was found that the starting torque is increased and the starting cur-
rent is reduced. After the magnetic wedge is used, the air gap coefficient
of the generator is reduced, resulting in the decrease of excitation
current and no-load current. In [26], the advantages of magnetic
wedges that pay special attention to the economy were analyzed. The
large motor performance to the highest level may lead to a great re-
duction in energy consumption. This article also describes a large motor
research, as well as the use of magnetic wedge for energy-saving ana-
lysis.

This paper aims to contribute to the optimal design of BI motors.
This proposal is particularly focused on improving efficiency. The paper
is organized as follows. Section ‘BI motor operation principle’ in-
troduces the BI motor operation principle. Section ‘Finite element
analysis’ shows the effect of magnetic wedge on the performance of BI
motors by the finite element analysis method. The significance of im-
proving the BI motor performance is discussed in Section ‘Discussion’,
followed by the conclusions in Section ‘Conclusion’.

BI motor operation principle

In order to achieve stable suspension of BI motor rotor, two sets of
windings of different pole pairs are embedded in the stator slots. A set
of winding pole-pair numbers is P, and the magnetic field current fre-
quency is @, Another set of winding pole-pair numbers is Ps; and the
magnetic field current frequency is wsws. When two sets of windings
meet BP,=P; + 1 and w, = ws [27,28], the motor can produce a
controlled suspension force. Among them, the winding with a pole pair
of P, produces a rotating magnetic field and electromagnetic torque, it
is called torque winding. Similarly, the winding with a pole pair of P
produces the stable radial suspension force to realize the suspension of
the rotor, which is called the suspension winding. Adding the suspen-
sion control winding breaks the balance of the rotating magnetic field
generated by the torque control winding [29]. Then the magnetic field
of the air gap area of the motor is strengthened, and the magnetic field
in its spatially symmetric region is reduced, so that the resulting Max-
well force will be directed to the side where the magnetic field is en-
hanced [30].

Fig. 1 shows the principle of suspension force generation. y; and y»
are flux linkages generated by the torque winding and the suspension
winding, respectively. Assume that the effective resistance numbers of
each phase of the torque and suspension winding are N; and N, re-
spectively [31,32]. Currents introduced into the windings are I; and I,
resulting in flux linkage 49, and y», respectively. The x and y represent
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Fig. 1. BI motor suspension force generation principle.

the vertical rotor position control coordinate axis, respectively. The
interaction of the magnetic fields generated by the two sets of windings
can simultaneously generate radial suspension forces and electro-
magnetic torque. When the two windings pass through the current di-
rection shown in Fig. 1, the air gap flux density is enhanced at the same
direction in the upper air gap y; and w,. However, the air gap flux
density is attenuated in the opposite direction of the lower air gaps yq
and y». Because of the unbalanced air gap flux density, the motor rotor
generates a radial force Fy in the positive y-direction. If the opposite
direction current flows into the suspension winding N, the radial force
along the reverse y-direction can be generated. The radial force along
the x-direction can also be obtained by passing a current perpendicular
to I, through the suspension winding N, [33]. The electromagnetic
torque that makes the BI motor rotate is the same as the ordinary in-
duction motor, which is based on Lorentz force.

Assuming that the air gap flux density of the motor is B, the Maxwell
force acting on the unit area of the outer surface of the rotor can be
given by [34].

®

where p, is the vacuum permeability.
The components along the x-axis and y-axis directions are expressed

as
dFE(p) = I g () cos pdg
* 2u, (2)
dF,(9) =~ B*(p) sin pdp
21, 3

where [ is the effective core length, r is the outer diameter of the rotor
and ¢ is the Spatial location angle.

Since the resultant air gap flux density in the motor is generated by
the torque winding and the suspension winding.

B(p) = Bycos(p + u — wit) + Bicos(Rp + 1 — wit) 4

By substituting (4) into (2) and (3), and integrating it, the compo-
nents of Maxwell force in the x-axis and y-axis directions are obtained
as [35].

=B o
2ty ()
o BB
2u, (6)

where A and p are the initial phase angles, respectively. The subscript 2
and 1 correspond to the torque winding and the suspension winding,
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respectively, and the following are the same. Because the suspension
windings mainly play the role of suspension, w1, = Limis; can be con-
sidered approximately. Then the coordinate transformation of the for-
mula (4) is carried out, and the Maxwell force in the synchronous ro-
tating coordinate system can be obtained.

F; =Ky (isld¢2md + islquzmq) (2]

E; =Ky (islqll)zynd - isld1p2mq) 8
Among them,

_ _PiLm
M 2l Wi W

where W, and W; the number of coils corresponding to windings, re-
spectively, yoma and yomq are the straight and cross axis components of
the air-gap flux linkage of the torque winding, respectively, is14 and is 4
are the straight and cross axis components of the suspension winding
current, respectively, L,; is the mutual inductance of the suspension
winding. Air gap magnetic field oriented control can be as follows.

Pamd = Yom (C)]

Pamg = 0 10)
Then the radial suspension force of the rotor is expressed as

Fi = Kuisia¥yy, an

Fy = KuisgP 12)

It can be concluded that when the flux linkage of the torque winding
remains unchanged, the radial suspension force can be adjusted by
controlling the components of the d-axis and the g-axis of the suspended
winding current.

Finite element analysis

To study the influence of the magnetic wedge on the performance of
the BI motor, a 3-kW, 380 V BI motor is used. The specifications and
major dimensions of the three-phase BI motor are shown in Table 1. The
magnetic wedges in the BI motor structure are usually supported by
wood or insulating material to make the coils fixed in the slot [36]. In
this paper, the performance of BI motors is researched by the finite
element (FEA) method.

Fig. 2 shows the model of the BI motor stator slot with a magnetic
wedge, where the wedge-shaped design is conducted to homogenate the
gap discontinuities in the existence of the slot and make the structure
easier. In practice, In order to obtain each workpiece of the motor,
magnetic material made of magnetic wedge can be used in different
plates. Magnetic wedges are the same as those used in the construction
of medium voltage motors. The wedges are made of glass fibers, in
which epoxy resin and ferrous powder are treated as adhesives. It is
extensively applied and tested in practical situations.

Because of the high resistivity of the magnetic wedge material, the
influence of the eddy current loss can be ignored. In addition, as the
temperature increases, the resistivity will gradually increase, so the
effect of the eddy current loss is not obvious. It is concluded that the

Table 1

Motor specifications and major dimensions.
Items Values
Rated power 3kW
Rated voltage 380V
Rated frequency 50 Hz
Stator slots number 48
Rotor slots number 44
Pole pairs of torque windings 2

Pole pairs of suspension windings 1
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Fig. 2. Semi-closed slot and wedge.

Wedge

magnetic loss on the wedge can be ignored.

In order to consider the effects of magnetic loss, the magnetic loss
characteristics and motor material data provided by the manufacturer
have been considered in the simulation model. In the establishment of
the motor model, the temperature affecting the magnetic loss is ne-
glected, but the material characteristic loss corresponds to the motor
material under working conditions is under consideration. However,
recent research has shown that hysteresis and eddy current losses will
almost not reduce within the normal working temperature of industrial
motors [37]. All other parameters used in the model, such as copper
resistivity, are obtained on the prototype under the test temperature.

Table 2 shows the effect of changing the relative permeability on the
BI motor when the height of the magnetic wedge is fixed. For this
special situation, the height of the wedge is set to 3 mm, and the relative
permeability changes between 1 and 10. With respect to losses, it can be
observed that with the increase of magnetic permeability, the loss of the
stator copper shows a higher decrease. On the contrary, the iron loss is
slightly reduced. The efficiency of the motor eventually increased to
1, = 8, and then began to decline. This phenomenon can be interpreted
by a fact that the copper loss of the stator will no longer decrease in
excess of a certain g, value. The small change in the stray loss actually
leads to the deterioration of the motor performance.

Table 3 shows the effect of the variation of the magnetic wedge
height on the BI motor when the relative permeability is fixed. From
Table 3, it shows that, like the relative permeability, the performance of
the BI motor is slightly changed as the wedge height increases, but the
performance of the motor with the wedge height exceeding a certain
height will begin to decrease. Therefore, the results show that the
wedge height has less effect on the performance of the BI motor com-
pared with the relative permeability.

Fig. 3 illustrates the impact on the efficiency of the motor as the
wedge height and relative permeability are constantly changing. Higher
wedges can achieve better motor performance. It can be observed that
the optimum relative permeability value can be found, and when the
optimum permeability value is exceeded, the motor efficiency starts to
decrease. It can be concluded that the best results are obtained for a
3mm high wedge with y, = 8. In this special case, the efficiency of the

Table 2

Comparison table of simulation results.
Performance (h = 2.5 mm) =1 u=3 =5 =38 =10
Power factor 0.77 0.77 0.78 0.78 0.78
Stator copper loss (W) 152 141 138 138 138
Rotor copper loss (W) 80 76 75 77 78
Iron loss (W) 85 78 74 74 74
Stray loss (W) 42 37 21 20 23
Efficiency (%) 83.21 84.49 85.03 84.82 84.78
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Table 3
Comparison table of simulation results.
Performance (i, = 5) h=2 h=25 h=3
Power factor 0.76 0.76 0.75
Stator copper loss (W) 138 138 139
Rotor copper loss (W) 74.5 75 72.5
Iron loss (W) 75 74 74
Stray loss (W) 23 21 25
Efficiency (%) 84.93 85.03 84.91
Qi
3
—_2
85.5 mm—2.5mm —3mm |
82.5r 1
8 | | 1 1 1 1 | 1
“1 2 3 4 5 6 7 8 9 10

relative permeability

Fig. 3. Efficiency under different magnetic wedge variables.

Fig. 4. Mesh view of motor.

motor is better than that of the original. Fig. 4 shows the mesh gen-
eration in the model.
Fig. 5 shows flux line distribution when using magnetic wedge and
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Fig. 5. Flux line plot.
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Fig. 6. Magnetic flux density plot.

Fig. 7. Magnetic flux density with magnetic wedge p, = 8.

Fig. 8. Magnetic flux density without magnetic wedges.

Fig. 6 shows magnetic flux density when using magnetic wedge. It can
be observed that the use of the magnetic wedge has no effect on the flux
line distribution and the magnetic flux density. Figs. 7 and 8 show the
comparison of the variation in the flux density distribution in the
model. It can be seen that the magnetic flux density of magnetic wedge
in the stator slots is significantly different from that without magnetic
wedge.

Figs. 9 and 10 show the comparison of the output torque with and
without magnetic wedges under no-load conditions. The FEA results
show that the starting torque using magnetic wedges is reduced com-
pared to the torque without wedges. When using higher relative per-
meability, the magnetic wedge will greatly reduce the output torque by
about a small half of the no-load torque. Therefore, after using the
magnetic wedge, the efficiency of the BI motor can be effectively
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Fig. 9. Torque output using magnetic wedge y, = 8.
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Fig. 10. Torque output without magnetic wedges.

improved. Moreover, it can be concluded that a higher efficiency value
can be achieved by reducing the starting torque.

The air flux density using magnetic wedges of relative permeability
1, = 8 and no wedges is shown in Figs. 11 and 12. This figure shows
that when magnetic wedges are used, the ripple of the magnetic flux
density in the air gap is relatively reduced. This ability to reduce air gap
flux ripple will help reduce pulsation losses. The larger the width of the
motor slot, the smaller the average air gap length and the greater the
surface loss. The pulse amplitude of the air gap flux density using the
magnetic wedge is significantly reduced, so the motor surface loss is
reduced. However, as can be seen from the figure, the amplitude of the
first half of the air gap flux is slightly decreased, and the amplitude of

1.2 T T T T

Mag_B(tesla)

80

0 .
20

100

40 60
Distance(mm)

120

Fig. 11. Air flux density using magnetic wedge p, = 8.
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Fig. 12. Air flux density without magnetic wedges.

the latter half is greatly decreased. The magnetic flux can flow through
part of the wedge, and the distribution of the air gap flux density tends
to be uniform, so noise and vibration can be reduced. This is very
beneficial to improve the performance of the BI motor.

Figs. 13 and 14 show the comparison of core loss with and without
magnetic wedges under the same conditions. The test results show that
the core loss using magnetic wedges decrease as compared to the core
loss without wedges. From the above figure, we can observe that as the
magnetic permeability increases, the core loss shows a higher reduc-
tion. So the performance of the BI motor has been improved. Fig. 15
shows a comparison of three-phase flux linkage with and without
magnetic wedges. Before 40 ms, the magnitude of the three phase flux
linkage with magnetic wedge is slightly larger than that without mag-
netic wedge. After 40 ms, the three phase flux linkage with the mag-
netic wedge coincides with that without the magnetic wedge. It can be
concluded that a BI motor using a magnetic wedge has no effect on the
three-phase flux linkage.

Fig. 16 illustrates the comparison of the radial suspension force
components when the BI motor rotor is eccentric along the Y-axis.
Fig. 17 illustrates the comparison of the resultant suspension force F(N)
obtained by changing the eccentricity in the Y-axis direction. Whenever
the current enters the torque winding and suspension winding with
6 = 0° at the concentric position of the rotor, the resultant suspension
force is substantially directed to the right side of the X-axis. When the
rotor is eccentrically displaced, the one-sided magnetic pull will be
generated. From Fig. 16, when the rotor of the Bl motor moves in the Y-
axis direction, the change in the suspension force is significant because
the length of the air gap in the Y-axis direction varies greatly. More-
over, with the increase of the rotor eccentricity along the Y-axis, the
amplitude of F, is symmetric on the whole. It can be observed that the

140, . ; : , : : : : .
12 7
__ 10 1
=
% |
(=)
|
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o
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Q
0 20 40 60 80 100 120 140 160 180 200
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Fig. 13. Core Loss with magnetic wedge y, = 8.
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Fig. 16. Suspension force components comparison.

radial suspension force F, is almost proportional to the eccentric dis-
tance of the rotor. However, since the motor air gap length in the X-axis
direction is substantially constant, the value of F, will only change
within a certain range. In addition, the value of F, when the rotor ec-
centric distance is positive is slightly larger than that when the ec-
centric distance is negative. Therefore, as shown in Fig. 17, the re-
sultant suspension force F(N) is not symmetrical.

Fig. 18 illustrates the comparison of the radial suspension force
components when the BI motor rotor is eccentric along the X-axis.
Fig. 19 illustrates the comparison of the resultant suspension force F(N)
obtained by changing the eccentricity in the X-axis direction. As shown
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Fig. 19. The resultant suspension force comparison.

in Fig. 18, when the motor rotor is eccentrically left and right in the X-
axis direction, the change in the radial suspension force is remarkable.
In addition, when the eccentric distance of the motor rotor on the X-axis
is positive, the suspension force generated by the current flowing into
the suspension winding acts on the magnetic pull on one side. There-
fore, the amplitude of F, is almost proportional to the eccentricity of the
motor rotor. When the eccentric distance of the motor rotor on the X-
axis is negative, the one-sided magnetic pull force can cancel the gen-
erated suspension force. Therefore, as the negative eccentricity of the
motor rotor on the X-axis increases, the F, amplitude is slowly de-
creased first, but in the case where the one-sided magnetic pulling force
is increased, it is slowly increased in the opposite direction gradually.
The results are shown in Fig. 19. The change of the resultant suspension
force F(N) is gradually decreasing and then increasing significantly.
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From Figs. 17 to 19, it can be observed that adding a magnetic
wedge in the BI motor has little effect on the suspension force. From
Fig. 20, the suspension force has smaller fluctuations and the stability
becomes stronger. Therefore, it is of great significance to add magnetic
wedge into stator slot in BI motors.

Discussion

In recent years, the big challenge for manufacturers is to improve
the performance of all aspects of the motor [38]. The current analysis
shows that the use of magnetic wedge in the BI motor stator slot is a
very effective measure, which can significantly improve the perfor-
mance of motor. After the above comparison results, the torque fluc-
tuation, efficiency and suspension force of the BI motor are improved.
When using a magnetic wedge, the load current and starting torque
decrease, which will improve the efficiency of the motor. However, the
performance torque decreases slightly over the entire speed range.
Another interesting place for this proposal is its economic aspect [39].
Although it is not clear that the cost per unit increases when using
magnetic wedge, so far, it is lower than the cost of other alternatives.

The FEA shows that the output performance of the BI motor drops
sharply when the permeability value set in the magnetic wedge be-
comes too large. Speaking generally, the optimum permeability value is
highly optimized for the BI motor. In addition, the result proves that the
finite element analysis is very effective to determine the optimal wedge
specification.

Conclusion

In this paper, a research method that can improve the performance
of BI motor is analyzed. This strategy reduces the air gap reluctance,
which decreases the stator current and the core loss. Therefore, the
performance of BI motor has been enhanced in many ways. At present,
effective improvement of the performance of the motor is urgently
needed in the industry. The proposed solution is to reduce the loss of BI
motor and increase its stability. Installing a suitable magnetic wedge in
a Bl motor is an effective measure to improve its performance, and it is
still an interesting research subject in the field of motors.
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