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HIGHLIGHTS ABSTRACT

e The magnetostatic analysis is used to
evaluate the effect of the permanent
magnet.

e The transient analysis evaluates the effect
of both the magnet and the armature
current.

e The lowest value of the radial force exists
when the rotor is at the center position.

e The radial force increases directly with the
rotor displacement.

e The radial force is variable because the air

The bearingless BLDC motor gathers all advantages of the BLDC motor and
bearingless machine, and this motor is extensively used in blood and artificial heart
pumps. In a bearingless BLDC motor, there are two sets of windings, the main
winding, responsible for producing the motor torque, and the suspension winding,
which keeps the rotor in the center without any contact with the stator. Generally,
the suspension system is responsible for the generation of the suspension forces to
cancel the pull-out forces (radial forces), which strongly depends on the accurate
evaluation of radial forces distribution at different operating conditions. In this
paper, a mathematical model based on the finite element method is used to
calculate and analyze the radial force of a bearingless blood pump BLDC motor
using Ansys/Maxwell. Based on Maxwell equations, the normal and tangential

gap reluctance varies with rotor angle. components of the airgap flux density is determined and used to calculate the radial
force, magnitude, and direction. In addition, different cases of rotor displacement
ARTICLE INFO under eccentricity conditions are covered. The relation between the rotor

displacement and radial force is analyzed, accounting for the displacement
direction. Finally, the results are analyzed and discussed.
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1. Introduction

A Brushless Direct Current (BLDC) motor is defined as an electronically switched, self-synchronous rotary motor where
the stator contains three-phase armature winding. The rotor includes permanent magnets with rotor-position sensors. This motor
has many advantages: simple design, high performance, high torque, no spark, no noise, and long operating life [1,2].

Usually, the shaft of the BLDC motor is supported by two bearings. Many motoring applications need special requirements
such as reliability, high purity, or/and high speed. The magnetic bearing motor has been used in such an application because of
the benefits of no contact, no lubrication, and no maintenance. However, conventional magnetic bearings occupy a large space
and are usually expensive, limiting the magnetic bearings technique in wide industry applications [2]. In such a case, the
alternative is the bearing less machine, which has the suspension and torque windings. These windings are wound together in
the stator slots so that the airgap flux density distribution is unbalanced by adding the suspension flux to the main motor flux.
As a result, the rotor shaft is stably rotated and suspended without mechanical contact [3]. The bearingless BLDC motor, with
all advantages of the BLDC motor and bearing less machine, has a wide application prospect from biomedicine to aerospace.
Compared with the pure magnetic bearing, bearing less BLDC motor overcomes its shortages of axial space length, the motor of
large volume, complex system structure, and expensive [4]. Bearingless BLDC motor is extensively used in artificial heart
pumps, Because of its many important advantages, such as its low weight and small size, it is distinguished as a very high-speed
motor, there is no heat generation, and there is no material wear, it is magnetically levitated and has no mechanical contact, and
has zero friction, it has less probability of failure [5].
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The design of the suspension system depends significantly on the accurate evaluation of the radial force and determines the
factor that affects it. The radial force is applied on the rotor in a radial direction toward the center or away. It plays an important
role in the radial locating of the rotor inside the motor bore. For bearingless motors, tangential and radial forces are generated
under permanent magnets and the armature currents. Depending on the radial force of the suspension winding, the radial forces
can be calibrated in such a way as to cancel each other to satisfy the bearing less operation [6].

In this paper, the finite element method has been implemented to calculate the radial force of the bearingless BLDC motor
by using Ansys/Maxwell 16 software. The radial force is affected by many factors, such as the rotor's stator current, radial
position, and rotation angle. The effect of these factors has been studied at different working conditions.

The most recent studies on the third generation of blood pumps use a bearing less instead of a mechanical bearing. Yuemei
[4] introduces a multi-phase, double-stator bearing less BLDC motor, and the author proposed a mathematical model of the
levitation forces. The optimizations are carried out to minimize the cogging torque and improve the motor performance. Xiaowan
[7] introduces a mathematical model of the suspension force drive, using the equivalent magnetic circuit method to establish the
electromagnetic relationship inside the motor and the virtual displacement method. Using the finite element analysis method, the
study analyzed the change of the suspension force amplitude under different currents and the influence of different eccentric
displacements on the unbalanced magnetic tension.

Thus, this paper aims to show the effect of the radial force on the performance of BLDC machines by taking the cases of
deviation of the rotor from the center and making mathematical and numerical calculations for the radial force. This paper mainly
focuses on studying and analyzing the radial force using magnetostatic and transient solvers bearing less BLDC motor for blood
pump application. The article is organized as follows: Section 2 introduces the principle of radial force generation. Section 3
presents the mathematical model and theoretical equations of the radial force. Section 4 illustrates the results, and section 5
provides the conclusion.

2. Principle of Radial Force Generation

Figure 1 depicts the principles of radial force generation in bearingless motors. The rotor and stator are magnetized with four
poles. There are strong magnetic attractive forces between the rotor and stator center's position under these magnetic poles. These
four poles have the same flux density and, as a result, have the same attractive force magnitudes (see Figure 1a). Figure 1b shows
the unbalanced condition since one north pole is greater than the other. As a result, the attractive force is stronger as the rotor
moves in the direction of the force, and it is inherently unstable. Under this condition, the rotor is subjected to a radial magnetic
force due to unbalanced airgap flux density distribution [8]. In numerical methods, Maxwell's stress tensor is commonly used to
calculate the forces and torques. The concept is based on Faraday's statement that stress develops in flux lines. Figure 2 shows
the airgap flux density solution, tangential and radial (normal) components, and field strength. This figure shows that the flux
lines cross the air gap tangentially, causing a significant rotating torque to move the rotor counterclockwise. The magnetic field
intensity between objects in a vacuum, according to Maxwell's stress theory, causes a stress force or on the object surfaces,
which is given by

1 B2
GF=EUO-H2=E (1
B=p H )

Where B is flux density, H is the field strength and p, is the permeability of free space. The stress is produced perpendicular
to the lines of force and in the direction of the force. The stress can be divided to; it's normal(og,) and
tangential (04, )cOmponents, op.qpncontributes to electromagnetic torque, whereas op,causes unbalanced rotor vibration and,
consequently, acoustic sounds. With the object in concern [6, 9], we get:

1
Opn = EHO- (an - Htanz) 3)
OFtan = Ho- Hn- Htan = HO'Hn-A = Bn-A (4)

3. Calculation of Radial Force

3.1 The Stress Tensor Method

The Tension between the magnetic field of the permanent magnet and the MMF of the stator is the radial force density,
usually referred to as the radial strain. To measure this electromagnetic force acting on an object, the stress tensor method of
Maxwell is commonly used for producing magnetic stresses, forces, and torque in electrical machines. In 2-D finite element
analysis (FEA), the radial and tangential components of the force are measured. Such forces are given as:

1
Fradop = I [B.* — B:*] (%)
B; = Bipm + Bis (6)
B, = Brpm + Bis 7

Where B,py, Bipm»> Brsand B;g Represent the radial and tangential flux densities produced by the magnet and stator winding
in tesla, respectively. For bearingless BLDC motor, both B, and B, They are created by two sources, the winding current, and
the PMs. If no excitation current (i.e., the stator current is zero), the flux density components are produced by PMs only. The
values B,py, Brs,Bipum, and B,.s can be expressed theoretically by Fourier series as:
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Bipm = XK=1 Bepmk sin(Kep,) (3)
Bis = Zk=1 Bisk = Bi_as + Biobs + Bi_cs ©
Brpm = XK=1Brpmk cos(Kep,) (10)
Bis = Zlﬁzl Brsk = Broas + Brops + Br_cs (11)
The tangential and radial components of the flux contributed by one phase current can be expressed in the form as:
Bt—as(‘PS) = iaSBl((pS) (12)

where, B; (s) is an even (zero average) periodic function concerning @g. g and @, are the stator and rotor position angles,
respectively.

Bi_as(@s) = iasB2(@s) (13)
where, B, (@s) is a zero average odd periodic function concerning ¢g. The phase (A) current is:
las = iscos(6; + ¢1) (14)

Equations (12, 13, and 14) can be applied similarly for phases b and ¢ with a current phase shift of 120° and 240°,
respectively. Electrical angles @g ¢, and 0, Are defined by multiplying the mechanical angles by the number of pole pairs.

Ps =@+ 6; (15)
Once the distribution of the air gap flux is known, it is possible to measure the radial force per unit area at any point of the
air gap according to [10, 11]:
P 2
Frad = Eﬁo T[Frad((pr) ‘R-1- d(-pr (16)
R represents the radius of the contour in mm, [ is the stack length of the machine core in mm, and P is the number of poles.

3.2 The Radial Force Under Rotor Eccentricity

When the rotor is in the normal center, the air gap length between the rotor and stator is defined as go. However, if the rotor
center moves toward the x or/and y-axis, the air gap length will be changed and defined as g(¢), as shown in Figure 3. Equation
17 determines the value of air gap length under eccentricity conditions at any x and y displacement where (¢) is the spatial
mechanical angle, and the inverse of air gap length is shown in Equation 18 when the removal is small compared to (g,) [8].

g(d) = go — x cos(¢p) — y sin(p) (17)
$ = i(1 + icos(d)) + ésin((b)) (18)

Figure 4 shows the direction of the resultant radial force and flux direction when the rotor was under eccentricity condition
(¢=0) and displacement distance (x) toward the x-axis direction. It can be seen that an unbalanced radial force will be generated
in the air gaps 1, 2, 3, and 4. The rotor has an eccentric displacement in the air gaps 1, which produces an attractive force in this
direction [12].

Figure 1: Radial force in the air gap at (a) Figure 2: Radial and tangential components of
Balanced flux density, (b) (a) the field strength, (b)flux density
Unbalanced flux density vectors

cixyl
[ ysing
¥ 1LcP*"' A
Ll
X
cixy) X
(a) (b)
Figure 3: Variation of air gap length with rotor Figure 4: Radial force distribution with a
displacement: (a) variation rotor deviation of the rotor from the center

enters, and (b)coordinate description

(8]
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3.3 Machine Topology and Radial Force Relation

The radial force distribution is also influenced by the slot/pole combination of the machine. For 12 slots/ 8 pole machines,
the least common multiple (LCM) is (24), and the number is symmetric, which corresponds to the greatest common divisor is
(4). This number of symmetric slot/pole configurations makes the machine work under balanced flux density distribution and
minimize radial force effect. As it can be seen, the three-phase winding connection sequence is (A-A'-B-B'-C-C") where A', B',
(' is the return phases corresponding to phases A, B, C, respectively, as shown in Figure 5(a) [13, 14]. According to the number
of symmetries, the 12/8 machine can be divided into four symmetric parts. Therefore, one of four machine parts has been
modeled with odd boundary conditions using FEM, as shown in Figure 5(b).

4. Analysis and Results
4.1 BLDC Machine Model

In this work, blood pump bearingless BLDC motor application has been selected as a case of study to investigate the effect
of rotor displacement on radial force and machine performance. The parameters of the studied motor are listed in Table 1. Figure
6 shows the 2-D FE model with a flux density plot. The motor is analyzed under underrated working conditions [15].

a) b)
Figure 5: Geometry and winding configuration Figure 6: Cross-sectional ~ view  of  the
of the BLDC motor: (a) complete bearingless BLDC motor

model, (b) one quarter model

Table 1: Specification of blood pump bearingless BLDC motor

Parameters Value Parameters value
No. of phase 3 Slot body height 4mm
No. of conductor/slot 32 Slot wedge max. width 6mm
No. of winding layers 2 Slot body bottom width 8mm
Stack length 10mm Slot body bottom fillet 0.6mm
No. of stator slot 12 No. of rotor Poles 8
Stator outer diameter 40mm Rotor outer diameter 24mm
Stator inner diameter 26mm Rotor Inner Diameter 19mm
Slot opening height Imm Magnet span ratio 0.95
Slot opening width 2.5mm Magnet thickness 1.5mm
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Figure 7: Flux density distribution in the air gap when the rotor at the center position
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4.2 Results and Discussion

From the magnetostatic solver, Figure 7 shows flux density distribution generated by the permanent magnet only. The flux
is balanced in the air gap over one complete mechanical revolution without rotor eccentricity. When the rotor is at the center
position, the tangential and radial flux densities in the air gap are shown in Figure 8 and Figure 9, respectively.

When the rotor moves toward the x-axis direction, the air gap flux density is not uniform. Figure 10 shows the radial and
tangential flux density in the air gap. The permanent magnet generates the largest flux density when the rotor moves from the
stator center in the x-axis direction by 0.45 mm (maximum allowable displacement). When the rotor moves toward the y-axis
direction, the air gap flux density is distorted, and the largest magnitude can be found when the air gap length is minimum. Figure
11 shows the radial and tangential flux density at eccentricity conditions. It can be seen that the value of the flux density is higher
in the upside of the air gap, the largest flux density generated by the permanent magnet when the rotor moves from the stator
center in the y-axis direction by 0.45 mm.

Both B, and B, They are produced from the stator current and the PM. But, since the machine is in the static condition, the
current is considered zero. Since the BLDC machine usually has a relatively large air gap, this study ignored the saturation. The
radial force distribution is calculated over (360°) mechanical degree as shown in Figure 12 (a). The resultant radial force is
obtained by using the static state solver. When the rotor rotates at the center (no eccentricity), the resultant radial force over one
rotor revolution is shown in Figure 12 (b). The results obtained using the Maxwell stress tensor equations show that the radial
force distribution is symmetrical when the stator current is zero and the rotor is at the center.

When the rotor is eccentricity by 0.1 mm, 0.25 mm, and 0.45 mm in y-direction, the radial force distribution is shown in
Figure 13. Figure 14 shows the radial force distribution when the rotor is out of the center by 0.1 mm, 0.25 mm, and 0.45 mm in
the x-direction. From this figure, it is clear that the radial force is asymmetrical because the air gap field is unbalanced.

The resultant radial force is obtained by using the static solver when the rotor is located in the y-direction at 0.1 mm, 0.25
mm, and 0.45 mm, respectively, the resultant radial force over one rotor revolution is shown in Figure 15. The same behavior
can be seen in figure 16 when the rotor moves toward the x-direction.

When the rotor is displaced towards angle 45° by 0.14142 mm, and then by 0.35355 mm, the resultant radial force over one
rotor revolution is shown in Figure 17.

From Figures 12, 15, 16, and 17, it can be concluded that the resultant radial force is about zero when the rotor is at the
center, while the radial force is unsymmetrical. The resultant have high values when the rotor is displaced. Asymmetry of radial
force and resulting values increase with eccentricity.

Using a transient solver, the radial force produced by both the permanent magnet and the current stator winding can be
evaluated. The waveform of the stator 3-phase current (112A) is shown in Figure 18. When the rotor rotates at the center (no
eccentricity), the resultant radial force over one rotor revolution is shown in Figurel9. Figure 20 shows the radial force
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distribution when the rotor is out of the center by 0.1mm, 0.25mm, and 0.45mm in the x-direction, respectively. Figure 21 shows
the radial force distribution when the rotor is out of the center by 0.1mm, 0.25mm, and 0.45mm in the y-direction, respectively.
Figures 20 and 21 show that the radial force is still asymmetrical because of the unbalanced air gap field. The asymmetricity is
directly proportional to the rotor displacement from the center.

When the rotor is displaced toward x-direction by 0.1 mm, 0.25 mm, and 0.45 mm, the resultants are shown in Figure 22.
When the rotor is replaced toward y-direction by 0.1 mm, 0.25 mm, and 0.45 mm, the resultants of radial force are shown in
Figure 23.

When the rotor is displaced in both x and y direction and eccentricity toward 45° by 0.14142mm, and 0.35355mm,
respectively, the resultants of radial force are shown in Figure 24.

All the results are tabulated in Table 2. For each of the cases, the table includes the minimum and maximum values of the
radial force. Comparison between the results of the Magnetostatic analysis, which evaluates only the effect of the permanent
magnet, and the transient analysis, which assesses the impact of both the permanent magnet and the armature current, the radial
force is always greater in the transient analysis. In the study of variation of the radial force with the rotor position, it turns out
that the radial force has a minimum value (about zero) at the center, and it increases as the rotor moves away from the center.
The results obtained in this analysis introduce the next work, which minimizes or even cancels the radial force in the BLDC
motor. This issue has great importance in bearingless motor design.

When the rotor is located at position (0, 0.1) mm and the armature winding current is 160 A and 209 A, respectively, the
resultants of radial forces are as shown in Figure 25.

Table 2: Radial forces at the different rotor position
o Radial force (N)
Rotor position . . . .
(mm) Magnetostatic analy§1s Transient an.alys1s
Max. value Min. value Max. value Min. value

At center (0,0) 14.8 0.2 13.304 0.9589
(0.1,0) 1335.8 1246.4 1348.488 915.191
(0.25,0) 3443.8 3177.4 3474.966 2325.606
(0.45,0) 6574.7 6021.8 6635.423 4368.688
(0,0.1) 13353 1246.7 1348.721 915.277
(0,0.25) 3443.8 3177.5 3474.022 2329.909
(0,0.45) 6574.9 6021.7 6634.322 4368.706
(0.14142, <45°) 2688.8 2578.2 2713.464 1230.162
(0.35355, <459 7220.2 7117.3 7192.185 4786.088

For these two cases, the results are tabulated in Table 3, and the radial force increases with the increase in armature current.

Table 3:  Radial forces at different winging current
Rotor position Armature current (A) Radial force (N)
(mm) Max. value Min. value
(0.1,0) 160 1205.387 447.983
(0.1,0) 209 1279.443 616.596

(tesla)

'—BTanganﬂal
L i f { { ||=—SRe

0 225 45 675 90 1125 135 157.5 180 2025 225 247.5 270 292.5 35 337.5 360
Mechanical angle ( degree)

Radial and Tangential Flux Density

4 i i - i

Figure 10: Radial and tangential flux density when the rotor moved by 0.45 mm in the x-axis direction
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Figure 11: Radial and tangential flux density when the rotor moved by (0.45) mm in the y-axis direction

b)

Figure 13: Radial force distribution when the rotor is displaced by:(a) 0.1mm, (b) 0.25mm, and (c) 0.45mm
from the center in the y-direction

Figure 14: Radial force distribution when the rotor is displaced from the center in the x-axis by (a) 0.1lmm,
(b) 0.25mm, and (c) 0.45mm
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a) b) c}

Figure 15: Resultant radial force when the rotor is displaced in the y-direction by: (a) 0.1mm, (b) 0.25mm, and
(c) 0.45mm

a) b) )

Figure 16: Resultant radial force when the rotor is displaced in the x-direction by: (a) 0.1mm, (b) 0.25 mm,
and (c) 0.45 mm

Figure 17: Resultant radial force when the rotor is displaced toward 45° direction by: 0.14142mm, and (b)
0.35355 mm
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Figure 18: 3-phase stator current waveform
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a) b) <l

Figure 20: Radial force directions when the rotor is displaced in the x-direction by: (a) 0.1mm, (b) 0.25mm,
and (c) 0.45mm

270
a) b) cl

Figure 21: Radial force distribution when the rotor displaced in the y-direction by: (a) 0.1mm, (b) 0.25mm,
and (c) 0.45mm

270

a) b) C)

Figure 22: Resultant radial force directions when the rotor is displaced in the x-direction by: (a) 0.1mm, (b)
0.25mm, and (c) 0.45mm
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Figure 23: Resultant radial force when the rotor is displaced in the y-direction by: (a) 0.1mm, (b) 0.25mm,
and (c) 0.45mm

-

120 "
'

Figure 24: Resultant radial force when the rotor is displaced toward angle (45°) by (a) 0.14142 mm, and (b)
0.35355mm

s
20— | 60 20— | 60
ATy TN

Figure 25: Resultant radial force when the rotor is moved by 0.1mm in the x-direction with the current of (a)
160 A, and (b) 209 A

5. Conclusions

The eccentricity of the rotor in electrical machines greatly influences the distribution of magnetic flux in the air gap and
causes a high unbalance of radial forces and vibration. A numerical model has been developed in this paper to evaluate the forces
based on finite element analysis. 12 slot/ 8 pole BLDC machine topology has been selected. This motor is used in a blood pump
application. It can be seen that the lowest value of the radial forces exists when the rotor is at the center position. The radial force
increases directly with the rotor displacement. It has been found that the radial forces at different rotor angles are also various
because the reluctance of the air gap varies with rotating angle depending on pole pitch, stator teeth, and stator current direction.
This study also showed increasing the stator current on the radial force. The proposed work can be considered the first step in
bearing less motor design, and the obtained results can be used to design a control system for the bearing less BLDC motor.
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