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A Hybrid Contactless Air-magnetic
Bearing System for Operating at
15,000 rpm

This paper introduces a Hybrid Air-Magnetic bearing for a two-pole
Hossein Barati* three_-phase induction motor. In hig_h_-s:peed machine, contact
m.sc. | bearings are not usable. As a result, utilizing non-contact bearings
are alternative. Magnetic and air bearings are non-contact types that
can be employed independently or together. This study employed a
combination of magnetic and air bearings. At first, the system
suspended the motor shaft by using air bearings. Then the Magnetic
bearings damp the system’s vibrations at high speeds. This Hybrid
Air-Magnetic bearing system significantly reduces control and
calculation efforts while improving stability, robustness, and
reliability at high speeds. The air bearing is used with an air gap of
6 um and a pressure of 7 bars. Resistance between the shaft and air
bearing housing was measured to be 0 in the non-suspended
condition, 5 MQ in the suspended condition at zero speed, and 43
MQ at 15,000 rpm. At 15,000 rpm, the motor vibrated with an
amplitude of 2 um. The greatest observed acceleration amplitude is
4.5, 4.3, 3.5, and 3.3 m/s2 at 3900, 6900, 10200, and 13800 rpm,
respectively.
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1 Introduction

Today's sophisticated industries require high rotating speeds. Such speeds are commonly
utilized in the medical and defense industries, aircraft, aviation engine test stands, gas turbines,
motors, compressors, and centrifuges. Ball bearings have long been employed in low-rotational
speeds. At high speeds, ball bearings are constrained by friction, wear, and substantial heat
losses. Contactless magnetic bearings are a viable alternative.
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They have been used in a wide range of sectors in recent decades. But magnetic suspension
systems in sensitive applications such as aviation engines, power plant turbines, and centrifuges
require high reliability, stability, and crash prevention [1-10]. As a result, researchers have been
particularly interested in hybrid systems for improving suspension reliability and stability. The
combination of air and magnetic bearings improves system reliability, robustness, and stability
while reducing vibrations [11-15].

The literature can be divided into three categories: (1) study on air bearings and their aerostatic
and aerodynamic effects; (2) research on magnetic bearings and their control mechanisms; and
(3) research on hybrid air-magnetic bearings. Zhao et al. [16] proposed an analytical model for
the optimal design of air bearings, focusing on air bearings built using porous carbon
technology. Gao et al. [17] investigated at the aerostatic and aerodynamic impacts of radial air
bearings in ultrafast spindle motors. Because of the eccentricity of the rotor and stator, the
aerodynamic effect of air bearings increased with eccentricity, allowing for higher loadings.
Wau et al. [18] studied mechatronic design of spindle motors and concluded that the rotor and
air bearings should be treated as an integrated system at high speeds, and the electrical motor
and servo control should be simultaneously designed in the mechanical structure. They
measured stiffness versus air gap and reported that the stiffness was maximized at an air gap of
12 um. Smirnov et al. [19] studied high-speed machines using active magnetic bearings they
optimize such machines using changes in the rotor and bearing structures. Yamamoto et al. [20]
evaluated shaft suspension system through a combination of three bearings. They used a passive
magnetic bearing and an electrodynamic bearing (eddy current) for radial suspension and an
active magnetic bearing to control the shaft in the axial direction. They reported radial and axial
rotor displacement with and without the electrodynamic bearing at rotational speeds of up to
1900 rpm. Zhihang Huang et al. [21] begin by categorizing various magnetic bearings and
conducting a thorough analysis of their qualities and characteristics, with an emphasis on
magnetic circuit structures. They also discuss how control methods affect magnetic bearing
performance. Modern control theory has proven a 50% improvement in position accuracy and
adjustment time over classic PID control. Heshmat et al. [22] pioneered the use of a
combination of air and magnetic bearings in a rotor with a diameter of 150 mm for gas turbines.
This study employed aerodynamic air bearings. Jang et al. [23] investigated the combination of
air bearing with an active magnetic bearing to improve high speed instability. This study
employed aerostatic air bearings while a thrust active magnetic bearing is located at one end of
the rotor. Qing et al. [24] had an overview about hybrid gas Magnetic Bearings and provided
a comprehensive survey about different types of combination of gas bearings and magnetic
bearings.

In this paper, magnetic and air bearings are combined to achieve rotational speeds greater than
15,000 rpm. At zero speed, an aerostatic air bearing uses external pump pressure to provide
suspension, and at greater speeds, a magnetic bearing is used to reduce radial vibrations. The
magnetic bearing forces are calculated using analytical equations, whereas the air bearing is
simulated with Comsol software. The experimental setup was evaluated by monitoring
vibrations and system performance at various speeds. The magnetic bearing's performance in
the presence of an air bearing is characterized by system control and vibration damping.

2 Analytical modeling of magnetic bearings
As the rotor speeded up, shaft's position is measured using sensors in the radial direction and

control by the magnetic bearing and controller. In general, electromagnetic force on the rotor
Figure (1) is written as [25]:

B%A
F = Zhe (2cosa) (1)
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F = ::)—1 (cosa) (2)

where F is the electromagnetic force on the rotor (N), A is the air gap cross-sectional area (m?),
B is the magnetic flux density in the air gap (T), u, is the magnetic permeability of air (Hm™),
and ¢ is the magnetic flux (Wb).

In a magnetic circuit,

o== (3)

where & is the magnetomotive force (A), and R denotes magnetic reluctance (A/Wb). By
inserting the values of # and Z in equation (3), the following relationship is obtained:

® =W 4)

Ko HoHrAfe

where N is the number of turns, i denotes the coil current (A), g denotes the air gap (m), Ly, is
the average magnetic path length in the iron core (m), A, is the core cross-sectional area of the

air gap (m?), and , represents the relative magnetic permeability of iron. The insertion of Eq.
(4) in Eq. (2) yields:

N2i2 COSo
F= , ®)
2_g+ fe AQ H'OA
Ko HoMrAfe

cosx  NZ2Apug i? ©6)
lfeA 4 gz
2 gu‘r'Afe

F =

Figure 1 Magnetic circuit of a magnetic bearing
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Here, K is defined as:

cosx  NZ2Apu,
K= IreA 4 (7
2 g#TAfe

Therefore, Eq. (7) can be rewritten as:

i2

A pair of facing magnetic coils is typically employed in active magnetic bearings, and Eqg. (8)
can be rewritten as:

: 2 : 2
(IO'Hcontroli) (Io_lcontroli)

(xi—g) 2 (xi+g) 2

Fi=K )

where I, is the base current, and iconero, IS the control current. Thus, x; and iconsroi, are zero
when the shaft is suspended at the center. Based on Eq. (9), it can be said that the force is
nonlinear regarding to the current and space. Linearization around an operating point is an
approach to design a controller for this system. As the rotor is placed in the center of the system
using the air bearings, the displacement of the rotor around the center is very small. This
simplifies the design of a controller for the magnetic bearing to a great extent.

3 Numerical simulation of the air and magnetic bearings

In this section, numerical simulations of air bearings and magnetic bearings were performed in
COMSOL software to get the dimensions and sizes of the components required for the setup,
as well as the forces acting on them.

3.1 Air bearing simulat

A 3D model of the air bearing is generated in COMSOL V.5.2. Solid Mechanics and Creep
Flow Physics are used in this analysis. The analysis is done under steady-state conditions and
the effect of Inertia is neglected. Normal meshes are use in this simulation. Figure (2) illustrates
the three-dimensional air bearing model. It should be noted that in the designed air bearing, the
air inlet hole is located one side, so it cannot be modeled as an axisymmetric problem.

Figure 2 3D air bearing model in the COMSOL software
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Figure 4 Fluid velocity (m/s)

Table 1 Force on the shaft at different air gaps

Force (N) Force (N) Force (N)
h=500micron h=200micron h=150micron
10.57 25.99 33.19
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The air gap is considered as moving meshes. Figure (3) represents the pressure contours. Figure
(4) depicts the fluid velocities in the inlet and outlet of the air tank. The pressure contours were
obtained for an air bearing with an air gap of 500 um and five rows of pores, each with 36 holes
of a diameter of 0.25 mm. The input pressure was set to 5 bars.

Table (1) provides the force on the shaft at different air gaps for an input pressure of 5 bars.
The numerical simulations were carried out in a steady state. Also, air leakage, pressure drop
along the channel, and pressure drop through the pores were neglected. Therefore, experimental
tests were employed to obtain the realistic performance of the air bearing.

3.2 Magnetic bearing simulation

Four symmetric coils were employed in a double-facing-coil configuration within the core of
the magnetic bearing, as shown in Figure (5).

Figure 5 Magnetic bearing stator

Surface: Magnetic flux density norm (T)
Arrow Surface: Magnetic flux density (spatial frame)

25+
-30

40 k& 1 (-
-40 -20 0 20 40mm

Figure 6 Magnetic flux density distribution of the core (T)
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Table 2 Electromagnetic force on the shaft

Electromagnetic Electromagnetic Electromagnetic Electromagnetic
force, y component  force, y component  force, y component  force, y component
(N), =1.2A (N), I=1A (N), 1;=0.8A (N), 1+=0.6A
28.081 20.161 13.029 7.3380

The core was simulated two-dimensionally in COMSOL in Magnetic Field Physics under a
steady-state condition via normal meshes. The laminated core had a thickness of 25 mm, with
800 turns and a wire thickness of 0.30 mm. The shaft and inner magnetic bearing diameters
were 39 and 42 mm, respectively. Figure (6) illustrates the magnetic flux density distribution
with the excitation of a single (top) coil using a current of 1.2 A.

Table (2) reports the force on the shaft at different excitation currents.

As can be seen, the force was maximized at an excitation current of 1.2A before saturation of
the core, which is satisfactory for the rotor weight.

3.3 Natural frequencies of the shaft

The natural frequencies of the rotor are important at high speeds. They can be obtained via
numerical simulations. In this way, the rotor model in Solid Works was imported to COMSOL,
and the rotor material was introduced. The shaft was made up of ASTM 4140 steel (MO40),
while the bushes were made from iron. Modal analysis was carried out in Solid Mechanics
physics to obtain the natural frequencies, as reported in Table (3). Figure (7) depicts the first
flexural mode of the shaft at 331.55 Hz.

According to Table (3), the natural frequencies of the shaft are higher than 331 Hz. Thus, the
shaft could rotate without mechanical resonance below 331 Hz.

Eigenfrequency=331.55 Hz Surface: Total displacement (m)

Figure 7 The first natural flexural mode of the shaft at 331.55 Hz

Table 3 Natural frequencies of the shaft
Mode 1 2 3 4 5 6
Frequency (Hz) 331.32 860.62 1629 2278 2443 2743
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3.4 Analytical versus numerical models

Table 4 Comparison of Analytical and numerical magnetic forces in the magnetic bearing

Parameter Excitation Analytical Numerical Error
Current (A) Model Model (%)
0.6 8.17 7.33 10
Magnetic force on the shaft (N) 0.8 14.36 13.02 9
applied by the top coil at an air
gap of 1.5 mm 1 22.14 20.16 9
1.2 31.65 28.05 11

Table (4) compares the analytical and numerical magnetic forces of the magnetic bearing.

As can be seen, in the Table (4), the analytical and numerical error is about 10%. This error is
due to the fact that in the analytical calculations, the core is considered to be made of iron, but
in the numerical simulation, the core is considered to be laminated, and the effect of the
saturation of the core is also considered.

4 Experimental setup and tests

A number of earlier works employed the motor on one side [22, 23, 26]. In such circumstances,
the shaft is attached to the driver (electric motor or turbine) by a coupling and is not suspended
on one side. This connection generates vibration, limiting the speed. To overcome this
challenge, Induction motor as the driver was placed in the middle and the shaft being suspended
on both sides, as shown in Figure (8). However, it is difficult to place the shaft at the same
center as the motor and the hybrid bearing system. Thus, the final experimental setup was
altered, as shown in Figure (9). The air bearings were seated on the motor structure. As a result,
the rotor was placed at the center of the motor, and some small adjustments were required,
which would be implemented using fillers. In this section, the specifications and features of the
various components used in this setup are explained. Also, the parts that needed to be designed
and fabricated are reported in detail.

Ball Bearing {for safety

Magnetic Bearing

Air Bearing/

/ Alr Beonng/
Induction Motor/
Magnetic Bearin

8all Bearing(for safety)/

Figure 8 Schematic of the hybrid air-magnetic bearing system
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Displacement Air Inlet Displacement
Ssensor sensor

Magnetic Air Air Magnetic
Bearing Bearing Bearing Bearing

Figure 9 Final experimental setup
4.1 Electromotor selection

A 1.5kW two pole induction motor was employed, as shown in Figure (10). Motors of more
poles could be used in practice; however, the motor speed declines as the number of poles rises,
requiring higher frequencies to achieve higher speeds. For example, a 4-pole induction motor
has a speed of 1500 rpm at 50 Hz, and an excitation frequency of 666 Hz is required to raise
the speed to 20,000 rpm. This frequency is not in the frequency range of commercial Variable
Frequency Drive (VFD). The maximum frequency of commercial VFDs is 400 Hz.

Figure 10 A 1.5kW three-phase induction motor and its dismantled rotor
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4.2 Rotor modifications

The motor shaft is modified to implement in the air-magnetic bearing system. The moment of
inertia, natural frequencies, and balancing are important parameters in shaft design. Figure (11)
illustrates the final model of the shaft, while Figure (12) depicts the fabricated shaft on the air
bearing seat. The squirrel-cage rotor was separated from the original shaft and pressed onto the
new shaft of a new material and size. The shaft was made up of MO40 steel and was fabricated
in a stepped form with a tolerance of £0.01 mm using a CNC machine. The bushes were pressed.
Ball bearings seats are provided at the end of the shaft. Ball bearings are used to ensure the
system safety in the case of contactless bearing failure. Furthermore, the shaft was dynamically
balanced at 20,000 rpm using Schenck DH2 balancing machine manufactured in Germany. The
shaft had a weight of 5.700 kg, and its moment of inertia was calculated to be 2.06 kgm?.

A

Mass properties of Asseml
Configuration: Default
Coordinate system: -- default --

Mass = 5.73881 kilograms
Volume = 0,00078 cubic meters
Surface area = 013249 square meters
Center of mass: [ meters )

X =0.21486

Y = 032665

Z=050233

Principal axes of inertia and principal moments of inertia: [ kilograms * squal
Taken at the center of mass.

I = (1.00000, 0.00000, 0.00000) Px = 0.00201
Iy = (0.00000, 0.00000, -1.00000) Py = 0.11288
Iz = (0.00000, 1.00000, 0.00000) Pz =011288

Moments of inertia: [ kilograms * square meters |
Taken at the center of mass and aligned with the output coordinate system.

Loc = 0.00201 Ly = 0.00000 Liz = 0.00000
Lyx = 0.00000 Lyy = 011288 Lyz = 0.00000
Lz = 0.00000 Lzy = 0.00000 Lzz = 0.11288

Moments of inertia: [ kilograms * square meters |
Taken at the output coordinate system,

boc = 206244 by = 040277 Iz = 0.61938
Tyw = 040277 Iyy = 182588 Iyz = 0.94166
I = 061938 Izy = 094166 Izz = 0.99015

Figure 11 Rotor model in Solid Works

F

a¥el

Figure 12 Fabricated rotor on the air bearing seat
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4.3 Air bearing fabrication

The process of manufacturing air bearings is complex and difficult. Three different types of air
bearings were created and fabricated in order to get the intended outcome. Based on the
simulation's results, the initial design was created. In this design, the bearing carrier was
fabricated as an external component, placing the porous piece into the bearing carrier using O-
rings. This design consisted of three main components, i.e. the porous piece, carrier, and seat,
along with O-rings, as shown in Figure (13). However, with this design, due to the tiny capacity
of the air reservoir and the considerable air gap between the shaft and the porous piece (150
microns), the air bearing could not produce enough force to suspend the shaft. Here the O-rings
had a thickness of 2 mm and an outer diameter of 42 mm.

For the second design, the bearing carrier was eliminated, and the outer diameter of the porous
piece was increased to enlarge the air reservoir, as shown in Figure (14). Furthermore, the seat
functioned as the bearing carrier. This design consisted of two main components, i.e., the porous
piece and seat, along with O-rings. Here the O-rings had a thickness of 2 mm and an outer
diameter of 52 mm. Aligning the electric motor, air bearings, magnetic bearings, and ball
bearings (as shown in Figure (8)) is a difficult task, and even the slightest movement causes the
parts to be misaligned.

Carrier «"

(a) Porous piece (ﬁ' S S

Figure 13 Schematic of the first air bearing design (a) before assembly, (b) after the assembly of the porous
piece into the bearing carrier, and (c) after the assembly of the components into the seat

s " ' - ‘)' >

.

ﬂ

Figure 14 Schematic of the second air bearing design (a) before and (b) after assembly
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s

Figure 15 Schematic of the third design, the porous piece within the aluminum cap

<3 _-—

Table 5 Comparison of the three air bearing designs

Types of air bearing design

Specification

First design

+Design based on simulation results

- Small air reservoir

- large air gap between the shaft and the
porous piece

- Insufficient force for suspension

Second design

+ Suitable air reservoir

+ enough air gap between the shaft and
porous piece

+ Sufficient force for suspension
-Difficult alignment

Third design

+ Suitable air reservoir

+ enough air gap between the shaft and
porous piece

+ Sufficient force for suspension
+Easy alignment

51

For the third design, the iron seat that had been designed separately was removed, and an
aluminum seat was designed to be placed on the electromotor construction, with the porous
piece and O-ring inside. Figure (15) depicts the third design in which the porous piece was
placed in the aluminum carrier and assembled on the motor's structure. This design consisted
of two main components, i.e., the porous piece and an aluminum carrier/seat, along with O-

rings.

Because the seat of the air bearing is installed on the motor frame, component alignment
become much easier, and this design is chosen as the final design. Table (5) summarizes the
comparisons between the three types of designs.
The fabrication of components in the third air bearing design is explained in the next two

subsections.

The Iranian Journal of Mechanical Engineering Transactions of ISME
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4.3.1 Porous piece

The porous piece is a major component of air bearings and it is shown in Figure (16). It is
fabricated using a CNC machine with a tolerance of £0.01 mm for outer diameters and 1 pm
for inner diameter. It involved a total of 24 pores in two rows with an angle of 30 degrees and
a diameter of 0.2 mm. The inner surface is grinded with a precision of 1 um to obtain uniform
surface roughness. The gap between the shaft and the porous piece of the air bearing is set to 6
pm.

4.3.2 Air bearing carrier

The bearing carrier was designed such that it would be completely sealed by O-rings after
assembling on the porous piece, as shown in Figure (13b). The trapped air was discharged
through the pores onto the shaft, creating an air cushion. In addition, a hole is embedded as an
air inlet.

In the second design, the bearing carrier is eliminated to increase the air reservoir capacity,
homogenize the air outflow through the pores and avoid rotor contact to the air bearing. Then,
the seat functioned as the carrier (Figure (14)). It should be noted that the concentricity of the
shaft with the motor and air bearing seat is a major challenge while assembling and testing the
experimental setup due to the very small air gap (i.e. 6 um from each side). Due to the
eccentricity, shaft rotation may lead to crash and damage of the air bearing. To fix the problem
and place the rotor at the same center as the stator and air bearings, the third air bearing design
was employed. As the motor's structure and the stator had the same center, therefore, a specific
cap was designed for the right and left sides of the motor in Solid Works, as shown in Figure
(17). Finally, the aluminum air bearing's caps were fabricated using a CNC machine with a
tolerance of £0.01 mm. Figure (15) depicts the placement of the porous piece of the air bearing
within the motor cap. Thus, the motor cap served as not only the air bearing seat but also the
bearing carrier and con-centralized the rotor and stator.

The concentricity of the shaft and bearings declines in practice due to poor assembly precision.
The sealing O-rings between the porous piece and air bearing carrier (motor cap) are an
explanation. To tackle this challenge, fillers with a thickness of 50 um are employed.

Figure 16 Porous piece of the air bearing with two rows of pores with a diameter of 0.2 mm
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Figure 17 Aluminum cap designed for the right and left sides of the motor

4.4 Magnetic bearing

The magnetic bearing has four poles, and each pair of coils in front of each other operate
together by using a current driver and an inductive gap sensor. If the motor's shaft is off-center,
the position of the shaft is aligned. Magnetic bearing’s inner core diameter is 42 mm, outer core
diameter is 78 mm, core thickness is 25 mm, total coil turns are 800, and a wire thickness is
0.30 mm, as shown in Figure (18). The core was placed in an aluminum seat on which sensors
could be installed around it. A polytetrafluoroethylene (PTFE) stand was fabricated for the
magnetic bearing to con-centralize it with the experimental setup.

Figure 18 Magnetic bearing with a PTFE stand
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4.5 Sensors

Two Contrinex inductive sensors (DW-AD-509-M8-390) are employed in each magnetic
bearing to measure and control displacement of the shaft using the controller. They measure
distances of 0-4 mm and have an output voltage of 0-10 V. There would be a 25 mV/um change
in the output voltage of the sensors when they are used in the linear area. A sensor is employed
for each facing pair of coils, and the output of the sensor is compared to a reference voltage (5
V). An output voltage exceeding 5 V would represent a shaft displacement from the center
toward the opposite coil, and an output voltage dropping below 5 V would indicate shaft
displacement toward the corresponding coil. Using a controller and a current driver, the coils
keep the shaft at the center. It should be noted that the shaft is initially suspended by the air
bearings, and the sensors had a distance of 2 mm from the shaft, with the output sensor and
error being 5 V and 0, respectively. As the shaft speed increased, the magnetic bearing damps
possible radial vibration through the control system.

4.6 Driver of the coils

Figure (19) depicts the current driver for coils. The current driver and controller are responsible
for keeping the shaft in the center. In this circuit, when V;; (the controller's output) becomes
positive, the shaft is away from the center, and coil L1 should be magnetized and pull the shaft
towards itself until V;;becomes zero; when V;;becomes negative, the shaft is away from the
center in opposite direction. In this case, coil L2 must be magnetized to pull the shaft towards
itself, restoring V;; to zero and placing the shaft in the center.

When V;, is positive, Op-amp 1's output is positive, and transistors Q1 and Q3 are turned on,
with the controlled current flowing into the coil 1, the excited coil pulls the shaft. When V;,is
negative, Op-amp 3 reverses it, and the output of Op-amp 2 becomes positive, causing
transistors Q2 and Q4 turn on. With the controlled current flowing into coil 2, the excited coil
pulls the shaft. The feed voltage for power transistors is +60 V. It should be noted that the 1-
ohm resistor connected to the emitters of power transistors Q3 and Q4 should be of high power
(5Watt). Because when the motor shaft is out of center, the current which flows through the
coils passes through this resistor. If the resistor power is insufficient, it will burn.

+10w

(7}

Figure 19 Current driver for a pair of facing magnetic coils
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4.7 Controller circuit

55

Magnetic bearings are inherently unstable due to its transfer function (equation (9)). Therefore,
it should be stabilized using a controller. The controller could be a classical lead-lag controller

or a Proportional-Integral-Derivative (PID) controller. The

present work adopted a

Proportional-Integral (P1) controller since suspension would be initially carried out by the air

bearings.

I%Dn

L A0k

ATATAY 010k
SetPoint 10k ‘ * L
CHWAn ey

- L
Sensor . 10k + -

10k

- +

error=Sensor-=etPoint

Figure 20 PI controller circuit

Sensor Voltage
T

Lh741 1

Wi-1

Voltage (V)

1 1 1 1
a

nac N nAac na nac

Upper Coil Current
T T

1 1 1 | 1 1
a

Aar A

A Aa

Lower Coil Current

AAr

|
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 21 Shaft displacement and coils current
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As can be seen in Figure (20), the sensor output was applied as input to the circuit and compared
to the reference voltage, calculating the error in the output of the first Op-amp. The gain (P)
could be altered by altering resistance in the second Op-amp. The desired capacitance for the
integral term is selected as 20 nF, and the variable resistance was set to 5 kQ to obtain the
desired output. It is worth noting that the controller output V;_; would be connected to the input
of the driver circuit (Figure (19)). Given that it is a first-order circuit, the time constant of the
controller circuit can be calculated using the equation below:

T=R-C =5000x%20x%x10"° =100 x 10 %sec

The cut off frequency of the circuit is calculated as:

1
f == Toox 106~ LOkHz

Therefore, the control circuit was fast enough to ensure effective performance in the system.
Figure (21) depicts the sensor's output voltage, which reveals shaft displacement and current in
the upper and lower coils, as well as the controller's activity to reduce displacement.

4.8 Results and discussion

The proposed suspension system was validated by measuring ohmic resistance, capacitance,
rotor displacement and motor stand acceleration at different speeds.

4.8.1 Measurement of ohmic resistance and capacitance
To validate suspension at different speeds, ohmic resistance between the rotor and the porous

piece of the air bearing was measured using a KYORITSU KEW1008 multimeter. Figure (22)
shows the resistance at different speeds.

Ln
Ln

[=

(S 5]
LN

R (Mega Ohm)

A

o faTaiy! A Crn S lnnna 1-|aaa l-nna 1:;-\.;-“-\.
ur L S LR ey (RS L e iy

RPM
Figure 22 Ohmic resistance between the rotor and air bearing at different speeds
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Figure 23 Capacitance between the rotor and air bearing at different speeds

Resistance is 5 MQ at the speed of zero, shows the suspension in the air bearing system. It
increased as the speed increased, reaching nearly 45 MQ at a speed of 15,000 rpm. This is
attributed to the increased air cushion stiffness upon shaft rotation. Due to shear stress, the air
filled the entire gap between the rotor and the air bearing, increasing the air cushion stiffness.
The capacitance between the rotor and air bearing was measured at different speeds, as shown
in Figure (23) Capacitance was 18 nF at the speed of zero. It immediately dropped to 11 nF
once the shaft began rotating. It increased to nearly 18 nF as the rotational speed increased. This
implies that the dielectric constant of air may change upon a change in air cushion stiffness.

4.8.2. Displacement measurement of the rotor
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Figure 24 Top sensor output voltage for 20 s at 3000 rpm in the free run mode
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When the VFD is connected to the motor (VFD is on), the switching frequency induces noise
on the sensor's output. To eliminate VFD noise, it is required to speed up the motor to the
intended speed and leave it to the free run mode. Signals are recorded after switching the VFD
off. Figures (24) and (25) plot the sensor outputs.
As can be seen, the shaft rotated at the center at low speeds without vibration. At higher speeds,
however, the shaft underwent slight vibrations. Figure (26) shows the output voltage of the
sensors at 15,000 rpm.
As can be seen in Figure (26), the maximum voltage deviation is 50 mV, corresponding to a
displacement of 2 pum.
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4.8.3 Acceleration measurement of the motor stand
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Figure 27 Accelerations of the motor stand at the speeds of 0 to 15.000 rpm

The speed of the induction motor is changed by adjusting the Variable Frequency Drive (VFD),
and the acceleration of the motor stand is measured. It is important to note that accelerations
are influenced by the type of motor electrical connection (Star or Delta) and the frequency
switching of VFD. The motor was driven to 15,000 rpm and then decelerated using the braking
mode of the VFD, and acceleration measured using an STMicro AGD3 accelerometer. The
VFD switching frequency is 15kHz with a Delta electrical connection. Figure (27) depicts
acceleration at 0-15,000 rpm and deceleration at 15000-6000 rpm. The VFD frequency was
raised from 0 to 250 Hz, then decreased to 100 Hz.

5 Conclusion

This paper introduced a hybrid air-magnetic bearing system. Suspension performance and rotor
displacement were assessed at various motor speeds. At speeds as high as 3000 rpm, the shaft
displacement was almost negligible. It was discovered to be 2 um at a speed of 15,000 rpm.
The developed system allows for the use of air bearings independently up to 3000 rpm, while
higher speeds need the employment of combined air and magnetic parts. Furthermore, the
magnetic bearing cannot fulfill the suspension function without the presence of the air bearing.
The system was tested at frequencies of up to 250 Hz or 15,000 rpm. Because of the
aerodynamic effect, increasing the motor speed stiffened the air cushion and increased
resistance between the rotor and the air bearing and at high speeds enhanced suspension stability
and vibration damping. Also, the use of magnetic bearings at high speeds with appropriate
control helps to dampen vibrations. Thus, the combination of air and magnetic bearings
improves system reliability. The motor structure, VFD system, rotor, and bearing system all
have an impact on speed enhancement. Future research could replace three-phase induction
motors with brushless DC motors (BLDC) or turbine motors to increase speeds. Furthermore,
a vertical system arrangement can be used to compensate for the shaft's gravitational influence
and simplify the magnetic bearing control system.
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Nomenclature

English symbols

A Air gap cross sectional area
Are  Core cross sectional area

B Magnetic flux density

F Electromagnetic force

f Frequency

g Air gap

i Coil current

Ire.  Average magnetic path length
N Number of turns

Greek symbols

@  Magnetic flux

Z  Magnetomotive force

R Reluctance

Ho  Air permeability coefficient (4mx107)
Mr  Relative permeability coefficient

T Time constant

Abbreviations

PTFE Polytetrafluoroethylene
VFD  Variable Frequency Drive
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