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Abstract

We investigated the performance of designed single coil and
multi-coil actuators for the Active Magnetic Bearing (AMB)
system. The attractive force differs depending on the structure
and actuator design. The behavior and characteristics of par-
ticular actuators differ too. Ansys Maxwell was used to perform
magnetic analyses of flux, flux density, field strength, force pro-
file and inductance profile in 2D, and magnetic flux density, field
strength, current density and inductance profile in 3D. These
analyses were performed for the 10 mm air gap between the
actuator and rotor for single, two, three and four coils and all
the parameters were compared. The quantities were compared
to provide insight into the behavior of single and multi-coil ac-
tuators.
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1 Introduction
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Figure 1: Block diagram of AMB

AMB has multiple applications in industry, like drive
systems, high speed machineries, renewable energy,
space etc. The many advantages of this type of bear-
ing include: no friction, lower power consumption and
high speed through the lack of contact between stator
and rotor. The AMB system has four parts: actuator
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and rotor, sensor, power amplifier and controller, as
shown in Fig. 1 [1]; [2].

The actuator is the most important part of the AMB
system. The performance of the proposed system de-
pends on the position between the actuator and ro-
tor [3]. Ansys Maxwell based software was used to in-
vestigate and analyze the actuator [4]; [5]. Depending
on the application, various types of AMB were consid-
ered: single coil, double coil, triple coil and quadru-
ple coil. Schematic diagrams of single and multi-coil
AMBs are shown in Fig. 2. Analysis is performed for
all four types of actuator with rotor for AMB in 2D
and 3D [6]; [7].

Extensive magnetic analysis was conducted for differ-
ent air gaps between actuator and rotor. By increas-
ing the air gap all the parameters decrease. Single coil
and triple coil I-type actuator force is greater than for

the double and quadruple coil, because there is no
opposition force [8]; [9].
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Figure 2: Schematic diagram of single and multi-coil
actuators for AMB

In this paper analysis of an I-type actuator is per-
formed in 2D for flux lines, flux density, field inten-
sity, force and inductance and the results compared
for single and multi-coil and 3D analysis for flux den-
sity, field intensity and current density [10]. 3D and
2D results are compared for flux density, field strength
and inductance profile [6]; [11]; [12]; [13]; [14]; [15].

2 Mathematical model of AMB

Due to the triggering current moving through the
winding, attractive power is generated as indicated
by the Ampere circuit law, the relationship between
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the current sum included in the integral path and the
magnetic field [11] is given by:

%H.dl =NI (1)

where N is the number of coils turns and I is the
current through the coil. The magnetic flux density is
given by:

B = poprH (2)
Here, 1, is the iron core relative permeability and 1
is the relative permeability of air. Ferromagnetic ma-
terial is fairly permeable as long as the magnetic flux
is stable, and the cross sectional spectrum and air dis-
tance are assumed to be equivalent [16]. Therefore,

d)s = BsAs = BAAA - ,L;LZITLAA (3)

Therefore,

(4)

The magnetic route is divided into two parts, the mag-
netic field in the air and the magnetic material.

nl=H,L;+2Haz (5)
From the above equation n is the average magnetic
path length and z is the air-gap. From Eq. 3 and
Eq. 5 the equation of flux density is composed as:

10} nl
B=-—"—pupy—"—
AAﬂo .

+ 2z (6)

Hr

Given relative permeability, the above expression is
expressed as:

nl
T2z

(7)

The electromagnetic actuators are only capable of
generating attracting forces. The force created by a
single-sided magnetic actuator as shown in Fig. 3 is a
function of flux density (F):

_ BjAa
Mo

F (8)

If the angle between the center of the cross-sectional
area and the force direction is 6, then using Eq. 6 and
Eq. 7 the force equation is communicated as:

12
Ko n?Ascos0[0 = 0]

F =
222

(9)

In the case of a single actuator cosf = 1. Therefore,
the above expression is given as:

12
= 'LL202:2 nQAA

(10)

The above equation refers to a perfect, leakage-free
magnetic bearing in the flux path [8]. To reflect the
reduction in total force of the magnetic actuator due
to fringing and leakage effects it is often suggested
that a specific correction factor be incorporated in the
force equation :

_ &pol®
F = 222 n AA

(11)

Inductance of an Active Magnetic Bearing is given as:

no

Ly =
I

(12)
From Eq. 3, Eq. 5 and Eq. 9, a new expression of
inductance is composed:

1
B = NZMOAAT

+ 2z (13)

o

3 Design and Simulation of sin-
gle and multi-coil AMB

The designed model of I-type active magnetic bearing
data is given in Table 1 and Table 2, there are set key
assumptions, the type of task is determined as is the
boundary condition, the geometry of I-type 2D model
is shown in Fig. 3(a); also determined are the flux
pattern, flux density, field intensity, magnetic force
and inductance during the simulation. Since the I-
type model is essentially three-dimensional, its three-
dimensional designed model is shown in Fig. 3(b) and
design data are given in Table 3.

Key assumptions in the simulation of the magnetic
field:

Magnetic properties of iron

The geometry of the proposed system the magneto-
static field is considered as two-dimensional and three-
dimensional.
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Table 1: Properties of materials used in ANSYS
Maxwell 2D and 3D
Particulars Rotor Actua- Coil  Units
(iron) tor (cup-
(iron) per)
Relative 4000 10000 0.99
Permeabil-
ity
Bulk Con- 103000 103000 580000 s/m
ductivity
Thermal 89 89 400 w/mC
Conductiv-
ity

Table 2: Designed model data of I-type core and rotor
in ANSYS Maxwell 2D

Parameters Specification
A 14 cm
B 3 cm
C 3cm
D 10 cm
Number of turns 700
Currents 4 A
Boundary condition 10%

Current density in the winding cress-section is uni-
formly distributed, coil current is constant.

Boundary condition

Using Maxwell's equation, the static magnetic field
problem can be defined. Maxwell's equations in dif-
ferential form are:

V x D = p, (14)
0B

H=—— 1

V x 50 (15)
oD

Table 3: Designed model data of I-type core and rotor
in ANSYS Maxwell 3D

Parameters Specification
Thickness of the actuator 3 cm?
Length of the actuator 14 cm
Thicknessof the coil 0.5 em?
Length of the coil 10 cm
Number of turns 700
Currents 4 A
Boundary condition 10%

=

Figure 3: (a) 2D model of I-type actuator (b) 3D
model of I-type actuator

For static magnetic field % =0. So, VxH=1J
and Vx B=0

B = pH = Hpopr (17)
where H is magnetic field intensity, B is magnetic flux
density, J is current density, .. is the relative perme-
ability of material and g is the relative permeability
of air.

The structure of the single coil I-type actuator is pre-
sented in Fig. 3. For detailed examination of the
AMB system current density need to be very. It is
known that current density (J) is the ratio of number
of coil turns (N), current (1) and coil area. By chang-
ing the coil turns current density can be increased or
decreased. lIron is used as an actuator material and
copper is used for the winding.

The analysis is performed for ten air gaps, from 2mm
to 20mm with a step of 2mm for single, double,
triple and quadruple coil actuator with rotor. ANSYS
Maxwell 17.1 modeling software is used to evaluate
different data. The vector plot of the flux pattern
in 2D for the 10mm air gap is shown in Figs. 4(a-
d), field strength for all four coil actuators is shown
in Figs. 5(a-d). Flux density and attraction force for
2D are shown in Figs. 7(a-d) and Figs. 9(a-d). The
3D analysis results of all four coil actuators for field
strength, flux density and current density are shown
in Figs. 6(a-d), Figs. 8(a-b) and Figs. 10(a-b) re-
spectively.

The analyses show that the flux, field strength, flux
density, force and inductance are greater for the single
coil actuator than for the double and quadruple coil.
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Figure 4:
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(a) Flux pattern of single coil AMB in 2D (b)Flux pattern of double coil AMB in 2D (c) Flux
pattern of triple coil AMB in 2D (d) Flux pattern of quadruple coil AMB in 2D
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Figure 5: (a) Field strength of single coil AMB in 2D (b) Field strength of double coil AMB in 2D (c) Field
strength of triple coil AMB in 2D (d)Field strength of quadruple coil AMB in 2D
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Figure 6: (a) Field strength of single coil AMB in 3D (b) Field strength of double coil AMB in 3D (c) Field
strength of triple coil AMB in 3D (d) Field strength of quadruple coil AMB in 3D
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Figure 7: (a) Flux density of single coil AMB in 2D (b) Flux density of double coil AMB in 2D (c) Flux density
of triple coil AMB in 2D (d) Flux density of quadruple coil AMB in 2D
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Figure 8: (a) Flux density of single coil AMB in 3D (b) Flux density of double coil AMB in 3D (c) Flux density
of triple coil AMB in 3D (d) Flux density of quadruple coil AMB in 3D
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Figure 10: (a) Current density of single coil AMB in 3D (b) Current density of double coil AMB in 3D (c)
Current density of triple coil AMB in 3D (d) Current density of quadruple coil AMB in 3D

4 Analysis of the modeling re-
sult

Finite element analysis is done by using ANSYS
Maxwell software for the I-type actuator to determine
the flux line, magnetic field intensity, magnetic flux
density, and force and inductance profile. Observed
data for all these 2D and 3D analyses is tabulated in
Table 4 and Table 5 respectively. Fig. 11 shows the
characteristic graph for all 2D analyses and Fig. 12
shows the characteristic graph for 3D analyses. The
inductance profiles for 2D and 3D are compared for
all four types of actuator and plotted in Fig. 13. Due
to the cancellation of force, inductance for single and
triple coil greater than for the double and quadruple
coil.

Fig. 14 shows a comparison of magnetic field strength
in 2D and 3D for all four coils whereas a comparison
of flux density is shown in Fig. 15.

All the parameters varied depending on the air gap
between the actuator and rotor. Table 6 shows the
analysis data of: flux pattern, field intensity, flux den-

Table 4. Magnetic analysis data of I-type actuator
AMB in 2D for 10mm air gap

Actuator Field Flux  Current In-

type Strength Den-  Density  duc-
sity tance

Single coil  7.49E+048.26E- 4.92E+406 41.247

I-type 02

Double 6.60E+045.1255E-3.72E+06 39.112

coil I-type 02

Triple coil  7.01E4+049.93E- 5.49E+406 41.326

I-type 02

Quadru- 4.02E+044.56E- 3.62E+06 38.126

ple coil 02

I-type

sity, attraction force and inductance for single coil.
The parameters change with the increase in air gap.
The effect on parameters due to the change in air gap
are plotted in 3D for single coil, double coils, triple
coils and four coils.

A comparison between three parameters was made.
The performance graph of the single coil for flux line
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Table 5: Magnetic analysis data of I-type actuator
AMB in 3D for 10mm air gap

Actuator Flux Field Flux  Force
type Line  Strength Den-

sity
Single coil 6.27E- 2.51E+404 7.35E- 443.769
I-type 04 02
Double coil ~ 5.37E- 2.01E+04 6.0258E- 78.769
I-type 04 02
Triple coil 6.10E- 3.29E+04 8.81E- 213.26
I-type 04 02
Quadruple 4.47E- 2.04E404 3.84E- 19.78
coil I-type 04 02

- 0.0006 e

T T T T
Single axis I-type Double axis Itype ~Triple axis I-type Quadruple axis I-type

Actuator

Figure 11: Characteristic graph of magnetic analysis
for all parameters in 2D

0.08
7| 60000
—m—Field Strength 0.06
—®— Ficld Intensity
u Current Density
7] 40000 H
0.04

T T T T
Single axis I-type Double axis I-type Triple axis I-type Quadruple axis I-type
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Figure 12: Characteristic graph of magnetic analysis
for all parameters in 3D

and attraction force with the change in air gap is pre-
sented in Fig. 16, flux density, force and air gap are
shown in Fig. 17, and field strength, force and air
gap are shown in Fig. 18; similarly, for the double
coil in Fig. 19, Fig. 20 and Fig. 21, for triple coils
in Fig. 22, Fig. 23 and Fig. 24, and for quadruple
coils in Figs. 25-27.

From these characteristics graphs it is observed that

T
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Figure 13: Comparison of inductance profiles for 2D
and 3D analysis
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Figure 14: Comparison of magnetic field strength in
2D and 3D
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Figure 15: Comparison of flux density in 2D and 3D

when the air gap increases all the parameters decrease.
These 3D graphs describe the behavior of the actua-
tors.
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Table 6: Magnetic analysis result of 2D single coil

AMB 300
Air Flux Field Flux  Force In- "
Gap Line Strength Den- duc- cl
sity tance E
= 100
2 6.27E- 2.51E+04 7.35E- 297.3146.243 i
04 02 0
4 6.27E- 2.51E+04 7.35E- 241.5244.968 = 2
04 02 <10t s
6 6.1(2)34E— 2.50E+04 7.49(|)Eé 178.5644.569  Fied g ) ) E 5 e
8 5.91E- 2.41E+04 7.15E- 125.7543.032
04 02 Figure 18: Field strength and attraction force with
10 5.37E- 2.07E404 6.82E- 42.29142.769 the change in air gap for single coil
04 02
12 4.76E- 1.70E+04 6.14E- 32.36042.265 ) : )
04 02
14 4 40E- 1.41E+04 5.77E- 26.46641.126
04 02 -
16 4.16E- 1.15E+404 5.36E- 17.59241.126 Z
04 02 g
18 3.27E- 9.57E+04 4.75E- 5.234839.765 =
04 02
20 3.17E- 9.17E+04 4.27E- 0.764239.165
04 02
Flux pattern 0 Air gap (mm)
H3DD Figure 19: Flux line and attraction force with the
5'200 change in air gap for double coil
S 100 = u u
=
4 80
<10 60

Flux line Air gap (mm)

Force (Nm)
£

[
=

Figure 16: Flux line and attraction force with the
change in air gap for single coil HH

=]

o =] 5 o

Flux density (B) 0.04 0

Alr gap (mm)
300

Figure 20: Flux density and attraction force with the
change in air gap for double coil
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=
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Figure 17: Flux density and attraction force with the
change in air gap for single coil
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Figure 21: Field strength and attraction force with Figure 24: Field strength and attraction force with
the change in air gap for double coil the change in air gap for triple coil
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Figure 22: Flux line and attraction force with the

Figure 25: Flux pattern and attraction force with the
change in air gap for triple coil

change in air gap for quadruple coil
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Figure 23: Flux density and attraction force with the

Figure 26: Flux density and attraction force with the
change in air gap for triple coil

change in air gap for quadruple coil
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Figure 27: Field strength and attraction force with
the change in air gap for quadruple coil
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5 Conclusion

This manuscript presented the 2D and 3D magnetic
analyses for single and multi-coil based actuators for
the active magnetic bearing system. Analysis results
are presented for 2D and 3D. To gain insight into
the behavior of the actuators, single coil and multi-
coils were compared for different quantities such as:
flux lines, field intensity, field strength, force and in-
ductance. Again a comparison between 2D and 3D
was performed for field intensity, field strength and
inductance profile. From this comparative magnetic
analysis it is observed that force and other parameters
differ depending on the number of coils. Here force
is greater for single coil and triple coil because there
is no opposite cancellation force, whereas force is less
for the double coil and four coil due to opposite can-
cellation force. For better observation comparative
analysis is done by factoring in three quantities, as
plotted in a 3D graph. These comparative analyses
will help to choose a suitable actuator for the purpose
of delivering better Active Magnetic Bearing system
design.
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