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Abstract—Visual educational tools are important in contributing to skills in the electrical engineering profession. This paper
introduces an active magnetic bearing (AMB) design tool used
to teach important skills in modern high-speed technology to
undergraduate students. The proposed tool is based on MATLAB,
and it has a visual and easy-to-understand graphical interface.
The paper describes how to use the tool and gives a design
example of an axial AMB. The tools provide an opportunity to
import the design directly to a finite element method (FEM)
software in order to enable further analysis. The tool is also
discussed from the perspectives of research and education.
Index Terms—active magnetic bearing (AMB), education, finite
element method (FEM), simulation

I. I NTRODUCTION
Lappeenranta University of Technology (LUT) has a long
tradition of research into active magnetic bearings (AMB) and
high-speed machines. The research has resulted in numerous
articles and dissertations in the field [1], [2], [3], [4], to
name but a few. However, the electrical engineering courses
currently held at LUT do not provide much information
for undergraduate students about topical research activities
or basic educational tools related to the high-speed technology. Enriching the teaching material with findings from
recently completed and ongoing research projects is of great
importance in order to enhance the quality of teaching, and
more importantly, bridge the gap between theory and practice.
Especially, it is important to provide the students with basic
design skills if they should participate in research projects.
The AMBs apply electromagnets to magnetically levitate
a rotor. The importance of teaching skills in the field of
active magnetic levitation to undergraduate students was acknowledged in [5], [6], where courses focusing on the control
design process were introduced. Similarly, [7] proposed a
magnetic levitation system that can be used for advanced
control education. An AMB laboratory environment, used as a
learning environment, was studied in [8]. Yet another system
was introduced in [9], where a magnetically levitated brushless
DC motor with a magnetically levitated rotor was developed
as a teaching tool for undergraduate students. However, these
papers do not consider the field of high-speed motor applications, which represent a more complex problem of active
magnetic levitation. When teaching active magnetic levitation,
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it is also important to provide the students with skills related
to the design of AMBs.
The AMB design is an integral part of the AMB research.
However, it is an iterative process, and the initial design is only
the starting point. The design requires advanced knowledge
of several scientific fields, such as electromagnetism and
mechanical and material engineering. For beginners without
any previous know-how, even the initial design can be difficult
as the textbooks [10] in the field of AMBs usually only have
a theoretical viewpoint. In order to facilitate the design of an
active magnetic bearing, a MATLAB-based tool with an easyto-understand graphical interface was developed. Visualization
by a graphical interface supports both visual and situated
learning [11], as the researcher or the teacher can participate in
the design process by giving valuable comments and practical
tips. With the tool discussed in this paper, the initial AMB
design is a fast and simple process. The tool can also export
the bearing geometry, and it can be directly imported to
some finite element method (FEM) software such as ANSYS.
By FEM simulations, more accurate and realistic dimensions
of the AMB are achieved. Naturally, the student can learn
important skills in electromagnetism by first analyzing the
design by analytical equations (used in the tool) and after that,
continue the design by FEM simulations.
This paper illustrates the AMB design tool for MATLAB.
The paper focuses especially on the axial bearing design as
this is a much simpler case than the radial bearing design.
The authors’ contribution to the design of the tool is proper
documentation and modification of the axial bearing export
code for the easier export to ANSYS. The paper is organized
as follows. First, the AMB design tool is discussed in detail.
Second, an example AMB design is provided with the tool,
and FEM simulations are shown with ANSYS. The tool is also
discussed both from the research and educational perspectives.
Finally, conclusions are drawn.
II. A XIAL ACTIVE MAGNETIC BEARING DESIGN
The axial active magnetic bearing is a type of AMB that
suppresses the rotor movement in the axial (thrust) direction.
A typical axial AMB structure is a disk added to the rotor to
provide a surface for the magnetic flux generated in the axial
AMB stator. The basic geometry of the axial AMB dimension
is shown in Fig. 1.
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The bearing design of the tool is based on the maximum
and average force constraints and the rotor radius. These are
the basic parameters that are needed for the tool in order
to get an insight into the dimensions of the design. Other
parameters, such as material properties, are used to iterate
the design to meet the specifications of the application. The
example workflow of the radial bearing case can be found in
[12].
As mentioned above, the tool was written in MATLAB and
has an easy-to-use graphical user interface (GUI) for accessing
it. The main view of the tool is shown in Fig. 2. On the left
side we can see the input parameters for the tool. For the axial
case they are: bearing design (type), air gap, mechanical gap,
average force, force slew rate, maximum force, shaft radius,
manufacturing tolerance, copper packaging factor, flux knee,
iron ratio, maximum current density, and core material. Note
that the values shown in Fig. 2 are default values shown when
opening the tool. On the right side, the bearing obtained by
the input values can be seen by clicking the ’calculate’ button
in the tool row. From the tool row we can also export the
bearing geometry to the FEM simulation software by clicking
’export’ and ’export geometry’. For quick demonstration, the
default values will result in a bearing view shown in Fig. 3.
It should be noted that this view is a side view from the axial
bearing. Further, the tool provides two different options for the
structure: the classical and E-core designs, which are useful
especially when evaluating the structure of a radial bearing.
The red color shows the coil area, and the axial stator is located
around it, which, in reality, has a round shape. Thus, on the
left side there is one axial stator and coil, and on the right
side also one axial stator and coil.
From the educational perspective, for undergraduate students, the tool with an interactive GUI is easy to understand as
only a few design parameters are needed to design the bearing.
The students can test different iron material properties by
changing the magnetic properties, and determine the practical
limitations of AMB manufacture, for instance the limitations
related to the winding configuration, by testing different copper filling factors.

d_a

rr

d

d_2

d_1

III. ACTIVE M AGNETIC B EARING D ESIGN T OOL

h

Fig. 1. Axial AMB with dimensions. rr is the rotor diameter, s0 is the air
gap, d is the inner diameter, d1 is the inner winding diameter, d2 is the outer
winding diameter, da is the outer diameter, b is the thickness of the thrust
disk, and h is the axial stator length.

The basic design of an axial AMB is presented in [10]. The
pole area of the inner pole is
Ap =

π(d21 − d2 )
,
4

(1)

where d1 is the inner winding diameter and d is the inner
diameter. Assuming no nonidealities, the balanced pole area
can be achieved when
π(d2a − d22 )
= Ap ,
4

(2)

where d2 is the outer winding diameter and da is the outer
diameter. The stator has to have a minimum area matching the
pole faces
πd1 (l − b − 2hn − 2s0 )
= Ap ,
(3)
2

IV. D ESIGN EXAMPLE OBTAINED BY USING THE TOOL

and also a thrust disk
π(d21 − d2 )
πd1 b
=
,
2
4

To show the basic principle of the design tool, an example
of the axial bearing design is shown. Thus, the students have
an opportunity to use the design parameters presented here
as a reference design to learn the AMB design. The basic
design is obtained by using the AMB tool with the values
given in Table I, and when the initial design has been analyzed,
it can be directly imported to ANSYS for more detailed FEM
simulations. Thus, the students have an opportunity to learn
AMB design based on both analytical equations and FEM
analysis.

(4)

where l is the bearing total length, b is the disk thickness,
hn is the slot depth, and s0 is the air gap. By meeting these
constraints, the bearing force capacity depends on the pole
area and the magnetic saturation density of the thrust disk or
the stator. After selecting a reasonable saturation flux density
Bsat , the maximum force of the bearing can be calculated by
fmax =

2
Bsat
Ap
,
µ0

A. Design specifications

(5)

Depending on the high-speed motor design, the AMBs have
different properties, dimensions, and materials. Table I shows

where µ0 is the permeability of vacuum.
2
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Fig. 2. Screenshot of the design tool. The tool has a graphical user interface (GUI) that is easy to understand, and the design can be changed by design
parameters. The initial design can be imported to the FEM software to iterate the final design.

TABLE I
AMB DESIGN PARAMETERS
Parameter
Bearing design
Air gap
Mechanical gap
Average force
Force slew
Maximum force
Shaft radius
Manufacturing tolerance
Copper packaging factor
Flux knee
Iron ratio
Max. current density
Core material

Value
classical
1000
1
1500
7e1
1700
0.05
0.1
0.5
0.8
0.5
500e4
250-35A

Unit
[µm]
[mm]
[N]
[N/s]
[N]
[m]
[mm]
[T]
[A/m2 ]

AMB (see average and maximum forces in Fig. 2) and physical
dimensions such as the air gap length. Especially, radial
AMB designs should be optimized so that the axial length
of the machine is not increased by the design as subcritical
rotor dynamics is often preferred [13]. In the AMB design,
a compact structure is usually desired, and therefore, the
material used in the AMB stator and the disk has to be selected
accordingly. The material properties can be analyzed with the
tool by changing the magnetic properties, that is, by varying
the flux knee value. In this paper, the axial bearing design
is used as an illustrative example. With the specifications
provided in Table I, we obtain the bearing shown in Fig. 4.
This geometry is used for the FEM simulations. By using these
results as a reference, the students can evaluate their design
and vary the design parameters to understand the influence of
different parameters and the importance of the iterative design
process.

Fig. 3. Example of a bearing obtained with the default values of the tool
depicted in Fig. 2.

the design specifications used in this paper to demonstrate the
tool. The values given in the table are example design parameters for an industrial project. The initial design parameters
given by the industrial partner were the force requirement and
the air gap length. The rest of the parameters have been chosen
by the designer.
B. Application of the tool with the specifications
When designing an AMB, the basic information required
for the initial design is related to the force production of the
3
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Fig. 4.

Bearing obtained with the design specifications given in Table I.

Fig. 5.

C. FEM simulations

As this design is for demonstration purposes only, the value
of N is kept at 40.
Next, the bearing is simulated with a 2-D sweep, where the
coil control current Ic is varied from -8 A to 8 A in 1 A steps
and the rotor position dy from -500 µm to 500 µm in 100 µm
steps. In this case, the rotor position movement is in the axial
direction (left-right movement in Fig. 3). The bearing force
and the inductance of either the left- or the right-side coil
is measured (they should be symmetrical). This information
can be used later to simulate the bearing for example with
SIMULINK. The resulting force contour plot is shown in Fig.
5, and the inductance contour plot in Fig. 6.
Finally, the current stiffness ki and the position stiffness
kx can be obtained from the results in Fig. 5. The AMB
is linearized in the dy = 0 µm, Ic = 0 A operating point.
In the current stiffness case, the control is altered and the
rotor position is kept at a constant dy = 0 µm. This results
in a value of 163 N/A for ki . The linearization accuracy is
depicted in Fig. 7, where the real force and the linearized
force are shown for the zero rotor position. In a typical case,
the linearization accuracy for the current stiffness is very good.
Next, in the position stiffness case, the rotor position is altered
and the control current is kept at a constant Ic = 0 A. This
results in a value of 1115000 N/m for kx . The linearization
accuracy is shown in Fig. 8 where the real force and the
linearized force are illustrated for the zero control current. The
accuracy is good when the operation point is close to the zero
rotor position, but otherwise, the accuracy is not that good.
However, behavior of this kind can be expected as the applied
bias current Ib linearizes the force current relation but not
the force position relation. Note that when building a model
with SIMULINK for controller design validation purposes it is
important to use these values to take into account the nonlinear

The geometry used for the FEM simulations is shown in
Fig. 4, and it is exported from the tool to ANSYS used for the
FEM simulations. Now, we also have to specify the maximum
coil current Imax , the bias current Ib , the coil control current
Ic , and the number of coil turns N . The bias current Ib is used
to linearize the force production of the AMB. The currents for
the left- and right-side coils are obtained from
Ilef t = Ib + Ic

(6)

Iright = Ib − Ic .

(7)

Naturally, the current of the coil must be positive, and it cannot
exceed the maximum coil current.
In this case, the maximum coil current Imax is selected to
be 16 A, the bias current Ib is 8 A (half of the maximum
current, typical selection), and the control current Ic is 8 A
in order to have the maximum current in the left coil. The
number of coil turns N can be calculated by
N=

Bg0
,
µ0 Imax

Force contour plot obtained from the FEM software.

(8)

where B is the flux density (flux knee), g0 is the air gap, µ0
is the permeability of vacuum, and Imax is the maximum coil
current. In this case, the number of coil turns N is 40. The
material used for the rotor and axial stator parts is steel 1008.
With this information, the simulation can be carried out in the
FEM.
First, the bearing is simulated with the maximum coil
current in order to see how much maximum force the FEMsimulated bearing can produce. In this case, the maximum
force is 1300 N. This is slightly lower than the specified force
(Table I) and could be increased for example by increasing
the number of turns in the coil or by redesigning the bearing.
4
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Fig. 6.

Inductance contour plot.

Fig. 8. Linearized force compared with the real force production real force
when Ic = 0 A.

an initial design for AMB-supported high-speed machines, but
it is also introduced to undergraduate students so that they
can learn skills related to the AMB design. In this paper, an
example axial bearing design was shown and the parameters
for the design were given. The proposed design can be used
as a reference design when the students begin to make their
own designs. The tool also provides an opportunity to import
the model directly to the FEM software, thereby allowing the
students to study electromagnetic design by FEM simulations.
In this paper, simple FEM simulations with ANSYS were
shown to obtain the inductance and force matrices, the current
stiffness ki , and the position stiffness kx . These values are
important especially from the perspective of control design;
with them, the students can proceed in the learning process
and make a nonlinear AMB model by building a look-uptable of the data for control analysis purposes in Simulink.
Thus, the tool can be used to provide the students with skills
in various research fields that are an important part of highspeed machine design.
This paper provided guidelines to use the AMB tool for
axial bearing design. By using the parameters given in the
paper, the undergraduate students can learn the design procedure by analyzing the results they obtain with the tool. The
future development of the teaching material could focus on
modification of the tool based on user feedback. Naturally,
radial bearings are also needed in the high-speed motor
application, and thus, an example of a radial AMB design
should be added to the educational material.

Fig. 7. Linearized force compared with the real force production when dy
= 0 µm.

dynamics of the bearing force production. The results from the
FEM design are typically used to build look-up-table-based
models to represent the AMB dynamics in the simulation
environment.
V. C ONCLUSIONS
The design of an AMB is an iterative process, and it requires
advanced knowledge of several scientific fields. For beginners
such as undergraduate students, it can be a very difficult
process. To facilitate learning, a MATLAB tool with an easyto-use GUI was presented. This tool is used at LUT to obtain
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