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ABSTRACT
Research on magnetic  bearings  is  being conducted in 
universities  and  research  centers  all  over  the  world. 
Among the main advantages of the use of these devices 
are  the  reduction  of  friction  losses  and  their 
corresponding  necessity  for  maintenance.  Magnetic 
bearings can already be found in rotating machines in 
medical, food, oil, and military industries. As to electric 
machines,  the  use  of  such  electromagnets  provides  a 
natural instability to the system. Therefore, controllers 
become necessary to  hold the rotor  in  an equilibrium 
position, without contact with the stator. In this work, 
modeling,  implementation,  and practical  results  of  an 
axial position controller is presented. An axial controller 
has  been  designed  to  be  implemented  on  an 
experimental  prototype  that  consists  of  an  induction 
motor,  arranged  in  the  horizontal  position,  already 
supported  by  radially  controlled  magnetic  bearings. 
Different  from  other  approaches,  the  experimental 
stiffness  and  damping  observed  along  the  axial 
direction,  when only  the  radial  magnetic  bearings  are 
acting, was taken into account for the controller design.

INTRODUCTION
Traditionally, rotors of electrical machines rest on ball 
bearings  or  sliding  bearings  (oil  lubricated).  These 
mechanical  devices  supply  radial  and  axial  forces 
allowing  the  rotor  axis  stay  stationary  respect  to  the 
stator.  The  so  called  magnetic  bearings,  on  the  other 
hand,  use  electromagnetic  forces  to  support  a  rotor, 
eliminating  the  mechanical  contact  between  the  rotor 
and  the  stator  and  so  the  friction  losses.  When  the 
magnetic  fields  are  generated  through  windings,  they 
are  named  active  magnetic  bearings  (AMB)  because 
their  currents  are  appropriately  controlled  using  the 
principles of feedback control. Additionally, depending 

on the mechanical type of load, these can be classified 
as radial AMB or axial AMB.

Due  to  their  operative  characteristics,  some 
interesting advantages can also be mentioned: automatic 
balance,  vibration control,  and,  as  a  consequence,  the 
extended life  of the machines.  The magnetic  bearings 
are  promising  in  several  industrial  segments,  such  as 
food,  medical,  aeronautics,  vehicular,  space,  nuclear 
energy, oil and chemistries in general [1], [2].
In  Brazil,  some  researches  on  magnetic  bearings  and 
bearingless motors are also being reported. In particular, 
the split-winding stator approach [3] was proposed more 
than two decades ago. In this work, on the other hand, 
the authors refer to a prototype of an induction motor, 
horizontally  supported  by  conventional  AMB,  which 
has been continuously investigated [4], [5], [6], [7]. On 
these approaches, the axial control of the rotor has been 
usually considered as a decoupled issue from the radial 
control  [8],  [9],  however,  experimental  results  have 
shown that  axial  forces  generated  by radial  magnetic 
bearings  should  be  considered.  With  this  in  mind,  a 
second-order mechanical model for the axial direction is 
proposed based on experimental tests. In this approach, 
equivalent  stiffness  and  damping  were  taken  into 
account  in  the  controller  design  which,  implemented 
with analogic circuits, is operating satisfactorily.

Prototype Description

The  electric  motor  under  study  consists  of  a 
commercially-available  2hp,  2-pole,  three-phase,  cage 
induction type,  which had its  original  stator and rotor 
characteristics preserved [4], [5]. Their end covers were 
substituted by new ones where the additional stators, of 
radial and axial AMB´s, were mounted. Fig. 1 shows the 
actual  view  of  this  prototype  and  Fig.  2  shows  the 
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details  of  the complete  shaft,  holding the motor  rotor 
and the four rotors of the AMB´s. In the center of this 
figure,  a  little  cap,  which  holds  the  speed  sensor,  is 
shown. In  the upper left  part,  one can see the 8-pole 
radial AMB stator and the circular axial  AMB stator. 
Four inductive sensors were installed in each cover of 
the motor.

THE PLANT MODELLING
As mentioned,  the  prototype  was  already  functioning 
with the two radial AMB´s. The corresponding control 
was implemented by means of a personal computer and 
A/D and D/A cards. In this condition, it was confirmed 
that the shaft had an auto-positioning behavior, in such a 
way  that  the  magnetic  fluxes  would  find  the  lowest 
reluctance path along their trajectory. This behavior had 
not been initially considered when the axial  magnetic 
bearings  were  designed  [4].  In  the  present  work,  the 
initially disregarded coupling between radial and axial 
directions is taken into account in the design of the axial 
controller.

With this in mind, in order to obtain an appropriated 
model of the mechanical system in the axial direction, it 
has  been  proposed  an  experiment  which  consists  in 
manually displacing the shaft until one of its maximum 
axial  positions and,  then, releasing it  all  of a sudden. 
The acquired signal of the position sensor represents the 
homogeneous response of the mechanical system with 
the initial condition x=0.00035m, as shown in Fig. 3.

The  oscillating  dynamic  characteristic  of  the 
horizontal position suggests, as a first approximation, an 
under-damped  second-order  function.  The  analysis  of 
this response, at the light of the second-order systems 
performance parameters, took us to a transfer function 
of a controller aiming the damping of perturbations on 
the axial positioning of the shaft. The simplified axial-
direction  mechanical  system  model  has  been 
represented through components which are proportional 
to  the  horizontal  displacement,  velocity,  and 
acceleration: 

xkxkxmF xv ⋅+⋅+⋅=  ,

where m is the mass of the shaft and all the rotors,  Kv, 
the  velocity  proportionality  constant,  and  Kx,  the 
displacement proportionality constant.

The  parameters  of  the  canonic  expression  for  a 
second-order  system transfer  function  [10]  have been 
obtained directly from Fig. 3:
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FIGURE 1: View of the motor prototype with AMB´s.

 
FIGURE 2: Main internal parts of the prototype.

FIGURE 3: Natural response of the shaft position after 
having released it from x = 0.00035m
 (Vert: 0.2 mm/div, Hor:250 ms/div).
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where ωn is the undamped natural frequency, and ξ , the 
damping coefficient.

The  coefficients  of  the  characteristic  polynomial 
meet their physical counterparts as: 
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Still, the relationship between the 2% settling time 
and the decaying rate σ  is given by: 

n
a Tt

ωζσ ⋅
==⋅= 444 .

From  the  homogeneous  response,  the  undamped 
natural frequency has been determined to be  ωn =22,8 
rad/s ;  and  the  settling  time  ts=1,5s.  Using  the  mass 
value as m=5,3042 kg, we have reached to: 

Kv = 28,29 kg / s ,
 Kx = 2.795,05 N / m. 

Considering  all  the  values  obtained  so  far,  the 
transfer  function  that  models  this  axial  mechanical 
characteristic of the motor becomes
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95.5263335.5

1885.0
2 +⋅+

=
ss

sG .

As to  validate  the  transfer  function  above,  it  has 
been simulated on the graphic environment Simulink, of 
the Matlab dynamic digital simulation application. Figs. 
4 and 5 show the theoretical realization diagram of this 
plant subsystem and its step response respectively. 
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FIGURE 4: Realization diagram of the mechanical sub-
system.

Now,  in  order  to  complete  the  modeling  of  the 
plant  representing  the  axial  magnetic  bearing,  the 
relationship between the force exerted by the magnetic 
fields  and  the  currents  that  create  them  has  been 
considered.  Fig. 6 depicts a schematic diagram of the 
split  actuator  of  the  axial  magnetic  bearings  which 
exposes its differential nature [1].

FIGURE 5: Theoretical homogeneous response of the 
mechanical subsystem.

FIGURE 6: Axial magnetic bearings acting in 
differential mode.

The  difference  between  the  forces  acting  on  the 
rotor is given by
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Considering the application of this relationship to 
the present work, n is the number of turns of one of the 
axial  magnetic  bearing windings,  A0 is  the transversal 
area of the iron core, µo is the magnetic field constant of 
the air, x is the axial displacement of the shaft in relation 
to the equilibrium point, s0 is the air gap distance which 
defines the equilibrium point (0.45mm), ix is the control 
current, and io is the bias current.
 

Taking into account that  x << s0, this relation can 
be linearized, obtaining: 
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Fig. 7 presents the dimensions of the implemented 
stator  for  both  axial  magnetic  bearings.  Now, 
considering  n=150 as the number of turns, and  µo=4π
·10-7 Vs/Am as  the  magnetic  permeability,  one  can 
obtain k=3,9725·10-6. 

Making use of  k, and taking into account the bias 
current io=1,3A, leads to ki=101,368 and ks=2,2526·105.
In  this  way,  the  following  expression  (6)  is  formed, 
which can be represented in a block diagram as in fig. 8.
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The  closed-loop  transfer  function  of  the  above 
system is given by:
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THE CONTROLLER DESIGN
The  dynamics  of  the  system  to  be  controlled  has 
required  a  compensator  with  an  anticipatory 
characteristic,  so  that  it  allowed a fast  control  action. 
Such  a  controller  has  been  implemented  as  a 
combination of proportional and derivative components 
in parallel (PD) [10].
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FIGURE 7: Axial magnetic bearing dimensions (mm).
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FIGURE 8: Block diagram of the linearized model.

Determination of Parameters.

The  starting  point  has  been  the  desired  approximate 
settling  time  ts= 0.025s,  and  a  damping  coefficient  ξ
=0.76. These choices resulted in undamped natural and 
damped  frequencies  ω n=210,5263  rad/s,  and  ω 
d=136,8259 rad/s, respectively.

These values define the desirable dominant poles as 
p  =  σ ± jω d  =  -  160,000  ± j  210,5263.  The  angle 
criterion (Fig. 9) determines that a PD controller should 
contribute  with  an  supplementary  angle  to  the  one 
shown in Eq. (8). Such effect has been obtained with a 
zero at  s=-355,46, providing the angle α =47º.
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FIGURE 9: The dominant pole, the zero of the con-
troller and the angle α.

The choice of a gain KC=700 defines the controller 
transfer function as  C(s)=700(s+355,46), and provides 
the  system  with  a  2% settling  time  of  approximately 
0,016s. 

The  resulting  block  diagram  of  the  controlled 
system  is  presented  in  fig.  10,  from  which  the 
corresponding open-loop transfer function (9) and root 
locus can be obtained (Fig. 11).
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FIGURE 10: Block diagram of the controlled system.
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FIGURE 11: Root locus of the controlled system. 

Fig.  12  shows  the  schematic  electronic  circuits, 
with  operational  amplifiers,  on which  has been based 
the physical  implementation.  The proportional  control 
actions  have  been  realized  with  input  and  feedback 
resistors  Ri=100 Ω and Rf=118 Ω, respectively, for the 
series gain, and RPi=28,5 kΩ and RPf=1kΩ, respectively, 
for the parallel gain.

For  the  derivative  control  action,  a  feedback 
resistor  Rf2=11kΩ,  and an input capacitor CDi=15  µF, 
increased  by  a  noise  filter,  supplied  by  the  feedback 
capacitor CDf=1 ηF  have been used.
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FIGURE 12: PD controller with noise filter.

EXPERIMENTAL RESULTS
Based on the model obtained,  and recalling the usual 
modeling of magnetic forces in axial magnetic bearings 
[1],  the  analog  control  has  been  implemented  and 
connected to the motor.

Fig. 13 shows a reference step and the corresponding 
response at the axial position of the rotor. Although the 
intention of the axial control is to reject perturbations, 
this  test  illustrates  the  efficiency  of  the  designed 
controller. In this figure, the bias current Ior of the radial 
magnetic bearing was set at 0.39A.

In order to show the influence of the radial magnetic 
bearings on the axial  direction, some tests were made 
for two different values of Ior:  0.39A and 0.975A. Figs. 
14  and  15  show  axial  reference  steps  from  0mm  to 
-0.1mm and back to 0mm, and from 0mm to +0.1mm 
and back to 0 mm.

These  results  suggest  that  a  change  on  the  bias 
current of the radial magnetic bearings should imply a 
corresponding adjustment on the mechanical  model of 
the  axial  direction  and  on  the  parameters  of  the 
controller in order to obtain a similar performance.

(9)
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CONCLUSIONS
An improved modeling for the axial behavior of a rotor 
supported by radial magnetic bearings, having in mind 
the application of axial magnetic bearings, was realized. 
A second-order approximate model was derived from an 
experimental test. It was confirmed that the equivalent 
stiffness and damping depend on the bias currents of the 
pre-existent radial magnetic bearings. A simple analog 
circuit  was  designed  and  tested  to  control  the  axial 
displacement  of  the  rotor.  Successful  experimental 
results confirm the validity of this approach.

FIGURE 13: Reference step from 0,055mm to 
0,090mm (Ch. 1), and output (Ch. 2) (Ver: 0,05mm/V, 

Hor:100ms/div).

FIGURE 14: Responses (lower traces) to reference 
steps (upper traces):

(a) 0mm to -0.10mm with Ior = 0.39A
(b) -0.1mm. to 0mm. with Ior = 0.39A
(c) 0mm to -0.10mm with Ior = 0.975A
(d) -0.1mm. to 0mm. with Ior = 0.975A

 (Ver: 0,05mm/div, Hor: 25ms/div).

FIGURE 15: Responses (lower traces) to reference 
steps (upper traces):

(a) 0mm to +0.10mm with Ior = 0.39A
(b) +0.1mm. to 0mm. with Ior = 0.39A
(c) 0mm to +0.10mm with Ior = 0.975A
(d) +0.1mm. to 0mm. with Ior = 0.975A

(Ver: 0,05mm/div, Hor: 25ms/div).
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