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Abstract — The control of a bearingless motor using a
Digital Signal Processor (DSP) is presented. The
operation and a mathematical model are explained. An
optimized performance is achieved using scheduled
adaptive PD controllers, which parameters are function
of the rotor speed. Finally, experimental results are
shown.

Index Terms — Electrical machines, magnetic bearings,
scheduled adaptive control, DSP control.

I. INTRODUCTION

The advantages of bearingless motors encourage
researchers all over the world [1-3]. Beside space reduction,
this technology allows the construction of frictionless
motors, eliminating the need of lubrication and expanding
the velocity operation limits. These characteristics open a
wide range of applications in industrial, medical and
aerospace fields.

Digital Signals Processors (DSP) are powerful tools in the
control of bearingless motors. The DSP supports real-time
control and on-line adjustments. This work presents the
digital implementation of a scheduled adaptive control for a
bearingless motor prototype. The model, operation and
experimental results are explained.

II. THE BEARINGLESS PROTOTYPE

The bearingless motor is a device that provides both
radial positioning and rotation of the rotor shaft, combining
the functions of motor and radial bearing. A feedback control
system makes this operation possible. The feedback control
monitors the rotor position and produces electromagnetic
restoring forces by currents imposed on each stator pole.

The system used in this work consists of two induction
motors sharing the same shaft. Figure 1 shows a cut-view of
the bearingless motor prototype. The dimensions are given in
Fig. 2.

The bottom part may hold superconductors to act as axial
bearing [4]. The prototype admits a maximum radial gap of
0.4mm between security bearings and the stator.

The displacement is measured with eddy-current sensors
[5] disposed in two orthogonal directions as shown in Fig. 3.
By difference of opposite sensors, voltage levels with linear
variations of the radial displacement are obtained.

The rotor velocity is measured using an inductive
proximity sensor [6] and a cylinder target with variable
reluctance.
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Fig. 1. Bearingless motor cut-view.
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Fig. 2. Prototype mechanical dimensions.

a=680x10"m,b=-828x10"m, c=148,0x10"m,
d=-163,0x10"m,g =2180x10"m.
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II. SYSTEM MODEL
A. Electromagnetic model

A two phases, four poles stator was used. In phase A,
each pole winding can be independently controlled. In phase
B, all poles are series connected. The positioning currents are
imposed to phase A windings in a differential way. In
equilibrium state, the rotor shaft is centralized and all
currents applied to the four A phase poles have the same
value. In this case, no radial force is produced.

According to the considerations presented in [7], the
following procedure can be followed to determine the
expression relating the electromagnetic force with
differential electrical currents in phase A.

The linked flux relates with the currents by Eq. 1.

[2]= ()], M

The electromagnetic force is given by Eq. 2.
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Supplying the stator windings with the following currents:

i, = (io +Ai, )cos ot , 4)
i, = (io —Ai, )cos wt (5)
Iy = (io +Ai, )cos wt (6)
I, = (io —Ai, )cos wt (7

the electromagnetic force is given by Eq. 8.
A
F =F -F, =—2N2,u—2[i0Aiy]cos2 wt 8
) Y
B. Mechanical model

As the main objective of this work was to evaluate the DSP
performance and the scheduled adaptive controller, only the
upper motor was used, the center of gravity acting as a pivot.
Thus, the model presented in Fig. 2 is simplified as shown in
Fig. 4.
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Since the rotor is considered to be pivoted, only the
magnetic bearing forces acting at an axial distance “»” from
the pivot point “O” contribute to the mechanical positioning
of the rotor.
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Fig. 4. Electromechanical model.

From a control point of view, it is convenient to express
the mechanical model in terms of the radial displacement
coordinates “x” and “y” provided by the displacement
sensors positioned at an axial distance “d” from the pivot
point “O”. Assuming that the angular displacements a = -y/d

and p= x/d are small, the following relation can be written:

.. 0 —70O1(:
I, 0 y N » y _ bdF, ©)
0 I |\x) |1, 0 |lx bdF.

This matrix equation can be given as a system of two
differential equations:

I
)'c'z—ij/+%Fx, (10)
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p=—=LOx+—F . 11
y 7, L (11

These equations lead the block diagram shown in Fig. 5.
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Fig. 5. Block diagram of the mechanical model.
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Fig. 6. Block diagram of the control system.

IV. THE CONTROL SYSTEM

A. Position Control System

According to the mechanical and electromagnetic
models presented in the previous sections, the simulation
model shown in Fig. 6 is obtained. The moments of inertia 7
and /,, of the prototype were measured and found to be: /5=
50.3x10” kg.m’, 1,=2.17x10” kg.m’, while the heights “5”
and “d” are: b= 0.0828 m, d= 0.163 m.

A simple PD controller may be used to stabilize the rotor
position for each control axis [8]. However, keeping the PD
controller parameters unchanged cause degradation of
performance, principally at high speeds. This is due to the
gyroscopic effect as shown in Figure 7, where the system
behavior for three speeds, assuming fixed and adaptive PD
controller parameters, is simulated.

XY Graph (1800 RPM)

XY Graph (5400 RPM) x 10

It can be seen that the gyroscopic effect in higher velocities
is larger than at lower ones. The PD parameters are adjusted
to give an optimized performance in function of the rotor
speed to minimize the gyroscopic effect [9]. The optimized
parameters are stored in a look-up table.

B. Speed Control System

An independent PI controller was used for the speed
control. The speed is measured by inductive proximity
sensors as already explained. The control system is based on
a slip control with anti-windup PI controller and slip limits.

C. Complete Control System

The complete control system is depicted in Fig.8.
V. THE DSP SYSTEM

The control algorithm was developed in a fixed point
digital signal processor (F2812 from Texas Instruments),
which was programmed using C language.

The current signals are acquired by Hall effect sensors.
These signals are conditioned to A/D voltage levels. The
digital outputs are used to send the trigger signals for each of
the IGBT bridges connected to the stator windings. The
signals cos(mt) and sin(wt) are internally created using look-
up tables.

The position control in each orthogonal direction is
given by PD controllers, which parameters are function of
the rotor speed. The current control was implemented in the
same algorithm.

A. Initialization Procedure

The initialization procedure consists on setting internal
DSP flags and vectors initialization. This procedure can be
seen in Fig.9. The initialization algorithm performs data
acquisitions to determine the offset of the input values.
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Figure 7. Simulated transient responses for conventional (Blue) and adaptive (Red) controller.
a) 1800 rpm, b) 5400 rpm, c¢) 7200 rpm.
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Figure 8. Control system implementation model.

B. System Control Algorithm

The system control algorithm performs the overall
system control based on DSP interruptions. The block
diagram representing the algorithm control logic is shown in
Fig. 10. The instantaneous values of phase currents (4 phases
A currents and 1 phase B current), rotor positions (x and y)
and rotor speed are treated by motion filters. The function of
a motion filter is to suppress measuring noise and spurious
signals. After that, the values of all currents are compensated
by the offset values determined in the initialization
procedure. Beyond this point, the control system algorithm
has two branches: one for the position and the other for the
speed control. The position control branch adjusts the PID
parameters if the adaptive control is selected. This PID
parameter adjustment is realized using a look-up table
representing the optimum PID parameters as a function of
the rotor speed. The optimized values are determined by off-
line mathematic simulations [9]. The speed control branch
limits the maximum slip.
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Figure 9. Initialization procedure.
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Figure 10. System control algorithm.

The output of the position and speed controllers are used
to generate the sinusoidal currents references. The position
PID controller modulates the imposed current amplitude and
the speed PI dictates the frequency.

The current control is done by hysteresis current controllers
(bang-bang), which compare the instantaneous motor
currents with the reference values determined by the
algorithm.

VI. EXPERIMENTAL RESULTS

Figure 11 shows the maximal orbit circumference and
the rotor position in a XY oscilloscope image for a speed of
2000 RPM without adaptive control. The time response for a
step change of 0,1um in the Y reference is shown in Fig.12.
It can be seen that there is a slight coupling between the X
and Y axes. These results can be improved with the
scheduled adaptive control as shown in Fig. 13 and Fig. 14.
Figure 15 shows the system behavior for a motor start up
with final speed of 2000 RPM.
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Fig. 11. Maximal orbit circumference and rotor position
without scheduled adaptive control.
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Fig. 12. Time response for a step change of 0,1um in the Y
reference at 2000 RPM without adaptive control.

VII. CONCLUSION

This work presented the control of a bearingless motor
using a DSP platform. This platform offers a reliable and
flexible kind of implementation. Optimized scheduled
adaptive controllers improve the dynamic behavior of the
system. The scheduled adaptive control changes the
parameters of the PID position controllers to offer a good
performance to different speeds. The parameters of the
scheduled adaptive control are obtained through mathematic
simulations using the well-determined system model. The
control system algorithm was presented. Experimental results
show the effectiveness of the scheduled control system.
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Fig. 13. Maximal orbit circumference and rotor position
with scheduled adaptive control.
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Fig. 14. Step response for a step change of 0,1um in the Y
reference at 2000 RPM with scheduled adaptive control.
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Fig. 15. Motor start up with final speed of 2000 RPM.
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