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Abstract — This paper presents an adaptive digital
controller for a self-bearing motor. The controller is
implemented using a DSP platform. Initially, the motor
operation is explained and a mathematical model
derived. The optimized performance is achieved
adjusting the controller parameters as a function or the
rotor angular speed. Finally, some characteristics of the
DSP implementation are described.
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I. INTRODUCTION

The advantages of self-bearing motors, also called
bearingless motors, encourage research groups all over the
world to design their own prototypes [1][2][3][4]. This
technology allows the construction of frictionless motors,
eliminating the need of Iubrication and expanding the
velocity operation limits. These characteristics open a wide
range of applications in industrial, medical and aerospace
fields.

Digital Signals Processors (DSP’s) are powerful tools in
the control of self-bearing motors [5][6]. The DSP allows
real-time control, making on-line controller parameters
adjustments in function of the rotor velocity possible.

This work presents a DSP implementation of a self-bearing
motor control. The model, the implementation and the
operation are explained.

II. SELF BEARING MOTOR

The self-bearing motor is a device that combines both
the rotor radial positioning and the torque production. To
make this operation possible, a feedback control system is
necessary. This feedback control monitors the rotor
position constantly and produces electromagnetic forces to
restore the shaft position. These electromagnetic forces can
be produced with differential currents imposed on each
stator pole.

The prototype considered here consists of a pair of four
poles, two phases induction motors. Figure 1 shows a cute-
view of this self-bearing motor.

The rotors of these motors were assembled together on
one vertical axis. The axis can be supported by a
superconductor axial bearing [7][8].

* This work is partially supported by CNPq and CAPES Grants.

José A. Santisteban

Escola de Engenharia/TEE/PGMEC
Universidade Federal Fluminense (UFF)
Rua Passo da Patria, 156 - Niteroi - RJ - Brazil

Jasl@mec.uff-br

Velocity measurement

' target

Displacement measurement
target

Displacements -
Sensors

Rotor

Stator

Figure 1: Self-bearing motor cute-view.

The system admits a maximum radial gap of 0.4mm
between the security bearing and the stator.

The displacement is measured by eddy current sensors
[9]. Figure 2 shows the disposition of these sensors. A
cylindrical conductor target is placed in the center and
connected to the motor shaft

A set of two oposite sensors (x-x’ or y-y’) provides
voltage levels with linear wvariations of the radial
displacement

Connected to the displacement target there is another
cylinder with longitudinal gaps to determine the rotor
velocity using a fifth inductive sensor.

III. ELECTROMECHANICAL MODEL

A two phase, four poles induction model was used. In
phase A, each pole winding can be independently
controlled. In phase B, all windings 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
windings have the same value. In this case, no radial force
is produced. Figure 3 shows the stator windings.

If the rotor is decentralized, a non-zero value of differential
current is used to produce the restoration forces to move
the rotor to the central position. This is accomplished by
reducing the current amplitude applied to one pole winding
and increasing the current amplitude of the other pole
winding on the same direction. Figure 4 shows the control
system implementation model.



Figure 2: Displacement sensors disposition.

In this manner, the currents have the following
expressions:

iy :(io +Aiy)cosa)t, (1)
i,= (io —-Ai, )cos wt ()
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The radial forces are related to the differential currents by:

1 A
F, = —ZNz,u—z[&'oAiy ]cos2 ot (5)
y
1 A o
F,= —ZNzﬂ_z[_ 8i,Ai, ]cos2 wt , (6)
y
F, =F,-F,. (7

The force F), can be considered directly proportional to Ai,
for small displacements (y approximately constant).

Similar equations con be obtained for the orthogonal
direction x.
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Figure 3: Stator windings
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Figure 4. Control system implementation model.
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The term cos” w? can also be decomposed in:

cos’ wt = %(I +cos2at), (8)

showing two components:
e a continuous force and
e an harmonic force.

As long as the natural frequencies of the rotor are kept
reasonably lower than the harmonic frequency, the
oscillatory term will produce a negligible effect on the
dynamic behaviour of the system.

According to the schematic drawing of a vertical rotor
pivoted on a point “O”, shown in figure 5, and assuming,
small displacements, the rotational angles o and B are
given by:

o=-y/d

B=x/d.

The following equation can be written:

I, 0|y 0 -1Q]|[y bdF
0 y + P y — y U, (9)
0 17,|x 1 pQ 0 X bdF,
Where:
Iy is the transversal moment of inertia at point “O”;

1, is the moment of inertia of the rotor;
Q its spin velocity,

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

I
jé:—pr+%Fx, (10)
]0 IO
I
y=——PQ>'c+ﬁFy. (11)
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Figure 5. Electromechanical model.

IV. SIMULATION MODEL

The simple mechanical model given by (10) and (11)
allows, in a first approximation, the study of the system
behavior with different types of controllers and parameters.
Figure 6 shows the simulation model. The moments of
inertia /y and /, of the prototype were measured and found
to be:

I=0.134078 kg-m’,
Ip=0.003996 kg-m?,

while the heights “b” and “d” are:
b=0.195m,

d=0.345m.

A simple PD controller may be used to stabilize the rotor
position for each control axis [10]. However, if the rotor
velocity is not taken into account to adjust the PD
controller parameters, the dynamic behaviour will strongly
vary, principally at high velocities of operation. This effect
is known as gyroscopic effect. Figure 7 shows the system
behaviour for three velocities assuming the employment of
fixed and variable PD controller parameters. It can be seen
that the gyroscopic effect at high velocities is larger than at
lower velocities. The PD parameters should be adjusted to
make an optimized performance in function of rotor
velocity to minimize the gyroscopic effect.
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Figure 6. Block diagram of the mechanical model.
V. OPTIMIZED CONTROLLER DESIGN

Based on the mathematical model developed in section IV,
an optimized controller, with consideration of rotor
velocity, can be constructed [11]. This optimized controller
parameter can be accomplished simulating the system
behaviour. The best result, i.e., the result with smaller
overshoot, is selected as the optimized parameter for each
considered rotor velocity. The diagram model of this
control system is shown in Fig. 8. Figure 9 shows these
optimized parameters in function of rotor velocity.
Employing a quadratic interpolation, a function for the
derivative parameter can be determined. The expression of
derivative parameter in function of rotor velocity is given
by (12). The complete transfer function of compensator is
given by (13).

D =-0.0060° +0.53160 +58.12 (12)
Ds

Cls)=P+ 0

=P N1 (13)

where N is a value of pole to make the PD controller properly. Usually
this value is 10.

Figure 7(a) shows the behaviour for slow velocities. The
difference is more sensible at high velocities shown in
Figs.7 (b) and (c). This type of control is known as
programmable adaptive control or scheduled adaptive
control and may be implemented by means of lookup
tables.
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Figure 7. Simulated transient responses for fixed and adaptive PD parameters (initial condition x=0.5mm, y=0.5mm).

a) 900 rpm, b) 1800 rpm, c) 3600 rpm.
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Figure 8. Diagram model of the control system.

VI. CONTROL SYSTEM IMPLEMENTATION MODEL

Based on this electromechanical model, a parameter
scheduled controller was designed. The control software
was developed in F2812 Texas Instruments digital signal
processor. This fixed point processor requires an algorithm
which uses fixed point arithmetic. The program was
written in C.
The currents signals are acquired by Hall Effect current
sensors. These signals are conditioned to ADC voltage
levels. The digital outputs are used for produce trigger
signals to an IGBT bridge.
The DSP controller has the following characteristics:

e Sampling rate: 32.779 kHz

e  Numbers of AD converters: 7
e AD converters resolution: 12 bits
e  Size of the control algorithm: 167kb

The sampling rate is given by frequency value which
completes one 16 bits buffer (65536 different values) in
two seconds. This allows the DSP generate sinusoidal
frequencies in 0.5 Hz steps. The software algorithm makes
the current control comparing the real current value
acquired by currents sensors with the reference value
generated internally on DSP. This current control uses five
channels of 12 bits ADC, four to each phase A winding
and one to phase B. Another two ADC channels are used
for displacement sensors.

The current control was implemented in the same
algorithm. The signals cos(wt) and sin(wt) are internally
created using look-up tables.

An independent PI controller was used for the velocity
control loop.

VII. CONCLUSIONS

This work presented the operation and control of a self-
bearing motor using a DSP. The DSP offers a reliable and
flexible implementation platform. Optimized controllers
were implemented to improve the dynamic behavior of the
system.

200

150F

100F

Derivative parameter [w]

50

0 100 200 300 400 500 500 700
@ [radis]

Figure 9. Optimized parameters in function of rotor velocity.
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