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Abstract

The present work is dealing with the modeling, investigations, and controlling, of
a prototype radial magnetic bearing system. Considerations based on the 8 poles model
with switched mode power supply. Investigations of radial forces in two axes mode and
performance response are carried out through the inteligent controller system.
Improving system response is achieved by using an efficient controller based Neural
Network (NN) NARMA-L2 Controller together with the conventional PID controller.
The response is presented for stand still and dynamic conditions using the implemented
Simulink software. The results show that the NARMA-L2 is highly improved the

dynamic response of the speeding up rotor in comparison with the conventional
controller.
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1 I ntrodution

Magnetic bearing ( MB) is one of
more important magnetic devices which
has many applications with various
fields to support the rotors without any
mechanical contacts . It has been
investigated by various researchers in the
recent years [1]. There are two main
types of magnetic bearings : Active

Magnetic Bearing, and Passive Magnetic
which  supply currents to the
eectromagnets, a controller unit , and a
gap sensors unit. The power amplifiers
supply  bias currents to the
electromagnets, the constant levitating is
mediated by the controller which offset
the bias current as the rotor deviates by
small amount from its center position.
The gap sensors send shaft position
signals to control system, which
modulates the current in  each
eectromagnet to vary its force and keep
therotor in its required position.

The power amplifiers in  modern
applications of MB are solid state
devices. The controller is usualy
Proportional-Integral-Derivative  (PID)
controller, or in a digital techniques
based on artificial inteligent to achieve
the accurate in the MB operation.

Magnetic bearing provides increased
availability, built in monitoring dynamic
control of the rotor system, and alow
direct-drive  and  variable  speed
capabilities. Very high control of shaft
position gives the possbility of
displacing therotor inside the air gap.

Active MB can be divided into two
main types according to ther usage
which are  Radial magnetic bearing;
comprises a pair of eectromagnetic
poles to produce an attractive forces on
the rotor in all directions, and Axial
magnetic bearing; consists of axialy
symmetric eectromagnets in the stator
and adisc in therotor.

Due to higher rdiability and lower
maintenance requirements, these systems
are used in many drives environment and
applications, such as gas production
magnetic bearing for turbo-expander and
direct coupled €dectric compressor,
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bearing. This MB require a continuous
power input and inteligent controller
based on feed-back position of
suspended object using a certain type of
sensors to achieve stability of the bearing
dynamics [2].

Active magnetic bearing consists of an
eectromagnet assembly a set of power
amplifier

turbines, pumps, motor and generators.
Magnetic Bearings are also used to
support magnetic levitation of trains in
order to get low noise and smooth ride
by diminating physical contact surfaces
[3].

The evaluations of active magnetic
bearing may be traced through the
patents and research used in this fied
[4,5,6] . The history of Active Magnetic
Bearing shows that the first commercial
application of AMBs used in turbo
machinery. In the present work, a Radial
Active Magnetic Bearing (RAMB) is
considered through the investigation and
controlling performance for a prototype
modd.

2. Modeling and Formulation of
Magnetic Bearing

The proposed radial magnetic bearing
mode is composed of four discrete horse
shoe shaped dectromagnets. The four
magnets are arranged around a circular
piece of iron (journal) mounted on the
shaft (rotor) that is to be levitated. Each
of the eectromagnets can only produce a
force that attracts the rotor iron , so all
four eectromagnets must act in concert
to produce a force of arbitrary magnitude
and direction on the rotor.

For structural and manufacturability,
this sort of magnetic bearing is
manufactured with iron  connecting
the horseshoes, so that the stator iron is
one monalithic piece. This geometry is
regard as an equivalent to eight - poles
MB as shown in Figure (1).

Consider this magnetic circuit with N
turns of wire around each leg (pole) of
the bearing, then source of strength is
NI , nominal air gap g between the
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rotor and the tip of each leg of the
bearing, a is the cross-sectional area of
each leg, reluctance R. One can solve
for the magnetic flux and forces in this
magnetic circuit as[7]:

f NI m g aNI (l)
R g

The magnetic flux density, B, in the air
gap isthethen:

(2)

n ., NI

g
We can now use Maxwdl's Stress
Tensor to figure out the force. For one
pole of horseshoe, the force in terms of
flux inthegap is.

B

i _ B 2a ...(3)
m o]
or
m aN 22 ..(d
F = g >

In addition, the flux density obtainable in
the gap should be limited by the flux
that can get down the legs of the bearing.
For the core material saturates at a force
of Bsat, and then the maximum force
that can be produced by a particular
bearing geometry is:
...(5)

2

B a

sat

m

(o}

Then the maximum current required in a
horseshoeis:

F

max

...(6)

B sat
N m g
Linear relationships between input
and resulting output are important in
MB. To show this linearization, consider
two opposed horseshoes with currents il
and i2  working together to produce
forces along one axis of the bearing. The
resultant force when both currents are
taken into account and the rotor is

centered in the bearing is:
(7)

F . . -
e ('12' '22)

2
For contral purposes, this form should be

i = 9

max

F

I max
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converted to a linear relationship with a
change of variables. The currents i1 and
i2 can be thought of as being
composed of a constant “biasing"
component (ibias) that doesn't produce
any force, in combination with a
"perturbation” component (ipert) that is

proportional to the desired force
where:
I, = Ibias + Ipert +(®)
. = - ..(9
I2 Ibias I pert ©

To get the maximum load capacity out of
the bearing, then
...(10)

max

2

With this choice of bias, when the
maximum force is being produced by
one horseshoe, no force at al is being
produced by the opposing horseshoe.
Then use these to get the force as:

I bias

i ...(1)

pert
( i bias )
It is possible to linearize the force about
the centered position to get the
dependence of the horizontal force on
position, and then eg. (11) is modified to
be:

F F

max

..(12)

[ X

(77— + )

I 'bias g

Where x represents the distance that the
rotor is displaced from the centered

position, or

F = ki ipert + kxX ....(13)
Where: ki is current force factor and
kx is displacement force factor .
The same analysis can be applied to the
other two horseshoes to produce a
vertical force.

The power amplifier is regulating the
flow of energy by converting low power
controller output currents into high
power actuator input currents. Thus,
trans-conductance operation is generally
preferred and the power source would be
a current source. These amplifiers are
dther a linear amplifiers or switching
amplifiers

F =F

max
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Switching amplifiers are more widdy

used in MB than linear amplifiers,
because of high efficiency and large
capacity.
Consider a prototype mode of radial
AMB system has the parameters
evaluated from a similar implemented
laboratory modd. These parameters are
given in table 1 which can be used to
develop the system transfer functions.

Using equation (5), the maximum
force is then 40 Newton, while the force-
current factor ( ki ) and the force
displacement factor ( kx ) are equal to
20000 N/Amp and 200 N/mm
respectively based on the knowledge of
equations (12) and (13).

3. Analysis of MB with PID
Controller :

The primary tasks of the controller in
MB system are to coordinate the
transformation of sensor signals when
necessary, and to generate control
current requests according to the control
algorithm. The controller may also
handle output coordinate transformation
and biasing of the amplifier signal.
These controllers can be either analog or
digital. In this work, a digital controller
is adopted because it is fastest when
performing linear math, can implement

nonlinear equations, and easer to
implement and modify  complex
algorithms.

The PID controllers are the most
widdy used for the feedback control of
MB because of simplicity, easy
realization, and robustness [8,9].

The controller may exploit the

position of the rotor as a popular
parameter for feedback control signal.
To achieve this, a position sensor for MB
applications is required.
There are severa types of position
sensors that have been used, or have
potential to be used, in magnetic bearing
applications [10].

The suggested probe sensor in this
work is the Hall Effect type It can be
made very small in size at low cost and
has high sensitivity to temperature
changes compared to other types of
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sensors. Moreover, the output of the
sensor is highly susceptible to magnetic
noise.

The transfer function of the final
system modd is assembled simply by
connecting the output of the sensor
mode to the input of the PID controller
mode and the output of the controller to
the input of the power amplifier and then
to the actuator moded using standard
state space formulation[11] .

The PID controller based simulink
window command can be implemented
to investigate the MB radial forces in
two axes (x,y) and then identifies the
stand still and dynamic responses of this
system.

The displacement variations is
caused by a mechanical unbalance and
also by eccentric misalignment of a
sensor target with a magnetic bearing
rotor. The magnetic bearing is
considered as a two simple force
constants equation ( 13 ) , which is
defined with respect to displacement and
current.

Figure ( 2) shows the block diagram of
a MB and its controller for one-axis
magnetic suspension. The position x of a
suspended object is detected and
amplified by a displacement sensor with
gain ksn and then compared with the
position reference x*. The error is
amplified by a controller Gc and fd is the
disturbance force of this axis.

The transfer function of this system is
derived to be [12]:

X _ (K, +sT)kk,
X (Kkko- k) +T Kk s+ms

Solving a characteristic equation for S
gives two poles which shows that a
derivative controller is necessary to
make the magnetic suspension feedback
systemis stable.

The magnetic suspension system can be
modified by adding the disturbance force
fd , the object displacement x, and
speed. The dynamic stiffnessis:

X 1

fo MS+TKkstKKK, - Kk

..(14)

..(15)
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In practice, kx usually has variations
and fluctuations caused by bias current
and nonlinearity. Therefore Kp, ki, and
ksn should be carefully sdected to be
significantly higher than kx .

The system responses is wdl
investigated for a given proportional
gains kp, derivative gains kd. The PID
controller with gain G; is developed by
adding an integrator Kin/sto a PDC. The
best displacement response is achieved
with an optimum step disturbance force
of Kin=10 000 [12].

In an actual magnetic suspension system
there are many causes of possible dday
caused from iron losses, eddy current,
saturation, the first order lag dement of a
winding resistance and inductance, and
Limited frequency response of a current
driver and sensor.

For two axes magnetic suspension
system , the generated radial forces are
aligned on two perpendicular axes which
usually coincide with the x- and y-axis
displacements.

There are several interference caused by
the following sources :

-The two axes may not be aligned .
-Electro-magnet of a radial magnetic
bearing is constructed with a
misalignment at an angle with respect to
the radial displacement sensors.

-The direction of the generated radial
force has an angular position error.

The interference radial forces can be
written as:

fdmy = Kmx fNFBx

fdmx = Kmy fNFBy ..(27)
where fNFBx and fNFBy are the
feedback radial forces, and

...(16)

Kmx =-39inq, ... (18)
Kmy = sinqer ..(19)
O is the ddayed angular position.

Figure 3 shows a block diagram of the
controlled MB system includes the
interference between the two axes. The
interference is generated by Kmx and
Kmy which isimportant to be analyzed.

The output radial positions x,y are
compared with the corresponding radial
position references and then amplified
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by PID controller gain Gc and ki .

A disturbance forces fdmx, fdmy is
added to the feedback radial forces and
the sum is applied to the magnetic
bearing system Gp.

It is important to consider the case where
the two forces are unbalanced through
the rotation of the shaft. The x-y axes are
perpendicular axes in a stationary frame.
The shaft is perfectly symmetrical but
there is an additional mass of (me) at a
radius of ( € ) in the direction of w,t

, Where - is the rotational angular

speed of the shaft. The radial forces in
the two perpendicular axes are defined

by :

Fx =meew 2 cosW, t ... (20)
Fy=meew > snw_t .1
A simplified block diagram

considering the unbalanced radial force
is shown in figure (4) . It consists of
PID controller, sweep generators , sensor
gain and the MB .. The sweep generator
generates unbalanced disturbance radial
forces fyc , fay added to the negative
feedback forces fnrBx and fnFBy .
Open loop transfer function of AMB

is obtained using the previous values of
ki , kx and therotor mass mthen:

200
G (s) 4s%-2*10°
PID controller transfer function Ge(s)
can be deduced for an optimum values
for PID parameters ( Kp =10 ,
Kin=1000 |, Td =001 ):
... (23
Ge :10+1000 + 0.01s+1 (23)

s 10 %s+1
The transfer function for influence of
dday causes by the first order lag
dement of a winding resistance and an
inductanceis :
1

G =
¢ 10 *s+1
The fina transfer function of AMB
systemis:, G(s) . Ge(s) . Gd(s) , with
feed back of the gain sensor ksn . To get
a suitable ksn, the values of sis obtained
from the root locus of the MB system as

..(22)

...(24)
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shown in figure ( 5) . The root locus
shows the system is stable when the
value of ksn between ( 1500 — 6500 )
and maximum  damping  factor
at( ksn=2500)
4. Analysisof MB with NN controller
There are three popular neural
network architectures that have been
implemented in the NN Toolbox of
MATLAB software:
a- Modd Predictive Control

b- NARMA-L2 (or Feedback
Linearization) Control

c- Modd Reference Control

NARMA-L2 controller is simply a

rearrangement of the NN plant modd,
which is trained offline in batch form, so
it is the best technique to be proposed in
this work. The only online computation
is a forward pass through the NN
controller. The NARMA-L2 software is
used for training this controller and to
decoupling the interferences between the
two axes radial forces .

It is referred as feedback linearization
when the plant modd has a particular
form (companion form) and it is referred
to as NARMA-L2 control when the plant
mode can be approximated by the same
form. The idea of this type of contral is
to transform nonlinear system dynamics
into linear dynamics by cancding the
nonlinearities.

The identification of the system by this
controller can be summarized by the
flowing steps:

Identify the system to be controlled.
Neural network is trained to represent
the forward dynamics of the system. One
standard model that has been used to
represent general discrete-time nonlinear
systems is the Nonlinear Autoregressive-
Moving Average (NARMA) mode [13]:

y(k +d) = N[y(K),.y(k—1),..., y(k—n+ 1),
u(k),u(k— 1),...,u(k—n+ 1)] (25)
where u(k)is the system input, and y(K)is
the system output.

- Make the output system follows some
reference trajectory by developing a
nonlinear controller of the form:

y(k+d) = yr(k +d) (26)
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uk) = GIy(k),y(k — 1),..., y(k -n+ 1),
yr(k +d),u(k— 1),...,u(k-n+ 1)] (27)

To implement the controller modd with
NARMA-L2, one solution is to use
approximate models to represent the
system[14]:

y (k+d)=fly(K),y(k-1),.,y(k-n+1),u(k-

1, u(k-. m+ 1))+ g[y(K),y(k -
1), y(k—n+1),u(k- . 1),,u(k—m+
Du(k) (28)

Where the next controller input is not
contained inside the nonlinearity. The
advantage of this form is that controlled
input make the system output follows the
reference equation (26) .

Figure (6) shows the block diagram of
NARMA-L2 controller together with the
reference modd and the plant,. The
controller makes ( ec) [The difference
between plants output (y) and the
reference (yr)] very small by evaluated
input plant (u) .

Figure (7) shows the complete MB
controller system that can be
implemented with the previously
identified NARMA-L2 plant mode.

5. Thesimulation models

To obtain the simulation results of the
MB response, then a three main
Simulink models are developed and
implemented. Figure (8) shows the 1%
model of MB system in one axis using
the PID controller only ,where:

Fcnl represents the open loop transfer
function for eectromagnetic force of
MB as represented in equation (22).

- Gain 1, Fcn3, and Fcn2 represent the
PID controller transfer function as (Gc)
in equation (23) , and (Gain 3) represents
the controller gain.

- Fcn represents the transfer function for
influence dday (Gd) of equation (24)

- Gain(-K-) represents the gain sensor
(ksn)

- chirp Signal (sweep signal) and Gain 4
represent the influence interferences
force (fd) , it isa sine wave depends on
the variable speed of the rotor as
illustrated in equation (20 ).

- Step represents the displacement of x-
axis.
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- Gain 2 represents the gain for Scope 1
which shows the time response of system
in this simulation.

The 2™ modd is shown in Figure (9).
It is a modified modd to improve the
MB response in one radial axis by
adding the NN - NARMA-L2 Controller
to the PID controller. The
implementation is achieved by copying
the NARMA-L2 Controller block from
the NN Toolbox and then how the
NARMA-L2 controller is trained to
stored the transfer function of MB
system with PID controller in Linear
Time Invariant term (LTI System) .
Figure (10) shows the 3® simulation
mode of the MB system for two radial
(X-Y) axes controlled by both PID and
NN , where:
- A NARMA L2 for each axis, and (LTI
System) for x-axis and (LTI System 1)
for Y-axis
- The (Chirp Signal and Gaind) is an
interferences displacement distortion for
x-axis and (Chirp Signall and Gain9) for
Y-axis.
Scope and Scope 2 shows the
displacement time response for X and Y
respectively .
Grahpl
location.

6. Simulation Results
In this section, a simulation results for
controlling the proposed Radia MB
prototype mode is presented based on
MATLAB (Simulink) algorithm. Firstly
by adopting the PID controller and then
improving the system response by
adding the NNC (NARMA-L2).
Figure (11) shows the y-displacement of
the rotor for stand still condition (rotor
speed=0) using PID controller only
[figure (8)], fd is equal zero by remove
Chirp Signal. This response shows that
the system is stable and the rotor is
suspended after 0.025 sec  and it
approaches the zero position after 0.05
Sec.

When the rotor starts to acceerate
( from O wup to 6000 rpm ) by
programming the Chirp Signal from O to
100Hz at only (1sec ) . This dynamic

X(2Y) shows the rotor

1053

state has a coordinate position response
using the PID controller only as
illustrated in figure (12) for rotor speed
of 3000 rpm. A similar response can be
obtained in the x-axis.

The position response is improved by
adding the NNC to the PIDC. Figure
(13) presents the x- displacement
response for the stand still condition of
the rotor based on the simulation mode
of figure (9). It shows that the rotor is
suspended at zero position after 0.07s
while the displacement of the rotor twice
of that using only PID controller .In case
of the dynamic response of the rotor,
then Figure (14 ab) show the
displacement responses in x-axis and  y-
axes respectively . In this results, the
two radia axes are adjusted a a
different displacements of x, y axes and
the chirp signal has a different values of
gains. To show the rotor location in x-y
plane , figure (15 &) shows the position
of rotor of the system using PID
controller only at ( stand still response )
and figure (15 b) shows the rotor
location in x-y plane when adding NN
Controller . It is clear that by using
NNC, the system is more accurate and
fast at zero speed.  Figure (16 a) shows
the rotor location in x-y plane for a
dynamic case using PIDC only and the
interferences between the two axes at
accderated speed from ( 0 to 1500 rpm
) ,while figure (16 b) shows the x-y
location when adding NNC for a
dynamic case where the rotor accderated
(from 0 to 3000 rpm ) . It shows that the
rotor is adjusted to the centre position as
quick as possible when NNC is adopted.

7. Conclusions

This work is concentrated mainly on
the controlling performance of the
proposed RAMB modd. The results
obtained tend to the following
conclusions:

1- The available force range is one of the
most important parameters of the active
magnetic bearing and strongly affects the
bearing stiffness. The character of the
produced dectromagnet force has to be
taken into linear form during controller
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design because of a complex task
consisting of analysis of AMB

2- A simulation of linear form model has
been developed for closed-loop control
of a magnetic bearing plant that along
with a PID controller because the system
is normally unstable. Also a suitable
characteristic using root locus criteria
and a quite gain sensor can be obtained.
3- The PID controller uses displacement
of the suspended object is necessary to
training the NNC (NARMA-L2) because
open loop MB system is always unstable
and there is a large inherent problem in
NNC training without PID controller.

4- Effectiveness of the NN Controller
comes from the ability to generate
correct position of radiad magnetic
bearing by decoupling the interferences
between the two axes forces and the
system don’t need any additional
controller equipment.

5- Using Neural Network controller with
the PID gives an accurate position
adjustment. These are cleared by
simulation test that leads to minimize
withdrew current from power supply,
therefore the reiability of the system are
increased

6- The software program based on the
knowledge of MATLAB algorithm with
the application of NARMA L2 as the
best NNC type has achieved an accurate
feedback controller system.
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Table 1 parameters of the prototype AMB system

Parameters Values Unites
Mass m 4 Kg
Ariaof pole a 17 o’
Length of gap g 1 mm
Inductance of coil 10 mH
Resistance of coil 1 Ohm
Current base ibase 10 Amp
Number of turn N/pole 50 Turn

Flux path dar pole pair

|(P+l’;in rsTy

" Controller G,

Magnetic baaring

I S

Figure (2) Magnetic suspension system in one axis.
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B fuFex  +
x* - Gc "[(i = Gp 4
-+ + X
fd i
Kmy
— Kinx fd vy
+ q
y" ). Gk, 7 et Gp ¥
— NFBy
Ksn

Figure (3) Block diagram of interferences between x - y axes

_ 2
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I ,{%4— = Magnetic bearing
Fobe -
PID < kan
Sensor gain
fay
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—> K = A= Magnetic bearing
— fuEBy
PID kg =

-
-
—

Sensor gain

Figure (4) block diagram of unbalance radial forces.
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Figure (6) The block diagram of NARMA-L?2
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Figure (7) The complete controller system with NN controller NARMA-L2
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Figure(11) Y displacement stand still response using PID Controller
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Figure (12) Y displacement timeresponsetherotor accelerated
from zero speed to 6000 rpm
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Figure (13) X displacement response static condition using NNC
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Figure (14) displacement response for dynamic condition using NNC
a- For Y displacement b- For X displacement
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Figure (15) X-Y rotor locationsfor static condition .
a- Using PID controller only, b- Using PID with NN controller
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Figure (16) X-Y rotor locations through the dynamic conditions
a- Using PID controller only . b- With NNC
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