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Abstract: A state equation for a radical 4-degree-of-freedom active magnetic bearing is built, and the approach on how to
use linear quadratic method of optimal control theory to design a centralized and decentralized parameters control system is intro-
duced. Simulations have conducted within MATLAB. The results of simulations and experiments show that decentralized con-
trollers designed from optimal state feedback theory at the speed of 60 000rpm meet the requirement of the active magnetic bear-

ing system.
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1 Introduction

The system of active magnetic bearings (AMB's) is
an innovative, high performance bearing system that
suspends a rotating shaft with attractive magnetic force in
a contact-free manner. It is superior, with no mechani-
cal contact, no wear, no need of lubrication, non-pollu-
tion and long service life. It is applied in many areas
such as energy resource, aeronautics and astronautics,
high-speed precision machine tools, robot and so on.
Controller is a key part in AMB technology, and the
performance of the controller will not only determine
whether the rotor can be suspended steadily, but also af-
fect dynamic capability of the system (such as bearing
stiffness, damping) and turning precision of the rotor. It
is very important to design and optimize the controller in
AMB system design[l”“). In this paper, based on set-
ting up a state equation of AMB, the controller of an
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AMB system is optimized by applying optimal control
theory and using MATLAB toolboxes . The digital con-
troller realizes AMB suspension steadily.

2 Mathematical model of radial 4-degree-
of-freedom active magnetic bearings
2.1 Geometrical configuration of radial active

magnetic bearings

Figure 1 shows the basic structure of rotor system of
an active magnetic bearing. The couplings of mecha-
nign, magnetic circuits and sensors of any directions
must be avoided in designing the structure of AMB sys-
tem. AMB can gain favorable performance only after
reasonable configuration. In the reference frame as
showed in Fig.1, 0 is the rotor mass center. Movement
of the rotor in radial 4-free directions is controlled by
AMB A and B. The force preduced by each AMB goes
in the directions of X and ¥ . The AMB of each direc-
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tion is controlled by two opposite electromagnets, as
shown in Fig.2.
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Fig. I  Sketch of rotor structure of
an active magnetic bearing

Fig. 2 Sketch of a radial active magnetic bearing
2.2 State equation of radial 4-degree-of-free-
dom active magnetic bearings

Configuration of AMB and practical working situa-
tions are very complicated. So, for the mathematical
model, we assume that 1) the rotor is rigid and symmet-
rical, functionary forces are independent of each other in
two perpendicular directions; 2) the functionary forces
are counteract for the rotor when AMB suspend steadily;
3) the structures and parameters of 4-degree-of-freedom
are almost consistent, and 4) the displacements mea-
sured by sensors are considered as the displacement of
the rotor moving in corresponding direction.

Define m as the rotor mass, {2 as the rotational speed.
J., J, and J; are moments of inertia about spinning X, ¥
and Z axis, respectively and J, = J,. The displacements
of the rotor at AMB A and B are %, , %4 , %,4» Xy in the
directions X and Y, respectively. The control currents in
corresponding electric coils are iy, iy iyg s Lys -

Assuming state parameters of the system: X = (x,,,

. P . 5 T
x,b,xya,xyb,xu,x,b,xya,xyb) .

Input parameters: U = (iy, ixp s dyar %) -

Output parameters: ¥ = (¥.a) ¥sp 1 Yyar Yo ) -

We can write the state equations:

X = AX + BU,
{Y = CX,

where the square matrix A is state matrix of 8 x 8, matrix
B is control matrix of 8 x 4, the matrix C is output ma-
trices of 4 x 8, matrix A and B are obtained from equa-
tions based on Newton second law, formula of magnetic
attractive force and momentum law. See detailed process

(1)

in reference [1].

One example of the parameters in an AMB experi-
mental system!! are: m = lkg, J, = 1.238 x 10~*kg - %,
Jo=1J, = 1744 x 10 kg + v, 1, = 9mm, [, = 57mm,
K, = 3.77 x I'N/m, K; = 113.16N/A.

3 Design of an optimal state-variable
feedback controller
3.1 Design of a centralized parameters con-
troller

The system of a radial 4-degree-of-freedom AMB is a
multivariate linear constant system, which is both con-
trollable and observable. A multivariate optimal state-
variable feedback controller can be designed by using
linear quadratic method'’ .

Since the control algorithm is realized by digital signal
processor ( DSP), discrete-time state-variable feedback
controller must be designed. Dispersing (1) leads to the
following equation:

X(k+1) = FX(k) + 6U(k), k = 0,1,~-,N -1,
' (2)

T
where F = e, G = (foe"dt)B, T — sampling cy-
cle.  Discrete quadratic performance index :
N-1|
I =5 XM PXN) + 5 25 ("B QX () +
k=0

U(EYR(EYU(K)], (3)
where matrices £, ( and R are symmetrical matrices. R
is positive stable matrix; @ and 2 are positive half-stable
matrices.

The proportions of state variable and control variable
in the performance index J are determined by matrices
and K. Choosing ¢ and R, we must consider the balance
between energy and dynamic performance. Generally R
is a unit matrix, and @ is diagonal matrix. The elements
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on the cross line of matrix @ are corresponding to the “k":U(k) = - KX(k).

power rate of each state variable, which chooses “a” as In the following analysis we assume that the rotational
displacement and “b” as velocity of each freedom of  velocity is 30 000 1pm, and expound the course of de-
AMB. In this way, increasing “a” may improve stiff- signing controller and simulation curves using MATLAB

ness of the system, and increasing “b” may improve the tools .

damping of the system, and reduce corresponding excess For a continuous system, we adopt discrete-time 7' =
value range. According to (1) and (2), solve the Ric- 1001s, and solve F and G from (2). Furthermore, take
cati equation[sl, we can obtain K of discrete state feed- matix R = I,a = 3000and b = 100 in matrix @, feed-

back matrix, and gain the control value in discrete-time back K can be expressed as follows
42.0125 2.6238 0.5376 -0.5323 17.7783 3.1428 -0.0493 0.0497
K - 2.6240 42.3875 -0.5368 0.5315 3.1428 18.2285 0.0479 0.0483 W
-0.5376 0.5323 42.0125 2.6239 0.0493 - 0.0497 17.7783 3.1428
0.5368 - 0.5313 2.6239 42.3876 -0.0479 0.0483 3.1427 18.2285
Figure 3 shows unit step respond in X, direction when  changing “b" has less influence on step response of sys-
R = I,a = 1000,2000,3000,5 = 100. It shows that  tem, the response of the other directions is also less
increasing “a” will make the responding speed quicker, when unit signal inputs in the direction X,, at the same
the time of ascending and adjusting shorter, and we can

time, but when we reduce the value of “4” , the cou-

achieve ropriate performance of unit step res
approp pe SIep Tesponse pling degree is also reduced in two perpendicular direc-

“% ”

through selecting “a” value. At the same time, we can
see that unit step input in direction X, has little coupling
to other three directions.

Figure 4 shows unit step response in X, direction when when a = 3000, b = 100, and AMB works in the speed

R=1, a=1000,6 = 100,150,200, It shows that  Tange from O to 60 000rpm'"’.

tions at the same AMB. Finally, we gain a controller
which has fine performance and causes less coupling
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Fig. 3 Unit step respond in Xy direction when “a” Fig. 4 Unit step respond in X4 direction when “ 5"
chose different value, b=100 chose different value,a=1000
3.2 Design of a decentralized parameters con- pling between the subsystems is not considered so that
troller the control system is considerably simplified. We regard

The decentralized parameters control system is relative feedback matrix “K” in Eq. (4) as two submatrixes of
to the centralized parameters control system. The decen- the order 4 x 4, further regard the two submatrixes as
tralized parameters control system is that the whole AMB being on the cross matrix. So a decentralized control can
system is divided into independent subsystems, and cou- be realized in the way that each-freedom feedback con-
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trol signal is independent without other-freedom signal
interaction. However, the state feedback matrix “ K" de-
signed with optimal control theory is two submatrixes of
the order 4 x 4 and is not on the cross line matrix, which
means that there is coupling between directions. Accord-
ing to the simulation curves Fig.3 and Fig.4, the cou-
pling is less between directions. Furthermore the ele-
ments on the cross line of the two submatrixes of feed-
back matrix “ K" are greater than the elements which are
not on the cross line. So it is a feasible way for us to di-
rectly adopt the state feedback control matrix “K” , and
avoid the elements being not on the cross line, and take
it for feedback matrix of discrete controller. In order to
explain the feasibility of this conclusion, we avoid the el-
ements of matrix “K” being not on the cross line at the
speed of 30 000rpm, a = 1000,2000,3000,46 = 100,
we gain the simulation curve Fig.5 in direction X,. It
shows that Fig.5 is almost the same as Fig.3 in unit step
respondse of X, direction and in the influence of the oth-
er three directions. Therefore we can design the decen-
tralized parameters controller by using decentralized con-
trol strategy.

2.025 0 0 0

, 0  42.3875 0 0

K=1 0 0 40125 0
0 0 0

Take subsystem of AMB A in direction X, for exam-
ple, the feedback control value may be written as:
Uyo(k) = 42.0125X,,(k) +17.7783X,,(k).
(5)
In the system of the experiment, the power
amplifier’ s gain k., = 1, sensor’s gain K, = 20000, we
can obtain the expression of U, through transforming
from (5) differential equation into difference equation,
and using the same approach. The control arithmetic ex-
pressions of the other freedoms can also be obtained.
From the control arithmetic expression of a controller
(5), we can see that it is a proportional and differential
control, and can be realized easily but some input static
error. In general, we need integral part to make a whole
PID controller. Finally a closed loop control can be im-
plemented by using four independent PID controllers in
4-degree-of-freedom!'>*),  According to the above
method, we design a discrete controller algorithm, and

42.3876

From: Xa

amplitude/mm

time/ samples
Fig. 5 Unitstep respond in X direction when “a”
chose different value, 5=100,coupling is ignored

3.3 Digital realization of a decentralized pa-

rameters controller'!)

In the following simulation we set the rotational ve-
locity =30 000 rpm, a = 3000, b = 100, and the opti-
mal feedback matrix “K” is obtained, and discrete con-
trol matrix is obtained as follows when only the elements

on the cross lines of submatrixes are selected :

17.7783 0 0 0
0 18.2285 0 0
0 0 17.7783 0
0 0 0 18.2285

use a digital controller with digital signal processor
(DSP), and realize AMB suspend steadily. Furthermore
AMB can always suspend steadily at different speed
range by adjusting the parameters in a small range based
on the results of the simulations. In the situation of un-
load, the rotor displacements are well controlled within
an acceptable small range that the maximum vibration
amplitude is no more than 20¢m in the speed range of 0
to 60 000rpm. The study outcome has passed the ap-
proval of the National Defense Technology Committee
and the Technology Committee of Jiangsu Province!') |
4 Conclusion

In this paper, by setting up a state equation of 4-de-
gree-of-freedom active magnetic bearings, centralized
and decentralized parameters controllers are designed by
using LQ control. The results of the simulations and ex-
periments have showed that the decentralized controller
meets the demands of AMB when decentralized control
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strategy replaces centralized control strategy under the
speed 60 000rpm. The study outcome has great reference
value for developing controllers of AMB’s.
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