8th International Symposium on Magnetic Bearing

August 26-28, 2002, Mito, Japan

7ZERO POWER NONLINEAR CONTROL
OF MAGNETIC BEARING SYSTEM

Kenzo NONAMI*, Zi-he LIU**
*Department of Electronics and Mechanical Engineering, Faculty of Eng.,
Chiba University E-mail: nonami@meneth.tm.chiba-u.ac.jp
*+Artificial System Science Course, Graduate School of Science and Technology,
Chiba University, E-mail: liu@mec2 tm.chiba-u.ac.ip

ABSTRACT

Generally, the control strategies for a magnetic
bearing often focus on the linear control techniques
by through the bias- current to a pair of the
electromagnets and design a control system based
on the linear control theory. In this paper, we
propose a new algorithm to realize a nonlinear zero
power control of rigid rotor-magnetic bearing
system using only electromagnets by backstepping
method which belongs 1o a nonlinear control theory.
And we designed the control system using
backstepping method for the reduced order model.
In particular, we also propose a new algorithm
which will be able to find out their control currents
with a global stability guarantee. Furthermore, those
methods were applied to the rigid rotor and the
flexible rotor-magnetic bearing system to examine
the stability by simulations and experiments, the
results show the validity of the proposed method.
Keywords: Magnetic Bearing System, Backstepping
Method, Zero-Power Control, Nenlinear Control,
Rigid Rotor, Flexible Rotor, Reduced Order Model,
Global Stability, Switching Control,
Function, Experiment.

Lyapunov

INTRODUCTION

A magnetic bearing system consists of a couple of
electromagnets which face each other, and it supports
the rotor by magnetic force without any contact at all.
It is possible for the rotor supported by a magnetic
bearing to rotate with ultra-high-speed. So, it has a lot
of advantages such as no wear and friction, no
machinery energy loss, a little noise, and it needs no
lubricating oil, so it is very clean for around
environment etc. However, a magnetic bearing system
is unstable essentially, the feedback control is
indispensable. Since a magnetic force has a very strong

non-linearity, as for the conventional control technique,
it is common to linearize a nonlinear system and
design a control system based on linear control theory
by supplying bias currents on a pair of electromagnets
which face each other. However, the method must
always continue supplying bias currents, even when
the position of the rotor is at equilibrium point, and it
has the fault that electric power consumption becomes
large. Moreover, when the rotor was rotating, the eddy

current loss oceurs due to this bias currents. In order to

reduce such loss, we usually apply a special devise
using the lamination steel plate, but it makes a
magnetic bearing more expensive actually. To
utilization of the magnetic bearing to a field especially
like the energy storage flywheel system, the zero
power or the low power consumption type is inevitable
from the viewpoint of energy income and outgo. When
the rotor is rotating, the energy loss reduction also will
become important subject.

Recently, the research of the zero-power nonlinear
control which aims at the electric power reduction
has centering on a2 magnetic bearing is beginning to be
done. The zero power magnetic bearing which used the
permanent magnet and the electromagnet together has
been reported”. This magnetic bearing can reduce
power consumption drastically. However, there is a
problem to which the structure of an actuator become
complicated with magnetic bearing only using the
electromagnet, and the cost becomes more expensive.
In the case that is only using electromagnet and not
supplying bias currents, the system becoming
nonlinear system, the application of the linear control
theory will be restricted. The nonlinear control
technique have been proposed 4 byt those method
which used bias currents and not for realizing zero-
power control.

The effective proposal to zero power control which



only use an electromagnet has been reported for the
magnetic bearing®"’, In the case that is not used bias
current, the switching type of zero power nonlinear
control technique has been proposed based on
Lyapunov direct method for the rigid rotor™®
Furthermore, as a result that it aims at the improvement
of the control performance, the control system which
satisfies the asymptotic stability condition of the
Lyapunov method has been obtained numerically. The
zero power nonlinear control technique based on
backstepping method which belongs to the nonlinear
control theorym has been proposed. Those validity are
verified by experiments. Especially, the contro! system
design method without supplying the bias current and
guaranteeing the global stability has been proposed™”,
The switching type which makes an electromagnet off
in the case that the rotor approached it, and the
improvement type without switching has been
proposed to avoid the problem that an input becomes
an imaginary number. Furthermore, the servo system
also have be designed to control state disturbance
based on the backstepping method.

In the previous study, the nonlinear control of the
subsystemn without a couple was designed on the four
degree of freedom model which considered that it is
rigid mode and as simple as single degree-of-freedom
which considered that the rotor is a independent,
However, we must deal the some magnetic bearing
system such as flexible rotor actually. In this study, we
proposed a new zero power nonlinear control
algorithm which is different from reference'”
to control the rigid mode, and also designed the controi
system for the reduced order model based on the
backstepping method. Furthermore, we applied the
method to examine the stability of the flexible rotor-
magnetic bearing system, and the validity was shown
by simulation. Especially, we proposed a new method
to find out the control input current of each
electromagnet after that the virtual input of the linear

in order

systemn was found out.

CONTROL SYSTEM DESIGN FOR RIGID
ROTOR

Rigid rotor modeling

In this study, the contro] object is five axes control type
magnefic bearing which is shown in FIGURE 1, but we
can consider that is four-degree-of freedom when the

axial direction was assumed to be what is controlled
ideally. Moreover, the unbalance and gyroscope effect
was not considered.

FIGURE 2 shows the center of gravity position and
the rotation angle around the x and the y axis are
made x, y 6, and 6,. We assume the 8, and @,.are
very small here, then the gap between the upper and
lower electromagnet and the rotor can be written:

X =x+84,, y,=y+8d, x=x-8}; and y=-8J;. We can obtain
the independent parallel and rotational equations of motion

- are shown follows each other, and TABLE 1 shows the

those parameters.

FIGURE 1: Five-DOF magnetic bearing system and model
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FIGURE 2: Paralle! and rotational motion

Control system design on rigid mode
From assumption, since the gyroscope effect is not



taken into consideration, the four equations (1)~(4) are
mutually independent, and it can be handled as a thing
without a couple. The new method which is related to
the control input calculation was proposed for the
subsystem such as parallel and rotational motion of the
x and the y axis direction respectively. In this study, we
designed the control system for the equations (1){4}
simultaneously based on the backstepping method.

TABLE 1: System parameters and values

M Mass of the rotor 4.85kg
k Constant of | 447x10°Nm* 1 A*
v magnetic  bearing | _ s 2, 42
k[ attractive force 3.10x107 Nm" / 4
X,, Y, Nominal air gap 2.5%107%m
I Moment of inertia 0.029%kgm’
about x and y axis
I Moment of inertia 0.022 kgm2
about z axis ]
] Distance from the | 4 166x1072m
u center of gravity ) )
I 7.602%x10"m

Here, we define the vector as X={x, y 6, 6]" and

X, = X,, weobtain the eight orders system of the state
space model from equations (1)~(4) was shown as

follows:

X=X, (5)
X,=U

where, U=[Uy, U, Uyp Uy, 1.
U,=U,-U,+U,-U,
Uyr = Url _Url —*UrS + Ur7 (6)
Up=Upn-Up+Upy-Uy
er =_Ur2 + UM +Ur6 -U B

¥

Here,
Up = kupami:,,,
a2
Upn = klpanlpn (m=1 ,2,3,4, n=5,6,7,8) (7)

= :2
Um - kfr Aolpy

where,
a, ={X, 'xu)_z:az =(¥-y )-zsaz ={X, +x»)_2,a4 =X, +J’.)_2;

a, =(X, —x,)_z,as =l "')'1)-29“1 =(X, +xxl_!’as =({Y, "]'yl)_z'
k k k1 &l

=k, =k, =21k, =
UMM M T LT L

>

X is considered as the virtual input. The control law
will be shown as follows:
Xo=-G1.Xy )

to become X,.,=-G\.Xi(G is diagonal and regular).
We assume the control Lyapunov function which is

V=X \PX;, Vl will be shown as follows:

V,=~(XTGPX,) - X[G PX, 6]

Then Eq.(8) will be asymptotic stability, We assume
the deviation Z; was written as follows:

21 =X +GiX) (10)
In the case, we define a new Lyapunov function
including the deviation Z; which is
Vo=X |PX\+Z"10Z, (P and Q was the diagonal and

not singular). ¥, will be shown as follows:

V,=~X{G,PX,) - X[G\PX, + Z] Q(Q"'PX,)
+U +G,X2)T +(Q4PX1 +U +G1X2)TQZI
Here, we suppose that ' PX,+U+G1.Xo=-G,Z), then

(1

Vz will become:

vV, =-(XIGPX) - X/G,PX,
-(2/0G,Z)" -2,QG,Z,

It can confirm that the negative condition is satisfied.
Then the virtual input of the system was obtained as
follows:

U=-PX,0"-G1G X 1{G+Go )Mo (13)
In this case, the input currents of the parallel and
rotational direction for the electromagnets 1,3,5,7
which in the X axis was determined as follows by
the switching method.

(12)

U, 20U, =U,, =0;i,; =i, =0;
1 U U, .
U, =U,= lpr;iz,., = £l 2, = —£5
2 k.a k,as

U, <QU, =U,s =0ii, =i,=0;
UnL 2 Un] .

;l pT =
k., kya;

< 1 .
U,,=U, =;U 3Hps =

xp

(U, 20:;U,,=U,; =0;i,, =i, =0;

A 1 .2 U . U, -
Uri =Ur7 =_Ury;l ri =_LL-;12"7 =
[_ 2 kurai kira'l
U, <OU,, =U,, =0, =i, =0
1 , U . .
Ur3 =Ur$ =5 ry;tzl:’ = = ;12"5 = ri
2 wha klras

We can find out the control currents with the same
process toward the electromagnets 2,4,6,8 which in
the Y axis, it are omitted here. Finally, put the
control currents of the parallel and rotational



direction the control currents was found out to each
electromagnets was shown as follows:

i =2 +2,(j=12-8) (14)

The method which is found out the control input
currents by that the plus/minus of the virtual input
was judged, so the complex judgment condition by
the plus/minus of the displacement and the velocity
becomes unnecessary, and the problem which the
imaginary number exist in the root inside can be
avoided completely.

Simulation (1)

In this section, the designed controller was applied
to the four degree-of-freedom model. The
simulation results of only the X direction was shown
in FIGURE 3 and FIGURE 4. The results of the Y
direction was omitted. In the case, the each
parameters was designed respectively as follows:

G, = diag[600,600,600,600],G, = diag[500,500,500,500].
We obtain a good results without the over short
from this simulation of the step and the impulse
response. Furthermore, the zero power type control
is realizable as such as that the input currents
becomes zero when the rotor is stabilized and
decoupled.
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FIGURE 3: Step response
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(a)Displacement {b)Controt input
FIGURE 4: Impulse response
Experimental resalts on rigid mode
In this section, we installed the designed
controller in DSP to do experiment. The block

diagram of the control system is shown in FIGURE 5.

In this experiment, we examines the levitation
response from touchdown response, and the results
was shown in FIGURE 6(a). In this case, the control
curtents is shown in FIGURE 6(b). It shows that the
average value of the input currents are supplied on
the electromagnets as 0.17A, 0.18A, 0.21A and
0.25A respectively. It shows the validity of the
algorithm proposed in Fig.6 from that the rotor was
stabilized and decoupled after control start within
0.03s.
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FIGURE 6: Step response

Furthermore, FIGURE 7(a) shows the orbits of the
rotor about the experiment data in the case of
8000rpm, also, FIGURE 7(b) shows the input currents
are 0.14 ~ 0.18A in that case. It is corresponded
when the rotor is rotating and has being decoupled.
In the case which the rotor was decoupled stable, the
steady state error exists, namely that because of the

disturbance exists in the actual rotor system.
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(a) Orbits of the rotor

{b) input current
FIGURE 7: Rotation at 8000rpm

CONTROL SYSTEM DESIGN ON FLEXIBLE
ROTOR

Flexible rotor modeling®
In this section, the control system design method for
rigid rotor is extended to flexible rotor. As example,



we consider the model of the l0MWh class energy
storage flywheel system, and design the control
system based on the backstepping method. The
structure and the one dimensional finite element
mode(FEM) is shown in FIGURE 8 (a). The weight
of this flywheel system is 104t, the weight of the
rotor is 45.7t, and the operational speed is 6000rpm.
The superconductivity magnet is applied to the
levitation of the flywheel system, but also applied to
the both axial and radial direction. The characteristic
frequency of the 1 dimensional bending mode was
decided which is 32Hz using the vibration analysis
software ANSYS.

It is necessary to conduct the low dimensional
finite element model from three dimensional model
to order design the control system for AMB using
ANSYS. In this case, the dimensional model is
created making in agreement main parameters, such
as total weight, entire length and characteristic
frequency. After that, the model was divided into
two parts based on the position and stiffness of
AMB and SMB in order to prepare the one
dimensiona} element model is shown in FIGURE 8

(b).

(a) Cross-sectional view (b)One dimensional FEM
FIGURE 8: Quter rotor type flywheel

Next, we derive the state equation of the flywheel
based on FIGURE 8 (b). It is assumed that the states
of the X and the Y directions are the same, so we
only consider the X direction here. In the case, we
applied the finite element method to the free-free
flexible rotor, then the equaﬁon of motion was
obtained as follows:

Mj+Cg+Kq=0 (15)

However, gq=[x1,61 x,6 x3,6‘3]T, the x,8 is the
displacement and the angle of the added mass
respectively and x; and x3; are the set place of the
AMB as shown in FIGURE 8(b).

Here, we define @ is the modal matrix, and the

state equation of the flexible rotor-magnetic bearing
system is obtained as follows:
X, =Afxf+BfU+DfaJ ()
y=Cmx, =[x xJ

Here, x, =[¢ &Y,U=[F, F]

o Ao fforfbe

It is impossible to design the controller for the full
order model because there are innumerable vibration
mode in this free-free outer-rotor and including high
dimensional bending mode because of the high-
order controller. So the high vibration mode must be
truncated to realize low order model. The state
equation including the i™ dimensional was written as
follows:

X, =A,x,+BU+E0
xr rxr r f (17)

yr =Crxr =[xl xS]T

In this study, since the two rigid modes and one
bending mode exist within the operational speed by
the ANSYS analysis, Eq.(17) includes those modes.

Control system design for flexible rotor
In this section, we only designed the control system
for the low dimensional model of the X direction,
and the equation of motion corresponding to the low
dimensional model was written as follows:

M X, +Co X K X0 =BU (18)

Here, Xo=[Xn1> Xm2, Xm]". U={Fy E%, is the inputs of
the AMBI1 and AMB3. In this case

i i

E = —_ 2

=k ey T gy (a9
i2 i

F=k

“(Xex) . X n‘;-“;)z

However, k,, ki are the spring coefficients of AMBI1
and AMB3. Here, we con obtain the equation as
follows:

Xml = Xm
'sz =Xml
XMZ = —CmGXml _KmoXml +BmOU

20)

Where, K, B = B, .
M7 M,

Here, we assume the stabilizing function as
oA Xm) = —G1 X1, (G is diagonal and not singular),

Cmo = -ACJ':_’KMD =



then the error function is obtained as follows:
2y = Xy 0 X)) = X2 tG 1 Xt 21)
Then, the Lyapunov function was chosen as follows:

V=XIPX, 6 +2107, (22)

However, P, Q are diagonal and not singular.
V,=XLPX, -XIPX  +2702 +2707,
=~X1PGX, - (KLPGX,) (23)
+Z]QQP' X, +B,,U - Coo Xy = KX )
QPN+ B U —CoX,y — Koo X, 02,
We propose the following condition:

Q'PTX, +BU =CroXuz = Koo X, =G,Z, 24

Here, G, is diagonal and not singular. then Eq.(23)
can be rewritten as follows:

P, =~X1,PG,X,, ~(X",PG.X,) - 270G,2,~(270G,z,)" (2)

Because Eq.(25) becomes negative definite, the
stability of the system was guaranteed. In this case,
the virtual input was decided immediately as
follows:

U =BG, + Gy~ Cpp) X, + (GG, + QP —K,) X, )] 2O

Here, we used the same process which with above
chapter and to find out the input currents to the
AMBI1 and the AMB3 based on that the plus/minus
of the virtual input was assumed. For the two upper
electromagnets:

R4 =04 =ty = @)
£

4
F, <0;i =0;i, = (X, +x,)1{;"'

For the lower two electromagnets:

F 2050, =03 = (X, — %) f-kﬂ (28)

£
kl

[E <0 =04, = (X, +x,

The problem which the control input become an
imaginary number can be avoid completely using
the above switching law.

Servo system design

It is shown that the state disturbance was existed in
actual control system from the results which show in
FIGURE 7. So, in this study, we also design the servo
system to control it based on the backstopping
method. FIGURE 9 shows that the r, e, X, were
assumed such as the desired value, the error between

the desired value and the output, and the integration
of that error respectively, the disturbance was
assumed as step disturbance. Here, we also only
design the servo system on the X axis direction for
paraliel motion.

r a X
-->§ \ Plant Yr

FIGURE 9: Servo system

X =e
é=i-X (29)
X=U

Here, that the desired value r =0, the output is X and

X,=X,,X,=X,X,=X, then we obtained the

equation from Eq.(29) as follows:
X 1= X,
X=X,
X, =U
In this case, we can find out the virtual inputs U
after all the states of Eq.(30) would be changed as
follows:
U=-B_[(G +GG,G,+G)X,, 31
+(G| + Gz + Gz - C..o)Xz.n
+{(GG, +G,G,+GG, +207'P" - K ) X,.1

(30)

Next, we can find out the input currents for each
AMB by Eqs.(27) and (28).

Simulation (2)

The control system was designed in the above
section was applied to the flywheel system including
two rigid modes and one bending mode by
simulation. In this case, the low pass filter was used
to avoid a spillover in the high frequency mode. The
cut off frequency of the low pass filter was set up at
70Hz. Furthermore, we also consider the suitable
damping term({=0.01) for modeling error to
stabilize. P,Q are unit matrix, and designed the
parameters as:

G, = diag[ 100, 2, 15}, G» = diag [ 150, 3000, 200},
FIGURE 10 shows the initial responses when the
spring coefficient of SMB is given as Kg=1.064x10
N/m, and FIGURE 11 shows the initial responses
when Kqgz =0 Mm. The control currents were decided
by the switching type.
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FIGURE 10: Initial value response (Kgs=1.064x10" N/m)
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CONCLUSIONS

In this study, the new zeropower nonlinear control
algorithm was proposed based on the backstepping
method for a magnetic bearing which it is only
consists of a couple of electromagnets. Furthermore,
we also proposes a new method to find out the
control input current to electromagnet to decide the
plus/minus of the virtual input, and the problem
which the imaginary number exists in the root can
be avoided completely. And then, we applied the
proposed nonlinear control system algorithm to the
rigid model by simulation, the result shows that the
zeropower control which dose not supply a bias
current is realizable and an improvement of the
power consumption becomes possible drastically.
The results of the experiment also confirm the
validity of the proposed algorithm. However, since

the disturbance exist in the actual rotor system, it is
impossible to disregard it in the experimental result,
but it can be ignored because it no influences for the
control performance from the result when rotating
with high speed. And furthermore, we also
examined the application possibility which applied
the proposed method to the model of the 10MWh
class energy storage flywheel system as such as
flexible rotor. The results shows that the proposed
algorithm can apply to the flexible rotor system, and
the validity was verified.
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