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Abstract

In this paper, a nonlinear output feedback control method
is proposed for a magnetic bearing system which has a
strong nonlinearity in the magnetic actuator. The basic
idea is to make full use of the feature that the dynam-
ics part is linear and hence can be stabilized by output
feedback when the output of the actuator is regarded as
a virtual input. Then it is shown that the backstepping
and completing square techniques enable the construction
of the real input using measured output only.

1 Introduction

In magnetic bearing systems the magnetic force has a
strong nonlinearity, which is proportional to the square of
electric current and inversely proportional to the square
of distance between the magnetic bearing and the rotor.
For this reason, in conventional magnetic control systems
using linear control approaches large current biases have
to be applied to a pair of electromagnets in order to guar-
antee that the magnetic force acting on the rotor can be
approximated as a linear function of the currents. This
large current bias does not contribute to control of mag-
netic bearing, thus is a waste of power. More importantly,
the control system designed based on linear approximation
works only in a very narrow range. To overcome this prob-
lem, a so-called ”zero-power” control method is proposed
in references[1, 2] which uses nonlinear state feedback so
as to achieve zero-bias current. Further, [8] makes some
improvements to the zero-power method. However, the
designed nonlinear state feedback control law has a sin-
gularity at the equilibrium and for this reason asymptotic
stability is not achieved. Meanwhile, in [10] a zero-bias
nonlinear control method is proposed which guarantees
asymptotic stability. [9] discussed a control method with
exponentially decaying bias and [7] discussed low bias con-
trol. All these works are based on state feedback. How-
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ever, when the rotor is flexible there is no way to measure
all states and output feedback control becomes imperative.
As the first step towards this goal, output feedback stabi-
lization of a rigid rotor is treated in this paper. Extension
to flexible rotor control will be published in forthcoming
papers.

For this purpose, attention is focused on the dynamics
property of this system, i.e. the magnetic bearing system
is composed of a rotor and an actuator of electromagnets.
The rotor is controlled by the magnetic force and the dy-
namics from this magnetic force to the states of rotor is
linear. Therefore if this magnetic force is regarded as a
virtual control input, linear feedback can be applied eas-
ily. Specifically, output feedback can be applied by using
any known linear control theory. Meanwhile, the mag-
netic force is produced by a pair of electromagnets and
is highly nonlinear, it is an open problem how to design
an output feedback controller by backstepping. In this
paper, it is first shown that the singularity in the control
laws of [8, 1, 2] is due to the fact that the relative degree
of the magnetic actuator is undefined if the bias current
is zero and thus nonzero bias has to be applied in order
for the backstepping technique[5] to be applicable. Then
it is shown how one can design an output feedback con-
troller by selecting suitable quadratic Lyapunov function
and using the completing square technique. Also the con-
dition on the structure of the linear part of the controller
is analyzed and clarified.

Control of one-degree-of-freedom (1DOF) magnetic bear-
ing system will be exposed in detail. Then the result on a
4DOF magnetic bearing system will be presented briefly.

2 Model of Magnetic Bearing System

Let us consider the 1IDOF magnetic bearing system shown
in Fig.1 first. In this figure, z denote the displacement of
the rotor axis from the center, X, the gap between bearing
and rotor at the equilibrium state, 71, io are the currents
flowing through electromagnets 1 and 2 respectively. The
voltage inputs applied to each electromagnet circuit are
u#1 and 4. Only the displacement x and currents i1, io



are measured.

To express the dynamics in state space form, the state
variables are chosen as

Ty =m, To =10, & =iy, & = ia. (1)

Then, the state space model is described by

B = 3 (2)
) 1

To = Mf (3)
- o (4)
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in which the electromagnetic force f and the inductances
L1, Lo are given by
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In the above equations, M is the mass of rotor, R the
resistance of each circuit and k a constant. Egs. (2),
(3) describe the dynamics of rotor, Egs. (5), (6) are the
state equations of electric circuits of the two electromag-
nets. These model can be easily found in any standard
textbooks on magnetic dynamics, such as [3, 6].

It is worth noting that L;, Lo > 0 holds in the working
range. There also holds equations

oL, 1 _, 0L, 1,
e i —
8:E1 2k b 8:01 2k 2 (9)

Moreover, since the electromagnetic force f is a function
of £ (i = 1, 2), it is sufficient only to use positive currents
in control.
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Figure 1: Model of 1IDOF magnetic bearing system

2.1 Relative Degree of The Acuator
The equilibrium of the system is found to be
j1:O7 jQZO’ 51252267 ﬂ1:ﬂ2:R€

in which € is arbitrary. Note the equilibrium is not an
isolated point, it is a set which corresponds to the fact
that this system can have any electricity bias at the equi-
librium. Now let us look at the effect of bias on stabiliza-
tion technique. In backstepping, the relative degree of the
actuator must be well defined. Since the output of the
actuator is f and the coefficient of the input u; is 1/L;
(¢ =1, 2), there holds

971 _ iLigi-
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So if the current at equilibrium is € = 0, the relative degree
is not 1 at the equilibrium. Continuing the calculation
on the relative degree, it is discovered that the relative
degree is not defined at all. This means that in order for
the backstepping technique to be applicable, some bias
current has to be applied, i.e. ¢ > 0. In this case, the
actuator has a relative degree of 1 around the equilibrium.
It is assumed that the bias is chosen as such in the sequel.

For convenience, the equilibrium is shifted to the origin as
follows

T = T1, T2 =22
&1 = &1—¢ =8¢
u; = u; — Re, ug = g — Re.

Then the state equations in the new coordinate become

) . 1
Tl = T2, T2 = Mf (10)

(11)

Yy=a

for the linear dynamics and

& = Lil [R& - 3—5115_112 + u1] (12)

& = Lig [—R& — g—if&@ + U2:| (13)
1

o= (138 - 136) (14)

4k

for the actuator.

3 Control Design

As is clear from the state equation, if the magnetic force f
is regarded as a virtual control input, then the dynamics of
the rotor subsystem becomes linear. So linear control can
be applied to stabilize this subsystem. After that, voltage
input needs to be designed so as to realize the magnetic
force designed in the 1st step. That is, the design process
can be decomposed into 2 steps as follow.



1. Construct f* by linear dynamic output feedback of y

2. Use backstepping and completing square technique to
find @1, @2 using only the measureed output(y, &1, £2)

They are described in the following subsections respec-
tively.

3.1 Structural Requirement on Linear Controller

First of all, the condition on the linear dynamic output
feedback controller K (s) is discussed such that the input
of nonlinear actuator can be realized by dynamic output
feedback.

Lemma 1 The relative degree of K(s) must be greater
than or equal to that of the actuator in order for dynamic
output feedback to be realizable.

(Proof) Suppose the relative degree of the actuator is ~,
then derivatives of f* up to f*(7) will be used in the back-
stepping design. Let a state space realization of K (s) be

T = Ak + by, f* = cpar + dry. (15)
Then
O = Al + e AT by + o AL by
ot by 4 dry®.

So the derivatives of f* up to f*() are independent of
derivatives of y iff

dk = Ckbk = CkAkbk == CkAz_Qbk =0

holds. That is the relative degree of K(s) must not be
lower than ~. o

3.2 Output Feedback Design of Magnetic Force

Let us assume that the magnetic force f can be manip-
ulated directly and consider the control of rotor by this
virtual input first. Let & = [x1, xQ]T denote the state
vector, then the state equation of the rotor can be written
as

t=Ax+bf, y=cx (16)
in which
0 1 0
a=[2 1] 0= 8] e=tio

Obviously, this system is controllable and observable, thus
can be stabilized by linear dynamic output feedback. The
relative degree of K (s) must not be lower than 1 because
the relative degree of the electromagnetic actuator is 1.

Assume that this linear stabilizing controller K (s) is given
by

T = Ap +bry, f* = crrp. (17)

To find a state space realization for this linear closed sub-
system, let us define some notations as follows

fe=f—f (=7, af)"

Then it is easy to verify that the state equation of the
closed loop subsystem is

(18)

C- = ACC + bcfe (19)
in which
. A bck o b
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Before proceeding to the next step of control design, we
need to construct a Lyapunov function for this linear
closed subsystem and compute the desired currents. Both
will be used in the backstepping design.

Since A. is stable, there exists a matrix P > 0 satisfying
the Lyapunov equation below

ATP 4+ PA. +T=0. (20)
Now set a quadratic function as
Vi(¢) = ¢ P (21)
Its derivative is given by
Vi = (TPC+(TPC

= (T(ATP+ PA)C+ T (Pbefe) + (Pbefe)'¢
_HCHQ + CT(Pbcfe) + (Pbcfe)TC- (22)

When f = f*, Vi is a negative function. So V; is a Lya-
punov function for this subsystem.

Next, let us find the electric currents (&5, £3) correspond-
ing to f*. It is clear from Eq. (7) that the currents &, &
can not be determined uniquely. So let us find &, &5 that
minimize the index

J = min{&} + &3}
subject to the constraint

* 1 * *
= E[L%(ﬁ + 6)2 - L%(fz + 6)2]-
This can be interpreted as the minimization of the devia-
tion of current power from the bias. It is easy to see that

the optimal solution must satisfy

G =0, f*=4 [L3 - L3(&+e)?] (f*<0)
§1=6=0 (f*=0)
&L=0, f*= [LI(&+e? - L2 (f*>0).

From these
obtained as:

equations, the required currents &7, &5 are

. —e+ 7-/Akf*+ L3e2, f*>0

51 - { 0, ! f* S 0 (23)
A fr=0

@ - { et AP IE, fr<o Y



This control law is a switching control law and is physically
extremely natural. f* acts as the switching surface. It is
also noted that

E=E+e>e>0, =6 +e>e>0.  (25)

3.3 Design of Voltage Inputs

As in standard backstepping, the error between real cur-
rents &1, & and required currents &5, &5 are defined as

e1 =& —§&, e2=8—&.
Their dynamics are given by
& = &L-¢&
1 oL, - .
= — |-Rg - 22 — L€ (26
I [ & 0, w2 +u 1‘51} (26)
ér = &L-&
1 ALy - .
= — |[-R&— —= — L& 27
o [ §o O Eawo + s 2‘52} (27)

It is noted that fe can be expressed as
Je= e [L2(§1 +&)er — L3(& + &)ea] (28)

in terms of ey, es. There also holds

gill <—61 5_1) e+ g—ii <%62 5_2) e
- %@%H@) — L3(E2 + &5)ez]
_—

The key point in obtaining a simple output control law is
to use the following quadratic function

1 1

V(¢ e1,e2) = §L1€% + §L2@§ (29)

as a candidate of control Lyapunov function for the whole

system.

i+

Theorem 1 Define the following parameters

_ M _ _
P=P- =1 A= | Pb.||?, % = bLPb,

and signals

0, <0

wp = .

' 2k(L%§1+€2 L2>7 fr>0
0, <0

v = f *
2’%5*’ >0

25+ , 2 L %

w - | #BGesE), <o
0, >0
_ i *

vy = 2’%25*7 fr<o
0, =0

w = wier + wses.

Then the following dynamic output feedback control input

T = Ap+bry, fT=crap

up = R - ﬁL?(f_l + &) fe + 01 + rw fe
fﬁwfel —ce, >0

uz = RE& I a L2(§2+§2)fe+02+/iw2fe
fﬁu@eg —cgeg, 2 >0 (30)

achieves global asymptotic stability of the magnetic bearing
system.

(Proof) Differentiation of the quadratic function V' of (29)
along the trajectory yields

V = _||C||2 +CT(Pb fe) + (PbCfe)TC
10L
+L1é1eq + 5 8 o 61302 + Loégea + - 5 8—931263302
= _||C||2 + C (PbCfe) + (PbCfe)TC
oL - 0L, (1 _
o 11 <—61 £1> e1rs + a—xf <562 - Ez) €2
+e1 (U1 — R& — L1€f> + e (uz — R& — ng)
= —[[¢I? + T (Pbefe) + (Pbefe)"¢ — 22 fe
+eq <u1 — R¢ — Llff) +eo (U2 — R& — LQSS) .
Since z2 = MbI'(, completion of square yields
Vo= —[CI?+¢TPbofe+ fbIPC

ter (w1 — BE — Li€]) + e3 (w2 — REs — Lo )
= —|I¢ = Pbefe|® + | Pbefe|?
ter (u1 — RE — L1£f> tes (uQ — R&y — ng';) .

As || Pb.f.||?> = M\f? is equal to

A
4kf [L2(§1 + & e —

L3(& +&)ea]
there holds

Vo= ¢ =Poefl? = (elni + eaLas )
ver [ REs+ 22 L3 + )
ver |- R - GhIHE )] Y

Further, straightforward but tedious computation based
n (9) yields

L&} = wibl'¢ +v1, Lol = wabl ¢ + va.



Noting wiws = 0, it is obtained that
e1LiEf + eaLo&s
= wb! (¢ — Pbefe) + kwfe + e1v1 + eavo
- — 1
= —lI¢ = Pbefell® + lI¢ = Pbefe + Sbew]?

1
_||§bcwH2 + e1vi + kwy fe] + ealve + Kwa fe]

— — 1
= — ¢ = Pbefel* + [1¢ = Pbefe + Fhew?
te1[vr + kwy fe] + ez[va + Kwa fe]
2 2).

2
*M(wfel + wjey

So finally, substitution of the control input (30) into (31)
yields

14

- 1
—lI¢ = Pbefe + Sbew]?

—(e1 + R)e% —(c2 + R)e%
< 0.

Moreover, V=0iff
— 1
¢(— Pb.fo+ §bcw:O7 e1 = ey = 0.

As e = eg = 0 implies f. = 0 and w = 0, this condition
is equivalent to

(=0, eg =e3=0.
Further,
(=0=z2,=0= f"=0= { =6 =0,
and
er=ea=0 = §=¢=0,6&=6=0

Therefore, the global asymptotic stability is guaranteed
by LaSalle’s invariance principle. o

Note that w;, v; are finite since f_;" > 0. Therefore, the
control input given in the theorem is also finite.

4 4DOF Magnetic Bearing System

Next, consider a multi-DOF magnetic bearing system
shown in Fig.2 which has 8 elctromagnets. It is as-
sumed that the rotor rotates at a constant speed, that
is w, = const. Then the DOF of motion is 4.

The motion equations of this rotor for this system are
given by

mic = fu (32)
mijc = fy (33)
Jr0y — Jow 0, = Ty (34)
Ty + Jow.b, =7y (35)

Figure 2: mDOF magnetic bearing system

in which m denotes mass of the rotor, .J,. is the inertial
moment around x and y axes and J, the inertial moment
around z axis. The gaps between the rotor and the 8
electromagnets are given by

Ty ==

Yu =

Isinfy — xq, = =Isinb, + z¢
lsin®, —yg, yi =lsinf, + yg.

Then the electric circuit dynamics are described by

: L% —R& — %Z’éw +u; ), 1=5,7
=" oar® .
I —R¢; — ay;&mz +u;), i=2,4
L%- —R& — %—ﬁff_ﬂg +u;), 1=6,8

in which &/; = f_i/j — €, uj/; = ui/; — Re. The forces and
torques are given by

1

fo = 4k [L%f? — 36"+ 126" - L%ﬂ (36)
h:ip@%¢@%m%“m%ﬂ (37)
- Llpatonet-ve et o9
ro= o 1367+ L6 1 1367 - 1367 (39)

Define X = [zg,4c], Y = [ya, vc], € = [0y, 0y, 0, 6,] and
T = [1y, 72|, then the state equation becomes

X = A X +byfs (40)
Y = AY +byf, (41)
U = Ay -+ ByT. (42)

The measured output in the rotor dynamics is

Yy = [I‘Ga Yya, 9y7 91]



which is determined from the gaps z,, z;, y., ¥ that are
measured by laser sensors.

Since these three state equations are decoupled, decen-
tralized output feedback f7, fy, T™ can be designed to
stabilize X, Y, W respectively. Further, from the designed
I2, [, T* and the equations above, the desired currents
& can be computed. As in the 1DOF case, &7, ...,&5 are
determined in such a way that minimizes the total power.
Each of them switches between a positive function and 0
according to the signs of the following switching functions

S1 =

fe + 75/,
f;_T;/la

The desired currents are listed below.

e = {Lil\/stl—i—L%eQ—e, s1>0
0,

52:f;—7';/l

s3 = sa=fy+ 7./

S1 S 0
g = %2\/21652 + L2z —¢€, s3>0
2 0, 59<0
* Oa S§1 > 0
& = LLS‘/*?kSl + L3 —¢, s <0
% 0, S92 Z 0
54 o LL‘L\/ —2kso + L%GQ —€ 82<0
g = %5\/21683 + L2z —¢€, s3>0
> 0, 53 <0
g = %6\/2k54+L§6276, 54>0
6 0, 54 <0
* Oa S3 Z 0
& = %7\/72143.93 + L2z —¢, s3<0

5420

* 0’
& = {LLS\/—kaél—l—L%eQ—e, 54 <0

By using the following Lyapunov function
138
k=1

an output feedback control law u = [ug, -+, ug
be obtained which has a structure similar to the 1IDOF
case. This control voltage guarantees global asymptotic
stability of the whole system. The detail is omitted due
to space limitation.

5 Conclusion

In this paper, a nonlinear dynamic output feedback con-
trol method for magnetic bearing systems has been pro-
posed. This method guarantees asymptotic stability of
the closed loop system and uses only a slight bias current.

This approach can be extended to systems with uncertain
linear dynamics and/or distributed linear dynamics. Also,

the extension to magnetic levitation systems is straight-
forward. These extensions will be reported in forthcoming
papers.

Simulation results will be shown in the conference, if time
permitting.
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