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Abstract: A nonlinear dynamic output feedback control method for a 5-degree-of-
freedom AMB is presented in this paper. This method is based on the system
structure of AMB and a quadratic-like Lyapunov function. It is shown that
backstepping and completing square techniques enable the construction of the
voltage input by using measured output only. The control law guarantees the
asymptotic stability of the closed loop system. Copyright (©2005 IFAC
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1. INTRODUCTION

AMB (active magnetic bearing) systems have an
outstanding advantage over conventional bear-
ings: noncontact support. For this reason, its ap-
plication in high speed rotating machines is quite
attractive. The price payed is that AMB is inher-
ently an unstable system and can not be operated
without feedback control.

In AMB systems, the attractive force each electro-
magnet exerts on the rotor has a strong nonlinear-
ity on both the current and the air gap. In order
to use linear control approaches in this system,
large bias currents have to be applied to pairs of
electromagnets so as to guarantee that magnetic
force acting on the rotor can be approximated as
a linear function of the currents (A bias current
of Iy ~ 0.5I,,4, is used to linearize the system
in traditional control design (Tsiotras and Vele-
nis, 2000)). This large bias current however does
not contribute to the control of magnetic bearing
but is a waste of power. Furthermore, the control
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system designed based on linear approximation
works only in a very narrow range.

Therefore, in recent years in order to design
AMB systems with low power consumption, ap-
proaches called ”zero-bias” or ”zero-power” and
”low-power” | in which zero bias or low bias is used,
are emerging as popular alternatives. See (Ariga
et al., 2000; Liu et al., 2002; Charara et al., 1996;
Tsiotras and Velenis, 2000; Motee et al., 2002;
de Queiroz and Dawson, 1996b; de Queiroz and
Dawson, 1996a; Knospe and Yang, 1997; Lévine
et al., 1996).All these aforementioned approaches
are fundamentally state feedback based.

However, state feedback control approaches can
not be extended to high speed rotor in which the
flexibility (high order vibration modes) has to be
taken into consideration and the states of these
high order vibration modes are not measurable.
Therefore, it is highly desired to find a nonlinear
output feedback approach for AMB systems. The
purpose of this paper is to show how such a
nonlinear output feedback control law can be
designed for a 5-degree-of freedom (5DOF) AMB
system. This paper is the extension of (Liu and
He, 2003) in which the idea is outlined for the
1DOF case.



2. MODEL OF A 5DOF AMB SYSTEM

The rotor is assumed to be rigid for simplicity.
Control of flexible rotor will be considered in a
forthcoming paper.

The model in Fig.1 is composed of 10 electromag-
nets. The distances between the center of gravity
and each acting point of magnetic forces F; ~ Fy
are set as [.

Fig. 1. Structure of a 5DOF AMB system

Let (zg,ye) denote the displacements of the cen-
ter of gravity of the rotor in xoy plane, 6., 0,
denote the angular displacements in yoz plane and
xoz planes, respectively. Also, the air gaps in =
and y directions at the equilibrium are denoted
by Xy and Yj.

Rotor Dynamics As the motion in z direction
can be controlled independently as an 1DOF
AMB system which is much simpler, only the
control of the remaining 4DOF will be described
in this paper.

Let the forces and torques along x,y axes be
denoted by f,7, and f,,7, respectively. Then
the motion equations for the 4DOF system are
described by (Higuchi and Mizuno, 1982)

mig = fz (1)
mjc = fy (2)
Jrly — Jaw.0, = 7y (3)
Joly + Jaw.0, = 7. (4)

Here m is the mass of the rotor, J,. the inertial
moment around z and y axes and J, the inertial
moment around z axis. The positive rotating
directions for 6, and 6, are as shown in Fig.1.
The terms of J,w,0, and Jawzéy in (3) and (4)
represent gyroscopic moments. In this paper, it is
assumed that w, = const. Moreover, disturbances
caused by the unbalance of the rotor are ignored.

The state variables are set as

T1 =Tq, T2 =2Ig, Y1 =YG, Y2 = Y&

21 = ayy 22 = ayy 23 = 9307 R4 = 930

The measured outputs are displacements 7, :=
1, Ny = Y1, N = [ z3]T" for the rotor part.
Then the state equations are obtained as

X = AmoX + bwofacv
Y = AyoY + byofy,
Z = A Z + BT,

Ne = CzoX (5)
Ny = CyoY (6)
N, = CzoZ (7)

where the state vectors and torque input vector
are X = [x1 22T, Y = [11 w]T, Z = [21 22 23
z4)T, T = [, 7,]7 and the coefficient matrices are
omitted since they can be obtained from (1)~(4)
easily.

Electromagnetic Circuit Let the currents of mag-
nets be denoted by (£, ..., &) and the resistance
of each circuit be R. All currents are assumed
to be measured. Moreover, let x,, y, and x;, y
denote the gaps between the upper electromag-
nets and the rotor, the gaps between the lower
electromagnets and the rotor respectively. Since
z1 = 01, 23 = ¢ are small enough, these gaps are
approximated as

T =21 — Iz (8)
yr =y + lzs. 9)

Ty =21 + 127,
Yu = Y1 — 1237

Then the state equations of electromagnetic cir-
cuits are described by (r =1,...,8)

- (-Re-Lg+m) (o)

where the inductances Ly, ..., Lg are given by

2k 2k 2k
! Xo—l'u, 2 Y()—yu, 3 Xo-l-fﬂu
2k 2k 2k
4= , Ls = , Le =
Yo + yu Xo— a1 Yo—u
2k 2k
Ly = ——, Lg= .
Xo+ Yo+u

Here k is a constant. The electromagnetic forces
of the magnets are described by (r =1,...,8)

=2

F.= 4¥<L2§T (11)

T4kTT

As is obvious from Fig.1, electromagnetic forces
f«, fy and torques 7, 7, are given by

fo=F1—F3+F5 — Iy

fy =TIy — Fy+ Fg — Iy

Ty = (F1 — F3 — F5 + F7)l
Ty = (—Fo + Fy + Fg — Fg) L.

—
=~
= I ==z =

For future use, the time derivatives of L;(i =
1,3,5,7) and L;(j = 2,4,6,8) are listed below



2, i=1,3,5,7  (16)

81‘1 0z Z1

. 0L, OL;
Lj=— - =2,4,6,8. (17
J ayl Y2 + a 24’ J ( )

Relative Degree of Actuator A discussion similar
to that of (Liu et al., 2002) reveals that the
relative degree is not defined at the equilibrium
if the bias current is € = 0. So a bias current
€ # 0 is applied on the four pairs of electromagnets
in order for the backstepping technique to be
applicable. This renders a relative degree of 1.

To shift the equilibrium currents to zeros, new
states and new inputs

Re, r=1,...,8 (18)

frizr*@ Uy = Up —

are defined. In this new coordinate the state
equations of the actuator change to (r =1,...,8)

&= (~R& - L +u).  (19)

3. CONTROL DESIGN

To design the control law for the system, the AMB
system is decomposed into 3 parts: the first one is
the rotor dynamics (5)~(7), the second one is the
static relations (11)~(15) between the currents
and electromagnetic forces, and the third one is
the electromagnetic circuit (19).

Since the rotor dynamics (5)~(7) is linear, any
linear control method can be applied to design
the required electromagnetic forces so as to sta-
bilize this subsystem (H. linear controllers are
designed in the simulation.) So the design process
consists of the following 3 steps:

(1) Conmstruct (fy, f;,7,,7s) by linear dynamic
output feedback of (x,y,0,0,).

(2) Compute the desired currents (&7,...,&5)
which correspond to (fy, fr, 7y, 7x)-

(3) Use backstepping and completing square
techniques to find (w1, ..., us) using only the
measured outputs (x, y, OI, 0,) and (&, ..., &)

Structural Requirement On K(s) First of all, a
condition on the linear dynamic output feedback
controller K (s) is given, under which the input
of nonlinear actuator can be realized by dynamic
output feedback(Liu and He, 2003).

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 realiz-
able.

Output Feedback Design of Magnetic Force Since
the relative degree of the electromagnetic actuator
is 1, the linear controller must be strictly proper.

Here it is assumed that the linear controller is
designed as follows:

X = Ak Xp + bua,s
Yi = Ay Y + byry,
Zy, = Ak Zy + B,

fr = caxXr  (20)
fy = cypYa (21)
I =CuZk. (22)
This controller yields 3 decoupled closed-loop sub-
systems corresponding to each motion. As an ex-

ample, the closed-loop subsystem for the motion
in x direction is shown below

X X *
|:Xk:| :A:E |:Xk:| +bwfzeaf$6 = f$ _f$ (23)

in which

o Azo ba:oca:k _ wa
Ax N |:ba:kcmo Awk: :| ’ bT n |: 0 :| '
The coefficient matrices A,, b,, A, and B, for

the closed loop of other 2 motions are obtained
similarly.

To find a Lyapunov function for the whole linear
closed-loop subsystem, let us define the following
notations:
C=[xT xF YT v 27 zF]"
T. = [f:ce fye Tye Tace]T

in which

foe=Ffy =Ty Tye =Ty =Ty, Twe =T — Ty
Then it is easy to verify that the state equation of
the linear closed-loop subsystem is described by
¢(=AL+ BT, (24)

where

A, = diag(A, A, A.), B.=diag(b, b, B.).

Further, since A, is stable, there exists a matrix

P > 0 satisfying the following Lyapunov equation
ATP+PA. +1=0 (25)

and P has a structure of P = diag(P, P, P,).

Then it is well-known that the quadratic function

Vi(¢) =¢"P¢ (26)

provides a Lyapunov function for the linear sub-
system (24). The derivative of V1(¢) is found to
be

Vi =—|[¢|? + ¢T(PB.T.) + (PB.T.)"¢. (27)

Computation of Desired Currents Next, to find
the desired currents (&7, ...,&5) corresponding to



(fasfy+7y+Tx), let us begin with the analysis of
equations (11)~(15). Obviously, the solution is
not unique. The solution that minimizes the total
electric power is to be determined. (12) and (14)

can be transformed into

(afs +67y) /2= Li(&)? - L3(&)? (28)
(afs = B7y) 2= L3(& )* - L3(& )® (29)
in which
a=4k, B=4k/l, €. =& +€(r=1,...,8).
Define
S1=af, + By, S2=af; — By, (30)

as 2 switching functions. In order to minimize the
electric power, there must hold

Sl>0,§§20 Sz>0,§;:0
5120’6:5;:0, SQ:nggzg;ZO
Sl<0,£>f:0 SQ<0,£;:O

Consequently, the optimal odd numbered desired
currents are obtained as

1 /S
G:f ?1+L§62—6(Sl>0),0(51§0)
1
1 —
& =0(S; >0), \/m—e(51<0)
LV 2
* 1 S2 2.2
55:? 7+L7e —€(S2>0), 0(52,<0)
5
1 —_
6 =0(S:20), /24120 e (5, <0).
L,V 2

Similarly, the optimal even numbered desired cur-
rents are

1 /S5

&=/ =+ 122 —¢(S3>0), 0(S3<0)
Lo 2
]_ — 9
€ =0(Sa 2 0), /=5 4 132 — e (54 < 0)
L,V 2
1
& =— é+L362—e(54>0),0(S4§0)
eV 2
1 _—
& =0 (812 0), /Lt L2t — e (8, < 0)
Lg 2
where
Sz = af, — Bry, Su=af, + p1,. (31)

Design of Voltage Inputs In this part, the volt-
age inputs will be designed by using backstepping
and completing square techniques.

Error Equations As in the standard backstep-
ping, the errors between real currents (&1, .. .,&s)
and the desired currents (£, ...,&5) are defined
as

er =& — 5:;
Then their dynamics are described by

i=1,...,8.

b= o [-Be L& v - L&) (32

Further, it can be verified that equations

oL; (1 -

o | 56 — G, i — —Jze 33
o (se-g)a=r @)
el

oL; (1 -
Tyf (261' - §j> ¢j = —fye (34)

jeJ

oL (1 -\
Z 91 (261' — €z> e = —Tye (35)
el

OL; (1 _
Z 8725 (261' - 5;) €j = —Taze (36)

JjeJ

hold where I and J are 2 integer sets

I={1,3,5,7}, J=1{2,4,6,8}.

Lyapunov Function The key point in obtaining
an output control law for this AMB system is to
use the following quadratic-like function

8
1 2
V(Caela' ";68> = ‘/1 + 5’;71 Lrer (37)

as a candidate of Lyapunov function for the whole
system. Note that L, is a (positive) function of
the air gap, so this Lyapunov function is different
from the one provided by standard backstepping
method. Derivation of V along the trajectory
yields

8
. . . 1 _
V:V1+ZLT <2€’L_€1> Er

r=1
8 .
+ Zer(ur - Rgr - Lré':)
r=1

based on (32). Further, substitution of (16), (17),
(27) as well as (33)~(36) leads to

V=—|¢|? + ¢T(PB.T.) + (PB.T.)"¢

_f:vex2 - fyey2 — Tye?2 — Tze?4

8
+>_erlur — RE — Li&]) (38)
r=1

First Completion of Square  As (z2, ya, 22, 24) are
not measured, the terms containing them can
not be cancelled by the voltage inputs w,(r =
1,...,8). What is possible is to cover these terms
by the negative term —||¢||?. Define

— 1
P =PB, — §BCM, M = diag(m m J. J.).



Since [z2 Y2 22 2z1)T = MBT(, completion of
square yields

VZ*”C*FTe”Z + ||FT€||2

8 8
+> en(up — RE) =Y e L&y (39)
r=1 r=1

Second Completion of Square Further, let us
deal with the last term in (39). Tedious but
straightforward computation yields

Llé-;k =w;To + 'I,DZZZQ + Vi, 1= ]., 3, 5, 7 (40)
L;& = wjys + wilzg +vj, j =2,4,6,8. (41)

The signals w,., w,, v, (r =1,...,8) are functions
of measured outputs. Then it is obtained that

8 8
Sk
E er L& = E ervy +
r=1 r=1
WodT2 + WevlY2 + 7I)odZQ + ﬁ}evz4

where woq = Yo7 €iWs, Woq = 1), €W, Wey =
Y jesejwj and Wep = 13 . yejw;. In order to
get rid of the unmeasured states in this term,

completion of square will be executed one more
time. For simplicity of presentation, define

W:[wod Wey Wod wev]-

Then, this equation can be further written as

8
Z erLré:
r=1

— — 1
= —|I¢ = PL|P? + |I¢ = PTe + 5 B(WM)T|?

8
B.(WM)T|[>+ WMBIPT, + ) _ ey,

r=1

[E
2

Substitution of this equation into (39) gives

. = 1
V= —[I¢ = PT. + 5 B(WM)"|]?

_ 1 _
HIPTIP + {15 B(WM)T|[* = WMB[ PT.

8

+ Z er(ur — RE — vy). (42)

r=1

The 2nd to the 4th terms can be expressed in
terms of e, explicitly. After the cancellation of
these terms by the voltage input w, (see Theo-
rem 2 for the formula), a nonpositive

8

7 — P 1 T2 2
V= —|l¢ = P + 5 Bo(WM)T|* ;(cr + R)e?
is obtained. Here ¢, > 0 (r =1,---,8) is a control

gain. Moreover, V = 0 iff

— 1
(—PTe+§BC(WM)T:O, eg=--=¢eg=0.

Ase; =---=eg =0 implies T, =0 and W = 0,
it follows from the above equation that ¢ = 0.
Therefore, asymptotic stability is guaranteed by
LaSalle’s invariance principle.

Theorem 2. The asymptotic stability of the AMB
system is guaranteed by the following dynamic
output feedback voltage inputs:

1—12
U; :R€f+1}i70i61'7

(wiwses + wywrer)

+ (21 =+ o Alfwe - /\3Ty€ - /\57-1'6) L?(gi +E:)

g
1412
— Z wie; (i=1:4,i=3:-)
. 1- 12
uj = REG +vj — cje; — ——(wjwees + wjwses)
K K =
+ (Cj - 34 - )\2fye + )\47—16 + )\57—1}5) L?(g_] + gj)
1412 , .
- w?ej (Gj=2:4,j=4:-)
; 1— 12
up = R, + vy — cpep — I (wpwrer + wpwses)
K1 K3 = =¥
+ (a - E - )\lf:re + )\BTye + )\STwe) L?)(&p + €p)
1+ 12
e (=5t p=T7:-)
. 1172
ug = RE; +vg — cqeq — 4 (wqwaes + wqwaey)
K K =
+ (az + ﬁ - >\2fye - )\4TCEE - >\5Tye) Lz(gq + fq)
1+1?
-~ wgeq (g=6:4,g=8:-).

Note that w,., v, and W, are bounded since Ei >0
(r =1,...8). Therefore, the given control inputs
are bounded.

4. NUMERICAL SIMULATION

Parameters used in simulations are listed below:
m = 14.46, | = 0.13, J, = 0.0136, J,. = 0.333,
k =0.00769, Xo = Yy = 0.55, R = 14.7.

In simulation, initial displacements are set as
2(0) = =5 x 107 2[mm], y(0) = 5 x 10~%[mm],
0,(0) = —5x 10~*[rad] and 6,/(0) = 5 x 10~*[rad].
Initial speeds are all set as zeros. The bias current
applied is € = 0.2[A] and the axial rotation speed
w, is set as 1000[rad/s]. Some of the responses are
shown in Fig.2~Fig.5. Here, control gains used
are ¢c; = ... = cg = 20. The linear controller is
designed using H,, control to suppress the effect
of torque disturbance on the displacement output



and electromagnetic force input. The detail is
omitted.

The displacements and velocities of rotor settle in
about 4[ms], the currents of electromagnets also
settle to the bias currents in about 4[ms]. Further,
as can be seen from Fig.4~Fig.5, the control volt-
ages switch and only one of each pair of magnets
is active. The switching works well because it is
determined based on the change of directions of
the synthesized magnetic forces necessary for the
control of the rotor. Simulations under other bias
currents level and initial conditions show similar
trend.
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5. CONCLUDING REMARKS

In this paper, a nonlinear dynamic output feed-
back control method has been presented for a
5DOF AMB system. This method guarantees the
asymptotic stability.

The extention of this approach to more general
cases is under study, where the axial rotation
speed w, is time-varying and the rotor is flexible.
The result will be reported in a forthcoming
paper.

REFERENCES

Ariga, Y., K. Nonami and T. Kamiyama (2000).
Nonlinear zero-power control of an electrical
power storing fly-wheel (derivation of nonlin-
ear control ignoring the gyro-effect). Journal
of Japan AEM Society 8(3), 403—410.

Charara, A., J. De. Miras and B. Caron (1996).
Nonlinear control of a magnetic levita-
tion system without premagnetization. IEEE
Trans. Control Syst. Tech. 4(5), 513-523.

de Queiroz, M. S. and D. M. Dawson (1996a).
A backstepping-type controller for a 6-DOF
active magnetic bearing system. In: Proc. of
IEEE CDC’1996. pp. 3370-3375.

de Queiroz, M. S. and D. M. Dawson (1996b).
Nonlinear control of active magnetic bear-
ings: A backstepping approach. IEEE Trans.
Control Syst. Tech. 4(5), 545-552.

Higuchi, T. and T. Mizuno (1982). Control system
design for totally active DC-type magnetic
bearings: Structures of the optimal regulator
for systems with gyroscopic coupling. Trans.
of SICE 18(5), 507-513.

Knospe, C. and C. Yang (1997). Gained-scheduled
control of a magnetic bearing with low bias
flux. In: Proc. of IEEE CDC’1997. pp. 418—
423.

Lévine, J., J. Lottin and J.-C. Ponsart (1996). A
nonlinear approach to the control of magnetic
bearings. IEEE Trans. Control Syst. Tech.
4(5), 524-544.

Liu, K. Z., A. Tkai, A. Ogata and O. Saito (2002).
A nonlinear switching control method for
magnetic bearing systems - minimizing the
power consumpution-. In: Proc. of the 15th
IFAC World Conference.

Liu, K. Z. and R. He (2003). A nonlinear output
feedback control method for magnetic bearing
systems. In: Proc. of IEEE CCA’20083.

Motee, N., M. S. de Queiroz, Y. Fang, and D. M.
Dawson (2002). Active magnetic bearing con-
trol with zero steady-state power loss. In:
Proc. of ACC’2002.

Tsiotras, P. and E. Velenis (2000). Control of
a zero-bias magnetic bearing using con-
trol lyapunov functions. In: Proc. of IEEE
CDC’2000. pp. 4048-4053.



