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ABSTRACT propose a simplified adaptive autocentering method. A

An adaptive inertial autocentering method for rigid rotorsfirst step in the simplification is the use of complex nota-

with inertial mass imbalance supported by active magtion. A full-order observer has been used in experiments

netic bearings is presented. It results in rotation about th# order to show that inertial autocentering can indeed be

inertial center rather than the geometric center of the roachieved by such an approach. Experimental results ob-

tor, therefore drastically reducing the synchronous transtained with a spindle constructed at the German company

mitted forces due to the imbalance. The adaptation alAXOMAT are reported. An extension of the method is

gorithm can be interpreted as an observer. It provides athen proposed which has the following features:

estimate of the inertial center position. Measurement of

the rotor angle is not required. Experimental results il- e The order of the adaptation algorithm, which can be

lustrate the usefulness of such an approach. The method interpreted as a reduced-order observer, is reduced

can be extended to operation at variable angular velocity.  compared to the one in [1].

This is done in such a way that the stability can be dis-

cussed using the theory of linear time invariant systems. e The stability of the adaptation algorithm is proven

The convergence of the adaptation is made depend onthe for time-varying angular velocity.

angular velocity, thus allowing fast convergence (with re-

spect to time) at high angular velocities. e Measuring the rotor angle is not required; instead, it
is sufficient to know the angular velocity and accel-
eration.

INTRODUCTION

Active magnetic bearings are of increasing importance e The stabilization is based on the theory of linear

for the support of rotors rotating at high speeds. Feed- time invariant systems — the stability proof is, thus,

back of the rotor position and velocity, or equivalently simplified.

proportional-derivative (PD) position feedback, permits

its stable positioning. However, as rotating rigid bodies e The convergence of the adaptation is made depend

tend to rotate about their mass center and principle axis of  on the angular velocity. In particular this results in

inertia rather than about their geometric center, position-  fast convergence (with respect to time) at high rota-

ing the rotor geometric center leads to vibrations, namely  tional speed.

periodic forces at constant rotor angular velocities. In

case the application does not require the exact positioning The paper is organized as follows: We start with an

of the geometric center, as is the case in vacuum pumpsxplanation of the idea on the example of a rotating disc

for instance, it may be useful to suppress these vibrationgvith imbalance. For notational convenience a complex

This can be done either by feed-forward compensatiowariable notation is introduced for that purpose. Then

of the resulting forces or by on-line identification — or we briefly state how the rigid body dynamics of a rotat-

adaptation — of the unknown imbalance parameters oihg shaft can be reduced to the equations of the disc and

the rotor. An interesting solution of this problem, called present experimental results obtained with the AXOMAT

adaptive autocentering control, has been proposed in thgpindle and a full-order observer which can be shown to

paper [1]. work for slowly varying angular velocity. Then the idea

In the present note, inspired by this latter paper, wés extended to the case of varying rotational speed.
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UNBALANCE CONTROL

MATHEMATICAL MODEL OF A ROTATING

DISC

Most often, for the support of a rotating shaft the mag-
netic bearings are arranged in two vertical planes — se
Figure 2. Then, as in [1], in each of the bearing planes :
rigid shaft can be represented as a rotating disc (or plan:
rotor); see Figure 1. For the dynamics of the mechanics
system the way the forces are produced by the magnet
bearings is irrelevant: what is important, is the accelera
tion due to the bearing forces acting on the rotor in the ¥
plane considered. The notational effort is reduced by us .=
ing complex notation. Then, with Newton’s second law,:
the model of the rotor reads:

P =a,. €))
Am FIGURE 2: The shaft with its radial magnetic bearings.
standard [3]. The model equations are:
¢ §:=pel? mX:Fxp—an—i—mgx
A ; ;
P 0] Fy
mY =F,yp—Foyn+Fryp— Fhyn+mgy
p Fu,y Fh,y
m Z = Fv,z‘p - Fv,z‘n + Fh,z‘p - Fh‘z,n +m gz
N Re> Fv,z Fh z
Oyt = —(lfy = X)Fyp + (g + X)F. —O1 60
FIGURE 1: The disc with imbalance 020 = (g — X)Foy — (gn+ X)Fh,y +0107
©1¢ = Dy.

HereY + jZ = P € C denotes the coordinates of
the center of inertiaC, a, € C is the acceleration due
to the magnetic force and gravity. Withe R the (Un- pere x v and 7 are the coordinates of the center of
known) distance between the geometric celesf the . o<cr of the shaft in a frame (with axes, y, andz)
rotor, which is represgnte(_j by € C, and¢ the angle  fiyeqin space, at a point being considered as the “center”
be_tweenOC and the direction corresponding to the real ;¢ e device. The angles 1, andd describe the angular
axis, one has position of the axes of a body-fixed frame. The coil forces
are denoted by, the motor torque a®,. (Here and in
the sequel bulletse] are to be replaced by appropriate
indices.) The shaft has mass and moments of inertia
©; and©,; I;, andly , are the distances between the

P=p+pe?.

This can be further simplified as

P=p+3§, 2 symmetry planes of the bearings (where the fordcgare
produced) and the poiid¥ (see Figure 2).
whered = pe?. The latter implies For the treatment of the imbalance the positioncin
direction is not important. Therefore, we restrict our-
6 = jwd and &= (—w?+ju)d, (3) selves to the systems described by the complex variables
wherew = ¢ is the angular velocity of the rotor. X =9+ and P:=Y +jZ

The introduction of these complex variables allows us to
MODEL OF THE SHAFT write the system equations as well as the equations of
Starting from the equations of motion of the rigid shaftthe controller and the observers in a compact form. The
we derive equations equivalent to (1). The setup is rathesicceleration of the center of mass (due to bearing forces
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and gravity) in radial directions then reads with the estimation errof = § — 4. Thus, if the estima-
) tion error exponentially converges to zero, the posittbn
ap i=ay +J @z of C and
with ay = —k1 P — koP + (kujw + ko) §
1
ay = (Foy+ Fhy) + gy @ will converge to zero, too.
1 In the sequel we present two possibilities to obtain es-

= (Foe+ Fhz) + 9. timates of§ (and its time derivativéd). The first one is

K2 simple observer estimating position and velocity of the

The angular acceleration due to bearing forces can - -
g 9 center of mass as well as its deviatibfrom the geomet-

written as . . . )
ric center. Stability of this observer is guaranteed only for
ay = ay + jag constant or slowly varying angular velocity The sec-
) ond possibility consists of an adaptation scheme which
with can be used with non-constant
1
ap =~ (=g = X)For + (g1 + X)Fp .
v @2( U, oz + (s JFz) Full-order Observer
1 In this section we assume the angular velocityo be
=— ((o—X)F,, — (I X)F; . . . .
a6 O, (4, Yoy = (gt X)Fiy) constant. Then both (5) and (6) are linear and time in-
i . variant.
With P h . L . -
ith a,, ax, P, andy the system equations read This section is dedicated to the description of what has
P= a, (5) been implemented to obtain the experimental results of
o the next section. To avoid steady state position errors
X zjw(t)—l)'(—i—ax. (6) (caused e.g., by modelling errors) the observer is ex-

©2 tended such that constant disturbance accelerations can
Equation (6) is a linear differential equation with a time- be estimated. The estimates can be used in the controller
varying coefficient, while (5) is time invariant. to compensate the disturbances.
We only treat the design of an observer for the coordi-
STABILIZING ADAPTIVE FEEDBACK nate@D of the center of mass. The coordinates of the geo-
. . S metric center are assumed to be measured. The observer
Feedback is required for the stabilization of the rotor po-, . : . .
. . T .~ design for the angular coordinatgss only slightly more
sition. However, if the objective is the control of the posi- .
. L i . involved.
tion P of the inertial cente€' a difficulty arises, because ; . . .
. . . The differential equation for the center of md3ss
the rotor imbalance, and thug (or equivalentlys), is
unknown. > (10)

P =a,+dp,
If P was known one could use the feedback
whereq, = a, + j a. is the acceleration of the center of
mass due to bearing forcé§ and gravity (see eq. (4))
with 0 < ko, k1 € R (Different parameters, depending on andd,, is a constant disturbance acceleration, i.e.,
w will be used below.) in order to get the stable system:

ap, = —ki P — ko P (7)

P+ kP +koP =0.
which is estimated to compensate for modelling errors

‘Assume now the positiomof O were measured (which  (anajogous to what is usually done by an integral part of
will most often be the case) and that in additipwere  the controller).

available by measurement, numeric_:al differentigtion, O The relation between the geometric centeand the
an observer. Moreover, létbe the estimate of the imbal- -enter of mass is
anced which will be provided by the adaptation system
to be derived in the sequel. Then, instead of (7), the feed- P=p+ped@ttdo=py Spy
back
) _ . wherep is the distance between the geometric center and
ap = —k1p — kop — (k1jw + ko) 6 (8)  the center of mass. Bothand¢, are unknown. We only
can be used. This feedback results in know that the complex variable differential equation
P+ kip+ kop = k10 + ko6 — (k1jw + ko) 6 ©) Op = jwdp
= (kyjw + ko) o, holds fors,.
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UNBALANCE CONTROL

The observer for the position of the center of mass %
can be written as a simulator of the system extende

by a stabilizing injection of the observation errpr= ao
p— (P —0dp):
20
P= Av +0Lp g 10t
; £
Piv:ap"' D +l2ﬁ (11) N‘E:O
= lsp >
;p ” NE—10
0p =Jwp + Uy p.

With the third equation of (11) we estimate the constan
disturbanced,, = 0) and with the fourth one the devia-
tion §,, of the center of mask from the geometric center

p. -40

-30}

The complex observer gairig, . .., I, can be chosen 2
such that the differential equation for the observer erro
p is stable with eigenvalues independent of the angula 1}
velocity w.

Using the estimated positiaf, the corresponding ve-
locity P, and the constant disturbance estimgtén the
feedback o

ap=—dy — k1 Py — koP 12) N

-5

with controller gainsko, k1 > 0 the center of mass is  -1of
stabilized at the origin of a frame fixed in space.

-15}

-20 I I L I L I I
-20 -15 -10 10 15 20

Experimental Results

The observer (11) together with the feedback (12) ha5'GURE 3: Shaft with additional |mt_)alance rotating at
been implemented on a dSPACE DS1103 controllet:2000rPm. Top: measured path in the measurement
board. On the test bed of AXOMAT verified the useful- planes. Bottom: estimated path of the geometric center
ness of the proposed observer. with respect to center of mass

In this experiment the imbalance of the shaft was con-
siderably increased by adding an extra mass. In Figure 3
the position in the)-measurement plane is shown while
the shaft rotates at 15000rpm. As expected, the geometric
center position in this plane moves along a circular path
while the coil currents show only slight variation. This EXTENSION TO VARIABLE SPEED
means, the periodic bearing forces are small (see Figufeor the design of the observer (11) we have assumed
4). Note that in Figure 4 the curreiy, , is zero as a const.. Now we want to propose an adaptation scheme
consequence of the flatness-based control method uswdhich allows to treat the case whereis a (sufficiently
— see [4, 2]. The top plot in Figure 4 shows the timesmooth) function of time. We will present the idea using
dependence of the position in themeasurement plane. the equations of the disc from the beginning of the paper.
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estimation errop = § — § satisfies

S

:5—S:jw6—75—)\(w2—jw)6.
Defining the parameter by
(W? = JO)A = jw —

one obtaing = 4.

Then
5(t) = exp < / _: v ds) 5(0),

oo oz om0 o o oo o oo o1 and clearlyy can be made converge to zero exponentially
s ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ by choosing the real pait(vy) negative:

PANAANAAAANA AN AN AT (0] < exp (/ Ra(e) ds) 0

Using

-10
0

inA
v,z,n
~
T

v = jw+ W - jw)

)
T

i
vyp vyd wzp

- yields
- )\ = —’}/0.
os'Mﬂ “ﬁ‘» rxyx U qum 4 Jm~\¥
Wy f ’\J W i M ¥ The requiremenk(y) < 0 then means
% ool 002 o003 00a 005 006 007 005 008 0.1 w2§R(70) + w%(’)@) = %(’7) < 0.

t in sec

Using the Rotor Angle instead of Time
FIGURE 4: Shaft with additional imbalance rotating at It is worth reconsidering the closed-loop equation (9).
15000rpm. Top: measured position (as function of time)For this, consides as a “new time”:
in thev-measurement plane. Bottom: currents in the coils .
. i d .

of thev-bearing @ _ ., or,equivalently ¢ = [ w(s)ds.

dt to
Adaptatlon Algorlthm for Varlable Rotational Speed Observe that the new tlme is reversedif< 0 There—

server (or adaptation algorithm) operatlon for this to make sense. Denoting the derivatives

(=70 — Aa— M\p (13) with respect tap by primes

=7(C+ M) p_dr _drde
+ A (kyp+ kop + (k1jw + ko) (C + Ap)) — Ap dt — de dt

5 =C+ Ap. Analogously,
The possibly non-constant parameteand\ will be de- . dp
termined on the basis of the error dynamics. The deriva- pP= oY= (P"w+ P'w)w.
tive of 4 is ¢

5 E 4 3p+ N The closed-loop equation (9) can thus be rewritten as
=70 —Xa—Ap+ Ap+ AP —9) WP + W wP' + kiwP' + koP = (kyjw + ko) 0.

the second equation following from the right hand side ,
of (13) and (2), the third one from (1), (3), and (8). The ko=w'ko and  ky =wk —u,
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UNBALANCE CONTROL

after dividing byw? it results CONCLUSIONS AND FURTHER WORK
W ~ Observer-based adaptive inertial autocentering has been
P"+ kP 4+ koP = <jm —j—+ Ii0> 5. (14) shown to be useful. The experimental results were, how-
@ ever, obtained with an observer assuming constant rota-
This equation describes the closed-loop dynamics withion speed. An extension has been proposed which should
respect tap. It is asymptotically stable ai > 0if x; and  offer a way to overcome this “constant-speed-drawback”.
Ko are chosen as For the implementation the proposed scheme will have
to be discretized. In this respect it is important that the
==t d) and - Ro =M, problem has been reduced t% one whicE can be treated
with A1, Ao complex numbers with negative real partsusing the theory of linear time-invariant systems. By this
(which need not be complex conjugat®, being com- linearity it is also possible to draw conclusions on the
plex). By the time reversion, positive real parts are re-separability of the adaptation and the feedback dynam-
quired atw < 0. (One may use&; = —sign(w) (A\; + ics. Investigating the practical usefulness of the approach
A2).) is part of current research.

If the angular velocityw is constant, the coefficients on
the right hand side of (14) are independentef- this is
differentin (9). As a consequence, with this choice of th
feedback gaing, andk; at constantu the closed-loop
behavior with respect tg is independent ofy. While
the estimation erraf is multiplied byw on the right hand
side of (9), which leads to a stronger excitation of the dy-
namics ofP at larger constant, this effect is eliminated
in (14). The convergence is now exponential in the rotoREFERENCES
angle¢. If 6 = 0 an error onP is, thus, reduced by the [1] K.-Y. Lum, V. T. Coppola, and D. S. Bernstein.
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same amount during one rotor turn for any Adaptive autocentering control for an active mag-
Let us now consider the behavior of the adaptation  netic bearing supporting a rotor with unknown mass
scheme with respect to the new timse Froms — o) imbalancelEEE Trans. on Control Systems Technol-
it follows ogy, 4(5):587-597, 1996.
5 =15 (G + vo(w — jw')) b, [2] J. Rudolph, F. Woittennek, and J. von Lowis. Zur
w Regelung einer elektromagnetisch gelagerten Spin-
hence: del. Automatisierungstechnik8(3):132—-139, 2000.

5(¢) = /% exp /S_q5 Yo (w(s) — jw'(s)) ds | 5(0). [3] G. Schweitzer, A. Traxler, and H. BleuleMagnet-
5=0 lager. Springer Verlag, Berlin, Heidelberg, 1993.

The convergence of the error w.r¢. depends on the [4] J. v. Loéwis, J. Rudolph, J. Thiele, and F. Urban.
complex parametej + yo(w — jw'), the real part of Flatness-based trajectory tracking control of a rotat-
which iSw%(’yo) + w'%(%). It follows that withw > 0 mg shaft. This conference.
the error dynamics is exponentially stable w. rt.if
w?R(70) + wS(70) = R(y) < 0 — which confirms the
result obtained in time before.

A useful choice is

=2 with 0>ack
w
With this choice

=e/?exp (/ a(l—j(nw)(s)) ds> 5(0)
il el

= eel? <m) o 5(0).

The convergence is thus determineddyy
6(8)] = e*?15(0)].
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