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Abstract—In the majority of cases, magnetically levitated ~ The sensors consist of simple copper-cladded material. To
rotors are equipped with externally mounted position sensors, achieve better linearity, two opposite sensors are used for
i.e. a dislocation between bearing and sensor plane occurs. each bearing axis, whereas the difference between both

The disparity between actual and measured rotor position . . . . L .
can cause system instability due to natural oscillations of capacitances is evaluated in a bridge circuit [3]. The kridg

the shaft. This paper proposes a method for avoiding this IS driven by a high-frequent, constant amplitude carrier
problem by integrating capacitive position sensors straight voltage. For demodulating the amplitude-modulated signal

into the stator laminations of a radial magnetic bearing. The  gn in-phase rectifier with an narrow-band bandpass is used.

stronger sensor noise originating from the proximity between 116 detailed information referring to the measurement
bearing coils and sensors can be reduced effectively by means .
system can be found in [4].

of a stochastical state estimator. Different types of KLMAN
filters used for these purposes, both linear and extended
ones, are presented in this paper. It is shown how unknown
bearing parameters can be estimated by means of the filter.
Concluding, a LQG controller (optimal controller combined
with optimal state estimator) is presented and compared to an
optimally parametrised PID controller. All methods proposed
in this paper are approved by measurements.

Index Terms— Magnetic Levitation, LQG Control, Kalman
Filtering, Capacitive Sensors. |
I. INTRODUCTION  Stator Rotor
The system inherent instability of magnetically levitated laminations laminations
Winding Sensor

shafts or self-bearing motors requires a fast and accurate
measurement of Fhe actual rotor position. A variety OfFig. 1. Section of radial magnetic bearing with integratepacitive
sensing technologies has been developed and used for thgggition sensor.

purposes [1]. These technologies usually have one attribut

in common — the external application of the sensors by practical investigations have been made by dint of an
means of an additional measuring trace. However, it i§njjaterally magnetically levitated test rotor (mass 25kg
a well known fact that natural oscillation modes of the|gngih 910 mm). Integrated capacitive sensors are indtalle
rotor in combination with the spatial dislocation betweeng, “the test rig as well as conventionally eddy current
measuring plane and bearing laminations can cause St@ansors (with an externally mounted measuring trace made
bility problems [2]. In worst case, the natural modes are ajyminium). The test rotor exhibits difficult dynamic
even excited by the controller due to a nodal point locategyepayiour with regard to the lower oscillation modes. In
between laminated core and measuring trace. This problef ticylar, the third natural oscillation mode possesses a
can be solved by means of mechanical modificationsy,ga| point which is located quite close to the rotor lamina-
additional sensors or sophisticated control. _ tions of the bearing, as can be seen in Fig. 2. It is obvious
Another approach, which is little applied up to now, is yha¢ this oscillation modei(= 3) is not controllable, if
to avoid dislocation by obtaining the position information \he eqdy current sensors are used. Because of the positive
in-plane with the bearing laminations. For this reason, g,sition feedback, the system will start oscillating witke t
radial active magnetic bearing’( = 2400N) was fitted  c5rresponding natural frequency (Fig. 2, upper diagram).
out with capacitive position sensors which are fully inte- ¢ 1he controller gains are chosen too high, instability is
grated into the pole gap of the stator laminations (Fig. 1)nayoidable. By using the integrated capacitive sensors

This work is supported by Deutsche ForschungsgemeinsdBafti{an !nStead' th_e qynamlc behaviour of the SyStem ?an be
Research Foundation). improved significantly, because of the absent excitatica of



Capacitive Eddy current

sensors sensor with &, process noise angj, measurement noise, both
- sequences of zero-mean Gaussian white noise. The time-
discrete filter algorithm can be outlined as [7]

Prediction step:
o . Bpjp—1 = A 1@p—1 k-1 + Br_1up—1
otor easurin
laminations Trace ¢ Pk\k—l = Ak*lpk—1|k—1A£71 + Qkfl
15 : :
. 2
100+ Correction step: 2
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control input vector,y measurement vecto{ A B C}

discrete time system model matricd,covariance matrix

o of estimation errorQ covariance matrix of system (i.e.)

0;_1 o;.z 0;_3 o;. 2 o5 process noiseR covariance matrix of measurement noise
Time (s) and K an optimal gain matrix for correcting the predicted

system states with the new measurement data. The notation

Fig. 2. Influence of position sensor arrangement on dynamiebetr ; ; i ; _
of magnetically levitated rotor (Top — sketch of test rotothwhatural (,u|1/) denotes an estimation at time stepwith measure

oscillation modesi = 1...3, Middle — step response with external Ment informatior‘ from time step. o
eddy current sensors, Bottom — step response with inteljetpacitive For computation time reasons, it is recommendable to

Sensors). reduce the length of the state vector and therewith the
dimensions of most matrices in (2) as far as possible.
Hence a decentralised filter structure is preferable (aehe

S o

o

Iow-order_natural og_cnlatlon_. The_ lower diagram in I:'g:_zbearing axis is observed by means of one independent
proves this proposition. This heightened system stabilit

. . OMMY AL MAN filter). To use the linear filter algorithm, a linear
enables the user to increase the proportional and demvatiy

gains of the position controller which yields better stiffs fgtsotre Ts] ;nec;i?ilbidri?/uwed. The forgg, acting on the test
and damping of the bearing. On the test rig, enlarging the

controller gains about more than 75% has been possible. o = mdl _ mdiﬂv ke a ki 3)
— Another advantage of the capacitive measuring system, " dt dt? * !

which is quite simple to manufacture, is the possibility towith k, force-position-factor,k; force-current-factor,m
reduce axial installation length of the radial bearing @bouequivalent rotor mass. Radial rotor velocityis connected

20 to 30 % because of the absent necessity for incorporating rotor positionz via v = %ﬂtﬂ_ The dynamic behaviour of

an additional measuring trace. the pulse amplifier and the electrical part of the bearing is
subsumed to one first-order lag element
[I. MEASUREMENTPREPROCESSING WITH_INEAR i
KALMAN FILTER Taé+i:Kairef 4)

The advantage of gaining position information of the
magnetically levitated rotor in-plane with the bearing fam
inations entails the disadvantage of stronger sensor noi

with T, equivalent time constant of electrical plari,
saEganifier gain andi control current. This elementary ap-

(caused by the proximity of the sensors to the beariné) rToaih prowgiesa? dsy;r:imcgqnigjl Yxlth ;hre_e ;tate \_/r?]réables
windings) and thus reduced positioning control accuracy'fB = (zv1i) Nputy = tres.

One possible solution is to implement a stochastical stat%qXpri”Tentaﬂi tiSt r::jg urr;?rerl |n\ﬁsrt1|tga:::on tillovmvs mergsrl;ren-t
estimator or KALMAN filter to reduce the effective sensor "ol ©! poTs on and confrot current, thus fhe measureme
vector isy” = (K. x Kp1). A linear filter using this

noise. The filter contains a model of the considered system. proach has been implemented on a TMS320C240 DSP

Just like an observer, it predicts system states and outpu Rampling time 5Qus). The improvement, which has been
on the basis of this internal model. The estimated outputs . piing t ; Q). improvement, whi "
chieved by using the optimally estimated rotor position

are compared with the real measured, noisy output signalgi nal instead of the m red signal ntrol variabl
System noise (caused by modelling inaccuracies) and me?-g al instead of the measured signal as control variable

suement s are taen 10 accoun gy (] T "> PESIOR ot oo depcted 1 100 The
system has to be modelled in state space form P P

could be reduced about approx. 80% in standstill, which
Tp1 = Apxi+ Brug + &, 1) enabled us to heighten the PID controller gains about 75 %.
y, = Crxp+mn, — Estimating unknown system parametgfs) by means of



the linear KaLMAN filter is possible, if the dependency of with the AcoBi matrices

these parameters is a linear one. Then the state vector can Of ur (@515t k1)

be augmented by, and the modelling can be made by Py = dxs,_1 @)
I — 0+ ¢, if no deterministic law for the change of 1, = 29(@ri)

can be found. Thus, any changes of the unknown parameter o
are modelled only by means of the process ngisblore  which realise a linearisation of the system round the actual
detailed information concerning the system modelling ancestimated state trajectory at each time step. Basicallyeth
the choice of the filter noise variance matrices has beefxist two approaches for employing the extended AN

given in [4] and must be omitted here. filter in combination with magnetic bearing applications:
« Linearising the system model and augmenting the

2 [fitter imactive] | state vector by non-linear coupled parameters or

P I TR "} e b « applying a non-linear system model right from the
| il L " LW I Moot 1IN, 1
g 0 1 1 j | L {1l Vi M Yl T V r'.'l‘("v?r F AN A start.
2 [ | il 1 Both variants have been investigated and shall be delideate
£ 2 |filter act measured subsequently.
g. filter active |—estimated q Yy
0 AN AN A AR AR AN A A. Linearised Bearing Model
If the simple linearised model from section Il for one
25 10 20 50 bearing axis is used and the state vector is augmented

30, 40
Time (ms) by the parameters force-current-factby(t) and force-

Fig. 3. Improvement of position control accuracy by means af AN pOSition'faCtorkm (t)
filter at standstill (Top — measured position as control \@eaBottom — 7 )
estimated position as control variable). ' (t) = [z(t) v(t) i(t) ki(t) kx(t)], 8

the resulting non-linear vector-valued functions in equa-
[Il. STATE AND PARAMETER ESTIMATION WITH tions (5) can be written as (in continuous time)
EXTENDED KALMAN FILTER

One of the most important benefits of thelkMAN filter v

is its ability for estimating unknown system parameters, kﬁx + kﬁ’

even if a change of these parameters cannot be described f(z,u)= %iref - T%Z

in any deterministic way. For this purpose, the state vector 0

x has to be augmented by the parameters which are of 0 ©)

interest. Presumably, most of these parameters are coupled

with other state variables in a multiplicative or another

non-linear way, and therewith a linear state space model g(x) = (Kmx T) _
in the manner of (1) is not assignable any longer. The K i
same problem appears if the system itself is described o

by non-linear equations (as it is generally the case with!N€ estimation of the statest), v(t) andi(?) at the actual
any magnetic bearing before carrying out a linearisation)lime step is based on the parametens — 7)) and k. (t —

In such cases, the linearAKMAN filter algorithm (2) is T) which have been estimated at the previous time step

not applicable, and the extendedhivAN filter has to be (' sampling time). The algorithm has been implemented
utilised [6][7]. The system is described by two non-linear®" @ TMS320C240 DSP (dSPAGEenvironment) with a

vector-valued functions sampling time of 5Qus. Experiments on the test rig have
shown that both noise reduction and parameter estimation

Tp1 = fi (Tr, ur) + & Y, = gi (xr) + M- () work well, although it came out that a proper estimation of
k; andk, does require an adequate system excitement. This
has been realised by means of an additional PRBS (Pseudo
Random Binary Sequence) signal which was superimposed

Any changes of unknown parameters are modelled by
The filter algorithm can be outlined as

Prediction step: to the reference position signal [4]. This necessity for
Epho1 = Fro1 (Br_1jp_1,Ue—1) exerting influer_we on the system seems to be the main
Py = q’k—1Pk_1\k—1‘I>£_1 +Q, . drawback of this modelling method.

B. Non-Linear Bearing Model
Correction step: © A quite different approach is describing the bearing by

! means of a non-linear model. This is an obvious procedure

) A . since the bearing is a non-linear system by nature, and any
Ty = Tik—1 + Ki (Y — gi (r5-1)) previously implemented linearisation (as in the both cases
Py =T — KiT'y) Ppjp—y described in the previously sections) will implicate esror

Ky =Py TL (Fz@PleF{ + Rk)




when estimating states and parameters. The essential qudf) on a signal processor, the discretecdsi matrixes
tity in the system is the magnetic forgg, acting on the @ andI' are required. These can be calculated by com-
levitated rotor. The test bearing is a eight pole, hetermpol puting the continuous-time matriceE = W and
radial bearing. Each magnet consists of two adjacent poleg — 59@&_ Subsequently, the matri® has to be cal-
which carry both a winding for premagnetising currentculated by discretising” by means of a series expansion
iprem and one winding for control current (differential  of the matrix exponential functio® = ef'” (T' sampling

principle). The magnetic force generated by each magnefme). This expansion has been cancelled after the third
can be expressed by [8] term so that

(io + 1) (io — i)* &(T)= I+ FT + 1 F°T? (15)
2 2 2
(69 — z cos ) (60 + z cos ) . . . . . . .
(10)  ({ identity matrix).I' is identical toG if the input vector

with ¢; a bearing constant containing design specificdS piecewise constant. The prediction of the state vector
parameters (pole area, number of turns. ig)the related  (first equation in (6)) is executed by using a fourth-order
premagnetising Currenﬁ&em times the ratio of premag- RUNGE-KUTTA integration method. After implementing
netising and control W|nd|ng turns), control current,z the filter on a dSPAC@ enVironment, the noise variance
rotor displacement with reference to the centre positign, Matrices have been set to

the nominal air gap and the pole angle between centre of _ diag{?.l J10-4V2 14.10"1 V2} (16)
pole area and centre of magnet (all relevant parameters can

fm (z,1) =cf

2
be found in the appendix). The state variable velocitg Q -— diag{o m? 2.6.10-10 mT
determined by MwTONs second law S
—1 A2 2 2
dv 1(f 5 an 43-107A%* om® 1N?}. (17)
. m " By using the estimated rotor positianas control vari-

with an additional disturbance forcé which is a param- able, the measurement noise caused oscillations have been
eter to be estimated. Further state variables are positioeduced about approx. 80%. The second main goal when
x and control current (cf. section Il). The delay which implementing this non-linear filter has been estimation of
is caused by the measurement system has been taken intnknown system parameters. Fig. 4 illustrates the operatio
account by augmenting the state vector with an additionalpf estimating a unknown step-shaped disturbance force
delayed rotor positiorr;. The dynamic behaviour of the acting on the rotor (the dynamic behaviour of the filter has
measurement system has been modelled as a first order lbgen varied by tuning the elemept; of Q). This ability

element with the time constafit,,.: of estimating highly dynamic disturbances can be used for

dzg implementing a disturbance feedforward.

Toe—— +Tqg=2x. (12)

dt 120 ; - -
The basic idea behind this is to compare the real measured ] | !
value with a delayed value of the estimated position ang; 3 o= el
therewith to compensate the delay caused by the measurirg 3 S {low filter dynlamics (qssl: 0,1 N
system. For control purposes, of course the undelaye@ [N N T 1_1 =
estimation of position is to be used. At last, the new states [ Lmediom fiter dynamics (g, = 1N )]
vector consists of five elements é-120 ‘ | high filter dynamics (qSf =10 Nz)}

[a) ! ;
2T () = (o) v(t) (1) 2alt) £-(0].  (13) e e

The non-linear continuous-time state and measurement >4’ 02 04 06 o[.ssTime (S)ll.o T2

equations can now be formulated as
Fig. 4. Estimation of step shaped disturbance fgigcévariable estimator

v dynamics).
e | ooty - e |+ e _ _
F(@,u) = Kej . 1, As' aIref':\dy mentlon.ed, t'hg extendedalAN filter
T, el T T, algorithm is based on linearising the system maeund
Tt — g the actual operating point by calculation of ®;. This
0 allows to state a linear system description in any arbltrari
chosen system state. The linearising factors (which are
k; and k,, if the elementary model of section Il is used)
g(x) = (me ’Id> ' must be detectable i®;. It can bee shown that the two
K, i parameters can be calculated out of particular elements of
14) & via
Again, the unknown disturbance for¢e is modelled only om om

by means of process noise. To implement the algorithm Kok = 75 (P16 —1)  and ki = 25 @15 (18)



Fig.5 shows the dynamic estimation of force-position- _< ) Plant (amplifier, bearing,
and force-current-factor in dependency of the actual rotor
position (static loadf, = 200N applied). Detecting such
fast time-variant changes of system parameters is quite
useful if an adaptive controller shall be utilised. It stbul Kalman Filter
be emphasised that no additional system excitement is
necessary in this case, contrary to the filter with a linear  «
system model which has been described in section IlI-A.

measurement system)
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. o . _ The matrices@Q; and R; in (19) are weighting any
Fig. 5.  Estimation of time varying system parameters (Top —a@clu deviation of the state variables or the control variables
rotor position, Middle — estimation of force-position-fact:,., Bottom — i . ’
estimation of force-current-factd;). respectlvel)_/. The strategy for choosmg_the _elements of

these matrices has already been described in [4]. A de-
centralized controller for the three integral state vdaab

IV. LQG CONTROL OFACTIVE MAGNETIC BEARING x? = (z v i) has been implemented on a TMS320C240

In addition to noise reduction and estimation of unknownDSP (dSPACE environment). The controller output signal
parameters, integrating a AKMAN filter yields another % = ires acts as reference input for the subgrdlnate (analog
essential advantage. The availability of all system states régulated) current control loop. The optimal controller
fers the possibility to implement a full-order state feetba 9@ins have been found to
controller for the magnetic bearing. Combining an optimal K = (9.979 -10%  29.686 0.073) ) (22)
state estimator with an optimal state space controllerslead
to a regulator which is known asdc controller (inear The gain for the superimposed integrative controller has
system modelQuadratic optimising criterionGaussian been chosen td<; = 1.03 - 10°s'. If we assume the
disturbances) [5]. The regulator is able to transfer thé'ominal bearing parameters (which can be found in the
system states from any arbitrarily chosen initial condition appendix) to be true, we receive an pole allocation of
x, to the aspired final conditiom), = 0. The structure of the LQG controlled system as can be seen in Fig.7. For
the controlled system can be seen in Fig.6. Due to th&omparison, the poles of an appropriate state estimator are
fact that external disturbance forces would cause steadyepicted (in this case a simple fourth order lineankiAN
positioning errors, and since step-shaped changes of ti#er after reaching the steady state). The dominant pole
reference position are to be followed, th@d structure pair of the state estimator shows real parts which are more
has been superimposed by an integral controller which if1an five times the real parts of the dominant poles of
able to correct potentially occurring control deviations. the controlled system. This offers an adequate transient

The optimal state feedback vectf can be calculated eSponse of the observer structure.
by examining the optimality criterion Experimental investigations have been executed on the

test rig for permitting an objective comparison between a
conventional o controller and the QG regulator. Fig. 8
shows the step response of the rotor position and the appen-
dant control current. The optimal® controller parameters
The optimising problemming J (zo, w) leads to a matrix- have been computed by means of root locus method
valued RCCATI equation (K = 0.65,7; = 50msTp = 3ms). Though the ®
T controlled rotor reacts faster on a change of the reference
Pr=Q;+A P,A- . value, its transient time is very much bigger than the
~-ATP,B (RJ + BTPJB) BTP;A (20) transient time of the QG controlled system. Furthermore,
the state space controlled rotor shows no overshoot at
whose solutionP,; allows computing the controller gains all. Another (and by far more important) advancement is
according to the significantly reduced amplitude of the control current,
-1 which allows to save a large amount of control energy when
K = (RJ + BTPJB) B"P;A. (21)  performing such dynamic processes.

oo

J (xo,u) = Z (:chJ:ck + ugRJUk) . (29)
k=0



s-plane

4000 , : : : stator laminations of the bearing. It has been shown in this
; paper that the stronger sensor noise can be reduced signifi-
cantly by implementing linear or extendedhKMAN filters.
Next to noise reduction, these filters are able to estimate
unknown system parameters (e.g. disturbance forces-force
current- and force-position-factors). In terms of estiorat
dynamics and necessary system excitement, the extended
filter with non-linear system model has shaped up as the
best alternative. — When implementing a stochastical state
estimator, the availability of all system states suggests t
: : : use an full-order optimal state space controller. Such an
-4000 ; ; ; ; L QG controller has been implemented on the test rig. It has
8000 000 86 0 been shown that this regulator is superior to conventional
g p
Fig. 7. Poles of the bG controlled system (assuming the nominal optimally parametrised IB controllers in terms of control

parameter values to be true) compared to the poles of an afmepr behaviour and saving of control energy.
KALMAN filter (after reaching steady state).

% polés of LQG c-ontrolled s-ystem
poles of state estimator
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APPENDIX
s TESTRIG PARAMETERS
Z 60 el —
2 40 [l Parameter Value
= | /
:é 20 / // Mass of test rotor 25kg
£ 0 [/ Length of test rotor 910 mm
E‘DGCgmm“lelf Rotor laminations diameter 272mm
20 ) T 36 Conuoller Rated bearing force (one axig). 2400N
= Mzr N, — e Rated air gap 0.3...0.7mm
E 2 ”m AN MR 44 v Position measurement gafi . 20MVium
3 ; Current measurement gai,,; 0.2V/a
-4 Rated force-current-facto; 128.6NA
0 20 30 20 60 200 Ratgd force-position-factak, 800310Vm
Time (ms) Equivalent rotor massn 21.5kg
Pulse amplifier gaink, 5ANV
Fig. 8. Tracking behaviour of optimali® and LQG regulator (reference Pulse amplifier equivalent time constdhf ~ 400us
value stepAz = 50 um). Sampling time of DSPI" (all algorithms) 5Qus ‘
Force factorcy 2.1935e-6\ - m*/a2
Pole anglex I8
The graphs in Fig.9 illustrate the control behaviour REEERENCES
of the magnencglly levitated rotor in case of a step [1] Boehm, J. Gerber, R: Kiley, N. R. C.Sensors for Magnetic
shaped acting disturbance forcA (. = 400N). If we Bearings. IEEE Transactions on Magnetics, Vol. 29 (1993), No. 6,
define the dynamic stiffness of the bearisg,, = 3= pp. 2962 - 2964.
with Az the maximal rotor deviation from reference [2] Schweitzer, G.; Bleuler, H.; Traxler, AActive Magnetic Bearings.
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Fig. 9. Dynamic stiffness of optimall® and LQG regulator (step-shaped
disturbance forceA f, = 400 N).

V. CONCLUSION

The structural problems caused by spatial dislocation
between radial magnetic bearings and position sensors can
be overcome by integrating capacitive sensors into the
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