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AIlSTRACT 
'I'his paper describes a simplified procedure that 
II 'rmits the identification of some parameters of the 
IIlodel of an active magnetic bearing suspension. It is 
. hown that a direct identification of the model is not 
possible due to the non linear, unstable and 
IIIl1lt ivariable features of the whole system. However, 
'II lice some terms of the model can be determined in 
Idv1'Ince by means of simple measures on the roughly 
'.Iilbilized system, it is possible to converge towards a 
good estimation of the remaining parameters. 

I INTRODUCTION 
A good control scheme requires a good knowledge of 
lin; model of the plant. Analysis of phenomena that 
Illvolve in the process evolution provides with 
IIrormations about the structure of the searched model. 
I'hen comes the most difficult step which consists in 
Ii 'Iermining the value of some parameters. In the linear 

l:-ie, many identification procedures are available 
, I t her for black box or physical model identification. 

III the non linear case the problem is more complex, 
!iIlC to the eventual undiscernability of some parameters 
III one hand, or to the complexity of identification 
t /I ocedures with associated numerical analysis 
rllfliculties on the other hand. 

I he; situation becomes severe when the plant is open 
loop unstable and multi input multi output. The 
P' oblem which is considered in this paper concerns the 
Ii '1I lification of some parameters that appear in 

IHlldelling the mechanical and electromagnetical parts 

of the magnetic suspension of a rotor shaft by means of 
active magnetic bearings. 

The process under consideration is composed of an 
horizontal rotating shaft, suspended by means of two 
active magnetic bearings located in parallel planes 
orthogonal with rotation axis. The problem is to 
maintain the rotation axis in a specified position 
despite of various disturbances (working efforts or 
unbalance) by acting on electromagnets feeding . 
Among the six degrees of freedom of a body in three 
dimensional space, four of them are controlled by 
means of electromagnetic forces. The two others are 
rotation and translation along the main axis of the 
rotor. The former is controlled by angular velocity 
regulation, while the latter is passively controlled by 
annular permanent magnets located on the rotor and on 
the stator in such a way that equilibrium position is 
stable when considering displacement along the main 
axis. Of course, this device introduces destabilizing 
effects in radial directions, which must be compensated 
by control of active magnetic bearings. 

We focus our attention on the identification of the non 
linear relation involved in force production by means of 
electromagnets, namely : 

() D.;2(t) 
F t = ----'---,,-

(wo-w(t)Y 

where D is a constant parameter, Wo is the equivalent 

magnetic circuit length, w(t) is the rotor displacement, 

and ;(t) is the coil current. 

The other parameter to identifY is the stiffness of the 
destabilizing reaction introduced by the passive thrust 
in radial directions. Then it is desirable to consider the 
fluctuation of the negative stiffness with respect to the 
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relative angular position of the rotor and the stator, 
since magnetization is not homogeneous. 
Some physical insights make possible the 
determination of acceptable values, allowing the 
synthesis of a stabilizing discrete control law. 

2-MODELLING 

2.1-Denotation 
In this section, we derive the state equation of a 
magnetic bearing system. Plant and denotations are 
described in figure 1. Four electromagnets at both ends 
of the shaft sustain the rotor in the centered position 
without mechanical contact. 

AMB 
nO 1 

Fr3 Passive 
thrust 

Faz 

AMB 
nO 2 

FIGURE 1 : Magnetic bearing structure 

Fay. Faz : components of thrust reaction 

The modelling of the magnetic suspension suppose that 
the rotor is treated as a rigid body and its rotation is 
around its inertial axis. We represent the fixed frame by 
(Oo.Xo.Yo.Zo) and denote (G.X2.r; ,Z2) the frame 
attached to the rotor. X 2 axis is obtained by rotating 
Xo axis, first by 'Jf on the horizontal plane and next by 
9 on the vertical plane. We do the assumption that 
both of 9 and 'Jf are small and we denote by p, q and r 
respectively the angular velocity of rolling, pitching 
and yawing (figure 2). 

FIGURE 2 : Motion of the shaft 

2.2-Equation of motion 
The dynamical equations of the magnetic bearing 
system are given as follows : 

'LF.XI =m.lG 

oG =MG 
where: 

(1), (2) 

m : mass of the rotor 
F: resultant of external forces acting upon the body. 
M G : resultant of external moments about the mas~ 

center. 
IG : acceleration of the mass center. 
oG : dynamical moment 

Let the components of the vector OG be denoted by 
xo.Yo.zo' It shows the displacements of the gravily 
center in the fixed frame. From (1) we obtain ti ll' 
following equations of motion: 

.. Fi4- F/3+Fr4-Fr3+Fy+Py+Fay 
Yo = m 

(3) 

.. Fi2 - F/I + Fr2- Frl + Fz+ Pz+ Faz 
Zo = (4) 

m 
Py. Pz : components of the weight 

The first term of the second dynamical equation gives : 

[ 
p.J 1 dao . x 

oG =-- = q.Jy +r·p·Jx -r.p.Jy 
dt,<J . 

r.Jy +q. p.Jy -q·p·Jx 

(5) 

where J x is the moment of inertia around X axis al1d 
J y is the moment of inertia around Yaxis which is 

equal to the one around Z. 
Considering the sole rotations 9 and 'Jf, the second 
dynamical (2) equation gives: 

I [-Fz.lb +(Fil - FiJ·/I +(F,.2 - F,.J/2 + Faz ./,, ] 

+ Jy Fy.lb+(Fi4-Fij/l+(Fr3-F,.J./2-Fay.la ... 

The displacements of the rotor, introduced by till; 
passive thrust in radial directions are 
-in the plane (G.Xo.Zo) : tJ.rz = Zo +10.9 

-in the plane (G. XO. r;J : tJ.ry = Yo -10' 'Jf 
where 10 denotes the distance from G to the passiv ' 
thrust. 

The radial forces produced by the passive thrust in tit . 
corresponding directions are: 
Fay =-Kr·tJ.ry =-Kr·yo +Kr·la·'Jf 

Faz =-Kr ·tJ. rz = -Kr·zO -Kr·la·9 

The equations which indicate respectively the motion or 
the body along and around the rotating axis af ' 
independent of others. Consequently, we not consider 
them in the subsequent discussion. We can rewrite til 
previous equations in the following matrix form : 
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0 0 0 0 0 0 0 

0 0 0 0 0 1 0 0 
I ' u 0 0 0 0 0 0 1 0 
~u 0 0 0 0 0 0 0 
I) -Kr Kr.la 

0 0 0 0 0 0 
II' m m 

I' 

" 0 
-K __ r -Kr·lq 0 0 0 0 0 

Ztl m m 

ii o -Kr ·la -Kr./2 a 
0 0 0 0 

-p.J. 

IV 
Jy Jy Jy 

Kr.la 
0 0 

_Kr.l2 a 
0 o p.J. 0 

Jy Jy Jy 

.J-Output equations 
I{olor displacements caracterized by Yo and zo' e and 
II' are deduced from measures mj provided by four 
t. 'usors. These determine gap deviations along 
ollhogonal directions in two planes parallel to magnetic 
ht:arings. Linear relations linking measures to state 
\ ':1 riables are: 

Yo 
Zo 

11/, 

~[f 
-d, 0 0 0 0 

~J 
e 

/Il l 1 d2 0 0 0 0 'II 
III) 0 0 d, 0 0 0 Yo 

1114 0 0 -d2 0 0 0 Zo 

(8) 

e 
\jf 

l A-Electromagnetical modelling 
II concerns the production of forces by means of 
t' icctromagnets. A well known model is given by : 

'( ) D.i 2 (t) 
I ' t = -----'-'---;:-

(wo -w(t)Y 

where D is a constant resuming the characteristics of 
Ihe electromagnet, i(t) is the current in the coil, Wo is 

I he nominal equivalent magnetic circuit length 
(1Ilcluding nominal air gap and iron length weighted by 
Id ative permeabilities) and w(t) is air gap deviation 

which is directly related to state variables of the 
IlIcchanical model. 
II should be noticed that F(t) is always positive 

(allractive force). It is why two electromagnets are 
lIccessary to produce any desired force along one 
direction (referred as F;, - F;i+, or Fr, - F,.i+, in the 

lIIechanical model) 

Yo 
Zo 
e 
'II 
Yo 

Zo 

e 
\jf 

0 0 0 0 

0 0 0 0 

F;2 -F;I +( Ii .~.m.g) 0 0 0 0 

0 0 0 0 
2 II +/2 

1 ~2 -~I +( Ii ._/I_.m.g ) 0 0 
m m 2 II + 12 + 

F;4 -F;) +( Ii ._/2_ .m.g ) 0 0 
m m 

2 II + 12 
:J. lL 0 0 

~4 -F,.) +( Ii ._/I_.m.g ) Jy Jy 

lL =iL 2 II + 12 
0 0 

Jy Jy 

2.S-Electrical model 
This last part deals with coil feeding. We assume here 
that the control variable is the voltage at the ends of the 
coils. In that case, each coil is modelled through the 
following equation: 

di{t) dL 
u{t) = R.i{t) + L.-+i{t ).-

dt dt 
(9) 

since L is likely to vary according to air gap evolution. 
Other control of energy sources could be used, like 
pulse width modulation for instance. Since it has no 
influence on the identification procedure, these aspects 
are not developed here. 

3-SIMPLIFIED CONTROL SCHEME 

3.t-Model simplification 
In this section we consider the case where the shaft is 
not rotating. Consequently, there is no gyroscopic 
effects, and the system can be described by two models 
describing the displacements of the shaft into two 
orthogonal planes which intersect along the revolution 
axis of the shaft. Since the gravity force has to be 
compensated by means of electromagnetic forces, it is 
enough to consider the upper electromagnets, and the 
linearized model for this equilibrium. 

This model has two inputs and two outputs. The 
passive thrust can be considered as simple springiness 
with negative stiffness. Notations are given in figure 3. 

The dynamical equations of the new system are given 
as follows in a matrix form : 



----- -~- ~--- - --~ 

J()2 IDENTIFICATION 

0 0 0 0 0 0 

l~]= m+ 
-K, -K .1 1 - 1 

m 0 __ '_a 0 
m m m m m 
0 0 0 1 0 0 0 

-K,.la -K,.la2 iL -/2 0 0 0 
J, J, m m 

(10), (11) 

FIGURE 3 : Simplified mechanical model 

where: 
GC= I" GE = I], GH = 10 

GA=dl , GB=d] 

3.2-Controllers synthesis 
The aim of this section is the presentation of a 
simplified control structure synthesis, in order to 
stabilise the position of the shaft and then to be able to 
get measures that will be exploited in the identification 
procedure. 

The model that is considered here is two inputs, two 
outputs, four state variables as shown in section 3.1. If 
one is not familiar with multivariable control schemes, 
it is possible to derive two simple controllers supposed 
independent, each one acting in a bearing plane : its 
role is to determine the force to be produced, according 
to the evolution of the position of the shaft. To derive 
one controller, we make the assumption that the other 
bearing performs well, that is that the shaft is able to 
rotate around the center of the second bearing: we then 
face a problem of order two. The behaviour of the 
electromagnet can be linearized since weight leads to 
an equilibrium that doesn't coincide with singular 
positions ofthe nonlinear model: 

Let us denote : i(t) = io + d i{t) 
/). i(t)« io and w{t)« wo, then: 

( ) D.iZ(t) i/ ( d i w ) Ft= D.-z 1+2.-.-+2.- (12) 
(wo -w(t}Y Wo 10 Wo 

Then we obtain two independent linear models of ord I 

two for the displacements m l et mz : 

ml =al.d i l +PI·ml 

mz = az·d iz +pz·mz 

(L) 
( 14 ) 

where ak, Pk resume dependence Upoll 
characteristics of electromagnets CD, wo' io) ami 
mechanical model (d" d], 11' I], la' Jy ' m, K,). 

It is then easy to derive a continuous controller of th . 

form: C{s)= ao +al·s that stabilises the simpli fi ed 
I+bl·s 

problem. This controller is then discretized according 
to the chosen sampling period using an approximatioll 
like Tustin method for instance. Simulatioll 
experiments, considering the whole system in til ' 
plane, with the two simplified controllers, permit to 
select the appropriate dynamics which provide with ;1 

good robustness with respect to badly know II 
parameters. 

4-IDENTIFICATION PROCEDURE 
Fortunately for this kind of process, it is possible tu 
determine in advance with good accuracy some of til . 
physical parameters appearing in the model: it is th ' 
case for the mass m and inertia Jy' various distances 

II ' 12 ' d I ' d 2 ' I a • However, other parameters rema i II 
difficult to measure without experiment in situ: it is the 
case for the stiffness of the passive thrust, with involvc~ 
permanent magnet with eventually anisotropic effects, 
and for characteristics of electromagnetic behaviour or 
electromagnets. For instance the nominal gap \1'0 

depends on the length of the magnetic circuit in the ai r, 
which is easily measured, but also in the iron, through 
the stator and the rotor. Even if these two portions of 
circuit are weighted by relative permeability, it can be 
shown that their contributions become comparable, 
since length of air gap is much smaller than length ill 
iron. 

The objective is to determine a fairly accurate value of 
these equivalent nominal gaps in order to synthesize 
more performing control laws, that don't assume 
linearization around a working point. 

To sum up, considering the dynamical model presented 
in section 3, four parameters have to be identified. Due 
to the nonlinear feature of this model, it worries to 
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'nvisage a direct identification. It is why we attempt to 
'valuate this parameters through static measures. 

Since the system is stabilized by means of simplified 
'ontrollers, it is possible to consider several equilibrium 
points, either by modifying the reference position 
Iceding controllers, or by adding external constant 
ignal to control variables. 

Once the equilibrium is obtained, since the shaft is 
al most horizontal, the forces that are produced by 
'lcctromagnets have to compensate the effects of the 
weight. So each equilibrium is characterized by two 
'quations: 

i). D 1 +E.D2 +y.Kr = Py 

IL.DI +V.D2 +A.Kr =0 

(15) 

(16) 

where : 8, E, yare related to measures (i, ml , m2 ) by 
lIIeans of known parameters (la' dl' d]) and estimated 
1;:lPS, 
:lIld: 11=/1.8, v = lrE, A=la'Y 

We use the following procedure to determine the 
pa rameters: 

-Choose reasonable values for nominal gaps 
(these can be chosen close to the nominal air gap for 
instance) 

-Solve the identification problem with respect 
to DI'D2 and K r • Since, it involves linear relations 
with respect to parameters, it is easy to search a 
solution in the least square sense : then compute the 
v:l lue of the criterion. 

-Improve the quality of the result by searching 
t he best value of nominal gap. Since it is a two 
di mensional problem with a fairly good initial solution, 
i l is easy to converge towards the optimal solution 
without using sophisticated gradient procedures. 

S-EXPERIMENTAL RESULTS 
. I'he procedure has been tested on a pilot process of the 
laboratory. Once the simplified controllers have been 
determined and implemented in a computer, several 
campaigns of measures have been carried out. It is 
desired to get information in the largest domain of 
position of the shaft. However, controllers that are used 
have been derived by means of several assumptions : 
Ihe simplicity of calculations is paid by poor 
performances when one goes away the nominal 
position, and by the difficulties to master the value of 
t he equilibrium that is effectively reached, because of 
Ihe multivariable feature of the whole system. Figure 4 
shows the set of positions effectively measured 
abscissa: ml ; ordinate m2 (the unit is volt). 
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FIGURE 4: Measures domain 

Once measures are got, one has to examine the 
pertinence of these values. For example, on figure 5 
which shows dependence of position upon control 
variable, it can be seen that one point is "outside" the 
good area, although this area is difficult to determine in 
advance : the wrong points are removed from the set 
before going further into the identification procedure. 

0 .02'.----~---~---~--__, 
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control (mA) 

FIGURE 5 : Pertinence of measures 

Figure 6 shows the evolution of the mean square error 
with respect to nominal gaps by successive 
approximations. The optimal solution is easily found ; 
mean square error is the ordinate and abscissa is the 
nominal gap of first electromagnet. Different curves 
correspond to different values of nominal gap of second 
electromagnet : decreasing values of w 02 from left to 
right. 
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FIGURE 6 : Square error evolution with respect of 
nominal gaps 

Several remarks can be made: 

-by construction, there is symmetry between orthogonal 

electromagnetic forces. The parameters undcr 
consideration are those that cannot be determined by 
physical considerations. It requires the synthesis 01 

robust simple controllers that stabilise the system 
despite of the bad knowledge of some parameters of I h 
model. Then identification is carried out considering 
some particular situations that are easily analyzed. 
Determination of parameters is based on a good 
knowledge of their influence on the whole behaviour. 
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