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ABSTRACT 
An AMB configuration for rotor dynamic experiments is 
described. It allows precise test force generation while 
keeping the rotor floating. As the force is the primary 
control variable, the position is considered mainly as a 
disturbance input. 
This results in the need for new concepts: In order to 
achieve the desired force precision, the force is measured 
with Hall effect sensors. A novel geometry, a novel 
AMB modelling method, force computation method, and 
multi-level digital controller structure have been devel
oped for this purpose. The whole system can be conve
niently controlled through a MATLAB interface. It thus 
offers new possibilities for rotor dynamic experiments. 
The novel modelling method yields important new 
results also for conventionally used bearing geometries. 

I. INTRODUCTION 

Overall project, motivation 
Many investigations exist on the vibrational behaviour 
of rotating rotors, as well as on the vibrational be
haviour of non-rotating structures, e.g. flexible founda
tions. However, little work has been done on the com
hination of both, i.e. rotating rotors on flexible founda
I ions. Such knowledge is essential for predicting perfor
II,ance, stability, vibration levels, and fatigue of rotating 
lJIuchinery. It is the goal of the BRITEIEURAM project 

MARSl (Modal Analysis of Rotating Structures) of the 
Buropean Community to further develop the theory in 
this field and to validate the results experimentally. 

BRITE/EURAM project nr. 5464.-92. Full title: 
"Development of Validated Structural Dynamic 
Modelling and Testing Techniques for Vibration 
Predictions in Rotating Machinery". The project 
partners are 
• Imperial College, London, UK (Prof. D. Ewins) 
• University of Kaiserslautern, D (Prof. R. 

Nordmann) 
• ETH Zurich (Prof. G Schweitzer) 

In general, combined rotating/non-rotating systems 
must be described by periodically time varying differen
tial equations [1]. In the MARS project, the following 
methods shall in particular be developed for combined 
rotating/non-rotating structures: 

FE modelling 
• measuring the frequency response function (FRF) 

with non-contacting excitation and measurement 
• modal analysis 
• updating of FE model based on FRF measurements 
The contribution of the International Center for 
Magnetic Bearings (ICMB), Zurich, consists in building 
a Magnetic Bearing ExciteriBearing system that is tai
lored to the needs for rotor dynamic experiments. 
Moreover, it is involved in the development of the over
all test rig. 

Contact-free excitation 
Various techniques for excitation of rotating rotors have 
been applied [2]: Excitation by impact hammer; shaking 
the rotor through a shaft rider; transmitting unbalance 
forces from a second rotor, and others. The use of mag
netic bearings has been described in [3,4]. 
AMB excitation allows contact-free generation of forces 
with arbitrary time history on the rotating rotor. The 
approach described in this paper reduces the sensitivity 
with respect to many parameters. Within the framework 
of MARS, an AMB specially tailored to testing pur
poses in rotor dynamics has been designed. Thanks to 
its special measurement system, its sophisticated multi
level digital control and its interface to the standard 
mathematics program MATLAB, it offers a number of 
completely new features. 

Organisation of the paper 
In section 2, the experiments planned in the MARS pro
ject are described. The requirements of the AMB config
uration then follow. Section 3 deals with modelling ra
dial AMBs. Conventional AMB models do not consider 
magnetic coupling between the pole pairs. It is shown, 
however, that such couplings must be considered for 
precise modelling. Therefore, a two-dimensional model 
of the AMB is established. Different possible AMB con-
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figurations are compared in section 4. Finally, the con
troller structure is presented in section 5. 

2. SPECIFICATIONS OF THE DESIGN OF 
THE MAGNETIC BEARING EXCITER 

Test rig and planned experiments 

RIGID OR 
FLEX! LE DISK 

ROLLER BEARINGS 
(REMOVABLE) 

DRIVE 

M\OR STEEL 
RlUNDATION 
(FLEXIBLE) 

CONCRETE 
RlUNDATION h 

(RIGID) 

FIGURE 1: Outline of the test rig 

Figure 1 shows an outline of the test rig. Its rotor mass 
is 41 kg, including the disc mass of 17 kg. The rotor 
length is about 1 m. . 
Dynamic tests in different mechanical structures wIll be 
carried out. These structures include 
• rigid or flexible rotor 
• rigid or flexible disc attached to the rotor 
• rotating or non-rotating rotor 
• rotor supported by magnetic bearings (which act as 

exciters at the same time), or by roller bearings 
(with AMB's acting only as exciters) 

• roller bearings mounted on a rigid or on a flexible 
foundation 

In all cases, sinusoidal excitation must be provided. The 
excitation forces in the four axes match exactly the user
defined frequency as well as the user-defined amplitudes 
and relative phase shifts between the four axes. It is also 
possible to excite the rotor synchronously with the rotor 
revolution, using a synchronisation pulse from the 
motor. 

Key figures of the magnetic bearing exciter 
• Maximum force: F max = 800 N 

Dynamic force: Sinusoidal forces with amplitude 
F max can be achieved up to 200 Hz 

• Inner Stator diameter: 116 rom 
• Nominal air gap: so = 0.8 mm 

Digital control and MA TLAB interface 
The AMB exciter is controlled by a TI TMS 320C25 
digital signal processor board from Mecos Traxler AG. 
The AMB exciter is integrated in the overall measure
ment set-up by means of a convenient interface to the 

standard mathematical program package MATLAB [5]. 
It provides the following functions to the experimenter: 
• AMB control: Start, stop, load controller parameters 
• set excitation parameters 
• read variables from the DSP 
• trace the time history of variables from the DSP 

Excitation and force computation 
In contrast to conventional bearing applications, the 
controlled variable is the force rather than the displace
ment. The displacement can be considered mainly as a 
disturbance input. The main requirement to the AMB is 
that the force can be accurately set and - most impor
tantly - accurately measured, i.e., computed from appro
priate measurements. 
In particular, the force measurement must not be cor
rupted by 
• iron saturation, eddy currents, hysteresis, sensor and 

actuator dynamics 
• manufacturing inaccuracies (rotor diameter), for oper

ation with different rotors 
• misalignment (for operation in roller bearings 

mounted on the flexible foundation). 
Moreover, it must-be accurate when 
• the rotor is displaced by the excitation 

there is a bias force (for supporting the rotor with 
AMB's). 

The mechanical set-up itself (elastic, rotating structure 
combined with elastic, non-rotating structure) gives rise 
to various higher harmonics and combinations of both 
excitation and rotation frequency. Therefore, it is impor
tant that the excitation is guaranteed to be purely sinus
oidal. 
The force can be computed in different ways from differ
ent measured variables (magnetic fluxes, coil currents, 
coil voltages, rotor position). Since the accuracy of this 
force computation is crucial for the project, there is a 
need to establish an accurate non-linear, two-dimen
sional model of the magnetic bearing. This will be used 
to compare the accuracy of different ways of force mea
surement. Moreover, the underlying model motivates 
the algorithm proposed in section 4. 

3. MODELS OF JOURNAL BEARINGS 

3.1. Some different geometries 
Figure 2 shows the standard geometries a) and b) as well 
as a generalized geometry that is used for the described 
AMB exciter. 

In configuration a), the pole pairs are magnetically well 
separated from each other. There is therefore almost no 
flux between the pole pairs. The absolute value of the 
force is then about equal for the two poles of one pole 
pair. The pole pairs yp, Yn do not exert a force in x 
direction on the rotor, and vice versa. Analytical mod
elling of this configuration is straight-forward. It is ex
plained in section 3.3. 
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FIGURE 2: Schematic diagrams of different geometries for radial magnetic bearings: a) with well-separated pole 
pairs, b) with fully coupled pole pairs, and c) a more general model with more or less decoupled pole pairs and differ
ent nominal air gaps for the north and south poles. Geometry c) has been realised. 

In most applications, however, configuration b) is used. 
This configuration has significant constructive advan
tages over configuration a). The magnetic pole pairs are 
mechanically and magnetically well connected through a 
yoke. This magnetic coupling influences the flux distri
bution and thus the resulting force on the rotor, F(x,i), 
significantly and should therefore be taken into account. 
This can be done by modelling the radial bearing as a 
network of magnetic resistors. The flux distribution and 
the resulting force can then be computed as a function of 
the coil currents and the rotor position. This is done in 
section 3.4. However, the solution of the resulting si
multaneous equations involves the inversion of an 8*8 
matrix. It is therefore not so easy to obtain exact results 
in closed form. 
Configuration c) is the realised set-up of the magnetic 
bearing exciter. Flux sensors are placed at all north 
poles. Therefore, the air gaps are larger at the north 
poles than at the south poles. To reduce the magnetic 
coupling, the pole pairs are separated. This represents a 
compromise between magnetic decoupling and construc
tional advantages. For a comparison between the differ
ent set-ups, the reader is referred to section 4. 
The magnetic resistor model is established for configura
tion c). Configurations a) and b) are special cases of 
this. 

3.2. Preliminaries 
Both models proposed in this section have the following 
restrictions: 
• Saturation is neglected 

The surface of the magnetic poles is assumed to be 
plain. (The effect of the curvature of the pole sur
faces in geometry a) has been studied in [6].) 
Only static forces are considered 

• Winding numbers and cross sections for all poles are 
equal (as it is usually the case) 

Notation. The variables are illustrated in figure 3. 
rx , ry rotor displacement in x and y direction 
s air gap 

A 
i 
N 

cP 
B 
H 
V 

cross section of the magnetic poles 
coil current 
winding number of a pole pair 
Let (.)xp, (.)yp, (.)xn, (.)yn refer to the pole 
pairs at positive and negative x and y axis, 
respectively; 
(.)N, (.)S to north and south pole, respectively 
Thus, for instance, SxpN denotes the air gap at 
the north pole of pole pair xp. 
additional air gap for flux sensor in config. c) 
air gap between pole pairs in configuration c) 
length of magnetic pole 
length of yoke between the magnetic poles 
half the angle between two adjacent magnetic 
poles 
magnetic flux 
magnetic flux density 
magnetic field 
magnetic potential difference 

}Ix 
/ 

/ 

FIGURE 3: Configuration from figure 2.c) 
with illustration of the used variables. Not to 
scale. 
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Geometry. With a = 7r /8 we find from simple 
geometry: 

S xpN = So - r x cos a + r y sin a 

S xpS = So - r x cos a - r y sin a 

SypS =so-rxsina-rycosa 

SypN = So + rx sina- ry cosa 

sxnN = So + rx cos a - ry sin a 

S xnS = So + r x cos a + r y sin a 

S ynS = So + r x sin a + r y cos a 

SynN = So - r x sin a + r y cos a 

3.3. Analysis of configuration a) 

(3.2.1) 

We neglect the small magnetic coupling between the 
pole pairs, which is equivalent to setting Sy = 00. Thus, 
c])xp = c])xpN = c])xps,FxpN = Fxps etc. Further we neg
lect the magnetic resistance of the iron. The resulting 
magnetic force F x in the x-direction can then be calcu
lated from the following equations: 

F x = 2 cos a . ( F xpN - F xnN ) (3.3.1) 

c]) 2 
F - xP • 

xpN - 2A· f.10 ' 
F _ c])xn 2 

xnN - 2A· f.10 
(3.3.2) 

Ih _ N ·ixn A 
'V xn - . . f.10 

SxnN + SxnS 

as shown in [7]. With (3.2.1), we get 

SxpN + SxpS = 2(so - rx cos a) 
sxnN + sxnS = 2(so + rx cos a) 

Combining (3.3.1-3.3.4) yields 

(3.3.3) 

(3.3.4) 

where K = N2 Af.1o 

or, with 

(3.3.6) 

K( (io +ix)2 (io -iJ2 1 
Fx =cosa·- 2 - 2 

4 (so - rx cos a) (so + rx cos a) 

We can linearise this equation to 

Fx = ks . rx + k; . ix 

where 

k = dFxl .. = Ki02 cos2 a 
s d ' 3 

rx r,=O,;)=o So 

dF I Ki k. = __ x = __ 0 cosa 
, d' 2 

Ix -0 . -0 So r x - ,lx -

(3.3.7) 

(3.3.8) 

(3.3.9) 

k . 
--.:!..=~cosa (3.3.10) 
k; Xo 

As stated above, the force in y direction is computed 
independently in the same way. 

3.4. Analysis of radial magnetic bearings by 
two-dimensional modelling as network of 
magnetic resistors 
The radial bearing can be modelled as a network of mag
netic resistors, as shown in the equivalent network dia
gram in fig. 4. This method is less accurate than FE 
modelling but gives considerable insight into the 
behaviour of magnetic bearings. 
The magnetic resistance is defined as the ratio of mag-

~~ ________ ~~~4~ ____ -CR=yr-________________ -' 

RyFe Ry RyFe 
stator 
circumference 

,- CJ--~r-~~ 

I 
IN· 
,2lyn 

coil windings 

hall sensor 

air gap 

~XPN ~xPs ~YPN ~ xnN ~ xnS 

Rotor 

FIGURE 4: Equivalent network diagram 
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netic potential difference ~ V and magnetic flux <1>, 

~V J Hds 
R=-=--

<1> <1> (3.4.1) 

The magnetic resistance of the different air gaps is given 
by 

SxpN SH ~ 
RupN = --, etc., RH = --, Rsy = (3.4.2) 

f.1o A f.10 . A f.10 . A 

The magnetic resistance of the iron can be accounted for 
by writing 

R ~ ~-~ RxpN = sxpN+---' etc., Ry = Rsv+---' and 
f.1of.1rA . f.1of.1rA 

by introducing 
I 

R - y 
yFe - f.1of.1r A 

We can now find the flux distribution as a function of 
the coil currents and the air gaps using standard methods 
of electric circuit theory: Let 

<1>xp 
ixp 

<1>yp iyp 

<1>xn ixn 

<1>yn iyn 
<1> = Um=N· (i:;--i;pTfz 

(3.4.3,4) z 
<1>1 

<1>2 (ixn - iyp )/2 
<1>3 (ixn -iyn )/2 

<1>4 (ixp -iyn )/2 

qJz is a vector of eight linearly independent circular 
fluxes (qJxp, ... are the main fluxes, W] ... wyare aux
iliary quantities; see fig. 4). Um is the vector of the re
lated sources of magnetic potential difference (amp 
turns). 
Then Wz is given by 

RxpN+RxpS 0 0 0 +RH+RyFe 

0 
RypN+RypS 

0 0 +RH+RyFe 

0 0 RxnN+RxnS 0 +RH+RyFe 

Z= 

o o 

Equation (3.4.7) 

(3.4.5) 

where the impedance matrix Z is defined by equation 
(3.4.7), see below. 
The flux at the magnetic poles is given from the ele
ments of wz' Now we can compute the force at each 
magnetic pole with (cf 3.3.2) 

<1> 2 

FC-) = f.1~~ (3.4.6) 

and build the vector sum of the pole forces to obtain the 
resulting force. (Index (.) refers to the magnetic poles 
xpn, etc .. ) 

Comparison with previous results. . Configura
tion a) is a special case of configuration c) with "large" 
SY' and SH = O. By letting Sy = 00, and neglecting the 
magnetic resistance of the iron, the results of the pro
posed network method coincide exactly with (3.3.5) for 
all rotor displacements and coil currents, as expected. 

3.5. An extra result: The parameter ks for 
configuration b) 
Configuration b) is a special case of configuration c) 
with Sy = 0, SH = 0 . It is found that there is a flux be
tween the pole pairs as soon as the rotor is displaced 
from its nominal position (cf. fig. 3.6.1). However, 
there is no flux between the pole pairs as long as the ro
tor is in its nominal position. 

For the linearisation of the characteristic curve at 
rx =ry =0, ix =iy =0, 

Fx = ks . rx + ki . ix 

the following must be noted: 
• ks: ks is exactly 

k = dF x I = K io 2 

s 3 
drx rx=O,ix=O So 

+ Rxps 0 

-Ryps -RypN-RH 

0 +RynN + RH 

o o 

0 

0 

+ RxnS 

o 

(3.3.7) 

(3.5.1) 

RxpN+RH 

0 

0 

RxpN+RynN 
+Ry+2RH 
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while modelling with separate pole pairs (config. a) 
yields 

k = dFx I 
s dr . 

x r =0, =0 , ' , 
(3.3.8) 

This is a difference of 17%. It is thus clear that the 
two-dimensional network model is necessary for a 
correct calculation of ks in the usual radial bearing 
geometry b). This result has been found analytically, 
using the program Mathematica. 

• ki is equal for the geometries a) and b): 

k; = ~x I K ~o cos a (3.3.9) 
Ix r,=O,;,=O So ~ 

Thus, in contrast to (3.3.10), 

ks io -=_.-- (3.5.2) 
k; Xo cosa 

As to the non-linear formula, it is obvious from this 
that (3.3.5) is not true. 

F = cosa.- xp _ lxn K[ i 2 . 2 1 
x 4 (so-rx/cos a )2 (so+rx/cosa)2 

(3.5.3) 

is found to be a good approximation for small rotor dis
placements. 

«1>2 

xn s s yn 

FIGURE 5: Flux in a radial bearing with rotor dis
placement r, when the coil currents are equal at all 
poles. Solid: Main flux 4>xp, 4>yp' 4>xn, 4>yn; dashed: 
Flux between the pole pairs, 4>2 and 4>4 

3.6 Results for configuration c) 
For the asymmetric configuration c, there is a large flux 
between the pole pairs when the pole pairs are connected 
(Sy=O). This is the case unless the rotor is in nominal 
position and the coil currents are all equal. If Sy is rea
sonably large (i.e. lO*sO), 4>y,(.) becomes small. 

However, it must, and can, be taken into account for a 
precise force computation. Further details are given in 
section 4.2. 

4. CONFIGURATIONS AND METHODS 
FOR FORCE MEASUREMENT 

4.1 Possibilities 
For the purpose given, different configurations have 
been considered. We mention three of them: 
1) The exerted force can be computed from the coil 

currents and displacement. This can be done with 
configuration a) using equation (3.3.5) applied for x 
and y direction, or with configuration b) using equa
tion (3.5.2) 
This estimate cannot take into account iron satura
tion nor eddy currents and hysteresis effects which 
dynamically counteract the control current. 

2) Alternatively, the force can be computed from mea
surement of the magnetic flux in all poles of the 
radial bearing, using (3.4.7) for each magnetic pole. 
In this way, saturation, eddy current and hysteresis 
effects are taken into account. However, the flux 
sensors must be inserted into the air gap. The air gap 
must therefore be widened by the thickness of the 
sensor, i.e., about Imm. This increases the required 
ampere turns (amplifier power) significantly. 
Furthermore, the hardware complexity is increased as 
16 extra analog inputs are required. 

3) The force can be computed from flux measurement 
in all magnetic north poles only, as in configuration 
2). In this way, eddy current and hysteresis effects are 
taken into account. The required ampere turns as well 
as the hardware complexity are increased only half as 
much as in version 2), while the system retains all 
it's advantages over version 1). The bearings become 
asymmetric, as the air gap of the north poles is 
Imm wider than at the south poles. To reduce unde
sirable effects of this asymmetry on the flux distri
bution (ej section 3.7), the pole pairs must be sepa
rated by a sufficiently large air gap Sy . 

Configuration 3) is an optimal compromise with respect 
to accuracy, hardware complexity and amplifier power 
requirements. It has been realised with SO = 0.8 mm" 
SH = 1 mm, and Sy = 16 mm. 

4.2 Force computation from «I>N in configura
tion 3) 
With the (inaccurate) assumption that 4>N = 4>S and 
Sy = 16mm, computing the resulting force from equa
tion (3.4.6) does not give the desired accuracy. 
Certainly, 4>S can be computed from 4>N , the coil cur
rents and the rotor position. This problem is actually 
even over-determined. However, this computation must 
be applicable in real time at sampling times of some 
100 I1s. Moreover, its results should not be corrupted by 
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iron saturation, actuator dynamics, etc. Therefore the 
following algorithm is proposed: 

1) Assume <I>S=cI>N for all pole pairs. 

First iteration: 

2) Compute magnetic potentials V xp, Vyp , V xn, Vyn 

on the stator yokes from the pole fluxes and rotor 
position (magnetic resistance of air gap) 

Vxp (I) = cI>XPN( RxpN + RH) - cI>xpN' Rxps) 

Vyp(l) = ... , Vxn (I) = ... , Vyn (I) = ... , 
3) Compute flux <I> 1 . .4 from this 

cI>/i) ~~~X{ ~). ~ .~~<1) / Ry } 

(4.2.1) 

(4.2.2) 

4) Compute non-measured flux <I>S in south poles 

<I> xps (I) = cI> xpN + cI>! - <I> 4} 
cI>yps(l) = ... , ... (4.2.3) 

5) Second iteration: repeat steps 2) .. .4) if better accu
racy is desired. 

6) Apply equation (3.4.6) to compute the force. 

The results of this algorithm have been verified against 
the exact force computation as given in section 3.4. The 
comparison is shown in figure 6. 

;--;--, , 

__ ~ . _ .. ' __ .. / ... - -'. - - - -' - - .. '- . - - .' -- - . 

sT"', ... :: ... ,. 
z 7l' 
~ 6l, , 
.~ 50 1" ...... , ......... , .. . 

~ 40 1 .... ' ...... , ....... , .. '," 

301 ,,',' 

20 1' " .... 

1°L: : : : : 
o ----~--------~--~-~ o 50 100 150 200 250 300 350 400 

Angle'Y of rotor position (degrees) 

a) 

5. CONTROL CONCEPT 
The AMB system must be able to support the rotor and 
at the same time to excite it. The frequency Q of the 
excitation is set by the experimenter, as well as the 
amplitudes A and relative phase shifts 1> of the forces at 
the four bearing axes. The controller must ensure that 
the harmonic part of the bearing force at frequency Q 

exactly matches these parameters, 
This requires force control. At the same time, stability 
must be maintained by position feedback. The position 
controller clearly counteracts the force controller, unless 
it has a transmission zero (notch filter) exactly at the 
user-defined excitation frequency. The amplitudes and 
relative phase shifts that are prescribed would therefore 
not be faithfully transmited but distorted by the position 
controller. 

The problem is solved with the multi-loop controller 
structure as shown in figure 7: 

The innermost loop is governed by a force controller 
Cpo Its goal is that the bearing force F is equal to its 
input force Fdes. Thereby, F=F(B,x) is computed 
with the algorithm outlined in section 4.2, thus 
accounting for the non-linearities in the bearing. 
The next loop is the position control loop. The 
position controller C x( s) sets F x such that the plant 
is kept stable. 

& So far, F des is clearly not equal to the desired force, 
F Q, at frequency Q. This is due to the above-men
tioned disturbance. Therefore, an adaptation loop is 
added that compensates this distortion at the excita
tion frequency. This problem is much the same as 

Angle y of Rotor position (degrees) 

b) 

FIGURE 6: Force exerted by the AMB on the rotor along a circular path rx = Ll*cosy, ry = Ll*siny, where 
Ll == O.2*sO. a) bearing force (absolute value); b) accuracy of force computation (absolute value) after step 1 
(solid), after the first iteration (dashed), and after the second iteration (dotted) of the force computation algorithm. 
After the second step of the algorithm, the remaining error is negligible. 

• 



200 SYSTEM DESIGN 

computer for experiment control 

I i to modal a~alyser 

FIGURE 7: Controller architecture 

unbalance control. The difference lies in the fact that 
the synchronous component of the force must be a 
non-zero, user-defined value. Therefore, "feed
forward" methods developed for unbalance control 
can be applied. 
The key idea with feed-forward unbalance 
compensation is that a sinusoidal signal is fed into 
the loop. Its parameters (amplitude and phase angle) 
are adapted until the error signal which enters the 
adaptation block is zero at the considered frequency. 
This has certain advantages in comparison with 
linear notch-filter techniques. The method is 
described in detail in [8,9]. 

6. CONCLUSIONS 
An AMB system for accurately generating excitation 
forces and at the same time stabilising a rotor with 
AMBs has been developed. This set-up uses flux 
sensors, a novel two-dimensional magnetic bearing 
model for force measurement, and a novel multi-loop 
controller architecture for force control. The modelling 
method has been shown to be important for all 
applications with the widely used radial bearing 
geometry in Figure 2.c). 
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