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It 'TRACT 
I h' 1I11plcmcntation of commercially oriented rotating 
. \ I \.' s based on active magnetic bearings may be 

I fl llI\l led by the availability of low cost and high 
Ill. lI ' IICy actuators and transducers. The aim of the 

I' l l ' III paper is to show some results on the subject. A 
II' " (j amplifier and a co-located inductive position 

11 '. \1 1 have been theoretically studied and experimen
t till I(;sted on the test rig built at the Dipartimento di 

\, \ l' lI lI ica of Politecnico di Torino. The simultaneous 
it' llI' the realised co-located transducer and of a 

1I. llI ug power amplifier may cause strong 
Ili it II -rence problems; this issue is currently being 
1/i \ 1 ·.llgated. 

! II'I Jo:AR POWERAMPLIFIER 
I I I/'. ilia lIy a linear transconductance amplifier has been 
Io ll i id :llId tested. In order to improve the overall 
III. I ' IlCY of the amplifier loaded by the high 
IIdll..; lance and low resistance typical of the electrical 

Ii ,<I of the magnetic bearing coil, a class G amplifier 
II I . been developed. A couple of power Darlington 
" ti l" is connected on the same load but supplied with 
II i I ' f Ollt voltages: the higher to deal with the inductive 

I III '.ie llt and the lower with the resistive steady state. I" 'hoice of the ratio of the two supply voltages is 
III I co out assuming a varying component of the 

"" 'llIg current synchronous with the spin speed. 

1111 ivat ion 
I II ' lise of linear transconductance amplifiers to drive 
Iii 'oi ls of magnetic bearings may be still the lowest 
,,',1 solution for light and high spin speed rotating 

I I present with GOMA Elettronica s.r.l., Torino, Italia. 

machines while switched power amplifiers either 
analogically or digitally driven is surely to be chosen 
for heavier applications [1]. Moreover linear amplifiers 
are intrinsically less noisy than switched ones and this 
fact represents an advantage in the design and the 
operation of co-located inductive sensors like that 
described in the second part of the paper. 
Given the standard amplifier connections for each axis 
of a magnetic bearing shown in figure 1, a so-called 
class A actuator arrangement [2] is adopted: both 
amplifiers are always activated simultaneously. Its 
main advantage is the physical linearization of the 
current-force action, its major drawback the need to use 
high bias currents (half of the maximum current) in 
order to eliminate the anisotropy typical of a class B 
actuator [3] (with only one amplifier activated at a 
time). 
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FIGURE 1: Magnetic bearing scheme. The diode 
symbol means that the current amplifier must go off for 

negative currents. 
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The working conditions here assumed are characterised 
by the high stiffness required to the magnetic bearings 
(typical for spindles for machine tools): the 
synchronous unbalance forces must be counteracted by 
the magnetic bearing thrust produced by a synchronous 
sinusoidal control current in the electromagnetic coils 

(1) 

where (j) is the angular speed and Ic is proportional to 
the unbalance force 

F - 2 
unbal - mf'.(j) (2) 

with m the rotor mass and f'. the eccentricity. 
Using the usual linearized expression for the actuating 
control force 

(3) 

the following expression is obtained 

(4) 

with to the nominal air gap and K the electromagnetic 
constant that takes into account all the constructive 
bearing parameters. 
The overall current is then 

(5) 

where lois the bias current, usually taken as half of 
imax . 

Actuator efficiency 
In order to evaluate and compare different amplifier 
configurations, i.e. class A, class G or even class D, an 
efficiency index is defined according to the particular 
characteristic of the impedance load constituted by the 
electromagnetic coils: high inductance and low 
resistance. 
The low resistance (usually below 1 D) requires a sort 
of "reactive amplifier" where the maximum current to 
be supplied is determined by the maximum load force 
to be coped with and the maximum voltage is 
determined by the force slew rate, i.e. its maximum 
derivative. 
The amplifier maximum power is then defined as 

(6) 

The amplifier efficiency for use with active magnetic 
bearing actuators may be conveniently defined as 
follows 

Pamax 
llAMB =---

Pamax +Pd 

where Pd is the average loss power. 

( I 

Acting on an almost pure inductive load the :lV" I, ' 

supplied power Pal is almost completely dissipal \·t! i" 

the power transistors, namely it coincides wilh II ,. 

usually defined loss power Pd == Pal. 

Class G amplifier 
A power amplifier is rated as class G when il II I ,I 
least two different voltage supplies to work wi! It II 

understood that, in the case of the coil load, tlu.: 1(11\ 1 , 

should address mainly the resistive and low n ':: 11 I \ 

demand while the higher comes into action otll(;1 II I . . 

The ratio between the two supply voltages 

Vee low 
a=---

Vee high 

should be chosen accordingly to the efficiency II " II 

previously defined. It should be noticed that a elII'. j , 

amplifier becomes a class A amplifier when a !'. I II 
one. The instantaneous supplied power is defined ;1'1 

for v(t) > aVec 

for v(t) ~ aVec 
( 'II 

where v is the voltage across the load impl.:(IiIi I' 
(neglecting the drop-out voltage of the amplifiers) 
The voltage across the load Z = R + j wL is 

As already noted, it is assumed that (j)L» Rand Ih ll 

LZ==~ ( I I I 

The average supplied power is thus the followin !,. ( I . 

figure 2) 
- VI 
Pal =~[2't(l-a)+aTJ ( I J 

T 

where T = 27t/(j) and't represents the part of the pl'1 (.d 
T when the higher supply voltage comes into play. 
Using conditions (11) and equation (12) for t == t . " I ~ 

possible to obtain the following expression for 't 

T (av J 't = -acos -..E£. 
27t (j)L/ e 

( I II 

and the switching condition between the two suppl!..: ' 
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I . _ aVec - Rl 0 _ aVec - Rl 0 _ aVec 
eswltch - IZI = roL = roL (14) 
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FIGURE 2: Load current and voltage, The marked 
lIl:a corresponds to the high supply voltage activity, 
lasting for time 't out of T. ( ee = 40 V , a = 0.15). 

jl" me 3 shows the average supplied power Pal as a 

11 111 'lion of Ie for various a . 
I Ill' horizontal asymptotes on the left hand side are 
II. IIy computed for 't = 0 and correspond to the 
Illil lion where the voltage on the load never goes 

Idr,her than the lower supply voltage aVec 

(15) 

( Il l' horizontal asymptotes on the right hand side are 
"hl lllllcd for the current going to infinity 

- a+l 
Pal right = --Vee I 0 

2 
(16) 

1111 what the parameter a is concerned a critical lower 
Ill udi tion is reached when the lower supply voltage is 
'I ., ', I han the voltage across the resistive part of the load 

(17) 

Ihlll has an obvious physical meaning: the lower supply 
HI \' 'r comes into play, On the other extreme an 
Iii 'Iesting upper value a sup is obtained at the 

I IIr'rsection of the a inf curve and a generic left 
I ,V lllptote in I eswitch' It represents a critical upper value 
,hove which the average loss power is always increa-
1111\ with a for any value of the unbalance current. 

llltilre 4 shows the efficiency 'IlAMB as a function of the 
IIlIlrol current Ie for various a . Figure 5 shows the 
\I' ' rage supplied power for a E (a inf ,asup ). It should 

1.\ 'lea r that the choice of a depends on the maximum 

AVllrag II lou pO' •• er 
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FIGURE 3: Average supplied power, Curves grow up 
for increasing a . 
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FIGURE 4: Active magnetic bearing efficiency, 
Curves grow down for increasing a, 

allowable unbalance: the shaded area represents the 
trade off between two different choices of a . Figure 6 
shows the curves of the efficiency 1] AMB as a function 
of a for different control currents I e ' 

CO-LOCATED POSITION SENSOR 
The original position transducer used was a 
commercially available eddy current proximity sensor, 
Apart from its cost, it cannot be co-located with the 
relevant actuator, A co-located inductive sensor has 
been designed and built using the same polar expan
sions of the radial actuators, An impedance bridge with 
a modulator-demodulator configuration is used to 
extract the signal related to the position information, 

Principles 
The basic layout of a radial position sensor composed 
by two couples off aced coils is proposed (fig, 7). 
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FIGURE 5: Average supplied power for 
U E (a.inf ,usup ) . 
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FIGURE 6: Active magnetic bearing efficiency. 
Curves grow down for increasing Ie' 

At the nominal gap case the air gaps are all equal 

(18) 

while a displacement u along a co-ordinate axis causes 

t) == to +u 

t3==to-u 

t2 == t4 == to for any u 

(19) 

The magnetic flux associate with a single coil is 
sketched in figure 8. 
The inductance of the single coil is related to the total 
reluctance of its concatenated magnetic flux 

L==~ 
!RIot 

(20) 

with N the number of turns. Under the assll lllpi iUIi .. I 

no magnetic losses in the iron body, the total rdll 11111' 

of the magnetic circuit is due to the aIr gap:-- P il i 

(fig. 9) 

FIGURE 7: Radial position inductive sensor 
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FIGURE 8: Magnetic flux for a single coil. 
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FIGURE 9: Electric equivalent of the magnetic cil< II I 
corresponding to a single coil. 

From the definition of the magnetic reluctance (in :111 

!R =_l_~ 
Po S 

iiI 

with Po the magnetic permeability for vacuum 01 1 

and S the gap section, and introducing the definitioll'. 

m __ 1_~ 
:nt-

Po S 
!R =_1_~ 

u Po S 
( I 
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II I j possible to calculate the total reluctance and then 
Ih· IIlductance for coil I 

9t =29t~-49t1 
(01 29t - 39t 

_1_2u2 -4t~ 
PoS 2u - 3to u ( 

I( 10-- 51"91. coli InduGTance 
3.Z- · · · -·- -· .. . ..... - .. , .. ..... . .... - . .. _-_. 

1,2 ' .. --- .j. 
·0 .25 -0,2 -0 .15 

.....•.. . .. .. .1 
0.15 0 .2 0.25 

•• _- • • > ..... .. -_ ..... . 

·o.t -0.05 0 0.05 0 .1 
u Imml 

(24) 

(25) 

• 1(; IlRE 10: Coil inductance as a function of the gap 
dIsplacement (S = 1 cm2, to = 0.5 mm, N = 100). 

111"ure 10 shows that the expression for the inductance 
rai rly linear for reasonable values of the 

III Iplacement. 
I hI' 1 i lIearized expression of the inductance around the 
tllllllbrium position (u = 0) is then 

L = N!lOS[~ __ I-u) 
4to 2t~ 

(26) 

111It" 10 the system symmetry, it is straitforward to 
1,111/1 111 the expression of the inductance of the other 
1111 1" coils. 

/111' Ihat in practice four coils are always used, two for 
Ii It axis: even if the inductive sensor can work with 

i nl\' two coils, one for each axis, it is very important to 
II (" I he two coils placed on the same axis in a 
,111 1 ·rcntial configuration. In fact the differential 

o)I litguration is essential in suppressing the 
II I . • 1Il0duiation between axes due to mutual inductance 
! I' a variation of inductance of coil 2 and 4 due to a 

'1IlIvcment of the central piece of material along the x-
I I,) and in reducing the sensitivity to external noise. 

• l"lIl conditioning 
1111 'c demonstrated the dependence of the inductance to 
IIII' displacement, it is necessary to obtain a voltage 

lI "al carrying the position information. This task is 

accomplished supplying a carrier signal to the bridge at 
a frequency where the inductance is dominant with 
respect to the resistance (usually very small) of the 
sensor coils, that is 2 7ifL > > R (fig. 11). 

Ll R 

v 

Vd 
L3 

R 

FIGURE 11: Sensor bridge . 

v 

FIGURE 12: Principle of coerent demodulation . 

Using the expression (26) for the inductances LI and 
L3 and the new defined quantities 

L = ~ NpoS 
I 4 t o 

it is possible to write 

(27) 

(28) 

and then the voltage signal as a function of the 
displacement 

v =~V =~u 
u 2Lo 3to 

(29) 

where V is the carrier sinusoidal signal for a standard 
coerent demodulation circuit whose scheme of principle 
is depicted in figure 12. The low-pass notch filter LPN 
must be centred on a frequency twice that of the 
sinusoidal generator. 

Co-location 
The advantage of the inductive sensor above described 
is that it is possible to build a co-located position 
transducer simply by adding four windings to an active 
magnetic bearing using the same magnetic core of the 
actuator as illustrated by figure 13. The figure clearly 
shows the flux of the magnetic field relative to the 
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actuator which uses the same core of coil I: it is evident 
that the flux is not concatenated with the coil of the 
sensor. 4 

FIGURE 13: Co-located inductive sensor layout with 
concatenated magnetic fluxes . 

Limitations 
The inductive co-located position transducer bandwidth 
is limited by the parasitic capacitance always present in 
parallel with the coil inductance. Its main effect is to 
introduce a phase shift that corrupts the measure. 
Another assumption for the transducer to work properly 
is the linearity of the B-H curve of the magnetic 
material. In order to accomplish this assumption much 
care must be used in the choice of the active magnetic 
actuator bias current. The interference with actuator 
activity may be more than a problem when co-located 
sensors are used in conjunction with power switching 
amplifiers: the relative frequency placement of the 
carrier generators should be carefully addressed 
(fig. 14). 

M~chanic:.al 
band 

Sens or 
band 

Switching 
~and 

FIGURE 14: Relative placement of "mechanical", 
sensor and actuator bands. 

Experimental results 
The inductive position transducer has been calibrated 
on the test rig built in the Mechatronics Lab of 
Politecnico di Torino [4]. A first test was carried out 
with the rotor statically positioned at the nominal 
equilibrium pOSItIon (fig. 15). The transducer 
resolution is around the micrometer for a range that 
comprises the whole nominal air gap. A second test 
was carried out in the same condition except for a bias 
current in the actuators. The results are almost identical 

with those of the first test for small displaccllH'll1 
around the nominal position and differ from lit. 
preceding ones only by a 5% at the extreme of ti l! 

position range. 
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FIGURE 15: Experimental results of the co-Iocal rd 
inductive position sensor. 

CONCLUSIONS 
The results reported in the present paper show Ih 11 I 

deeper understanding of the actuating and transdll \ 1\11 

subsystems of an active magnetic bearing may kill It 
interesting results in terms of hardware costs. 
In the authors ' opinion this kind of approach may II, II 
contribute to the wide spread of magnetic b 111 1,1 1 

technology to many other fields today still untouch ·d 
The availability of a test rig designed and built loot 101 

forward to practical commercial applicatioll!-> II 
proved crucial to validate several theoretical insighl 1111 

the subjects. 

REFERENCES 
[I] Keith F.J., Maslen E.H., Hunphris R. R. nlld 

Williams R.D., Switching Amplifier Dcsigll II . 
Magnetic Bearings, Proc. of 2nd Int. Synlp I'" 
Magnetic Bearings, Japan, 1990. 

[2] SchrOder U. , Power Amplifier for M: I}\ I II II 

Bearings, A Short Course on Magnetic BC: II II ' 

France, 1993. 
[3] Delprete c., Genta G. and Carabelli S., Cl)!! 11 11 

Strategies for Decentralised Control of /\1 I 

Magnetic Bearings, Proc. of 4th Int. Sylllp I" 

Magnetic Bearings, Switzerland, 1994. 
[4] Delprete C. , Genta G. and Carabelli S. , D~", I II 

Construction and Testing of a Five-Active A 
Magnetic Bearing System, Proc. of 2nd Int. S '''I 
on Magnetic Suspension Technology, Wash illlli 'I ' 
1993. 


