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SUMMARY

A high speed electric spindle based on active electromagnetic suspension technology has been designed,

built and tested. The main goal of the research work was the construction of a highly modular unit which

can be used both for teaching and research purposes. The design of the electromechanical components and

of the control unit is described in detail, together with the characterization tests performed on the various

subsystems. A description of the preliminary tests on the unit, conducted at speeds not in excess of the first
deformation critical speed of the rotor, concludes the work.

INTRODUCTION

After having gained experience in the design and construction of passive magnetic bearing systems [ 1],

[2], [3], at the Department of Mechanics of Politecnico diTorino, the designand construction of a five-active

axes magnetic suspension was undertaken. The prototype chosen was an electric spindle which could be

operated in a wide range of speeds and operating conditions. Together with the aim of gaining a direct

experience in the field, the goal was to build a prototype which could be used both for teaching and research
purposes.

The following design requirements were stated: modularity of both the mechanical and the electronic

layout; low weight for enhancing transportability; easy access to the various parts for introducing instru-

mentation and for maintenance; possibility of visual check of the various parts during operation; possibility

of changing the configuration of the mechanical parts by shifting axially the subsystems and substituting the

shaft; conformity with IEC 348 electrical safety standard; control unit with separate boards for each controlled

axis; possibility of substituting each mechanical or electronic component and to use external digital or analogic
controllers for any one of the axes.

Work sponsored by lt',dian Ministry of University m_d Scientific Research under the 40% and 60% research grants.
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The present prototype has no aim of representing the optimum solution for any particular type of machine

with magnetic suspension, neither for the electromechanical parts nor for the control architecture. The driving

idea of the project is that of obtaining a flexible research tool for basic research in the field of magnetic

bearings and their control systems, for testing new ideas and control strategies and finally for the development

of practical design of components. The effects of different control architectures on the rigid-body or

flexible-body dynamics of the system (SISO PID, Lead-Lag...) can be studied and different digital controllers

(SISO and MIMO) can be compared. With some modifications the system can simulate the effects of the

various controllers on machines with complex configuration such as gas turbines or turbomolecular pumps.

The device is also intended for teaching purposes, mainly to demonstrate the principles of active magnetic

suspension to mechanical and electronic engineering students and to show them the effects of the various

control parameters on the stability and the dynamic behaviour in general. By changing the values of the

control parameters acting on the knobs of the control panel it is possible to demonstrate the effects of changes

of the gains and time constants of the compensator on the dynamic behaviour of the rotor.

At present the research work is aimed to implementing various configurations of the compensator with

the aim of controlling the first deformation mode of the rotor to operate at speeds higher than the corresponding

critical speed; investigating modal control and automatic balancing strategies; developing and testing

actuators biased by permanent magnets to reduce the power consumption, which is at any rate very low;

and developing and testing digital controllers.

Wherever possible particular care was devoted to choose design alternatives leading tolow-cost COln-

ponents, or, at least, components which could be produced at low cost if the unit had to be produced in a

small quantity. Configurations which are standard in other types of electromechanical devices (e.g. electric

motors) were used all where possible. As a result the cost of the whole research was very reasonable and the

prototype can be produced in small quantities as a didactic and research rig at a very competitive cost.

The research and design work started with a survey of the literature existing on the subject. Sit_ce it is

impossible to report a comprehensive bibliography here, a small number of papers are cited i41 - I101.

GENERAL LAYOUT

As already stated a modular design was chosen; the electro-mechanical subsystem consists of a shaft and

five stator units which are bolted together, namely

- two radial bearing units which include the radial sensors and the emergency ball bearings;

- one axial bearing unit;'

- one asynchronous a.c. electric motor unit;
- a base which includes the axial sensor and carries all electrical connectors and signal conditioners of the

sensors.

The power unit is a solid-state frequency converter which can feed the electric motor with a 3-phase

alternating voltage with controllable frequency in the 30-1000 llz range. The inaxilnum voltage at 1000 ttz

is 90 V. The maximum power rating of the converter is 2 kW.
The controller unit contains the five independent controller boards, each one containing its power

amplifier. Both the controller and the power unit are fed directly from the two-phase, 50 Hz, 220 V mains.

A picture of the system is shown in Figure 1.
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COMPONENTDESIGN

Axial actuator

The axial bearing is made by two electromagnets housed in a light-alloy (AI SG91 UNI 7369/3) cast

support. The magneticcircuit(C40 steel UNI 7845) is made in two parts, each one carrying an electromagnet;

it closes through a disc(39NiCrMo3 sleelUNl 7845 iiardened and tempered)shrunk-fit on the shaft on which

the electromagnetic axial force is exerted (Figure 2). The steel disc is the largest part of the rotor and is the

most stressed by centrifugal loading; for this reason a steel which is more suitable for highly stressed

applications than for rnagnetic circuits has been used. The stress field in the disc has been computed using

a standard procedure for rotating discs; the maximum speed of the rotor has then been stated at a valueof 35000

rpm, at which the maximum equivalent stress (Von Mises criterion) is 163 MN/m 2.

Figure 1. Picture of

Ihe complele sys-
lem.

I: Radial actualor,
2: eleclric molor,

3: axial actuator,

4: Radial actualor.

I t/J-

Coil

Coil
holder

__ Disc

Pole
I piece Figure 2. Magnetic circuit of lhe axial

bearing (Ihe air gap is not to scale).
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The magnetic force was computed using a very simple model in which tile material is assumed to have

a linear magnetic behaviour (with 13_-,= 1.6 10 .3 ll/m, equal to that of cast steel), no stray flux is accounted

for, the reluctance of the iron parts is neglected if compared with that of the air gap and the flux is assumed

to be constant on each area perpendicular to it. This model is adequate only for working conditions in which

the magnetic circuit is far from saturation and the air gap is not too small and yields a value of the magnetic

forces which is higher than the actual one.

By neglecting the reluctance of the pole pieces, the axial force, the resistance and inductance of the

electromagnets are computed

B_,S, B_:,S_., N_i 2 l_,,, NZS,

F,,.,-213o + 213_-, _'_t°-_-t_S' ' R=pN-_/ , L=lt° 2t (1)

where B,, B_.,., 13o,13_'_,S,,S_.,, N, i, l_,,, St and p are respectively the magnetic flux densities in the air gap and

the pole pieces, the magnetic permeabilities of vacuum and the material, the cross sectional areas of the air

gap and the magnetic circuit (assumed as constant), the number of turns, the current, the mean length of each

turn, the cross section of the wire and the resistivity of copper. The nominal air gap is t = 0.75 ram.

For the coil 8 layers of 15 turns each (N = 120) of wire with a diameter of 1.3 mm was used. The current

density at 10 A is J = 6.8 A/ram z, within the allowable limits for copper. A maximum axial force of 243 N

at 5 A with the nominal air gap of 0.75 rain is so computed.

Radial actuators

The two identical radial actuators are very similar to asynchronous squirrel cage a.c. motors, the dif-

ferences mainly being in the different winding pattern and in the lack of the squirrel cage (copper conductors)

in the laminations of the rotor (Figure 3). The actuators are housed in casings which are essentially equal to

those of the axial bearing, being obtained from the same casting with some different machining. The rotoric

and statoric magnetic circuits are obtained from 100 laminations of thin soft iron sheet (loss factor = 1.1

W/kg, 13/.',= 5.7 1().3 H/m). 50 laminations are obtained from insulated sheets (thickness 0.43 ram) and 50

from noninsulated sheets (0.37 ram). The laminated structure is aimed to reduce losses due to eddy currents,

as usual.

The magnetic circuit of the stator has eight slots and hence standard motor laminations cannot be used.

As the number of layers is too low to justify the construction of a punch, they were obtained at a fairly low

cost by chemical milling. The electromagnets are wound in such a way to obtain 4 horseshoe independent

electromagnets at 90 degrees phasing.

The width of the pole pieces is I = 12 ram, giving way to an active surface S, = 444 mm _. The shape of

the slots has been designed in such a way to avoid strong flux concentrations which couhl lead to saturated

zones at high values of the current. A total of 110 turns of double wire of 0.9 mm diameter were wound. At

a peak value of the current of 8 A, corresponding to 115% of the value which would cause the magnetic

saturation of the soft iron pole pieces, the current density (J = 6.4 A/ram 2) is still acceptable.
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i

/-" Coils

...___Stator
laminations

_- Rotor

--laminations

Figure 3. Radial bearing, a) Cross section of Ihe magnetic circuil' b) shape of the rolor and stalor laminations (tile air
gap is not Io scale).

A first mathenmtical model which is essentially tile same as that of the axial bearing was used for the

initial evaluation of the force capability of the actuator. An added assumption in this case is that the curvature

of the outer part of the pole pieces has negligible effects. The force exerted on the rotor by each pair of poles

(i.e., by each one of the four horseshoe electromagnets) is

F,,,,t = llo--_-fr2S , cos , (2)

where the nolninal air gap is t = 0.5 ram. The resistance and the inductance of the electromagnets can be

computed by the second and third equation (1). A maximum radial force of 160 N at 5 A with the nominal

air gap of 0.5 mm is so computed.

This mathematical model does not allow us tostudy the effects of changes in tile detaileddesign of the pole

pieces, particularly where the fillets are concerned, and the possibility of the occurrence of local saturation of

tile material. A FEM simulation of the magnetic circuit was then undertaken with the aims of validating tile

simpler model and to gain a greater insight on the actual working of the actuator. The magnetostatic

two-dimensional FEM model, built using ANSYS 4.4A code runnin'g on a Vax-Station 2000, includes 3198

4-node plane elements with a single degree of freedom per node (potential vector of the magnetic field), for

a total of 2545 degrees of freedom. It takes into account tile actual geometry of tile cross section of the

magnetic circuit and the magnetization curve of the soft-iron, including saturation. Being a plane model, it

cannot take into account the end effects, which are at any rate assumed to be small and can be evaluated only

at the cost of a very much more complex three-dimensional FEM model. An experimental validation was

phmned for this issue.

The model yields the value of the magnetic interaction force and the distribution of the magnetic field

intensity tt and the magnetic flux densityB allowing us to verify the assumptions of uncoupling between the

4 electromagnets and to identify potential local saturation problems. The latter result is very usefld to the

end of optimizing the geometry of tile magnetic circuit and particularly the fillet between the prismatic part
of the poles and the pole shoes.
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b)

a)

Figure 4. FEM model of tile radial bearing, a) Particular of tile mesh at the exlremily of one pole piece. The elemellls

simulating the air gap are not shown, b) Paltem of Ihe magnetic field intensity H at i = 5 A and t = 0.5 ram.

Three numerical simulations were run: tile first two with the rotor in the nominal position (air gap t = 0.5

ram) and values of the current of i = 1 A (withi_l limits of iinearity of the magnetic behaviour of the material)

and i = 5 A, well into the saturation range of the material. For the highest value of the current, a futlhcr

computation has been run with a larger value of the air gap, t = 0.6 ram, i.e. with the rotor in an off-centre

position.

A particular of the FEM mesh is shown in Figure 4a. The pattern of the magnetic field intensity tl obtai_led

for the case of the higher current and rotor in the nominal position is shown in Figure 4b. The uncoupling

between the electromagnets is clear, as the magnetic field is mainly confined in the zone adjacent to the

working electromagnet. At this value of the current the magnetic circuit is partially saturated (B = 1.4 - 1.5

T). Enlargements of Figure 4b show that the distribution of the magnetic field in the pole shoes is not uniform

and that saturation occurs mainly in the zone of the fillets. The value of the magnetic force is then lower in

the case of the FEM than in that of the simpler model which neglects this effect (143 N against 160 N at 5

A with the nominal air gap of 0.50 ram).

Another interesting result is the fact that the magnetic field penetrates in the rotor deeper than the thickness

of the soft iron laminations and interests the 39NiCrMo3 steel core. This effect can give way to eddy currents,

with possible energy losses and heating of the shaft. The low value of the field in the core of the shaft leads

to the suggestion that these effects are not strong and no modificatioJls aimed at having a thintler shaft

were planned at this stage.
The radial sensors are located in the same housing of the actuators. Initially Selet BI 8/5 OC inductive

sensors were used but after the first tests it was clear that their performance was not adequate, particularly

where the cutoff frequency is concerned; they were then substituted by Bently Nevada 3106 rood. 20886-01

inductive sensors. These last sensors cannot be exactly collocated with the actuators and in the present

application the distance between the axes of the two elements is 52 ram; this can have an effect on the

dynamic behaviour of the system and this issue was later studied in detail.

Also the emergency ball bearings are located in the same housings. A pair of deep groove Bardcn

I{)4SST5CXO ball bearings were used, leaving a radial and axial clearance equal to half of the nomiiml air

gap of the bearings (0.25 and 0.375 mm in radial and axial direction respectively).
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Electricmotor,shaftandbase

Theelectricmotorisasquirrelcageasynchronousmotor.Itsconstructionissimilar to thatof theradial
bearings,with thedifferencebeing thesquirrel cagein therotor andthenumberof the slots (24) in the
stator.Thepatternof thewindingsis staqdard.

Theshafthasbeenobtainedfrom a singleforging of 39NiCrMo3steelUNI 7845,heattreatedto a
hardnessof 43 ltRc at thesurface(42HRcat thecore).Its designincorporatesa centralzoneon whicha
pulleyoraflywheelcanbefittedto experimentonthedevice.Therotorsof theactuatorsandof theelectric
motoraredirectlyshrink-fittedon theshaft.Themeasuredinertialpropertiesof therotorassemblyare mass
5.310kg; momentof inertiaabouttherotationaxis1.8(18910.3kg m2 and transversal moment of inertia

1.1500 10l kg m2.

The electromechanical parts are directly bolted on a light alloy base (anodized extruded bar of AI-MgSi0,5

UNI 3569-66). This solution allows a very simple interchangeability of the parts and the possibility of

modifying the configuration of the device. The Se!et B 18/50C inductive axial sensor is directly bolted on
it.

Control system, controller and power amplifier

A set of 5 equal S1SO liqear control systems has been designed, each one controlling a couple of elec-

tromagnets. No design difference in the controllers of the axial bearings or of the "vellical" or "horizontal"

channels of the radial bearings has been introduced; however, as the control parameters can be adjusted by

control handles on the front panel of the controller, the various controllers can have different settiqgs.

The force-cunent characteristic of the electromagnets (equations 1 and 2 can be written in the synthetic

form F = K(i/t) 2) is intrinsically nonlinear and must be linearized, ltere the usual practice of superimposing

a bias current to the control current is followed [ 11 ], even if provisions for attempting different strategies are
included in the device and will be tested later.

Constant K can be either computed using equations (1) or (2), computed from results of finite element

simulation, or measured experimentally. This approach does not include the saturation of the pole pieces,

but this is not considered as a strong inconvenience, as linearization of the behaviour of the system is important

only for values of the current which are low enough to prevent that phenomenon to occur. As shown in 141,

15h 11 l I, the linearized expression of the force supplicd by the pair of electromagnets connected to a single

controller at varying coqtrol current i,. (i,, is the bias current) and displacclnent u fiom the nominal position

is

i,, i_

F,,.,,,,, =-4K _.2i,. + 4K c_U (3)

where c is the clearance, which is assumed as constant as the linearization is performed about the centred

position. The second term at the right hand side is linked with the unstable behaviour of the uncontrolled

magnetic bearing.

A value of the bias current iu =0.45 A was chosen as it allows to counteract the weight of the rotor iq

the "vetaical" channels and insures a wide enough linear range without leading to a high power consumptiou

(0.1 W per pair of electromagnets in the horizontal direction).
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The problem of controlling tile five axes of the rotor (a multivariable problem) has been reduced to the

independent control of each axis by means of separate and identical controllers (a multiple monovariable

problem). This approach is justified by tile relative uncoupling of the machine (almost complete ill tile case
of axial versus radial axes) and by tile additional intrinsic uncoupling effect of feedback control. The inde-

pendent axes solution is particularly advantageous in relation with the physical implelnentation of tile control

with analog active filters: the control of the five axis is then implemented by five identical boards carrying

external potentiometers to adjust tile single axis co,_trol parameters.

In order to design tile control two silnplified models of the rotor have been devised:

2 mode multivariable models obtained either by reducing tile model on the actuator nodes (assumning

collocated sensors) or by modal reduction; these models can describe rigid body modes only;

single axis, i.e. monovariable, models obtained by structural analogy with a rigid body (Figure 5a) and

with a flexible body (Figure 5b).

The first type of model has been used to assess stiffness and damping in terms of gains of a state space

feedback control law obtained with standard pole-placement technique. The considered states being position

_md velocity, the control gains may be thought as a proportional and a derivative action directly on the position

signal. For example, requiring the following pole shifting from unstable to stable and reasonably damped

rigid modes

-60.517

+60.517

-88.389
+88.389

-30 +j300]

-30 - j300 _,

---) +j380/ '

(expressed in I/s), the following gain position and velocity gain matrices are obtained

=[3.757 1.218] [2.23710 -_ 7.34610 -4]
[Kp] [1.332 2.935] IK,.! =L -4' 7.95710 1.79610 -_j

The second type of model has been developed to take into account tile flexurai behavior of the rotor as

"seen" by every position sensor and consequently fed back to the independent single axis controller. In this

sense the damping action of the derivative term must be extended in order to cope with the flexural behavior

even for sub-critical working velocities. The control loop of each axis is sketched in Figure 6.

_) b) >0

,,_(t)

Vor_ I_'n (t)l aJZ IFr _ej_t

P:° L

Transducer

Figure 5. Single axis rigid body (a)
and flexible body (b) model.

154

Figure 6. Single axis control loop.



Signal r(t) is tile position reference used to center the shaft with respect to tile coil poles anti emergency

ball bearings. Since it remains unchanged during spindle operation the control problem is a pure regulation

problem: to maintain the position in face of stationary and unbalance forces {F,, } and o)2{Fr }e _'_'. Actually

the controller has already been predisposed for a general two degrees of freedom control scheme with separate

paths for sensor output and reference signals.

The basic structure of each axis' independc_tt controller is the parallel of proportional, integrative and
derivative command actions, that is a PID controller

/ J /1 "e(x)d_+T d v,(t)
vc(t )=K e(t)+_i s o adt

(4)

where v,(t) is the controller output signal, e(t) = v,(t) - v,(t) the error feedback signal, K, the controller gain,

T, the integrative or reset time constant and "/_ the derivative or prediction time constant. Including the causal

pole in the derivative term on the error signal, the l.aplace domain PID transfer function is

1PID(s)=K l+--+--
T,s

Tas

"Gs + 1 I T,s+lTas+l=K T," s "t_s + l =Pl(s)D(s) (5)

The approximated expression holds if 7",>>"/'a>>_a and can be interpreted as the series of a P! and phase lead

filter.

The specifications assulned to design the controller may be summarized as follows:

static stiffiless greater than 0.5 106 N/m;

settling time to reach 90% of exact reference position, less than 5 s;

reasonable damping in the frequency range covering rigid and flexural modes;

attenuation of command action due to sensor high frequency distnrbances.

The controller parameters obtained are then assumedas centralvalue for the controller to be implemented

circuitally: gain, K_ = 3.0, range 0.5 + 5.5; integrative time, T, = 5.0 s, range 3.1) + ,_; and prediction time,

Ta = 6.3 10_ s, range 1.0 + 11.5 10 -4. The causal pole has been t>laccd in "tj = 50 10_' s. lit order to improve

compliance to the last piece of specification an additional filter may be added to the sensor output.

The electromagnet coils constitute a high inductance and low resistance load to the transconductancc

amplifier that conveys the levitation power to the shaft in accord with the controlleroutput signal.The dis-

similarity between the high voltage needed to change coil current and the low voltage needed to maintain it

may result in an extremely low overall circuit efficiency with consequent dissipation problems. In order to

increase the efficiency, the power section of the transconductance amplifier has been implemented with two

Darlington pairs (TIP41C-BUV20) in parallel, one supplied with a low voltage to contribute the constant

equilibrium and superposition currents acting on the resistive part of the load, and the other with a high

voltage to output the high operating voltage needed to overpower the coil back-electromotive force.

The above described power section with roughly unit signal gain is then inseiaed in a high gain current

feedback loop made by a high voltage operational amplifier (LM343) and an amplified shunt resistor, forcing

unitary feedback. An adjustable overload limit circuit has also been added on the feedback path. A gain of

331)k/10k moves the power amplifier cutoff fiequency up to 812 ttz with almost unilary overall gain (! .023).
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EXPERIMENTALTESTINGOFTIlE ELECTROMECItANICALCOMPONENTS

Axial bearing

Theexperimentaltestingon theaxialbearingwasbasedonthemeasurementof tilemagneticinteraction,
forcebetweenthestatorandtherotor for differentvaluesof thecurrentanddifferentpositionsof therotor.
Theinductanceandtheresistanceof tile electromagnetswerealsomeasured.

Theforcemeasurementswereperformedby fixing thehousingof thebearingonatablewhichcanbe
displacedalongtheaxialandtwo radialdirectionsby meansof micrometricslides.Therotordiscwasfixed
onashaftconnectedtoaloadcell.Onlyoneelectromagnetwaspoweredandconsequentlyonlytheattractive
force in onedirectionwasmeasured.Theinstrumentationusedallowedustoobtainanaccuracyof 0.01mm
for displacements(dial gauge),0.03 N for forces (load cell - multilneter), 0.01 A for currents (stabilized

current supply) and 0.1 m_ for resistances (digital muitimeter). The variation ranges of the values of the test

parameters in the different tests were 0.75-1.5 mm (step 0.25 ram) for the air gap t and 0-7 A (step 0.5 A)

for the current i. Each test was performed by repeating the measuring cycle3 times for a total of 360 force

nleagurelllents.

The force-current curves at constant air gap and the force-distance curves at constant current are reported

in Figure 7. The experimental points are plotted together with least-squares fit. The exponents of the least

square curves differ from the values 2 and -2 predicted by equation (1) and some difference between the
curves obtained with increasing current (air gap) and those obtained with decreasing current (air gap) is

evident. There is no doubt that the hysteresis effect is linked with the use of steel for the magnetic circuit

instead of soft iron,while the displacement of the curves from the theoretical ones is due to saturation

(force-current relationship) and to the finite value of the permeability of iron (force-distance relationship).

A comparison between numerical and experimental results is shown in Table I and Table II.
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Figure 7. Resulls of Ihe force lesls fi_r Ihe axial bearing, a) Force versus currenl at conslanl dislance. Experimenlal

poinls and inlerpolaling expression F = ai h wilh b = 1.90 fi_r increasing current and b = 1.75 for decreasing current.
b) t-'orce versus air gap at constant current. Experimenlal poinls and inlerpolaling expression F = at h wilh b = - 1.7 I

for increasing air gap and b = -1.79 for decreasing air gap.
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Table I. Measured and Computed Electrical Characterislics of Ihe Axial Bearing

R I_21 L Imttl

Computed Exp. coil I Exp. coil 2 Compuled Exp. coil I Exp. coil 2

[).395 {).433 0.431 13.96 14.12 14.04

Table II. Measured and Computed Values of the Force oflhe Axial Bearing for Two Values oflhe Current and Nominal

Air (-lap t = 0.75 ram. (*) Eq. (2); (**) As Equation (2), but Wilhoul Neglecting Ihe Reluct,'mce of lhe Pule Pieces

Experimenlal

Computed (*)

Computed (**)

i= 1.00A i=5.00A

F IN I error

8.8 ---

9.7 IO.2 %

8.9 I.! %

F [N I error

210.1 ---

243.3 15.8 %

223.6 6.4 %

Radial bearings

Two different pairs of radial actuators were built and tested, the difference being mainly in the number

of conductors. Only the results obtained on the second prototype, whose performance proved to be better

than that of the first one, are here reported.

The test rig and instrumentation used ate the same seen for the axial bearing, and are the same for
the test procedures. The variation ranges of the vahles of the test parameters in the different tests were

0.3-0.8 mm (step 0.1 mm) for the air gap t, 0-4 A (step (}.25 A) and 4-8 A (step 0.5 A) for the current i.
Each test was performed by repealing the measuring cycle 3 times for a total of 612 force measurements.

The force-current curves at constant air gap and the force-distance curves at constant current are reported

in Figure 8. Only tests conducted with currents up to 4 A are reported. The experimental points are plotted

together with least-squares curves. In this case only negligible hysteresis effects have been found, owing to

the use of soft iron for the pole pieces; no distinclion between the curves obtained with increasing current

(air gap) and those obtained with decreasing current (air gap) has been made. The exponent of the least square

force versus current curve is very close to 2, as predicted by equation (2): in the present current range no

noticeable saturation takes place. On the contrary the exponent of the least square force versus air gap curve

is far from the value -2 predicted by the simplified nrodel. A comparison between numerical and experimental
results is shown in Table Ill and Table IV.

Curves similar to those of Figure 8a but also for higher vahnes of the current are plotted in Figure 9. Some

saturation at high current and low air gap is clearly present and a 4-th degree polynolnial has been used for

the least-square fit. The curves for the smallest air gap have been limited to 4 A to avoid overloading of the
load cell.
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Figure 8. Results of the force tests lor tile radial bearing, a) Force versus current at constant distance. Experilnenlal

points and intcqx)lating expression F = ai b with b = 1.99. b) Force versus air gap at constant current. Experinlenlal

points and inteq)olating expression F = at b with b = - !.4 i.

250_-r_r_r-r_-_ , , i , ' ,-r 1 ,- f T_r_-7--7 v-_--
q

(N) 11 • + * t=0.30 mm .1
• --*---,, L=0.40 rnln /I

eoo .--,_--ot=0.50 mm ,d'--i/_-

150

100

50 -- . lli[II

Ill Ill

[lifn

0 ' i ; ' ' _ I ' ' ' _ i _ ' i ,
0 2 4 6 8 10

i (A)

Figure 9. As Figure 8a, but lor higher values of the

current. Fourth degree l)olynomial least-square fit.

Further experimental tests were conducted to verify the linearization strategy lnentioned above. The tests

were comh,ctcd by superimposi,lg a fixed bias current io to the control current i_ in a pair of opposite

electromagnets and measuring the force with the rotor in the nominal (centred) position. The variation ranges

of the values of the test parameters in the different tests were 1-2.5 A (step (1.5 A) for the bias current to, I)-i,

A (step 0.25 A) and to-8 A (step 0.5 A) for the control current i,.. Each test was performed by repeating

the measuring cycle 3 times for a total of 432 force measurements. The results are shown in Figure 10a.
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Table III. Measured and Computed Electrical Characteristics of tile Radial Bearings

R I-(_1 L [mill

Computed Exp. rad. 1 Exp. tad. 2 Ct)mimled Exp. rad. 1 Exp. rad. 2

0.205 0.225 0.224 6.75 6.53 6.49

"Fable IV. Measured and C()mpuled Values of Ihe Force of tile Radial Bearings lot Two Values of tile Current and Two

Values of the Air Gap

t = 0.50 nun

i = I.(X) A i = 5.00 A

FINtF 1N 1 enor

140.6 ---

160.0 13.8 %

143.3 1.9 %

F INl error

Experimental 5.9 --- 105.8

Equation (4) 6.3 6.8 % 108.3

FEM 5.8 1.7 % 104.8

t = 0.60 mm

i = 5.00 A

error

2.4 %

0.9 %

By superimposing tile curves obtained frorn the previous tests it is possible to compute from experimental

results the value of constant K to be introduced into equation (2). A value K = 1.525 N ram2/A 2 was then

used in the timber parts of the work (Figure 10b).
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Figure 10. a) Resulls of Ihe iinearizalion lesls for Ihe radial bearing. Force versus control current at conslm_l bias current.

b) Fo_ ce exetlcd by a pair of electromagnets versus i)aramcter (i/t)2, oblained by adding the experimenlal values ol the

previous IcsIs.
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EXPERIMENTAL TESTING OF "FilE SYSTEMS

Before running tile system, tile natural frequencies of the suspended rotor were measured by exciting tile

system with an instrumented hammer and measuring the acceleration at midspan. Tile first 3 values are

compared with the numerical results in i 11 ].

A series of spin tests have been performed up to a speed of 21000 rpln, which is lower than U_e critical

speed related to the first defommtion mode (third critical speed), expected at 25780 rpm. The amplitude of

tile orbit at the sensor location was recorded as a ftmction of the spin speed during free spin-down fiom tile

maximum speed. The amplitude of the orbit has been obtained directly from the output of the sensors, using

their gains. The synchronous component of the amplitude in horizontal direction obtained from a flequency

analyzer is plotted in Figure 11.

The maximum amplitude of about 54 lain is reached during the crossing of the two rigid-body critical

speeds, while the amplitude in the supercritical range is lower than about 15 p.ln. The corresponding values

treasured by an accelerometer located on the stator are of 13 I.Im and 0.2 I.tm respectively. The latter accounts

for the extremely Slnooth running of the machine.

The measured critical speeds at 3300 and 4020 rpln are close to the computed values of 2990 and 3880

rpm.
Several tests aimed to verify the stability of the system were performed introducing disturbances both

in form of impulsive loads on tile stator and added unbalances on the rotor. In all cases the system proved to

be able to maintain stable working conditions and reject disturbances.

0 I I • | i I 1" "J-

40

20

I l I ' I ' I

0 5000 10000 15000 _rr_mltP _ 20000

Figure 11. Results of a spin-down test: amplitude of the sy_lchronous component of the displacemenl at one scissor
location in horizonlal direction versus spin speed.
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CONCLUSIONS

Tile electric spindle supported by a five-active axes magnetic suspension built at tile Department of

Mechanics of Politecnico di Torino has been described in detail.

The machine has been tested thorougldy in the speed range tip to the third critical speed, corresponding to

the first deformation mode of the shaft. In this speed range it proved to be capable of stable operation even

in presence of disturbances and to be extremely quiet and vibration free. Further tests aimed to exceed the

third critical speed are planned; as numerical simulation shows that the amplitude in this condition is l_ot

small enough [ 11 ], suitable modifications to the controller are planned.

The device is now used as an experimental rig and as a teaching support.

A very interesting feature of the whole project is its low cost, which can effectively open new application

areas to the active magnetic suspension technology.
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