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chosen physical properties (Fig. 1). In this experiment, a

Abstract— This paper describes an experiment whose goal is to deformation occurs because the specimen is placechoma
underline the accuracy of methods that are able to induclocal — symmetric position in the air gap.
force formulations associated to a magnetic field. First of glla
magnetic structure with a large air gap is used to generate a
magnetic field. A specimen with low relative permeabilig is Magnetic core
placed in this airgap and its deformation is observed. The v
geometry of all parts is well described; physical propertie of all
materials are given. These data allow anyone to model this test
bench, predict its behaviour with simulations and compare
calculated results to experiments

Index Terms—Electromagnetic forces, Electromagnetic fields, [ nmriij
Experimental validation and energy methods.

Fig. L A magnetic core associated with coils imposesagnetic fiel
I. INTRODUCTION distribution that is approximately constant alomg tZdirection. A tes
material is set in the air gap.

hen the calculation of local forces induced by magnetic
field is required, different formulations can be useld [1 ) o
[3] [4] [5] [10] [11]. Choosing the proper formulatios hot Generating a magnetic field is easy, but to calcutlage
easy [2] [8]. First of all, global measurement willt poovide ~field distribution is not always easy. Electric curremtoils is
adequate results to validate a local formulation. ébéffit used as magnetic source. The coil is designed for uQo 2
force distributions can provide the same total foktence, it copper wires loops. Its geometry is given in the Fig.2.
is necessary to find a new method to test local faatiaris.
The deformation of a body under external stress is yotall 95 mm
linked to this stress distribution [6] [7]. But thifficulty is
the need of a material that is able to provide visible
deformation under low strengths [9] [12].

Ill.  MAGNETIC FIELD GENERATION.
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Il.  TEST BENCH OVERVIEW

When a magnetic body is submitted to an external magneti
field, magnetic forces act on its boundary. Such asstre :
distribution induces mechanical deformations. Thedakia | s6mm
is to provide visible deformation on a specimen withlwel | |

¥ 3mm

Fig. 2. Coil holder geometry.
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Fig. 4. Coil geometry.

A magnetic core is built from parts of a transforntaren if
using such parts does not allow a high freedom abodintle
geometry of the core, this one is well known. Two dédfer
parts are used and their geometries are given iRigse 5 and
6.
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Fig. 6. Part (B)

Those parts are assembled to build the magnetic covensh
in the Fig. 7. The screws and the bolts used for thenalsly
are of iron and the magnetic core can be modelled wuttho
being broken up into subsets. The relative permegplufitall
the component is assumed to be high (greater thar).1000
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Fig. 7. Magnetié core built from parts (A) and (B)

IV. SPECIMEN.

A test material with low relative permeability is dséor
this experiment. Many magnetic local force formulatians
available and when they are applied to such matdtaly
provide results very different from each other. Morepver
while the geometry contains singular points, it is nergs®
undervalue the local force effect in any area whbeefield
distribution is not reliable. Therefore, the specinetall and
a relative permeability under 5 is preferred. The gegmnutr
this specimen is given in Fig. 8.

10 mm

30 mm

30 mm

Fig. 8. Specimen geometry in magnetic experiment.



V. PHYSICAL PROPERTIES OF TEST MATERIAL Relative permeability of the test material
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V.a) Mechanical properties.
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A compression test is used to measure the Young modult /r/

for this material (Fig. 9). Water is its most impaoitta
component; its volume is kept constant during any
deformation. Hence, the Poisson coefficient can beos@tst
Experimental data of Fig. 10 indicate, with good acaoyrac

that the Young modulus is 11 000 N/m2,
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Fig. 9. Test bench associated to the Young modukssurement.
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Fig. 10. Experimental results providing an evabratof the Youn

modulus.
V.b) Magnetic properties.

Comparison between air and the test material is dsimay
a ferromagnetic core with two coils. A third coil isaed to
give information about the magnetic flux in the coreewta
0.5 A alternative current is set (Fig. 11).

First coil

Detection coiD

Fig. 11. Experimental test bench used to measlaéive permeability.

= N WA UGS ®©

1. 1.3 16 1.9 2.2 25 28 3.1 34 3.7 4.0

Vm /V0
Fig. 12. Calibration curve providing relative peabdity of the tes

material using Vm/VO.

A magnetostatic 3D model of this device is used to provide
a calibration curve taking flux leakage into account. Ajng
an alternative current at very low frequencies (50 Hap
measurements are done: First, the voltage deliverechdy t
detection coil without test material in the-geip, denoted by
VO, and second, the voltage delivered when the air gap is
filled with test material, denoted by Vm. With Vm/VO0, Fip
gives the relative permeability. For the experiment, V051
V and Vm=1.63 V, hence the test material relative
permeability isy,=25. In summary, the material properties

are given below:

E=11000N/m? Young modulus
v=05 Poisson coefficient
U=25 Relative permeability(+/-3%)

(+/-10%)

VI. EXPERIMENTAL RESULTS

A camera with macrphotography lens is used to measure
the deformation of the specimen under magnetic forées.
direct current is set in the coils and two photogreaglestaken
as explained in Fig. 13. First, without any power sypahd
second, when the coils are supplied. A comparison gives th
deformation of the specimen.

Fig. 13. Under magnetic forces, a deformation of #pecimen (2)

observed. With a fixed gaugd) and photographs (3) it is possible
measure the displacement of the top of the specirfiée gauge

graduated with 1 mm square.



0.5, 1.0, 1.5 A direct currents in coils. distribution is used to calculate the magnetic st@ssthe

specimen. Finally, this strains distribution is usedaalculate

the deformation of the body (Fig. 17).
Fig. 14. 0.5 A direct current is set in the caitlaa displacement of 0.3 n
is measured as gauge is graddatéh 1 mm square.
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Fig. 17. (a) Field distribution, (b) example of gnetlc force distributic
and (c) body deformation.

With the simulation of the whole process, the predicted
deformation associated to each value of direct cuirettie
coil can be obtained (Figs. 18, 19 and 20).
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Fig. 15. 1.0 A direct current is set in the caitlaa displacement of 0.8 n
is measured as gauge is graddatéh 1 mm square..

Fig. 18. 0.5 A direct current is set in the caiblaa displacement of 0.17
mm is predicted.
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Fig. 16. 1.5 A direct current is set in the caitlaa displacement of 1.7 n
is measured as gauge is graddatéh 1 mm square..

Looking at Figs. 14, 15 and 16, straightforward Fig. 19. 1.0 A direct current is set in the caitlaa displacement of 0.71
deformations appear. The displacement observed iffirdte = mm s predicted.
experiment (Fig. 14) is very low and it cannot be cdered
accurate enough. Notice that photographs are enlarged to |
exploited and we can consider a measurement error of 0.
mm.

1547mm  ~----- Initial position (I=0 A)
Final position (I=1.5 A)

VII.  NUMERICAL RESULTS

The local forces density (1) provided by the energy methoc
is used to calculate the deformation under the expatahe
conditions. Simulations are used to calculate the magneti
field distribution in the aigap (with the specimen inside). Fig. 20. 1.5 A direct current is set in the caitlaa dlsplacement of 1.5
The OPERA 2D/3D, a FE package, provides the restuiis. T mm s predicted.



VIIl.  MAGNETIC FLUX MEASUREMENTS IX.  CONCLUSION.

In conclusion, the accuracy of different local force
Magnetic flux density is measured in the-géip and formulations can be tested with this bench. The p@tisif
those values are compared to values predicted by the #i relative permeability is about 3% and the accuradpef
simulation (I=1.5 A). These values are given at the @ Young modulus is about 10 %. The deformations, due to the
the study because they can only be used as information. Rigess distribution predicted by the energy methodgamen
21 is the reference to the measurement and Fig. B®is a5 an example. It is shown that the energy principledsrate

result of the comparison. The position of the probe igq takes well into account the behaviour of materiatien
measured manually and the accuracy is aboutl+hm. o oo magnetic field.

This means that if the measured position of the piebéd

mm and yl mm, the measured flux density must be

compared not only to the flux density calculated at x1 and

yl but also to the flux density CaICUIa.ted atbm, yk t{1] T. Kabashima, A. Kawahara, T. Goto, “Force caldafat using

Imm, x1+1mm, yl+imm... Hence, it appears that the magnetizing currents®, IEEE Transaction on magseti¢ol 24, N°1,

measured values are values that are in agreementheith Januray 1988, pp 45454

computed values if the accuracy of the position of tlber [2] W. Muller, “Comparison of different methods of fercalculation”,

is take into account. IEOI(ESE Transaction on magnetics, Vol 26, N°2, Mar&®9d, pp 1058
1061.
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Fig. 22. Comparison between measurements andsesfuh 2D simudtion. (1
and (2) are the probe coordinates. (3) and (4)herenagnetic flux density. (5)
the relative error in percent between these vallibis error disappears if t
accuracy of the position of the probe is taken adoount.



