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Abstract. The prediction of the generated torque by magnetic actsdtoan electromagnetic problem that involves non-
linear materials and complex device geometries. This woelkgnts a finite element model suitable for the magnetic
actuator used in mm-sized induction actuated scannersrderdo validate the model a magnetic field map experiment
was carried out and an overview of the spatial magnetic figdtrithution values was achieved. The comparison between
the results have demonstrated good agreement betweendquehcy measurements and the FEA model. The high
frequency model and the DC model should be improved in oaadéquately predicts the fields in the interest region.
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1. INTRODUCTION

Magnetic actuators are a viable alternative to others kofddriving mechanisms used in mm-size Microelectro-
mechanical devices, MEMS, due its capacity of handling niimmgs more recoverable energy than other alternativeg[2091].
Its actuation principle lies in the Lorentz force due thesiattion between circulating currents and electromagneti
fields[Holzer et al., 1995].

Mathematical models of magnetic actuators are based inothéan of the Maxwell equations[Lorrain et al., 1988].
Nevertheless, the obtention of analytic solutions is vality for simple devices, being impracticable for practigedb-
lems that involves complex geometries, large air gaps andinear materials.

Several methods were developed to solve practical proliteaiectromagnetism. Nowadays, most of CAD/CAE/CAM
packages are based in the finite element method in which théworegion is subdivided into a finite number of sub
domains, called elements, and a trial function is postdlater each of the elements. The values of the unknown variabl
at each node of sub-domains is the objective of the angigsisk, 1981, Bathe, 1982, Zienkiewicz, 1977].

The subject of study in this work is the electromagnetic otaun mechanism, similar to that used in induction
motors[Hamdi, 1998]. Its function is to generate a driviogjue to move the mm-sized induction actuated
scanner[Oliveira and Ferreira, 2003]. The prediction ef diniving torque in such devices is a problem that involves an
electromagnetic domain with large air gaps, and non-linggterials. This makes the finite element method mandatory to
obtain reliable predictions for its behavior.

In this paper a finite element model for the electromagnetiaction mechanism is presented. A DC and AC analyzes
were performed to understand the device behavior. By thidaibe electromagnetic actuation mechanism was modeled
and the driving torque was predicted. The simulation resuitre compared with experimental and a good agreement
between them was achieved.

2. INDUCTION ACTUATION MECHANISM

The adopted induction actuation mechanism is similar tactheentional induction motors. There are two windings:
a primary, excited by an alternating current source (theogtaand a secondary, short-circuited (the armature) hi t
design the primary winding is housed on the stator while thtef the scanner carries the secondary winding, as shown
in Fig.1. The stator geometry is based in the magnetic bipdgposed by Brosens[Brosens, 1976]. A couple of permanent
magnets are responsible for producing the DC magnetic field.
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Figure 1. Induction actuated scanner (left) and the indaatechanism (top right). (1) Mirror, (2) Rotor, (3) Torsioar,

(4) Permanent magnets, (5) Driving coils, (6) Armature. Aasat magnetic field B2, perpendicular to the plate, crosses

the scanner armature, inducing a currgntA couple of permanent magnets generates a magnetic fgldyarallel to
the plate, that interacts with the induced current prodyeibinary of forces, the Lorentz forcesF;.

Figure 1 presents a detailed sketch of the induction meshanA variant magnetic field3,, perpendicular to the
plate, crosses the scannert's armature and induces atijrréncouple of permanent magnets generates a magnetic field,
By, parallel to the plate, that interacts with the induced entrproducing a binary of Lorentz forcesF;. The induced
torque rotates the plate along its axes. The strength obtigei¢ is proportional to the induced current, DC magnetid fie
and geometric parameters of the device.

3. ELECTROMAGNETIC FINITE ELEMENT ANALYSIS

The induction actuation mechanism model was implementetdyube electromagnetic module of tA&NSY Ssuite
that uses Maxwell's equations as the basis for magnetic éipfdysis[Jin, 1993]. The primary unknowns (degrees of
freedom) that the finite element solution calculates aleenagnetic potentials or flux. Other magnetic field quiastit
are derived from these degrees of freedom. Depending ore¢heeat type and element option you choose, the degrees
of freedom may be scalar magnetic potentials, vector magpetentials, or edge flux.

In this work a 3D edge-based method[Cingoski, 1996, Web®3L&vas used to predict the magnetic field density
generated by the permanent magnets and driving coils. Tpestgf analyzes were performed: magnetostatic, to predict
the magnetic field density due the NdFeB permanent magnedshamonic, to predict the magnetic field density and
induced voltage in the scanner armature due variating icuimehe driving coils.

3.1 Geometry and Mesh Construction

The element adopted in the model was the SOLID117 that isr@o2@-brick shape. Its the degree of freedom is the
integral of the tangential component of the vector potémtialong the element edge.

The actual device is shown in Fig.2(a) and the model geonefrig.2(b). The model take advantage of the actuator
symmetry, so, only one quarter of the device needed to belaietl This approach enables a more rational use of the
computational resources and a significantly decrease isitingation times.

Due the presence of the ferromagnetic core, almost all fheslcan be assumed inside the iron core, so, only a small
distance from the stator needed to be fulfilled with air elet®e The region near the armature coil, the interest region,
was finely meshed, as well as, the armature.

The skin depth of the magnetic flux was calculated to use ateguiestablish the mesh density through the iron core
and, specially in the armature. The skin depth was calalisgollows.

S (1)
wpo

Whereo is the skin depthy is the frequency in radians/secondando are the copper permeability, Henrys/meter,
and conductivity,1/Ohm-meter, respectively. The skintbdpr the working frequencies of this model were, 8 mm for 80
Hz and 0.6 mm for 1 KHz. In this model was assured at least teimehts through the skin depth in order to improve its
reliability.

The nonlinear B-H curves for the Silicon-steel core is shawRig.3. The permanent magnets were supposed to be
linear and the adopted properties are in Tab.1.



Procedings of COBEM 2005 18" International Congress of Mechanical Engineering
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG

Silicon-steel core

Driving coil

(\

Scanner armature

(b)
Figure 2. (a) Electromagnetic actuator, 1-Silicon-stee¢c2-NdFeB magnets, 3-Driving coils, 4-Scanner, (b) FEAlei
of device actuator - One-quarter symmetry
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Figure 3. Silicon-Steel B-H curve

Table 1. NdFeB permanent magnet properties adopted in thelho

Residual induction - Br [T] Coercitive force - Hc [A m]| Permeability i,

1.14 8.3-10° 1.093
M www. dext er mag. com

4. MAGNETIC FIELD MAPPING EXPERIMENT

In order to obtain experimental values for the AC and DC mégrfeeld densities generated by the actuator, was
necessary to map the magnetic fields in the armature deweee do do this, we have used an electromagnetic trans-
ducer(Globalmag TMAG-01T-B) in the setup presented in figt4 Hall probe was attached to a micrometer and a
measurement of the magnetic field along the DC and AC flux liveescarried out. A dedicated software was developed
to control the instrumentation in the experiment. After eesef 10 measurements per position, a mean was calculated,
retrieved and plotted by the software. This procedure givéhe profile of the magnetic fields generated by the actuator.
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Figure 4. Magnetic field mapping experiment. A Hall probesgbe magnetic flux density at the actuator lines, AC and
DC flux lines, and an oscilloscope reads the results. A desticacquisition software controls the instrumentation

5. RESULTS

The most important results from FEA simulations and meamsargs are shown in Fig.5 to Fig.7. The plots in Fig.5,
Fig.6 and Fig.7(a) presents a map of the magnetic fields isdhrner armature region. As can be seen, there is a couple
of peaks, both, in AC and DC magnetic map that representenegvith a high concentration of flux lines, in the actual
stator geometry, the arms of the magnetic bridge. The rdggtween the peaks is the region where the armature coil of
the scanner must be placed, or the interest region. The D@@ndagnetic fields must be as regular as possible in this
region to avoid an unbalanced generated torque. Figurgrélsents a profile of the FEA predicted torque as function of
the driving current frequency.
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Figure 5. FEA predicted and measured AC magnetic field deasBOHz.
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Figure 6. FEA predicted and measured AC magnetic field deasitKHz and 1.3KHz to different driving voltages. (a)
Measured AC magnetic field (across the AC flux line) - 1316y HEA Predicted AC magnetic Field - 1KHz
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Figure 7. (a) DC magnetic field comparison, (b) Induced tergs function of frequency in the armature

6. DISCUSSION

In this section the more relevant results obtained fromtedaetagnetic finite element analysis and the experimental
results are discussed in order to validate the results.

Figure 5 presents a comparison between the FEA predictethaadured AC and DC magnetic fields generated by
the stator at 80 Hz. As can be noted there is an excellent mgrgebetween the measured and FEA predicted values of
the AC magnetic field in the interest region between the pe@ksside of this region, there is a difference between these
values. This can be due the differences in the real and mibdelemetries in the region of high concentration of magnetic
field lines. Refining the mesh in this region is a possibletsmiuor this incompatibly in the results.

The measured and FEA predict results at 1KHz, fig.6(a) an@(by. presents different values for the electromagnetic
fields. This fact suggests that the developed FEA model arsui@able for high frequency analysis. A possible solution
is the use of FEA methods based in the MVP (Magnetic Vect®wdéntial), with density current (JS) instead of voltage
(VLTG) loads in the model. In this way the model should be difigal due the elimination of the direct driving current
dependence with the coil impedance.

The comparison between the measured and predicted madingtidensity due the permanent magnets, Fig.7(a)
shows a significant difference between the results in therest region of the device. This can be credited to diffezsnc
in the material characteristics for NdFeB magnets. A meamant of the magnetic properties of the permanent magnets
used in this actuator must solve this problem.

The FEA predicted torque is shown in fig.7(b). As can be sdenjriduced torque decreases with the frequency,
evidencing the high inductive characteristic of the acduddirect measurements of this quantity, in order to vaédhis
result, is difficult due the geometry of the device. Indireasurements based on the deflection angle of the device are
an alternative to get this.

7. CONCLUSIONS

In this work a finite element model for the magnetic actuatas wresented and a magnetic field mapping experiment
was performed to validade the model. This experiment givarusverview about the spatial distribution and values
for the AC and DC magnetic field flux generated by the actugiarinterest region for placement of the device can be
established, as well as, the values for the magnetic fieldlsAngood agreement was achieved between the low-frequency
measurements and the FEA model. The high frequency modeharidC model should be improved in order to predict
adequately the fields in the interest region. The use of thé®Myproach in the high frequency problem is a possible
solution. Mesh improvements and a better set for the priggent the permanent magnets should improve the agreement
between the DC model and the measured magnetic fields.
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