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Introduction

Linear motion electromagneti@ctuators exploiting theLorentz forceare often used in
applications requiff 3 KA 3IK 0O YRGA RGI K LS (| SANP@ RIN &g dedalSi 2
shown in Figure lis an example of such a devidearly computer hardlisk drives used such

Lorentz forcdinear motion actuators to move the magnetic reating headsadially over the

spinning disks.

Figure 1.SolidWorks 9CAD model of an electromagnetictuator. The square
bar magnets (silver) surround the copper coil. The inner and atgarmagnetic

path is shown in gold. The copper coil is woundaoiormer (notshown) which

slides on bearings (also not shown) mounted within the actuator.
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Figure 2.Crosssectional slice through the middle of the actuator. Note that the
coll (individual wires not shown)moves along the-axis. The magnetic field ms
radially from the magnets through the coil to the inner cylindrical magnetic
return path.

Hgure 2 shows the crossection through aylindricalLorentz force linear motiomactuator in
which the static magnetic field is generated hyagnes surroundingthe coil. In this example
the square section magnets are magnetized in the radial direction leadiagnett return path

is provided bylow carbon content stee{(shown in goldin Figure 2 Note that the current
flowing in the coil is orthogonal (at riglangles) to the static magnetic field. The resulting
Lorentz force is orientated in the third orthogonal axfs.simplistic analysis of this actuator
predicts that thestatic force (Lorentz force)F (Newton, N)generated by the coiwill be a
linear functon of the current, | (AmpA), the number of turns, Nthe length, L (meter, m) of coil
exposed to the magnetic field (i.e. theoil circumference length hereand magnetic flux
density, B (Telsal) passing through the cogenerated by the magnets (alone)



1= E4] (1)

This equationis found to predict the coil force well in experiments when the cwoiirent
densityis less than 1DA/m?. Such current densities are rarely exceeded in audio system loud
speakers. Bwever in woofers (and in particular competition woofers) higher current densities
will often arise. Current densities of above®1®/m? are used insome higher performance
devices. For example tHmear electromagnetic @uator developed for usen the reedle free

drug delivery technology developed in the Biolnstrumentation Laboratory at MIT uses coill
current densities as high as 2¥1&/m? for short periodg(Taberneret al., 2006; Wendell et al.,
2006; Hemond, et al., 2006).

At these high current densés the effectof the magnetic field generated by the coil becose
significant and must be considered. particularin the presence of any ferromagnetic material
in the magnetic return path the coil generates a force whis different from theforce
predicted in the equation abovd-or exampleurrent in the coil shown above will still generate
a forceeven whenthe magnets are completely removed from the actuator. In fibkowing we
will considera gpullé force to be negative and @uste force tobe positive.

The actuator shown above wasplicitlybuilt to behave in a highly nonlinear fashion to test the

ability of the electromagnetic finite element swfare, EMS, produced by Electraighetic

Works (Montéal, Canadajwww.electromagneticworks.coito predictéi KS O dudanti 2 N a
to force behavior.The magnets were spaced out to further complicate the actuator geometry

as a further test of EMS

In the following papertie current to forcepredictions of theEMSmagnetostatic analysiare
comparedwith those measured experimentalbAs will be shown EMS accurately preditts
highly nonlinear current to force relation shown by thggometrically complexactuator.
Normally such nonlinearities would be highly undesirable and would be avoided. BdesiSe
is able to account for these nonlinearities it may of course also be usdwlpcreate and
validate designs in which the nonlinearities are minimized.



Experimental Apparatus

Two typesof experimental apparatus were used. The first apparatus permits a wide range of
both static and dynamic measurements to be made of the current to force relation of a linear
motion actuator rigidly attached to a force sensor. In this apparatus the actuatibis held in a

fixed position (although this position may be changedn the second apparatus the coil is
attached to a movable load and so the coil is able to move against the load. This second
apparatus also permits the coil to be clamped at fil@zhtions.

Coil Temperature Sensor Actuator Body

Coil Force Actuator Coil (magnetic return path)
Sensor (irlside actuator body)

s

AirInput (for coil cooling)

Air Flow Sensor

Figure 3.Apparatus used for linear actuator static and dynamic measurements
with coil position fixedA Hall effect sensor (not shown) is used to measure the
magnetic flux densityn the air gap separating the ikdrom the magnets.

Figure 3shows the first apparatus. Notice that the coil is connected to a force send@a(a

strain gageload cell)which is in tun connected to a computer viatrain gage conditioning
electronics and a high resolution analog tmithl converter. The temperature of the coll is
measured with agplatinum resistive sensor which is also connected to the computeHall

effect sensor placed in the air gap between the coil and the surrounding magnets is used to
measure themagnetic fluxdensity The colil is cooled by pressurized air which flows over the
coil. The air flow is generated by an air pump which may be set to a range of air flows. The flow

4



is measured by a hot wire anemometer sensor. The current delivered to the coil is computer
controlled via a custom IGBT based power amplifier which is connected to a large battery bank.
A wide range of static and dynamic positive and negative currentshmalelivered to the coil.

The coil current is measured by a Hdfect current sensor. The coil voltage is also measured by
the computer.

Figure 4 A linear actuator mounted in the second apparatus.

Figure 4shows a linear actuator mounted in the secbapparatus which is primarily used for
testing the actuator characteristics during ctilear movement. However in the following
analysis the coil was set in its mid position. In this position the 100 mm long coil is aligned with
the 100 mm magnetic fidl (i.e. all parts of the coil are exposed to the static magnetic field
generated by the magnets).



Experimental Results

Figure 5shows an example of coil force (N), current (A), voltage (V)naaghetic flux density
(T) recorded while &0 A current puls was applied to the cofpulling)
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Figure 5.

Note that EMS can also determine the coil inductance and coil toncdudalinductance. This
inductance together with the coil resistance largely deterrsitie coil electrical impedance
transfer function. This transfer function accurately predicts the dynamic part of the signals
shownin Figure 5



Figure 6shows an example of coil force (N), current (A), voltage (V)naaghetic flux density
(T) recorded \ile a +35 A current pulse was applied to the coil (pushing).
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A comparison of these pulling and pushing data shows that there is a substantial difference in
the absolute value of the forces generated. In the first experiment a currerfi®Aproduced

a steady state force ofL800 N which equals 36 N/V. However in the second experiment a +35
A pulse produced only a +450 N force which equals approximately 13 N/V. Furthermore in the
second experiment thdéorce reaches arnitial peak and then ddimes with time. This result
cannot be predicted by the singplinear Lorentz force relatiofEquation 1)
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Figure 7.Actuator force shown as a function of coil current for both positive
(push) and negative (pull) current®dote the highly nonlinear response to
positive currents.

Figure 7clearly shows the highly nonlinear relation between quaititive current and force as
measured in the second apparatus described above.



Finite Element Analysis

Fnite element calculations requireconsiderable computing resource$or this reason it is
important to remove from the model any portions which are not likely to influence the
calculations In addition considerable time can be savedtaking a representative slab from
the whole model. In our case we slice off the back and front of the actuatoleave a
representativecentral slab which is 2Bim thick. If this slab contains 10% of the coil length
(circumference)then any force calculation simply needs to be multiplieg 10 to get the
predicted full coil force.
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Figure 8.

Figure 8 showa slabrepresenting tharon path of theactuator (note that for simplicity we
have squared off the rounded surfaces which would have resulted had we actually removed a
slab from themiddle of the actuator).

In Rgures9a and 9kthe coil and magnets have been added. Note that the magnets have a gap
on either side of them. This results in a more challenging geometry (as mentioned above) which
further tests the predictive capability ®&MS.
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Figure 9a. Figure 9b.

We need to model the air within our model. So this we simply create some extra SolidWorks
LI N a G2 FALE FKigurellysd that theleNtie vélunie d&ainingidbirdnodel is
occupied. We also need tout some air around our model so that we can see the extent to
which the magnetic field might extend beyond our linear actuator. The finite element
algorithms also require that at the boundaries of our outer air the magnetic field intensity is
near zero.The question arises as to how much outer air space should be added. The answer is
that it is best to start by adding about 25% of the model x, y and z dimensions around the
model as air. As seen below we can always check to see if the surrounding #iicisnglby
inspecting the magnetic field intensity results.

Figure 10a. Figure 10b. Figure 10c.
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