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A moving coil linear actuator has a bobbin or coil Wound as 
close packed turns of rectangular - cross section Wire and 
radially polarized circumferentially continuous ring magnets 
Which are provided With ?ux focusing cladding. The result 
is a light-Weight high poWer linear actuator. 
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MOVING COIL LINEAR ACTUATOR 

FIELD OF THE INVENTION 

[0001] Our present invention relates to a moving coil 
linear actuator and, more particularly, to a linear actuator of 
the type Which utiliZes an electromagnetic force generated 
by the interaction of a coil With a ?eld of a permanent 
magnet. 

BACKGROUND OF THE INVENTION 

[0002] Moving coil actuators, also termed “voice coil 
actuators”, can be utiliZed to provide direct drive in control 
systems as servomotors With linear characteristics and for 
the most part are traditional servo devices since the force 
Which is produced by the interaction of the coil and the ?eld 
of the permanent magnet is proportional to the current 
applied to the coil. Such devices can also be referred to as 
tWo-terminal devices since the current is applied to the tWo 
conductors of a coil and the direction of movement of the 
coil is a function of the direction of current ?oW through the 
latter. Such devices can be used in applications requiring 
high acceleration, high frequency actuation and a ?at force 
versus displacement characteristic. 

[0003] The moving coil linear actuator is a direct-drive 
linear motor and utiliZes the principles described in “The 
Straight Attraction”, Part One, Tony Morcos, Motion Con 
trol June 2000, pages 29-33, “The Straight Attraction”, Part 
TWo, Tony Morcos, July/August 2000, Motion Control, 
pages 24-28, US. Pat. No. 5,345,206, US. Pat. No. 4,808, 
955. 

[0004] In all of these systems, the moving coil linear 
actuator may suffer from a Wasting of air gap space because 
of a loW packing factor of the conductive material of the coil, 
a greater Weight of the unit than may be necessary, problems 
With ?ux leakage at an open end of the coil and ?ux 
irregularity Which may result because of segmentation of the 
magnets as Will be described in greater detail hereinafter. 

OBJECTS OF THE INVENTION 

[0005] It is the principal object of the present invention to 
provide a moving coil linear actuator Which is free from at 
least some of the draWbacks of earlier actuators and has the 
advantage thereover of being of reduced Weight and greater 
magnetic ?ux ef?ciency. 

[0006] Another object of the invention is to provide an 
improved moving coil actuator in Which there is better 
utiliZation of the air gap Within the actuator than has been the 
case heretofore. 

[0007] Another object of this invention is to provide a 
moving coil linear actuator Which has all of the advantages 
of prior art actuators but is of reduced Weight and improved 
response in terms of the utiliZation of the magnetic ?eld. 

SUMMARY OF THE INVENTION 

[0008] These objects and others Which Will become appar 
ent hereinafter are attained, in accordance With the invention 
by providing a ?ux cladding at the open end of the coil 
Which reduces ?ux leakage and, in addition, by increasing 
the conductor density of the coil. 
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[0009] More particularly, the moving coil actuator of the 
invention can comprise: 

[0010] 
[0011] a coil axially movable on the core and sur 

rounding the core, the coil being comprised of a 
multiplicity of closely packed turns of a rectangular 
cross section conductor; 

[0012] at least one radially polariZed circumferen 
tially continuous ring magnet surrounding the coil 
and magnetically interacting With the coil upon elec 
trical energiZation thereof to produce a force axially 
displacing the coil; 

[0013] a ferromagnetic sleeve open at one axial end, 
receiving the ring magnet, and connected to the core 
at an opposite axial end; and 

[0014] a ?ux-con?ning cladding on the magnet and 
extending over an end of the magnet at the one axial 
end. 

[0015] According to the invention, therefore, the coil 
provides a conductor of rectangular cross section, Which, 
When Wound in a close packed relationship of the turns, can 
have a packing factor (ratio of conductive material to total 
coil volume) Which is at least 80% and can be as great as 
85% or more (preferably at least 90%). Of course, the usual 
conductor is copper. 

[0016] It has been found to be advantageous to provide a 
plurality of the radially polariZed circumferentially continu 
ous ring magnets in axially-spaced relationship in the sleeve 
or even axially contiguous With one another. The circum 
ferential continuity of the ring magnets ensures that ?ux 
leakage, as can occur With segmented magnets, is elimi 
nated. The cladding itself for the coil can be magnetic and 
poled transversely to the polariZation of the ring magnet. 

[0017] It has been found to be advantageous, moreover, to 
make the core and sleeve assembly of a high permeability 
ferromagnetic material such as vanadium permadur. 

a ferromagnetic core; 

[0018] The moving coil linear actuator of the invention 
thus has the advantage that there is a uniform magnetic ?eld 
in the air gaps because of the Whole ring radial magnetiZa 
tion and ?ux cladding at the open end. The shape of the core 
assembly, generated by computer as described beloW, results 
in a substantial reduction of Weight and hence a reduced 
need for expensive high-permeability ferromagnetic mate 
rial such as the vanadium permendur. 

[0019] The packing factor is also high, as noted, being 
85% or better. 

[0020] The ?ux focusing Which results from the cladding 
alloWs radially magnetiZed magnets Which are embedded in 
the interior of the ferromagnetic sleeve or cylinder, to have 
an optimum thickness Which, in accordance With the graphs 
provided beloW, Will produce maximum force per unit of 
ohmic poWer dissipated in the coil and optimal magnet 
volume. The magnetic ?eld intensity as a result of ?ux 
focussing increases aWay from the magnets and for a ?xed 
poWer dissipation, the current density decreases With the 
Winding thickness. 

[0021] The inner core of the ferromagnetic material is 
joined at the closed end to the permanent magnet assembly 
of the sleeve. 
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BRIEF DESCRIPTION OF THE DRAWING 

[0022] The above and other objects, features, and advan 
tages Will become more readily apparent from the following 
description, reference being made to the accompanying 
drawing in Which: 

[0023] FIG. 1A is a cross sectional vieW shoWing one 
prior art moving coil linear actuator; 

[0024] FIG. 1B is an aXial section through a second prior 
art moving coil linear actuator; 

[0025] FIG. 1C is an aXial section through a third moving 
coil actuator of the prior art; 

[0026] FIG. 1D is an aXial section through still a fourth 
embodiment of a conventional moving coil linear actuator; 

[0027] FIG. 2 is a partly sectioned perspective vieW of a 
moving coil actuator according to the invention; 

[0028] FIG. 3 is an aXial cross section through this mov 
ing coil actuator; 

[0029] FIG. 3A is an aXial section through the coil and its 
bobbin in the case of a bobbin composed of synthetic resin 
to reduce eddy currents; 

[0030] FIG. 3B is an aXial vieW of one of the magnet rings 
for the system of FIGS. 2 and 3 shoWing the radial 
magnetiZation thereof; 
[0031] FIG. 4A is a graph of the magnetic induction in the 
air gap versus the magnetic thickness for inner, middle and 
outer portions of the air gap; 

[0032] FIG. 4B is a graph of the air gap versus the magnet 
thickness; 
[0033] FIG. 5A is a graph of force variation With magnet 
thickness of a magnet ring or corresponding air gap thick 
ness; 

[0034] FIG. 5B is a graph of the variation of the force With 
the thickness of the magnet ring under the constraint of 
constant ohmic poWer dissipation, an optimum point being 
at a magnet thickness of substantially 0.95 cm; 

[0035] FIG. 6A is a graph of coil Weight as a function of 
magnet thickness; 
[0036] FIG. 6B is a graph of coil poWer dissipation under 
a constant current condition; 

[0037] FIG. 7 is a diagram illustrating ?uX leakage at an 
air gap contained by transversely magnetiZed cladding, Hc 
and Hrn representing the coercivity of the cladding magnet 
and the main magnet, respectively; 

[0038] FIG. 8 is a graph shoWing magnetic ?eld ?oW 
con?nement by a cladding magnet (FEMlab 2.2 simulation), 
shoWing magnetic ?uX redirected inWard; 

[0039] FIG. 9 is a graph shoWing magnetic ?eld ?oW 
(FEMlab 2.2 simulation) Without the cladding magnet so 
that the magnetic ?uX leakage through the magnet face is 
evident; and 

[0040] FIG. 10 is a FEM simulation of an optimally 
designed soft magnetic core in the case Where tWo radially 
magnetiZed magnetic rings are present. 

SPECIFIC DESCRIPTION 

[0041] FIGS. 1A-1D shoW various prior art moving coil 
linear actuators. In each of these cases, there is a soft iron 
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core 10 Which receives the coil 11 of round Wire so that the 
coil can move and is coupled to a member Which may be 
actuated by that coil. The soft ferromagnetic sleeve 12 Which 
surrounds the coil is joined to the core at the back 13 of the 
device to form a magnetic circuit. The actuator includes a 
magnet such as the magnet 14, made up of a plurality of 
angularly-spaced radially magnetiZed segments as in FIGS. 
1A and 1B, or aXially magnetiZed magnet 15 of FIG. 1C and 
aXially magnetiZed segments 16 of FIG. 1D. All of these 
tWo-terminal noncommutated devices can be used in linear 
applications requiring high acceleration, high frequency 
actuation and ?at force versus displacement characteristics. 

[0042] They have, hoWever, in common the folloWing 
draWbacks: 

[0043] 1. Nonuniform air gap ?uX density distribu 
tion due to ?uX leakage at an open end of the coil and 
performance degradation depending upon the num 
ber of magnet segments and their spacing. 

[0044] 2. They require large amounts of soft mag 
netic material Which contributes to the high Weight 
of the motor. 

[0045] 3. There is a Waste of air gap space because of 
the space around the circular cross section Wires of 
the coil. 

[0046] The linear actuator of the invention, by contrast, 
comprises a coil 20, Wound on a bobbin 21 from square 
section Wire (see FIG. 3A), and thus With a greater density 
of copper in the cross section of the coil, the bobbin being 
slidable on the core 22 of soft ferromagnetic material Which 
has a sleeve 23 connected to that core 22 by a back 24 of the 
actuator. A hole 25 in the back prevents an air plug from 
forming in the linear actuator. 

[0047] The bobbin 21 can also be formed With a plate 26, 
likeWise provided With a hole 27 and serving to impart 
motion to a load. Members 26 and 21 may be formed in one 
piece from metal but to minimiZe eddy currents may be 
formed of a synthetic resin material as shoWn for the bobbin 
21‘ in FIG. 3A, if desired. 

[0048] As can be seen from FIGS. 2 and 3, moreover, the 
coil 20 cooperates With ?Xed radially polariZed ring magnets 
28, 29, 30 . . . stacked axially adjacent one another and one 
of Which has been shoWn at 28 in FIG. 3B Where the radial 
polariZation has been indicated by the arroWs B. The thick 
nesses of these magnets can be determined from, for 
eXample, an optimiZing curve as in FIG. 5B, for eXample. 
Of course a single radially magnetiZed ring magnet may be 
used as Well. 

[0049] The open face of the assembly of the radially 
polariZed magnets is closed by a cladding magnet 31 Which 
is polariZed transversely to the main magnets 28-30, etc., ie 
in an aXial direction as represented by the arroW 32 in FIG. 
3. The effect of the cladding magnet has been demonstrated 
in FIGS. 7-9. 

[0050] While the speci?c con?guration of the ferromag 
netic core 22-24 is not critical, it has been found to be 
advantageous and thus, While the inner surface of the sleeve 
23 and the outer surface of the inner member 22 are both 
cylindrical, the outer surface of member 23 and the inner 
Wall of member 22 can converge toWard the open side of the 
chamber 33 in Which the bobbin and the ring magnets are 
received. 

[0051] The tWo terminals or conductors of the coil have 
been shoWn at 34 and 35 in FIG. 3A and When the coil is 
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energized, depending upon the polarity of the energizing 
source, the coil bobbin Will move axially to operate a load 
as has been described. The advantage of this design 
includes: 

[0052] 1. A uniform magnetic ?eld in the air gap as 
a result of the radial magnetiZation of the main 
magnets coupled With the magnetic cladding of the 
open end (compare FIGS. 8 and 

[0053] 2. The assembly permits computer generation 
of the shape of the core to ensure a uniform magnetic 
?ux density distribution, reduced Weight and saving 
in the cost of highly permeable ferromagnetic mate 
rial. 

[0054] 3. A high packing factor or ratio of copper to 
total air gap volume of say at least 90%. 

[0055] FIGS. 5A, SB, 6A and 6B shoW that the linear 
actuator of the invention can permit optimiZation in terms of 
the coil Weight and magnet thickness. Because of the ?ux 
focussing, radially magnetiZed magnets have an optimum 
thickness. Using the graphs of FIGS. 5A, 5B, 6A and 6B it 
is possible to ?nd the optimal thickness of the coil Windings 
to produce a maximum force per unit of ohmic poWer 
dissipated in the armature Winding and an optimal magnetic 
ring thickness for a given magnetic material volume. 

[0056] Since the Windings are in the air gap, increasing the 
thickness of the Windings increases the effective air gap and 
hence decreases the magnitude of the air gap ?ux density. 
Due to the effect of ?ux focusing the magnetic ?eld intensity 
increases aWay from the magnet. For ?xed poWer dissipation 
in the Windings, the current density decreases With the 
thickness of the Windings. 

[0057] As noted, FIGS. 4A shoWs the magnetic induction 
B in the air gap for a magnetic mass Which is held constant 
at various radii of the air gap. FIG. 4B shoWs the air gap as 
a function of the thickness of the ring magnet. 

[0058] FIG. 5A shoWs the variation of the force With the 
thickness of the magnetic ring or the corresponding air gap 
thickness While FIG. 5B portrays variation of the force With 
the thickness of the magnet ring under the constraint of a 
constant ohmic poWer dissipation. FIG. 6A represents the 
coil Weight as a function of magnet thickness While FIG. 6B 
shoWs the coil poWer dissipation at constant current. It may 
be noted, referring again to FIGS. 7-9 that one of the 
disadvantages of ?ux leakage (FIG. 9) is that sensitive 
components located outside the actuator may be detrimen 
tally effected by such leakage. 

[0059] Whole ring magnet production has some con 
straints imposed on the ratio betWeen inner and outer ring 
diameters (Di/Doz0.75-0.95). In this case, tWo thinner rings 
can be used as depicted in FIG. 10. Magnet is rare-earth 
Neodimium Boron Ferrum Whole ring magnet, With radial 
magnetiZation such as anisotropic magnet NeoMag 42-16, 
from Magnequench, or HS-38 AR Hitachi. 

[0060] The core carries very little ?ux near the front and 
has little reluctance. The ?ux-density and the reluctance per 
unit length build up is deeper in toWard the back of the 
actuator Using FEM softWare We developed an optimally 
design core, i.e., ?ux density distribution is uniform provid 
ing signi?cantly reduced overall actuator Weight mass. The 
core has such form that the steel mass increases linearly With 
distance inWard (see FIG. 2). Vanadium Permedur or 400 
stainless steel can be used for the core. 
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[0061] Polymer plastics With high thermal conductivity 
can be used for bobbin construction. Such plastics are 
supplied by Quadrant or can be thermoplastics from TBA 
Electro Conductive Products, as alternatives to aluminum, 
and Will greatly reduce or completely eliminate eddy cur 
rents. 

[0062] Rectangular cross section Wire (available in Mit 
subishi Cable Industries, LTD Mexel Wire) With a ratio of 
Width to thickness of about 1.5 to 2.5 given packing ratios 
of more than 90%. Copper (or aluminum, to reduce Weight) 
Wire With rectangular cross section give high “packing 
factors” (the ratio of copper to total coil volume). 

We claim: 
1. A moving linear coil actuator comprising: 

a ferromagnetic core; 

a coil axially movable on said core and surrounding said 
core, said coil being comprised of a multiplicity of 
closely packed turns of a rectangular cross section 
conductor; 

at least one radially polariZed circumferentially continu 
ous ring magnet surrounding said coil and magnetically 
interacting With said coil upon electrical energiZation 
thereof to produce a force axially displacing said coil; 

a ferromagnetic sleeve open at one axial end, receiving 
said ring magnet, and connected to said core at an 
opposite axial end; and 

a ?ux-con?ning cladding on said magnet and extending 
over an end of said magnet at said one axial end. 

2. The moving linear coil actuator de?ned in claim 1 
Wherein a plurality of said radially polariZed circumferen 
tially continuous ring magnets are provided around said coil 
in said sleeve. 

3. The moving linear coil actuator de?ned in claim 2 
Wherein said ferromagnetic sleeve and said core are com 
posed of vanadium permendur. 

4. The moving linear coil actuator de?ned in claim 3 
Wherein said coil has a packing factor ratio of volume of said 
conductor to total volume of at least 80%. 

5. The moving linear coil actuator de?ned in claim 4 
Wherein said conductor is copper. 

6. The moving linear coil actuator de?ned in claim 5 
Wherein said packing factor ratio is about 85%. 

7. The moving linear coil actuator de?ned in claim 5 
Wherein said cladding is magnetic and is poled transversely 
to the polariZation of said magnet. 

8. The moving linear coil actuator de?ned in claim 1 
Wherein said ferromagnetic sleeve and said core are com 
posed of vanadium permendur. 

9. The moving linear coil actuator de?ned in claim 1 
Wherein said coil has a packing factor ratio of volume of said 
conductor to total volume of at least 80%. 

10. The moving linear coil actuator de?ned in claim 1 
Wherein said conductor is copper. 

11. The moving linear coil actuator de?ned in claim 1 
Wherein said packing factor ratio is about 85%. 

12. The moving linear coil actuator de?ned in claim 1 
Wherein said cladding is magnetic and is poled transversely 
to the polariZation of said magnet. 

* * * * * 


