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ACTUATOR 
I 

This application relates to limited rotation electroactuator 
devices and electro-optical devices. 

In dexices of the type here concerned a high permeability 
annature‘is mounted between two poles, at least one of which 
is split into two spaced pole pieces. A permanent'magnet pro 
vides biasing ?ux through the armature, between pairs of pole 
pieces while a control coil provides control flux through the 
armature along different paths, between different pairings of 
the pole pieces. 

Objects of the invention are to provide improved operating 
characteristics and life and simpli?ed procedures for manu 
facture of such devices. Among the more speci?c objects are 
to remov'c the causes of unwanted motion of the armature, to 
compensate such actuators in a smooth manner over an ex 
tender’. range of armature de?ection (e.g. to achieve a desired 
relation, e.g. linearity, between current and position or move 
ment), to damp residual armature oscillation, and to reduce 
other sources of undesired motion. Other objects are to enable 
extended ranges of frequency and de?ections to be achieved, 
including frequencies in the range of 500 —I500 Hz. and 
deflections in the range up to 40° included angle. Other ob 
jects are to drive minors and other loads of relatively large 
moments of inertia and to provide improved eIcctro-optical 
devices such as scanners and choppers. _ ' 

The invention featuresithe various aspects mentioned in the 
abstract, to which reference is made. 
These and other objects, features and advantages will be un 

derstood from the following description in connection with 
the drawings wherein: 

FIG. 1 is a schematic view of an optical system employing 
devices according to the invention; 

FIG. 2 is a longitudinal cross section of an actuator of FIG. 
1, and FIG. 3 is a transverse cross section thereof taken on line 
3-3 of FIG. ‘.2; 1 

FIG. 4 is a partially diagrammatic broken away perspective 
view ofa portion of the embodiment of FIGS. 1-3; 

FIG. 5 is a longitudinal cross section of another preferred 
actuator embodiment suitable for a larger, more powerful ac 
tuator, and FIG. 6 is a transverse cross section of the armature 
thereof taken on line 6—-6 of FIG. 5; 

FIG. 7 is a diagrammatic view in perspective illustrating the 
formationv of an alternative armature for the embodiment of 
FIGS. 5 and 6, and FIG. 7a is an end view of such an armature; 

FIG. 8 is a plot offrequency response showing effects of dif 
ferent types of damping, and FIG. 9 is a plot of current vs. 
de?ection for a preferred embodiment. 
As shown in FIG. 1 a light beam 15 originating from light 

source 1 and columnatedby columnator 2 passes to electro 
optical chopper 3 comprising a shutter 5 rotatable by limited 
rotation actuator 4 with electrical input leads 6 where it is am 
plitude modulated. Thence beam 15 passes to electro-optical 
Aw, comprising a mirror 9 rotatable by limited rota 
tron actuator 8 wlth a vertical axis, where its horizontal 
direction is changed in accordance with the position of mirror 
9. Thence beam 15 passes to electro-optical scanner 11, with a 
horizontal axis but otherwise identical with scanner 10, where 
the vertical direction of the beam is changed. Thence ‘beam 15 
passes to screen 13. ' 

Referring to FIGS. 2 and 3, actuator 8 (which is identical to 
the other actuators of FIG. 1) has a stator 17 comprising two 
poles 52 and 82, and two permanent magnets 110, all sup 
ported within case 23. Pole 52 has a bridge 74 two pole pieces 
70, 72, each of which provides a gap surface 71 and 73 respec 
tively, lying closely outside reference circle 32. Control coil 
76, connected to leads 7, is wound of insulated wire around 
bridge 74 extending between pole pieces 70 and 72. 

Electrically independent. shorted (diagrammatically at 780, 
see FIG. 4) damping coil 78, having a total cross-sectional 
area of conductor approximately one-third as large as that of 
coil 76 is also wound around bridge 74. Coil 78 is formed of 
bare wire, to accomplish shorting. (As will be explained more 
fuily below this shorted coil is found to produce a great 

2 
amount ofdamping for its size, believed to be caused by action 
similar to that ofa transformer rather than merely the effect of 
the back EMF generated by the moving element). 

Similarly, pole 82 is supported by case 23 and divided into 
two pole pieces 84. 86 each ofwhich provides a gap surface 88 
and 90 respectively, lying closely outside reference circle 32. 
Control coil 94 is wound around bridge 92 extending between 
pole pieces 84 and 86. Electrically independent shorted damp. 
ing coil 95, having a total cross-sectional area of conductor 
approximately one-third as large as that of coil 94 is also 
wound around bridge 92. 

Poles 52. 82 are made of lamina (.014 in. thick in preferred 
embodiment) of high permeability (pt=50,000) material such 
as 50% Ni~50% Fe alloy. 
Permanent magnets 110 have one pole 114 abutting against 

~ pole 82 and their other pole 116 against pole 52. Spaces 101 
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and 103 around coils 76, 78, 94, 95, spaces 97 between the 
magnets 110 and the poles 52, 82 as well as the space 25 
between the assembly and case 23 are ?lled with epoxy 
potting compound. 
Annature 12 is made ofa single piece of high permeability 

material such as soft iron and has projecting shafts 150, 152 
(FIG. 2) ?tted into radial bearings 14, 16 respectively. Tor 
sion bar 20 is affixed coaxially to shaft 152 and affixed eccen 
trically atone end 21 to anchor 22 at an angle |l1(e.g. 5°) to ar 
mature axis 18 so as to be in a flexed state. This angle is effec 
tive to produce forces on the armature, pressing the armature 
tight against the left side of radial bearings 16 and the right 
side of bearing 14, thus taking up any clearance. Certain un 
wanted motion of the armature and e.g. its attached mirror, 
especially at high frequency, is discovered to be attributable to 
uncertain positioning of the rotor in its bearings. The inten 
tional biasing or “binding" of the armature in its bearing, just 
described is found to eliminate this problem. It extends bear 
ing life as well, because of elimination of a Brinelling or 
chatter effect at high frequencies. 

In an alternative actuator as shown in FIGS. 5 and 6, 
wherein counterparts of the above described armature are 
designated by a primed number, armature 12' is made of 
lamina (.0l4 in. thick in preferred embodiment) of high 
permeability material (such as 50% Ni-50% Fe alloy) af?xcd 
around hollow shaft 53, which is rotatably supported on 
bearings 14' and 16' around axis 18'. Torsion bar 20’ passes 
through cylindrical passageway 24 in shaft 53 and is attached 
at one end vl9 to armature 12’ with the‘ axis of torsion bar end 
19 coincident with the axis of shaft 53. The other end 21 ’ of 
torsion bar 20' is affixed to anchor 22' with its axis eccentric 
to the axis 18' of shaft 53 so that torsion bar 20’ is held in a 
state of elastic flexure. Bearings 14', I6’ and anchor 22' are 
supported by case 23'. 

Referring back to FIGS. 1-4, armature 12 has two gap sur‘ 
faces 30 and 31 which rotate closely inside reference circle 32 
which is concentric with axis 18. Pole pieces 70, 72, 84 and 86 
are thus each separated from opposed surface of armature 12 
by narrow gaps 102, 104, 106, 108 respectively. The spaces 
40, 42 between poles of different polarity (70 and 84; 72 and 
86) are much larger than the gaps I02, 104, 106, and 108. 

Portions 34 and 36 of gap surface 30 are sloped gradually 
inward from circle 32, the slope being such that, with arma 
ture 12 in its central position as illustrated in FIG. 3, surface 
portions 34, 36 come closer to axis 18 as one moves with 
greater angle from dividing space 40. Similarly portions 38 
and 39 of gap surface 31 are sloped gradually inward from cir 
cle 32, the slope being such that with armature 12 in its central 
position surface portions 38, 39 come closer to axis 18 with 
greater angle from dividing space 42. .h ., 

For the embodiment of FIGS. 5 and 6 sloped portions 34’, 
36’, 38', and 39’ are similarly provided, (FIG. 7) in this case 
extending along only a limited portion of the length of arma 
ture 12'. Sloped portions 34' and 38' preferably conform to a 
single eccentric surface of revolution having an axis XA situ 
ated about a plane of symmetry 148 of armature 12' and inter 
secting at an acute angle the rotation axis XX‘ of armature 
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12'. Similarly, sloped portions 36' and 39' conform to an ec 
centric surface of revolution centered on axis XB also situated 
on a plane of symmetry. As an alternative, the armature of 
FIG. 7 employing an exterior torsion spring as shown in FIG. 2 
can be substituted for the hollow armature of FIGS. 5 and 6. 
The vFIG. 7 =armature is of machineable material and the 
sloped surface portions 34', 36' , 38’, and 39' are preferably 
made by turning as shown in FIG. 7. Armature I2’ is ?rst 
turned around axis XA while a cutting tool simultaneously 
produces sloped surface portions 34' and 38'. Armature I2’ is 
then turned around axis XB as shown in FIG. 7 while cutting 
tool 122 simultaneously forms sloped surface portions 36', 
39'. A similar graduallyvarying effect can be obtained for 
small-sized armature such as illustrated in FIGS. l-3 by elec 
trochemical'metal removal, to remove the sharp edges. Vary 
ing the time. of exposure to the chemicals along the length of 
the arma.ure can produce a surface generally corresponding 
in form to that shown in FIG. 7. 
The compensation achieved by my invention can be un 

derstood by considering the interaction .of the magnetic ?ux 
from two different sources. The ?rst of these is an invariant 
bias~flux 0, (FIG. 4) originating from magnet poles 116, en 
tering pole 52 and dividing to follow two paths to armature 12, 
the ?rst path through pole piece 70, and across gap I02, the 
second through pole piece 172 and gap 104. 
The second flux is the control flux the arising from an im 

posed control current ?owing in control coil 76. The control 
?ux circulates through pole piece 70, across gap 102, through 
armature l2, thence across gap 104 and through pole piece 72 
back to bridge 74. (The magnets 110 because of their low 
permeability as compared to pole 52 present no effective path 
for the control flux). The bias-flux thus flows in parallel across 
gaps I02 and 104 while the control ?ux flows in series through 
gaps I02 and 104. If the flux across gap 102 is designated by 
‘iv, and that across I04 as <1), the following equations can be’ 
written: ,_ ‘ ' 

¢|+¢2=¢n (l) 
(D,R,—<D,R,=F \ (2) 

where Rl and R2 are the reluctances of gaps I02 and 104 
respectively and F is the magnetomotive force produced by 
the control current. Equations 1 and 2 can be readily solved to 
give explicitexpressions for the flux in each of the gaps. 

./ Ma?a) 08%.) 
The magnetic energy in the gaps is proportional to 

j ' U=%(¢l1R,I+¢22R2) (5) 
The torque on armature 12 produced by the magnetic ?elds in 
gaps 102, 104 can be obtained by differentiating the quantity 

(3) 

(4) 

U with respect to the angle at describing the angular position. 
ofthe rotor, the differentiation being carried out while the ?ux 
in each gap is considered constant. The torque is therefore 
proportional to 

or making use of equations 3 and 4 gives 
(6) 

(7) 
The reluctances R, and R2 associated with the airgaps 102 

and 104 respectively and appearing in equation 7 are in 
general dependent upon the size and shape of the airgaps. 
which in turn depend uponthe angular position of the arma 
ture l2. ' 

The construction of the device is symmetrical with the 
lower half adjacent to poles 114 duplicating the construction 
and action of the upper half adjacent to poles I16 and produc 
ing an additional equal torque acting on armature 12. 

In addition. to the magnetic torque given by equation 7, 21 
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restoring torque is applied to the armature by torsion bar 20. 
The restoring torque is essentially proportional to the angle‘ 
the armature is rotated from its central position. For every 
value of control current the armature assumes some position 
such that the magnetic and restoring torques are in equilibri 
um. The current circulating through the control coil thus 
determines the equilibrium angular position of the armature. 
In general, as is indicated in part by equation 7, the relation 
ship between the control current and the equilibrium angular 
position of the armature is complex and nonlinear. In particu 
lar if the gaps between the pole members and the armature 
were of uniform thickness the relationship is nonlinear. 

In accordance with this invention, the slopes of curved por 
tions 34 and 38 are determined to modify the shape of gaps 
102, I04 and the relationship of the reluctances R, and R, to 
the angular position of armature I2 and thereby to compen 
sate for the nonlinear effects indicated in equation 7 and pro 
vide a desired relationship (such as smooth and linear) 
between the current in control coil 76 and the equilibrium an 
gular position of armature I2 over an extended range of values 
for the control coil current. ' . 

Referring to FIG. 7a, for a typical example, an armature for 
an actuator may have an end form as shown, a width d of ‘1% 
inch, and a thickness r of V4 inch. Its central curved surfaces 
are formed by turning about center X’, radius I=V4 inch. For 
compensation" the armature is mounted for machining on axis 
A, on the plane of symmetry perpendicular to the widthwise 
axis of the armature. Axis A is shifted for instance l/l6 inch 
from X’, and two surfaces 34' and 38' are turned, with radius 
r,=9/32 inch. The armature is then shifted to axis B, symmetri— 
cally located with A about axis X’, and surfaces 36' and 39' 
are formed. While the armature thus formed in some instances 
may have uniform cross section along its length (i.e. axes B 

. and A parallel to XX’), the advantage of easier adjustment is 
obtained by holding one end of the armature on the original 
axis, and displacing the other end, with fine adjustments dur 
ing model-making based upon operational measurements. 

With regard to the damping aspect ofthe invention, when a 
driving current applied to leads 7a, 7b changes quickly from 
one value to another, the driving flux changes, and the arma 
ture moves suddenly to a new position and tends to oscillate 
about that position for a certain settling time due to both elec 
trical and mechanical effects. The oscillation of the armature 
position is vaccompanied by ?ux oscillations in bridges 74 and 
92, as well as in other stationary permeable portions in the 
control flux path. I have realized that armature oscillations 

‘ can be damped signi?cantly by a'relatively small short-cir 
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cuited coil surrounding a stationary vpermeable portion of the 
control flux path. The effect can be likened .to transformer ac 
tion. Th‘us, referring to FIG. 3, damping coils 78 and 95 are ' 
linked'to- the flux in the bridges 74 and 92 and draw energy 
from the oscillations and dissipate it, thereby reducing the 
resonance factor Q of the coupled electromechanical 
resonance to a low value. . 

The damping coil can be of quite small size, i.e. less than 
one-half the cross-sectional area of the control coil, and for a 
given torque and frequency the actuator is accordingly 
reduced in size. Thus third order effects may be avoided, 
which along with the other features mentioned herein lead to 
predictable linearity. Also the heat dissipation problem is 
reduced, leading to operation below critical temperature 
levels, in turn leading to greater reliability and life. ' 

Thc‘invention leads to highly effective electroactuators hav 
ing characteristics heretofore unknown. 

For example a galvanometer was produced having the fol 
lowing dimensions, referring to FIG. 2, 

W=0.875 in., square in cross section 
L=l.06 in. 

Armature dimensions: length l/2 inch 
width 3/16 inch 
thickness l/lo inch 

EXAMPLE 1 
Each of the control coils 76, 94 was formed of I75 turns of 

N0. 32 (0.0080 in. diameter) copper wire, insulated (cross 
section of conductor in coil 0.0088 in."’). On top of each of 
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these‘was wound a damping‘coil (78, 95) of 30 turns of No. 28 
(0.0[26 in. diameter) copper wire, uninsulated and thus 
shorted (cross section of conductor in coil 0.0037 in. a) the 
cross-sectional area ratio damping to control coils is about i 
102.4. ‘ ‘ 

The rotor had a transverse cross section (see H6. 70) with 
width d ‘A inch and thickness 1 V4 inch. The rotor moment of 
inertia was 0.0125 gm-cm’. 

This actuator weighed 3 ounces, had for coilsv 76, 94 in se~ 
rics a resistance of 7.5 ohms and consumed 2 watts. At a rated 
ptp (peak to peak) rotation of 15° it demonstrated a resonant 
frequency of 1,000 Hz. with maximum rotation of 20°, pp. The 
actuator drove a mirror with dimension, 7 mm.Xll mm.><l 
mm. and a moment ofinertia of 0.008 gm-cm‘. 

Similar constructions with certain parameters varied in ac 
cordance v ith'desired characteristics were as follows: 

EXAMPLE 2 
Resonance 1,500 Hz.; rotation, rated ptp 8°; rotation, max. 

ptp 10°; rotor moment of inertia, 0.007 gm-cm". ' 

EXAMPLE 3 
Resonance 700 Hz.', rotation, rated ptp 30°; rotation max. 

ptp 40°; rotor inertia. 0.01 5, gm-cm‘. f 
The actuator of example‘ i was modi?ed and tested at dif 

l'e rent frequencies to compare the effectiveness of different 
modes of damping. The results are shown in FIG. 8, where am 
plitude is plotted vs. frequency. Curve A is with no damping. 
Curve 8 is with shorted damping coils 78, 95. Curve C is with 
damping coils 76, 95 inoperative and control coils 76, 94 
shunted with an ampli?er having zero output impedance. The 
resonance factor Q (computed as the ratio of amplitude at 
resonance to that at 10 Hz.) was found to be as follows: 
Case A (no damping): Q=8; Case B (shorted damping 

coils): Q=l.37; Case B shorted damping coils): Q=l.37; Case 
C (shunted ampli?er): Q=2.0. Taking into account the dif 
ference in the amount of copper present in coils 78 and 95 vs. 
that in the control coils 76, 94, the effectiveness of the damp 
ing coils was three and one-half times that of shunting. 
Because of the large amount of damping available in small 

systems according to the invention the actuator can be 
equipped with a mirror having a moment of inertia greater 
than one-third that of the armature to achieve large aperture 
and optical ?atness. Such large mirrors with very high reso 
nant frequency (about 1,000 Hz.) and damping permits use 
with computers and other’ high speed components to create 
visual displays. Two such actuators combined together in HO. 
1 provide an optical scanning head A for high speed scanning 
of X-Y optical ?elds. it is well suited to such applications as: 

Recording of Computer CRT displays 
Micro?lm memory-reading and writing 
Flying spot scanners I 

Character recognition 
Projection of oscillograph traces 
Photographic X-Y recording curve follower. 
Plotter transient reproducer. 
When the actuator is equipped with a shutter it provides an 

optical chopper with the unusual characteristic that the 
frequency of operation can be modulated. 

Larger scale actuators combining some or all of the features 
herein described lead to improved operation of high frequen 
cy (about 300-500 Hz.) recording pens on strip chart records, 
servomechanisms and numerous other uses. The linearity of 
movement vs. current of the actuator that can be achieved 
when employing the compensation here described is illus 
trated in H6. 9. The curve is straight, or will curve only 
gradually, with no abrupt discontinuities. 

Referring baclc to FIG. 1 for a preferred system employing 
the actuator of the invention, actuator 4 is connected to an 
electrical modulating signal with very high frequency com 
ponents through leads'6. it rotates shutter 5 in accordance 
with the applied signal. The shutter in one position permits the 
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passage oflight and in another blocks the light so that the light 
beam is modulated in accordance with the electrical signal. 
Actuator 8 is connected to a ramp-shaped electrical signal 
through leads 7 and in response to this signal ?rst rotates mir 
ror 9 at a uniform rate in one direction thereby de?ecting 
beam 15 at a uniform rate horizontally across screen 13. Then 
it rotates the mirror quickly back to its initial position thereby 
directing the beam back to the starting point. As a result of the 
smooth linear-relationship between the driving current and the 
angular position of armature l2 and the damping, the motion 
of the beam on the screen accurately corresponds to the input 
signal. The second scanner 11 is driven similarly by a ramp 
signal to advance the light beam, down the screen in cor 
respondence to the desired display. The signal may be digital, 
i.e. pulsed increases of voltage rather than varying smoothly. 
Numerous modi?cations and uses will be obvious in light of 

the foregoing. 
What is claimed is: 
1. A limited rotation actuator of the type having a high 

permeability armature mounted to turn relative to a stator,-a 
permanent magnet providing bias flux through a ?rst path that 
includes the armature and permeable stationary parts, and a 
stationary control coil providing control flux through a second 
path that includes the armature and permeable stationary 
parts including the improvement for eliminating unwanted ar 
mature motion comprising the combination of a damping coil 
independent of said control coil and short-circuited, said 
damping coil surrounding a permeable part of the control ?ux 
path, and opposed surfaces of the armature and stator each 
being smoothly curved but at least along part of the length 
having different, nonconcentric curvature, providing a gap 
that decreases the bias ?ux reluctance with increased ‘dis 
placement of the armature from its center position. 

2.. The actuator of claim 1 in which said armature is 
mounted‘ in bearings including a mechanical mounting con 
structed to press the armature radially to a predetermined side 
in its bearings. 

3. The actuator of claim 2 wherein motion of said armature 
is resisted by a torsion spring, said torsion spring mountedalso 
to press the armature to said predetermined side in its 
bearings. ' 

4. A limited rotation actuator of the type having a high 
permeability rotary armature mounted to turn relative to a sta 
tor, a permanent magnet providing bias flux through a ?rst 
path that includes the armature and permeable stationary 
parts, and a stationary control coil providing control ?ux 
through a second path that includes the armature and permea 
ble stationary pans, including the improvement for eliminat 
ing unwanted armature motion comprising a damping coil in 
dependent of said control coil and short-circuited, said damp 
ing coil surrounding a permeable part of the control ?ux path. 

5. The limited rotation actuator of claim 4 wherein the sta~ 
tor comprises a pole having two separated pole pieces, each 

’ pole piece having a surface opposed across a gap‘ to said arma 
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‘ture, said control coil disposed so that a control current 
passing therethrough produces flux in a control ?ux path 
through one of said pole pieces to said armature, thence to 
said second pole piece and thence back to said ?rst pole piece, 
and said permanent magnet providing a bias ?ux in paths from 
each of said pole pieces across the respective gaps to said ar 
mature, said magnet presenting to said control flux - a 
reluctance high compared to the reluctance of said control 
flux path, and wherein said short-circuited damping coil sur 
rounds a permeable stationary portion of said control flux 
path thereby providing damping for coupled electrical and 
mechanical oscillations ofsaid armature. ' " 

6. The actuator of claim 5 wherein the cross-sectional area 
of said damping coil is less than about one-half the cross-sec 
tional area of said control coil. 

7. The actuator ofclaim 5 in which said control coil and said 
damping coil encircle a bridge between said two pieces of said 
pole. 
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8. The device of claim 5 wherein said actuator is formed 

with two structurally symmetric poles coacting on said arma 
ture and wherein on each pole the cross-sectional area of elec 
trical conductor of the combined said control and damping 
coils is less than about 0.02 sq. in. and wherein the coupled 
electrical and mechanical resonance factor Q is reduced to a 
value less than about 2. - 

9. An electro-optical device comprising a member disposa 
hie in a light beam to impart characteristics to said beam de 
pending upon the position of said member, a limited rotation 
actuator for moving said member to a plurality of positions in 
response to electrical signals, the actuator having a damping 
arrangement to prevent residual oscillation after said actuator 
moves from it first position rapidly to a second position, said 
actuator having a high permeability rotary armature with a 
surface opposed to a stationary pole, the pole having two pole 
pieces separated by a dividing space, each pole piece having a 
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surface opposed across a gap to said armature, a control coil . 
disposed so that a control . current passing therethrough 
produces a ?ux in a control flux path through one of said pole 
pieces to said armature, thence to said second pole and thence 
back to said ?rst pole piece, and a permanent magnet provid 
ing a bias flux in paths from each of said pole pieces across the 
respective gaps to said armature, said magnet presenting to 
said control flux a reluctance high compared to the reluctance 
of said control flux path, and the damping arrangement in 
cluding a short-circuited, damping coil electrically indepen 
dent of said control coil, said damping coil surrounding a 
permeable stationary portion of said control flux path, thereby 
providing damping for coupled electrical and mechanical 
oscillations ofsaid device. . ' 

10. The device of claim 9 wherein the cross-sectional area 
of said damping coil is on the order of one-third the cross-sec 
tional area ofsaid control coil. 7 

11. A limited rotation actuator of the type having a high 
permeability rotary armature mounted to turn relative to a sta 
tor, a permanent magnet-providing bias flux through a ?rst 
path that includes said armature and permeable stationary 
part5, and a stationary control coil providing control flux 
through a second path that includes the armature and permea 
blc stationary parts, including the improvement wherein the 
opposed surfaces of the armature and stator have portions that 
are concentrically cylindrical, but at least along part of the 
length one of the opposed surfaces has a distinctly different 
nonconcentric curvature, to provide a gap that decreases the 
bias flux reluctance with increased displacement of the arma~ 
in re from its center position. 

12. A limited rotation actuator wherein a high permeability 
rotary armature is supported to be rotatable about an axis 
within limits from a predetermined central position and has at 
least two gap surfaces opposed to stationaryv pole pieces of a 
stator, _ 

each pole piece having a gap surface opposed across a gap 
to the corresponding armature gap surface and being at 
least approximately concentric with the axis of rotation of 
said armature, 

a driving coil disposed so that a control current passing 
therethrough produces a control flux in a circuit from a 
bridge, through one of said pole pieces, across its gap sur 
face to the corresponding opposed gap surface of said ar 
mature, through a portion of said armature, thence across 
a gap surface of said armature to the corresponding op 
posed gap surface of a second of said pole pieces and 
thence back to said bridge, with the reluctance of said 
path represented preponderantly by said gaps between 
said pole pieces and said armature, ' 

a permanent magnet providing a bias flux in paths from 
each of said pole pieces across the respective gaps to said 
armature, said magnet presenting to said driving ?ux a 

' reluctance high compared to the reluctance of said con 
trol ?ux path. 

and wherein a portion of one of said gap surfaces slopes 
gradually relative to a circle centered on the center of ar 
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8 
mature rotation and projected through said gap, the slope 
arranged so that, with the armature in central position, 
the distance between said sloped surface portion and said 
axis gradually decreases with increasing angle from said 
dividing space, whereby upon rotation of said armature 
away from its central position gradual decrease in the 
overall reluctance to the bias flux occurs with said 
gradual increase in reluctance in the path of the control 
‘flux, thereby providing said compensation in a smooth 
manner over an extended range of rotation of said arma 
ture. 

13. The actuator of claim 12 wherein said sloped surface 
portion occurs along only a limited portion of the length of 
said armature. ‘ 

14. The actuator of claim 12 wherein said sloped surface 
portion is shaped to conform to at least one surface of revolu 
tion, the axis of which is offset from said axis of rotation of 
said armature. 

15. The actuator of claim 14 wherein said armature has a 
plane of symmetry, said sloped portion lies on one side thereof 
and is opposed to a ?rst pole piece, and said surface of revolu 
tion is centered on an axis lying in said plane, wherein there is 
a second sloped portion lying on the opposite side of said 
plane opposed to a second pole piece. , 

16. The actuator of claim 15 in which said axis of said sur 
face of revolution intersects said axis of rotation of said arma 
ture at an acute angle. 1 

17. The actuator of claim 12 having a clamping element that 
is electrically independent of the circuit of said control coil 
and comprises a short~circuited damping coil surrounding a 
permeable control ?ux-carrying part of said actuator, and 
wherein said armature is mounted in radial bearings, with a 
torque element disposed to apply to said armature a torque of 
predetermined direction acting in a direction perpendicular to 
the rotation axis of said armature, thereby constraining the 
axis of rotation against movement due to the play of said 
bearings; said compensating means, damping means and 
torque arrangement cooperating to permit said actuator to 
operate linearly over an extended range including frequencies 
in excess of 500 Hz. and de?ections in excess of 5 degrees. 

18. The actuator of claim 17 including, secured to said ar 
mature, a driven member having a moment of inertia at least 
one-third that of said armature. 

19. In combination with a limited rotation actuator of the 
type having a high permeability armature supported to be 
rotatable in bearings within limits from a predetermined cen~ 
tral position and having a gap surface ‘directed toward a sta 
tionary pole, ' 

a control coil disposed so that a control current passing 
therethrough. produces a control flux in a path through 
said armature, and 

a permanent magnet providing a bias flux in a path through 
said armature; 

~ a mechanical means acting perpendicular to the axis of rota 
tion to apply forces to said armature in a direction to con 
strain said axis of rotation ‘against movement due to the 
play of said bearings. 

20. The actuator of claim 19 wherein said means comprises 
a torsion spring which applies a torque acting about an axis 
perpendicular to the rotation axis of said armature, said spring 
also providing a restorative torque to oppose de?ection of said 
armature. ' _ . , 

21. The actuator of claim 20 wherein said torsion spring 
comprises an elongated torsion bar secured at one end to ?xed 
structure and at the other end to said armature, the axis of said 
torsion bar secured at a slight angle to the axis of said arma 
wm ‘. 

22. The actuator of claim 21 wherein said armature is hol 
low and said torsion bar is telescoped with said armature, ex 
tending from a point of connection therewith through the ar 
mature to a point ofconnection with fixed structure. 

23. The actuator of claim 22 wherein said hollow armature 
is formed by a multiplicity of lamina'of high permeability, dif 
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?cult-to-machine materials said lamina having openings 
formed therein to provide said hollow space. 

24. A limited rotation actuator of the type having a high 
permeabllity‘armature supported to be rotatable in bearings 
within limits from a predetermined central position and having 
a gap surface directed toward a stationary pole. 

a control coil disposed so that a control current passing 
therethrougli produces a control ?ux in a path through 
said annature, and 

a permanent magnet providing a bias ?ux in a path through 
said armature; 

an elongated torsion bar providing a restorative torque to 
oppose de?ection of said armature, 

said armature being hollow, formed by a multiplicity of 
lamina of high permeability, said lamina having openings 
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formed therein to provide a hollow space. and said tor 
sion bar being telcscoped with said armature. within the 
hollow space formed by said lamina, extending from a 
point of connection with said armature through the arma 
ture to a point of connection with ?xed structure. 

25. The limited rotation actuator of claim 24 wherein said 
torsion bar extends beyond the bearings mounting said arma 
ture, said laminations mounted on‘a hollow tube supported at 
each end by said bearings. said torsion bar protruding beyond 
one end ofsaid tubeto a point where it is joined with said ?xed 
structure and said bar joined at its other end to said tube‘ 

26, The actuator of claim 25 in the form of a scanner 
wherein a mirror is mounted upon said tube. thereby being 
aligned with said armature. 
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