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3,333,162
‘ SOLENOID ACTUATOR .

Guy L. Arbuthnot III, Patrick AFB, Fla., assignor to the
. United States of Amerlca as represented by the Secre-
tary of the Navy - . -

Filed Jan. 23, 1964, Ser. No. 339,831
4 Claims. (Cl: 317—155.5)

" The invention described herein may be manufactured
and ‘used by or for the Government of the United States
of America for governmental purposes without the pay-
ment of any royalties thereon or therefor.

The present invention relates generally to solenoids and .

in particular is a non-ferrous solenoid actuator which op-
erates within a negligible self-generated ambient electro-
magnetic field for most practical purposes.

. In the past, solenoids consisted of an electrically ener-

gized coil that acts as an. electromagnet and produces a
magnetic field which attracts an iron or other ferrous ma-
terial plunger. Operationally, such an electrically ener-
gized coil pulls the plunger into it with sufficient force
that any mechanism or apparatus mechanically connected
thereto is likewise moved in a similar manner at some
other useful location. Unfortunately for many practical

purposes, such arrangement also creates a considerable .

external magnetic field which adversely affects -Or limits
its use. For example, in magnetometer operations, mine
hunting operations, or any other operation where the
presence of spurious magnetic fields may interfere with

the object or things being determined or hunted, it-is.

definitely undesirable to have magnetic fields emanating
from the equipment used in the determining .or hunting
process. Such interference may not only be distracting
and error producing, it may defeat the-operation entirely.
In the case of the hunting of mines of unknown response
characteristics, such magnetic fields may also present a
safety hazard to the personnel involved ‘because “they
may cause said mines to be prematurely or inadvertently
exploded, in event they are of the magnetic type.

The instant invention overcomes ‘most of the disad-
vantages of the prior art solenoids using ferrous mate-
rial plungers, -in that only a negligible magnetic. field of
the order of .03 X 105 gauss is produced thereby at a five
foot radius therefrom.

It is, therefore, an object of this invention to provide an-

improved electromagnetic actuator.

Another object of this invention is to provide an im-
proved solenoid type actuator having only a negligible
ambient magnetic field.

Still another object of. this invention is to provide a
solenoid actuator that does not magnetically interfere
with or adversely affect apparatus associated or contigu-
ously disposed therewith.

Another object of this invention is to provide a non-
ferrous electromagnetic solenoid type of mechanism actu-
ator.
~ Another object of this invention is to provide an im-
proved solenoid actuator for a snap valve.

Another object of this invention is to provide a non-
ferrous plunger control mechanism for a controllable
valve.

Still another ob]ect of : this mventxon is to provide an
improved method and means of providing motor force

to a mechanism in the presence of magnetometers, mag- -.

netic mines, and other magnetic or electromagnetic equip-
ment which will not intefere therewith or cause same to
- become a safety hazard.

2

Another object of this invention is to provide an im-
proved method and means for producing a mechanical

- force from electrical power.

Another -object of this invention is to provide an im-’
proved, non-ferrous, non-interfering actuator for relay
switches or the like.

Another object of this invention is to provide an im-

" proved electromagnetic solenoid type actuator that is easi-
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ly and economlcally manufactured maintained, and op-
erated ‘

" Othier objects and many of the attendant advantages
will be readily appreciatéd as the subject invention be--

> comes better understood by reference to the following de-

tailed description when considered in conjunction with
the accompanying drawings and wherein: !
. FIG. 1:is a diagrammatical representation:with parts

_ broken away of the solenoid constituting this invention;

20

FIG. 2 is 4 graphlcal representation of the theory of a
single loop of wire which provides the basis for a mathe-
matical definition of .the invention;

FIG. 3 depicts thé geometry for calculation of the in-
ternal field of a soleno1d of the type incorporated in this

" invention;
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FIG. 4 is a graphu:al representation of field strength
(H) values along four selected radial lines;

FIG. 5 is a block diagram illustrating the subject in-
vention being operationally connected to any appropriate

"wmtilization apparatus; and

- FIG: 6 is a schematic representation of the electrical
interconnections of the coils incorporated in this invention. -
- Referring-now to FIG. 1, the subject solenoid 10 is’
shown as having a first inner coil 11 .that rotates about &
fixed axis X when activated by a current in the field of a_
second coil:12 which surrounds coil 11 and is ' wound in
a direction normal thereto. A third coil 13 partially sur-
rounds coil 12 and completely surrounds coil 11, and-a
fourth coil 14 completely surrounds coils 1% and 12 and
partially surrounds coil 13. Coils 13 and 14 'are wound in
opposite - directions to coils 11 and 12; respectively, in

' order to insure the minimum possible external magnetic

disturbance. Furthermore, coils 11, 12, 13 and 14 are
connected in series, preferably in that order

--Coils 11 through 14 are each: respectively wound on
round forms or spools 15 through 18 with the material
thereof being non-ferrous and, therefore, not responsive
to- or reactive with magnetism or electromagnetic fields. of
any kind. Examples of suitable materials for such forms

- are ‘plastic, wood, paper, aluminum, magnesium, or the’

like, that have the appropriate shape and strength charac-
teristics. Of course, each of coils 12 through 14 are held
in place with respect to each other by any conventional
supporting materials such as cement, potting material,
or the like, likewise not containing any ferrous or other
magnetically responsive material. Furthermore, the entire
invention may be incased within any suitable non-ferrous
nonmagnetic housing 26 or any metallic or nonmetallic
shielding which may, for instance, insulate it electrically,
electromagnetically, and phys1ca11y from its ambient en-
vironment.

Because coil 11 is. intended to rotate about axis X, it
may be convent1ona11y mounted on an appropriate shaft
19, which, in turn, may rotate in suitable bearings 20 lo-
cated within and mounted ‘on.frame 17 of coil 12 by any
appropriate conventional mounting means 21. So doing
would be obvious to one skilled in the .art having the
benefit of the teachings herein presented. Likewise, other
suitable arrangements which' perform as desired would

~also be obvious to.the artisan. Consequently, these con-
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ventional and well known structural features are not con-
sidered to be necessary to disclose the inventive aspect of
this invention and are, therefore, omitted from FIG. 1
to prevent its being cluttered with unnecessary details.

The design of coils 11 through 14 is of some importance
in this particular case. The following exemplary table of
preferable parameters are thus presented:

Coil No. No. of Turns No. of Layers ‘Wire Size
O, 240 6 22
120 1,190 22 20
18 s 12 1- 14
M4 303 4 18

The wire material is preferably copper, but it may be of
aluminum or any other suitable non-ferrous material that
is electrically conductive,

Using the aforementioned coil designs, it has been found
preferable lso to use certain physical dimensions which
aid in the practice of the invention. Both theoretical cal-
culations and experimental tests predict the optimum em-
bodiment to contain the following dimensions, although
for some purposes where slightly lower efficiency is toler-
able ‘other appropriate corresponding dimensions may be
employed:

Table of dimensions in inches:

A=0.85 G=4.48
B=1.25 H=3.00
C=1.00 I=534 .
D=1.75 J=approx. 5.0
E=approx. 0.25 K=approx. 6.25
F=2.30

It should, therefore, be understood that all of the fore-
going preferable parameters are merely exemplary and
that other operable designs may be employed if opera-
tional circumstances so warrant. Hence, the invention dis-
closed herein- should not be considered as being limited
to the above preferable design parameters.

A plunger 22, which preferably has a one ounce weight,
is connected to a bearing 23 which, in turn, is integrally
or otherwise attached to form 15 of coil 11. Apertures 24
and 25 respectively are located in frames 17 and 18, in
order to allow plunger 19 to moveably extend there-
through. The aforesaid housing 26 may likewise contain
a similar aperture to allow plunger 22 to extend there-
through. Of course, plunger 22 is also made of any suit-
able non-ferrous material having the desired strength char-
acteristics for proper operation and is adapted for con-
nection to and actuation of any pertinent associated ap-
paratus.

To facilitate understanding the actual operation of the
subject invention, which is to be discussed subsequently,
the theory for calculating the respective parameters of a
minimum external magnetic field solenoid is now pre-
sented. The symbols used in this theoretical and mathe-
matical presentation are as follows:

A—Vector potential
B—Magnetic induction
A—Vector operator
u—Permeability
I—Current
F—Force
r—Torque
a—Radius of solenoid
I—Length of solenoid
N—Number of turns of solenoid
¥—10-5 gauss (in air)
=-—Fqual
>—Greater than
>>—Much greater than
<—Less than
=—Defined as
—>-—Vector characteristic
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4
o—Angle
—Angle
P—Point

r—Distance
X—Axis distance
Y—Axis distance
Z—Axis distance

The purpose of the system illustrated in FIG. 1 is to
raise plunger 22, having a weight of one ounce of less,
a very small distance with a minium magnetic disturbance
external to the system. As previously mentioned, Coil No.
11 rotates about a fixed axis x when activated by a cur-
rent in the field of Coil No. 12. Coil Nos. 13 and 14 are
wound in opposite directions to No. 11 and No. 12 re-
spectively to insure the minimum possible external dis-

=
turbance. It is desired that the combined B’s of the four
solenoids be less than 0.03, (3X10~7 gauss in air) five
feet from the system. Two minor assumptions were made
but the. number of turns in solenoid No. 13 and No. 14
may be adjusted for the desired effect in actual construc-
tion. The following theoretical calculations are based on
a steady current flow; however, the results may be ap-
plied to reasonably low frequency alternating current, cer-
tainly within construction limitations.

The theory of a solenoid is based on the theory of a
single loop of wire which is where this calculation begins.
Using FIGURE 2 and a basic electromagnetic fact, name-:
ly that the magnetic induction B is given by

- -
B=AXA ¢
where A, the vector potential is defined by
1ds
A=t 1ds
A= (2)

- -
It should be noted that dA and ds are in the same direc-
-
tion, and from FIGURE No. 2 a component of A; cancels
-
one component of Ay leaving from all the differential

elements only the cos ¢ component for the fotal A. Equa-
tion 2 is now rewritten as

= _ul gi__)§_#_1 2"adqs(cOqu)_ﬂ Tacos ¢
A¢‘4,§ r0_4,,g5 no gty nm

(3)
It has been shown in FIGURE No. 2 by the Law of Co-
sines that

q*=a?4-p,—2ap cos¢

also
ri=734 g2
thus
ro=\a?+p2+2Z2—2ap cos ¢ (4)
Substftution of (4) into (3) yields
;iqs_ﬂ " a cOoS ¢dgp
2. Jo Var o' T 27 —2ap cos ¢ (5)

At a distance much greater than the radius of the coil, a2
may be neglected in comparison to Z2-g2, or

- r=2Z24p%q2 (6)
and (5) becomes
- I L™ a cos d
Ap=t
¢ 2: Jo VZ22+p2—2ap tos ¢ (N
By using the first part of (6)
’ =l A" acosede
A¢_2x 72—2ap COS ¢ (8)
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Applying the binomial' expansion to (r2—2ap cos ¢)—1/2
and retaining only the significant terms the following is
obtained:

(r2—2ap cos ¢)‘1/2=%+%P cos ¢+ .
3

4 (9
Thus using (9) in (8) and performing the indicated inte-

gration
T

sin? ¢ 7w

= T

A¢=‘2L—19§ a cos ¢ [;1—]—(1—; cos o+ .
=l asin ¢, pla*p[ 9
A¢‘2,,|: 7 :|0+21rr3[2+

A¢_£ﬁ_ sin 0

where
- P
sin §=2 (10)
The problem of choosing a convement coordinate sys-
tem now presents itself. In the preceding discussion, it is
noted that spherical coordinates seem to be convenient.
The coil, having a cylindrical shape might lead one to
cylindrical coordinates, however, in this case, the results
involve complete elliptic integrals of the first and second
kind. Cylindrical coordinates present the results in such
a complicated form, the functional relation of physical
parameters are obséure. Since the problem will presently
involve four hypothetlcal solenoids, listed as No. 1, No. 2,
No. 3, and No. 4, each presenting three parameters and
two ﬁeld components, -the- simplest original expression is
 most desirable. '
The curl of any vector x in spherlcal coordmates is
given by

- 2(x¢ sin 0)] 2x0}
AXX r.sin @ {[

1[ 1 2xr_ 2(rx¢) 2(rxe) _ 2xr
sin g 2¢ Tor A7l or 20 17

Since only the Aqb component is present

- (11)

> - 2 . 12
B=axAs=—0r e[QE (sin 0A¢)]——; 2 (r4g)
o (12)
22 Tula® . : :| [;LIaZSlno pla? sin @
B=en 0[ g S0Cs8 | T s |7
’ (13)

Thus, where r»a ( outside of the loop),

Bowsso= (155 0090) -+ (45 s 0)z 1y

and for a solenoid of N turns and r»a

a NI ———— €08 0>—;+( s sm 0>_. (15)

For future reference,’ the field inside a solenoid is ngen by
FIGURE 3 and the following

—
Boutsida ;

NI - -g? :
B insto="5~ (a2+x2)3/2dx (16)
Using the fact that x=a cot ¢; dx—=—a cos? ¢pd¢ 17)
= —pHI(e
Blnsxde— 2l_ s sin d)d(ﬁ (18)
NI o '
Binside——ﬁ“[cos a=—cos ] (19)
Thus, inside the solenoid
uNI
B constan’o ——l— (20)
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and at the ends

#NI
a2 (21)

The above neglects the “shielding effect” of outer sole-
noids on inner solenoid, which is functionally proportional
to the current. The system involves 2 pairs of solenoids
perpendlcular to each other. For reasons presented later,
in the discusison of the torque on solenoid No. 1, it is
possible to treat the pairs of solenoids separately, re-
membering that one may practically null the field of No.
1 by No 3 at some distance, resulting only in a net field

of BZ—B4 to rotate coil No. 1, hence the lifting plunger.
Consider 2 concentric solen01ds I and II by way of il-
lustration:
#1
Bo=
OUTSIDE

#11
5

» B 53 At
outside

wliN1a:® cos 8
2r3

_ wIpNmnan? cos #
2r8 (22)
wliNias? sin @

, _plulNpoy® sin §
473

B(;I e

outside
and if the solenoids are connected in series

II=III=I (23)
also if they are wound in opp051te directions, the total

Bt is given by

- -~ > el >
(BrI_BrII)2+ (BBIfBOII)z

Substituting (22) and (23) into (24)

(24)

-
Bf,:

outside : ' . -

ul . y ; ul . SRR
gﬁ[NIa 1—Non?] cos62 4 @[NIG'I —Ndrr?] Sln@}

=l -
Bt=g—T3[N1a12—Nnan?]\/cosf 0}(1/2 sin 0‘)2> (25)
outside ’

B;,—— 3[]\710«1 —N11a112][00S2 0+ 1/4: sin2 0]1/2
outsxde o

Adding

(——-— sm2 0

under the radical

—
B,=
outside

5 3[N1a12—Nnan2] [cos2 B-I— 1/4 sm2 0 —I—(——— gin? g]1/2

- - . 1/2
Bt=‘21—£3[N1t112—N11(1112][0082 0+Si_112 0—',2" _SiI!.? 0]

outside
But cos? §-4-sin? =1 »
Bo=L N ap— Nuarfl[1— sine g2

outside

> I ’ 43 gin? 97|12
Bz=%‘r‘3[Nxa12‘—Nnanz][—~——zslIl-_g] .

outside

(26)

B =4l N 0 — Nuaxli4—3 sintos
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Biotar is a maximum, with respect to ¢, when
el
dB.,

I .
a =0=£;3[N1a12—N110211]3‘%[4—3 gin? g]1/2

. (27)
or
d 43 sin? g]i/2=0
%[ —3 sin? ¢] =
14 [4—3 sin? ]-1/2] —6 sin 0 cos ]=0
hence, sin §=0; §=nr where n=0, 1, 2, 3, . . . Using
the above in (26), the maximum value for By is

r>>an

Bt 2 21.
Bcotal_ﬁ[NlaI —Nman?;
. arr>ax

Max. outside
Thus, if it is possible to hold the maximum

(28)

-
By
outside
to =0.03y at 5 feet, the purpose of the calculation has
been accomplished.

The following deals entirely with the application of the
preceding results, the use of certain assumed practical
parameters and calculation of others. The field of sole-
noid No. 1, jtself, has no use; hence, we wish to completely
null it with No. 3, thus at rva;>a; (28) is given by

: . o
B1—3=§;3(N1a12—N3a32)=0
outside

(29)

- Ni_ (@)2
Thus, at r>>a3, N1a12——N3a32 or NS— a (30)
Inside the solenoids No. 1 and No. 3, from (20)
Bi—B | .. —g[N:_ N
[BI—B ]lnsnde*‘I[ ll la] (31)

It (31) is to be approximately zero also, this means that
Ni_ L k

Ny L (32)
Combining (32) and (30)

Ni_ U ag
aﬂ

N, 3 - 13
The next requirement is for

(33)

B, 4<0.03

outside }
at its maximum possible value at 5 feet. One cannot
-
arbitrarily set By 4 max=0 at this distance as was done

%
for No. 1 and No. 3 since (Bj, inside solenoid #2) must
be above a certain minimum to insure rotation of solenoid

.%
No. 1. For an approximate answer B, 4 (outside) is set to
equal 0.03y at 5 feet and it turns out that experimentally
the field tends to zero past this point.

Bii=0.03y=5-__[Nya2— Niasd]
. ’ ’ 2(5 ft, )3 ¥
Maz. outside

(34)

The following conversion factors to mks system are now
used: . :
' 1 gauss=10-*% webers/meter?
5 ft.~21.5 meters

Henrys

] ir=p i = -7
po=p =y air=py plastic=4sX10 moter

[This is good to 1 part in 100,000,000]
1inch==2.54 X 102 meters.
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Then,
(101 75%)
0.03X10% gauss TEauss (2)(1.5 meter)?
(2.54X102)? 4 X 10~ HO0LY
meter

[Naa?— N0l (35)
Thus,
- __ 6(3.375) X101
Nl —=Niad =100y (6.45) X 100
Note: a; and a4 have units of inches
and
025 1
ot — LI
Nt —Nwd=—r== (36)

The above is outside the system. Inside the system the

_é
torque that B, 4 inside must exert on solenoid No. 1 must
be (1 oz) X a, oz-inches.
Since the torque is given by

- -
T=dFXr=dF Xasin ¢

Ty=(N:I)By,«(asr) (37)
inside
Rewritten
T#1=7012(N11)§)24 (38)

inside
The field inside No. 2 acting on solenoid No. 1 is given by

§2,4=”I[Z_\§_N}]
lh L

39
inside #2 (89)
Combining (38) and (39)
Typ=mn0?(NiI)pl &1
i UL
N, N,
Tu=ma2I?%uN, _lf_l—:] (40)

= M _, kilogram
T#1—(9.8 S—e—c_z)(l oz.)<(2.83><10 2 T)

oy =wa;2 12N, :7‘;“72_%_]
9 4
e N:_ N
(9.8)2.83X 10 2—#“112“2‘“[ A 14] (41)
2.83X10~ NaN,
O-8)E i (zsrxion ~ "M 7, 14]

— N, _ZY;*]
(9.8) 7.0’7><103—a112N1[l2 ; (42)

N3 N,

69.2 X 105=a,I°N; 2
2

60 At this point, it is very useful to collect all known rela-

65

70

75

tionships. :
(33) Nl (wy
Na la ay
(36) _ 1
Nga22 N4a4 _Zi (43)
and
(42) a;IZNl[&—]—V;" =69.2 X108
l2 l4 . J

where a; .and I; are given in inches, I in amps, and
N;j in turns.

By starting with the desired current and dimensions of

the solenoid, it is possible with the equations in (43) to
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calculate the number of turns needed in each coil. The
numerical calculation for the solenoids described herein
as coils 11 through 14 are shown in the foregoing table of
parameters. It is important to note, however, that (42) is
valid only for a one ounce weight thus in general case
(42)-is written

aJ2N, N—Z————] 69.2 X 105 [Number of oz.]
(44)

The size of the solenoid shown in FIGURE 1 can be
decreased; the exhibited dimensions represent sizes that

- were easy to work with to establish feasibility. The cal-
culated values and the experimental values were very
close, which established that neglecting the size of the
coils for field calculations was practical, as may be dis-
cerned by inspection of FIGURE 4.

Briefly, the actual operatlon of the subject invention
will now be discussed in connection with FIGS. 1, 5,
and 6.

As shown in FIG. 5, a power supply 31 (which may be
either a direct current or alternating current power sup-
ply, depending on the selection of parameters mentioned
above and the frequency involved), has its output coupled
through a switch 32 to the input of solenoid 10 to timely
supply electrical energy thereto.

This electrical energy, in turn energizes each of the
series connected coils 11 through 14, depicted schemat-
ically in FIG. 6, which, then, act as a plurality of inter-
acting inductances. The magnetic fields generated by coils
11 and 12 react in such manner as to apply a torque to
coil 11 and its associated rotatable form 15, thereby
causing it to turn on axis X an amount sufficient to move
plunger 158. For the foregoing theoretically proven rea-
sons-this occurs, even though no ferrous material cores
or plungers are employed. Plunger 22, of course, as. a
result of its connecting rod action, actuates. any appro-
priate utilization apparatus' 33 by applying a substan-
tially unidirectional force thereto.

Because coils 13 and 14 are wound in opposite direc-
tions-to 11 and 12, respectively, their magnetic fields
interact to effectively cancel the magnetic fields; if any,
that escape the physical periphery of coil 12. In this way,
the -total spurious: external magnetic' disturbance is held
to a minimum; in this case, 3 X 10~7 gauss in air, five feet
from the system. For most practical purposes, including
being used in magnetic mine hunting vehicles and mine
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countermeasure devices, . this amount of ambient mag-

netism is negligible and presents practically no danger
and no adverse operational effects. Accordingly, for such
purposes, it is considerably safer and better than most of

50

the prior art solenoid type electromagnetic actuators in .

operation at the present time.

Obviously, many modifications and other embodiments
of the subject invention will readily come to the mind
of one skilled in the art having the benefit of the teach-
ings presented in the foregoing description and drawing.
Therefore, it is to be understood that this invention is
not to be limited thereto and that said modifications and
embodiments are intended to be included within the scope
of the appended claims.

What is claimed is:

1. Means for producing a force along a-predetermined
path comprising in combination:

rotatable means for producing a first electromagnetic

field;

means spatially disposed around said first electromag-

netic field producing means for producing a second
electromagnetic field capable of interacting with said
first electromagpetic field in such manner as to effect

55
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rotation of said rotatable first electromagnetic field
producing means;

means spatially disposed around said first and second
electromagnetic field producing means for producing
a third electromagnetic field that is in opposition
with - said first' electromagnetic field an amount
sufficient for the effective cancellation thereof only
at a predetermined radial distance external to and
substantially surrounding the outer periphery of said
second electromagnetic field;

means spatially disposed around said first, second, and
third electromagnetic field producing means for pro-
ducing a fourth electromagnetic field that is in op-
position with said second electromagnetic field an
amount sufficient for the effective cancellation there-
of only at a predetermined radial distance external
to and substantially surrounding the outer periphery
of said third electromagnetic field;

means hinged to said first electromagnetic ﬁeld pro-
ducing means for converting the rotary movement
thereof to proportional motion and force along a
predetermined path; and

means effectively- connected to each of the aforesaid
electromagnetic field producing means for the dis-
position thereof in a predetermined operable geo-
metrical configuration.

2. The invention according to claim 1 further char-
acterized by a non-magnetic housing incasing said elec-
tromagnetic field producing means in such manner as to
effect electromagnetic - and physical insulation thereof
from their ambient operatxonaﬁ environment.

3. A solenoid comprising in combination:

a first electrically inductive means;

a second electrically inductive means surrounding said

first electrically inductive means;

a third electrically inductive means surounding said
first and second electrically inductive means and hav-
ing a polarity that is opposite the polarity of said
first electrically inductive means;

a fourth electrically inductive means surrounding said
first, second, and third electrically inductive means
and having a polarity that is opposite the polarity of
said second electrically inductive means;

means  interconnecting -said first, second, third, and
fourth electrically inductive means for electrically
‘connecting same in series;

means effectively connected -to said first and second
electrically inductive’ means for providing relative
rotation capability therebetween; and

means effectively connected to all of the aforesaid
electrically inductive means for maintaining each
thereof in operational dispositions relative to the
others to effect substantially magnetic field neutral-
jzation at a predetermined distance from the outer
periphery thereof, while enabling relative rotation
to occur between the aforesaid first and second elec-
trically inductive means when a predetermined elec-
trical energy is supplied thereto.

4. The invention of claim 3 further characterized by
means connected to said first electrically inductive means
for converting the rotation thereof into a force propor-
tional thereto along a predetermined linear path.
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