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The present invention relates to gyroscopically con-
trolled gu_xdance systems and is more particularly con-
cerned with apparatus for accurately defining a course
ovef‘.the earth’s surface, continuously determining the
position of a vehicle with respect to such a course and
maintaining a desired position and direction of travel of
the vehicle.

_It has been found in work with gyroscopes that the
single-degree-of-freedom gyro permits far greater ac-
curacy than the conventional two-degree-of-freedom 8yro.
By using such gyros the conventional gimbal system for
the gyro rotor is avoided with its concomitant dificulties
of. gimbal loclg and gimbal friction. 1In its place is sub-
stituted a pair of axial bearings, and flotation and
jeweled plvgts may be used to reduce friction even more.

Further improvement can be made in gyroscope ap-
paratus by using the gyro as a detector of deviatioris from
the desu;ed .stable position instead of using the gyro as a
self-stabilizing device. When the gyro is-used as a de-
tector, §tabﬂizati0n movements can be performed by any
convenient means, such as servos, and need not be limited
to the precession path of the gyro. Single-degree-of-
freedom gyros are particularly well adapted for use as
detect.or_s n a gyro-servo stazbilization loop. A detailed
descglpt}on of such a system will be found in the copending
application of Draper, Woodbury and Hutzenlaub Seria?
No. 216,946, filed March 22, 1951, now patent No
2,752,793 dated July 3, 1956. '

F}lrther problems inherent in present-day navigational
equipment arise from the need for a reference direction
outs‘rde ﬂ}e vehicle. In the most familiar forms of auto-
matxc guidance systems, such an outer reference is pro-
vx-@ed by a man-made electromagnetic signal as in “beam”
flying or in radar landing control systems. ‘Such methods
are sub]ect‘to the objections that their range is small and
that such signals are subject to interference from weather
or from oj:her man-made signals (the latter being an acute
problem in military instaliations). Another technique is
to use a star-tracking mechanism which automatically
provides information about vehicle orientation in inertial
space. Such an cutside reference is subject to the vagaries
of weather, and furthermore, over a long trip, several dif-
ferent stars may have to be used, requiring complicated
and h.eavy equipment to effect a shift from one to another.

It is therefore one object of the present invention to
pyowde a gridance system of greater accuracy than has
hitherto been possible.

1t is another object to provide a guidance system using
only_ gyroscopes with a single degree of freedom.

;t is another object of the present invention to provide a:
gulc%ance system. in which the gyroscopes are used as de-
tecting devices and stabilization movements are performed
by SErvos or other conventional means.

It is another object of the present invention to provide
a guidance system that operates entirely without contacts
or radiation reference outside the vehicle.

. It is another object of the present invention to provide a
gimbal reference system which, when added to any navi-
ga'rtional device that includes a member stabilized in space
will indicate a great circle course and the vehicle position
therein.

In furtherance of the foregoing and other objects as
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will hereinafter appear, one of the principal features of the
present invention is the use of gimbals as references. In
most gyroscopic navigational systems, the gyroscope itself
or a member attached thereto is the one which is held
fixed in space and used as a reference from which posi-
tional information is taken. In the present invention,
however, extra gimbals are provided in -addition to the
isolation gimbals. (Or, in certain embodiments, particular
gimbals do double duty, both as references and isolators.)
Then, for example, an earth reference can be acquired
from a gyro member which is stabilized in inertial space
by using one of the extra gimbals and driving it around the
controlled member by a sidereal time drive. Similarly the
other reference gimbals will indicate the programmed
course or track plane and the aircraft position in it.

A further feature of this invention is the conversion
of all data into the single dimension of essentially geocen-
tric angles. - The gimbal reference system establishes what
is, in effect, a tiny model of the earth which follows it in
motion. Al information such as the vertical at a given
position, destination vertical, departure vertical or the pro-
grammed course is converted by this “model” into naviga-
tional information in terms of geocentric angles, which
may, if desired, be used to give longitude and latitude or
astronomical position, directly.

Another feature of the present invention is the use of
the intergrating gyro, one type of single-degree-of-freedom
gyro. A single-degree-of-freedom gyro is one -that can
e defiected about one axis only, the output axis, perpen-
dicular to the spin axis. - What distinguishes the integrat-
ing gyro from other single-degree-of-freedom gyroscopes
is that damping is provided about the output axis and no
other restraint is provided so that a- viscous damping
torque is the only torque resisting deflections about the
output axis. It can be shown mathematicaily that this
damping causes the output deflection to be proportional
to the input deflection instead of to the rate of change
of input deflection. :

A further feature of the invention lies in the use of servo
means in conjunction with integrating gyros to stabilize
a controlled member in inertial space, forming an elec-
tromechanical feedback loop which holds the controlled
member in a neutral position established by the three null
positionsof the gyros. A more detailed description of this
feature will be found in the above-mentioned Patent No.
2,752,793. ) .

The present invention adds to the features of the stabili-
zation system there described. by combining with it the
above-mentioned extra gimbals and detectors which pro-
vide references for a programmed great circle course.

. However, the present invention is not limited to the system

- 60

there described; the gimbals and detectors can be added to
any system in which there is a member stabilized to inertial
space. The .exira gimbals, - called. here the reference
system, provide physical axes which, By their position,
continuously indicate. a programmed course and the
vehicle’s position in it while the detectors show any devia-.
tions from the course. By virtue of the high degree of
accuracy obtainable from single-degree-of-freedom gyros,
the aircraft in the preferred embodiment can be guided
with long-time errors of the order of one or two minutes
of arc corresponding to an error of a few miles inten or
twelve hours of operation.

In the accompanying drawings which show "two- pre-
ferred embodiments of the present invention, FIG. 1-is an
illustrative  drawing of the earth showing the critical
points and directions on the earth; FIG. 2 is an illus-
trative diagram showing how the reference’ gimbals indi-
cate those points and directions; FIGS. 3-and 4 are sche-
matic drawings -of the preferred gyroscope unit used in
the invention; FIG: 5 is an illustrative drawing showing .
how the vertical is used to solve part of the ‘guidance.
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problem; FIG. 6 is a schematic drawing of a five-gimbal
embodiment of the present invention; FIG. 7 is @ sche-
matic drawing of a four-gimbal embodiment of the pres-
ent invention; FIG. 8 is a pictorial view of an inner mem-
ber suitable for use in either the four or five-gimbal em-
bodiment; FIG. 9 is a pictorial view of a vertical-indicat-
ing member suitable for use in the four-gimbal embodi-
ment; FIG. 10 is an illustrative drawing like FIG. 2 show-
ing how the four-gimbal configuration indicates the neces-
sary points on-the earth’s surface; FIG. 11 is an illustra-
tive drawing showing how the present invention (in either
the four-gimbal or five-gimbal form) operates on a trip
over the earth’s surface; FIGS. 12 and 13 are block dia-
grams showing certain of the electrical and mechanical
interconnections of the components.

The present invention will be described in the following
manner. First, the guidance problem will be outlined
generally and the method of solution taught by the pres-
ent invention will be described. Second, it will be shown
how a reference to fixed space is maintained by describ-
ing the integrating gyroscope and the gyro-servo loops
used in the present invention. Third, it will be shown
how the vertical is detected and how the vertical so de-
tected is used to indicate the distance from destination
(Range Indication) and to keep the vehicle on course
(Track Control). Fourth, the overall configuration will
be explained in two embodiments, the five-gimbal system
(¥IG. 6) and the four-gimbal system (FIG. 7). Finally,
the overall operation will be explained by means of a
hypothetical trip from the equator to the pole, and it will
be shown how corrections for Coriolis effects may be
introduced. ) : -

. The Guidance Problem

The so-called guidance problem is to navigate a vehicle
from a home or departure point to a destination or
arrival point by non-human means. It can be assumed
that all the necessary navigational information is known
at the home point, and that the astronomical position of
the destination is known. Furthermore, in view of the
existence of antomatic piloting apparatus, the problém is
really to indicate arrival at destination and, during travel,
to provide the necessary information to an autopilot to
keep the vehicle on course. Therefore, the problem con-
. sists of (a) how far the vehicle has yet to go to reach the
arrival point and (») whether the vehicle has deviated
from the course which will take it to the arrival point,
and in the latter case the autopilot must return the ve-
hicle to its course. The first problem is called the range
problem and the second; the track control problem. For
both problems, a guidance system must “remember” the
course the vehicle is supposed to take and must be able
to determine the position of the vehicle with respect to
that course.

In FIG. 1, is shown a sphere 206 .representing the
earth, with its center at 262, the equator at 204 and the
polar axis at 206. ' The departure point is shown at 207
and the destination point at 209.. The . range-to-go is
measured along a great circle between these two points;
this great circle is denoted 211 and its plane 213. The
verticals at the departure and destination points are
shown at 217 and 219 respectively; both these lines lie
in the plane 213. The great circle plane 213 intersects
the equatorial plane 264 in a line, here termed the equa-
torial line 225, The normal to the great circle plane
213 is shown at 221; its latitude, ie, great circle distance
from the equator, is shown at 223. : -

The method used in the present invention to solve the

range problem is to determine continuously the vertical at
the vehicle position. - Then, the range-to-go is the geocen-
tric angle between the vehicle vertical and the destination
vertical 219. : - -

The method uvsed in the present invention to solve the
track control problem is-to determine what the vehicle -
vertical would be if the vehicle were on ‘course and to '

determine any incipient angular difference between the
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actual vehicle vertical and the on-course vertical repre-
sented by cross-course accelerations. This quantity -is
used to activate the autopilot to keep the vehicle on - its
course, o

Since both the destination vertical 219 and the vertical
at one or more points along the course are remembered,
this is the equivalent of remembering the programmed - .
great circle 211, since the programmed verticals define
the great circle plane 213. S E

The apparatus described below for solving the guidance
problem has been designed particularly for aircraft,  but
it will be apparent to one skilled in the art that with
minor changes, the same apparatus may be used in ships-
or submarines, : :

The Gimbal Solution

In FIG. 2 is shown the basic gimbal configuration by
which the various directions of the guidance problem are
represented.. A controlled: or stabilized member 10 is .
shown *(represented as a table), surrounded by three
gimbals 20, 3¢ .and 40. It will be assumed here that -
the controlled member 190 is held fixed in space. - The
means for this (which include the three gyroscopes mount-
ed on the member 18) will be described below, The

. axis 15 of the controlied member 10 and ‘gimbal 20 is

held fixed in space, parallel to the polar axis of the earth
206. The gimbal 20 immediately surrounding the con-
trolled member 16 is denoted the earth reference gimbal
and it is rotatable about the axis 15. A sidereal time
drive is provided for rotating this gimbal about the con-
trolled member at the same rate that the earth rotates
with respect to fixed space.. In this way, since it rotates
about the polar axis at the earth’s rate, the earth reference
gimbal becomes a miniature earth, rotating with respect
to space about the same axis and at the same speed. -
The axis 15 (linking the member 10 and gimbal 20)
is parallel to the polar axis of the earth; the axis 25 (link-
ing the gimbals 28 and 3@) is parallel to the equator
plane, ‘because it is perpendicular to axis 15. "As'can be
seen from FIG. 2, this axis is made parallel to the equa-
torial line 215. The gimbal: pext out from the earth
reference gimbal 26 is the range gimbal 30, rotatable
when clamp 22 is loosened about the axis 25 which. is
parallel to the equatorial line 215. The axis 35 about
which the next gimbal 40 rotates is made the axis 221,
which is the polar axis of or the normal to the ‘program- -
med great-circle.. This axis defines the vehicle course
and may be termed the program axis because it"is’ nor-
mal to the great circle plane 213 and the great circle 211,
The angle between the range gimbal 39 and the earth:
reference gimbal 2¢ (that is, the angle ‘between the axes .
15 and 35) is set-at the colatitude of the great “circle’s
polar axis 221, and if the range axis 25 is then set par-.
allel to the equatorial line 215, the great circle 211 is
defined. These settings can .be made. at the departure
point, : ' e
- The azimuth gimbal 40 rotates about the axis 35. “This
gimbal has an axis 45 always perpendicular to. the axis
35, and the axis 45 sweeps out the great circle plane 213
programmed for the vehicle. This axis is. stabilized to
the’ vertical at the vehicle’s position by means of pendu-
lum units movnted on the gimbal 40 (shown as 40r:and =
407 in FIG. 2, and to be described in détail later). “As .-

~ will be explained in more detail below, one pendulum

65

unit detects the direction of gravity plus horizontal ac-- -
celeration in the great circle plane 213 and the other: -

detects that direction in a plane perpendicular to the plane: - :
213. The first unit is the range indicating unit and it is-

- used to line up the azimuth gimbal 46 so.that the axis 45. -

70

indicates the vehicle vertical. - The angle between axis 45. -

and the destination wertical 219 is then- the range-to-go.
(The angle between the destination vertical 219 and the .
equatorial line 215 is known; the angle between axis 45 .

- and -axis 25 (parallel to 215) may be measured; the. dif-

ference  between these tiwo angles is the range-io-g6.) ..
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The second or track control pendutum unit detects the di-
rection of resultant acceleration in the cross-course plane
N containing the axis 45 and which is normal fo the great
circle plane 213. From this quantity is generated a sig-
nal representing the vehicle’s cross-course velocity and
that signal is used to activate the autopilot to bring the
vehicle back on course.

The gimbal configuration of FIG. 2 supplies the neces-
sary guidance information provided that (1) the azimuth
gimbal is fixed to the vertical at the vehicle position, (2)
the controlied member 1¢ in the center is held fixed in
space, with the axis 15 parallel to the earth’s axis.

Shown mounted on the azimuth gimbal are two cylin-
drical cases containing pendulums from which the infor-
mation for determining the vertical is obtained. Similar
cases for gyroscopes are shown on the controlled mem-
ber 18, containing the single-degree-of-freedomr gyro-
scopes used to keep the controlled member 16 fixed in
intertial space.

The Integrating Gyroscope

FIGS. 3 and 4 show schematically a preferred form
of single-degree-of-freedom gyroscope. The gyroscope is
preferably of the type described in the copending applica-
tion, Serial No. 210,246 of Jarosh, Haskell and Dunnell,
filed February 9, 1951, now Patent No. 2,752,791, and
we wish it understood that the present brief description
is to be supplemented by the expanded description in
that specification. The assembly is mounted in a case 160
by means of the axial bearings 112: The gyro rotor 182
is mounted, free to spin, in the frame 106 which is at-
tached to the shaft 118 which rotates in the bearings 112.
Also mounted on the shaft 318 is a chamber 188 (FIG.
4) containing the gyro rotor and frame. The chamber
is shep=d so that there is only a smal] clearance between
it and the case. The case is filled with a viscous fiuid
(not shown) to resist rotations of the chamber and thus
to damp deflections of the frame 186 and rotor 182 with
respect to the case. Furthermore, the shaft 110 carries
a signal generator and torque generator. The signal gen-
erator 131 is shown as a rotor 130, with stator 132 and
stator windings 134 rigidly attached to the case; the
torque generator 141 is not used in the present invention
and is therefore not described. Both units are prefer-
ably of the type described in the U.S. Patent No. 2,488,-
734 of Mueller, issued Nov. 22, 1949. When a reference
voltage is applied to the signal generator windings 134,
the device produces an output voltage proportional to
the deflection of the rotor 138 (and shaft 118) from a
neutral position with respect to the stator 132 (and case
180). ’

The operation of the single-degree-of-ireedom gyro-
scope will now be explained with particular reference to
FIG. 3. The gyvro rotor 182 spins about the spin axis
S. The rotor will exert reaction torques against its frame
196, but, since the frame is rotatable only in the axis of
the bearings 112, the only gyro reaction torque which
causes rotation of the gyro element 161 relative to the
case 180 is a torque about the ocutput axis O. It is well-
known that the reaction torque of a gyro is perpendicular
to the spin axis and the axis about which the gyro is
rotated. Therefore, since the reaction torque of the gyro
to cause output rotation is about the axis O, only mo-
tion about the input axis I (perpendicular to the spin
axis S and ountput axis O) causes output rotation. This
deflection is picked up by the signal generator 131 and
converted to an electrical output. Thus, the gyro unit
operates in such a way that motion of the case 18§ about
the input axis I produces an electric output from the
signal generator 131,

The purpose and operation of the damping will now
be explained with particular reference to FIG. 4. K
the case 18@ is rotated about the input axis I through an
angle «, a reaction torque is generated tending to rotate
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the gyro rotor 162 about its output axis O. The magni-
tude of this torque is
da

o

where H is the angular momentum of the gyro rotor, and
Ao
dt
the angular vélocity of motion about the axis I. This
output torque is opposed by the damping torque which is

a0
Ca
where C is the damping coefficient, 6, the angle through
which the shaft 11& moves and

do

dt
the angular velocity of the frame 166 and rotor 162 about
the axis O. At equilibrium, these torques balance. (The
damping is made large enough so that the inertia about
the output axis may be neglected.)
(1) dee dg

FTRRET)

The angle 6 can be expressed: .

@) e;gf(c—ld%)dt=ga

6, the output deflection of the gyro, is proportional to
the time-integral of the angular wvelocity or rate about
the input axis (which is why this type of gyro is referred
to as a “rate-integrating gyro”); ¢ and the output of the
signal gemerator 131 are therefore proportional to .
The output of the gyro unit is proportional to its angular
deflection: about the input axis I. A more detailed de-
scription of the gyro-servo loops used in the present in-
vention will be found in the above mentioned Patent No.
2,752,793, and we wish it understood that the present
brief description is to be supplemented by reference to
that specification.

These integrating gyros are used in the present inven-
tion as detectors of motion which activate servos to
nullify the detected motion in closed gyro-servo loops. If
a servomotor is provided to rotate the gyro case 189,
with the axis of motion colinear with the gyro input axis
I, and if, in 2 stable loop, the gyro output is used to ac-
tivate the servo, them, when the gyro detected motion of
its case about the input axis I, the servo would move the
case until there was no output signal, ie., no net dis-
placement about the axis I. If the servo axis were at
some angle to the axis I, by multiplying the gyro output
by the appropriate trigonometric function of that angle,
the gyro output could be made proportional to the de-.
flection about the servo axis and the loop set up that
way. Thus, the gyro case or a member attached to it
can be held fixed in space, by using three such loops to
form from the input axes of the gyros three orthogonal
axes about which stabilization is made. i

More specifically, the three integrating gyros are
mounted on the member 1§ 1as shown in-FIGS. 2, § and
10. These gyros detect rotational motion of the mem-
ber 10 in space, that is, they detect any deviation of the
axis 15 (FIGS. 2 and 10) from its fix parallel to the
polar axis 266, Servos are provided, as described below,

H

~which move isolation gimbals exterior to the configura-

tion shown in FIGS. 2 or 8, thereby moving the refer-
ence gimbal configuration as a whole. The gyro outputs,
proportional to the angle of deviation, are used to ac-
tivate the servos. However, the gyro outputs are modi-
fied by being passed through resolvers so that the outputs
are converted from deviations:about the gyro axes to
deviations about the servo axes. '

A resolver consists of relatively rotatable coils, the in-
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put being fed to one coil and the output or outputs taken
from a coil or coils movable relative thereto. The out-
put is the input multiplied by a trigonometric function of
the rotor-stator angle. By mounting the resolver with its
stator connected to one gimbal and its rotor to an inner
gimbal and using the gyro output as the stator input, the
gyro oufputs are suitably multiplied by the trigonometric
functions of the angles between the successive gimbals.
Thus, each gyro signal output is allocated in magnitude
and direction to the appropriate servos in such a way that
the signal is most directly reduced to zero. It should be
understood that over-correction by any servo would be
followed by an error signal from one or more ZYros so
that the system: is always positioned to produce zero out-
put from the gyro. The location of the resolvers and
servos is discussed below and the resolution process is ex-
plained in detail in the above-mentioned copending ap-
plication.
Determination of the Vertical

FIG. 5 shows the relation of the pendulum detectors
to the guidance problem. Two pendulum units 48n and
48r are mounted on the gimbal 48, These are shown also
in FIGS. 2 and 6, and for convenience in showing the
various directions they are indicated as if mounted on a
platform 48a carried by the gimbal. The platform 48,
being fixed to the gimbal 49, is thus coupled to the range
gimbal 3¢ for rotation about its program axis 25.

The pendulum units 467 and 48 are preferably of the
single-degree-of-freedom fype, as shown in somewhat
more detail in FIG. 9. As such, they coniain a shaft
such as 15§ (sce unit 48n in FIG. 9) mounted on axial
bearings in the cylindrical case. Attached to the shaft
159 is a pendulous mass 152 which, as it swings, rotates
the shaft. Also mounted about the shaft 150 is a signal
generator 154 like that shown at 131 in FIGS. 3 and 4,
and constructed like the signal generator in FIG, 4, with
a stator connected to the case and stator windings
mounted on the stator and with a rotor attached to the
shaft 150 so that the signal generator output is a meas-
ure of the pendulum deflection from a zero point. This
zero point is so arranged that the output is zero when
the member 482 is horizontal and the pendulous mass
is hanging straight down. These pendulum units are
preferably exactly the same as those described in the co-
pending application Serial No. 222,792, of Jarosh and
Picardi, filed April 25, 1951, now Patent No. 2,302,956,
dated Aug. 13, 1957, and applicants wish it understood
that the above brief description is to be supplemented by
a reference to that specification.

As shown in FIG. 5, each single-degree-of-freedom
pendulum is sensitive to accelerations in one plane only,
the plane perpendicular to its shaft. The two penduium
units of FIG. 5 are arranged so that the pendulum unit
40y detects accelerations in the plane R, which is the
range plane paralle] to the great circle course 211, and
so that the pendulum wunit 46n detects accelerations in
the cross-course plane N, normal to the great circle course
211,

It will be assumed for the present that the pendulous
masses hang to true vertical. That is, that the pendidous
mass in the unit 48r hangs along V,, the true vertical in
the R plane and the mass in the unit 4¢n hangs along
Vi, -the true vertical in the N plane. (Linear accelera-
tions of the member 46a will deflect the penduloms; the
effect of such accelerations will be discussed below.)
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The range unit 40 activates a servo to move the mem-

ber 464 (as shown at 32 in FIG. 6 and as will be de-
scribed below). The member 40z is not affected directly
by the unit 46n at all, The normal to the member 404
is designated 45 (compare FIG. 2) and when the axis 45
is parallel to true vertical in the R plane, V,, the output
from the unit 40r is zero. If the member 48q is rotated
away from’this position about the axis 35 (which is par-
allel to the normal 221 to the great circle as shown in
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75
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FIGS. 5 and 2), the output of the unit 40r is not Zero,
and the servo 32 is activated to bring the member 48z
back to its horizontal position, when the output is again
nulled.- Thus, the axis 45 is. maintained parallel to Vir
true vertical in the R plane. It can be seen from FIGS. 2
and 5 that, when this is so, the angle between the axis 45
and the arrival point vertical 219 is the geocentric angle
of range-to-go. Therefore, as the vehicle carries the
member 48a from the departure point (where the membeér
is shown in FIG. 5) to the destination point, the mem-
ber 4¢a is continuously aligned so the axis 45 indicates Vi,
and the angle between axis 45 and vertical 219 (méasured
from a reference line such as the equatorial line 215
represented by axis 25 in FIG. 2) is the range-to-go.
This is how the range indication problem is solved by -
vertical indication.

The track control problem is semewhat more compli-
cated. Assuming no accelerations in plane N, the output
of the unit 40n is zero when the vehicle with member )
48a is on its course 211. It can be seen by a comparison
of FIGS. 2 and 5 that the member 404 is free to rotate
only about the axis 35, and therefore the direction of the
axis 45 (the normal to the platform 48a) in the N plane
is fixed. Axis 45 is always perpendicular to axis 35; axis
35 is perpendicular to the plane 213; therefore axis 45
is always parallel to the plane 213. The direction of A
true vertical in the N plane, depends on the position on
the earth of the member 464. If the member is on its
course 211, V,, is parallel to the great circle plane 213,
and parallel to the axis 45, so the pendulum output is
Zer0o, .

If, however, the member 404 goes off its course, Vp,
being directed toward the center of the earth, is no longer
parallel to axis 45, The angle between V, and axis 45 is
the geocentric angle by which the member is off course..
In other words, axis 45 is always parallel to the on-course
Vy and the angle between V, on-course and V,, off-course
is the angular distance the member 484 has moved oft
its course.

This error output is used to activate the autopilot to
bring the member 48a on course. (A suitable autopilot
is described in the copending application of Seamans et
al., Serial No. 245,188, filed September 5, 1951, now Pat-
ent No. 2,868,481, dated January 13, 1959. The auto-
pilot, as such, forms no part of the present invention.)
When V,, and axis 45 are again parallel, the output of
the unit 40n is nulled and the autopilot no longer acts
across course. It is to be understood that the track con-
trol system responds continuously to cross-course winds,
that as soon as any error is sensed by the unit 49n, the
autopilot is activated to counteract the cross-wind effects.

It remains to be shown how the indications of Van and
V. are made substantially free of errors due to linear
accelerations of the member 494. The situations of
range indicating and track control will be treated sepa-
rately, e

In the range control system, the unit 46r activates a
servo which rotates the member 404, thereby forming a~
closed loop. Linear accelerations of the member 404
cause the pendulum to hang away from true vertical Vi -
In order to achieve Schuler tuning characteristics so as.
to indicate true vertical, the pendulum unit output is in-
tegrated twice, the first time by a suitable integrator act-
ing on the electric output, the second time by the veloci-
ty-drive servo which moves the member 40aq, producing
an angular position of the member which is the time-
integral of the servo input which is taken from the in.
tegrator output. In this way, the angular position of the
member 48a about the axis 35 is the double time-integral
of the angular defiection of the pendulous mass in the
unit 49r. -

This angular deflection has, in  general, two compo- -
nents, a long-period deflection due to motion of the mem-.
ber 484 from the departure point to the destination point
and a short-period deflection caused by the linear accel-
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eration. The effect of the integrations may be consid-
ered simply as a smoothing of the pendulum unit output
signal, averaging out the short period deflections.

A more accurate way of considering the operation is
to recognize that the member 40a acts as an equivalent
Schuler pendulum, That is, the double integration gives
the circuit an oscillatory mode, so that the member 48a
will swing in response to a deflection of the pendulous
mass in the unit 48r. The member is an equivalent pen-
dulum because it will respond to an acceleration by. os-
cillating back and forth around a neutral pesition where
the axis 45 is parallel to Vi.

It has been shown that a “Schuler pendulum” will hang
to true vertical regardless of linear accelerations of its
support. A Schuler pendulum is one with a period of
84.6 minutes and as such is a physical impracticability.
However, an equivalent pendulum is made which includes
the member 48a and the pendulum 40r, by doubly inte-
grating the pendulum unit output, and the equivalent pen-
dulum so made can be given an 84.6 minute period by
simply adjusting the sensitivities of the integrator and
servo drive. By making the equivalent pendulum a
Schuler pendulum, that is, by giving it an 84-minute period,
the member 40q is always horizontal and the axis 45 in-
dicates V,, regardless of horizontal accelerations. Fur-
thermore, the addition of damping greatly decreases the
inaccuracies due to imperfect components or inaccurate
alignment.-

The method of and means for indicating Vi in the
present invention are preferably exactly the same as those
disclosed in the copending application of Wrigley and
Draper, Serial No. 249,182, filed September 21, 1951, now
abandoned, and we wish it understood that the simpli-
fied explanation above is to be supplemented by a refer-
ence to that specification.

The track control system is more complicated because
the correction process itself (that is, returning the mem-
ber 40q to the course 211) introduces accelerations in
the N plane. However, the Schuler tuning principle is
also used for irack control. By using the pendulum 48n
to detect cross-course accelerations and to activate the
autopilot, a Schuler-tuned track control loop is set up.
The output of the unit 40n is preferably damped and the
output is used to activate an autopilot which moves the
aircraft or other vehicle back to the course 211 at a
velocity proportional to its input. The system compris-
ing the unit 46n, the autopilot and the aircraft is-made to
form a damped equivalent pendulum with an 84-minute
period with the airplane corresponding to the pendu-
lum bob.

The method and means for maintaining the vehicle on
course in the present invention are preferably exactly the
same as those disclosed in the copending application of
Woodbury, Hutzenlaub and Atwood, Serial No. 304,386,
filed August 14, 1952, and we wish it understood that
the simplified explanation above is to be supplemented
by a reference to that sepcification.

In both the range indication and track control sys-
tems, damping ds introduced to reduce inherent errors
in the equivalent Schuler pendulum system, as described
in the two above-mentioned copending applications.
(Damping is always present in the track control system
and cannot practically be removed if desired.) The
damping introduced is of a specified type to hold forced
dynamic errors to a minimum.

To summarize, FIG. 5 shows the relation of the pen-
dulum detectors to the guidance problem. The pendu-
lums are single-degree-of-freedom pendulums; that is, the
pendulum mass is constrained to swing in only one
plane, by attaching the mass to a shaft in bearings. The
pendulum then deflects to indicate the direction of re-
sultant acceleration in one plane. These planes are in-
dicated in FIG. 5 at R and N. Signal generators in the
pendulum units generate an electric signal proportional
to the pendulum deflection.
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The pendulums are mounted on a member 4@a, which
is to be maintained horizontal; the axis 45 (normal to
the member 40a), if held to the vertical, sweeps out the
great circle course 211 as the vehicle moves along it.
The pendulums are so mounted on the gimbal that one
input plane R is parallel to the programmed course and
one input plane N is normal to it. :

The parallel input plane R, cailed the range indication
plane, contains the vehicle vertical V, and the destina-
tion vertical 218, “remembered” by the gimbal system
as a specified angle between the azimuth gimbal 46 and
the range gimbal 3. The angle between the vertical
indicated in this plane, Vi, and the destination vertical
212 is the range-to-go. .

The input plane N normal to the course is the track
control plane. The geoceniric angle by which the ve-
hicle is off course is the angle between the true vertical
in that plane, Vy, and the axis 45 or programmed verti-
cal. This angle is used as an error angle the signal pro-
portional to which activates an autopilot to mull the
pendulum deflection, thereby keeping the vehicle on
course.

However, vehicle accelerations will cause the range-
indicating pendulum 49r to hang, not to true vertical
but parallel to the line of resultant force on its bob. In
order to obtain from the range pendulum an indication
of true vertical it is necessary to integrate the signal out-
put of the pendulum unit twice, with specified sensitivities
and damping in the system. The result is the angular
position of a member 46a which is the double time-inte-
gral of the angular deflection of the pendulum. -The
double-integration introduces Schuler tuning, enabling
the member 48a to indicate the true vertical.

In the case of track control, using the output of the
pendulum unit 46n to activate an autopilot with a very
large negative response, produces a Schuler-tuned system.
Damping (in the form of integrators with feedback) is
provided to smooth the overall response.

The Five-Gimbal Guidance System

FIG. 6 is a schematic drawing of one system accord-
ing to the present invention. - It is a system embodying
five gimbals. The system is mounted on a base and
frame 9¢ within which the gimbals are carried on the
shock absorbers 91, so as to minimize vibration and
shock to the apparatus.

Of the five gimbals shown 28, 39, 40, 56 and 68, the
inner three round gimbals 26, 3¢ and 4& arc the refer-
ence gimbals which were shown in FIG. 2. These are
the gimbals which provide the physical directions: of the
various points involved in the guidance problem.

The outer two gimbals 58 and 60 (shown square) are
the base motion isolation gimbals which keep the three
reference gimbals fixed with respect to the earth regard-
less of pitch or roll of the vehicle. (Yaw of the vehicle
is eliminated by means of the outermost reference gimbal
49, the azimuth gimbal, as will be explained below.)

It has been shown above how the integrating single-
degree-of-freedom gyros used in the present invention re-
act to a rotation in space about their input axes by a pro-
portional rotation above their output axes, and how a
signal generator is provided to give an output propor-
tional to this output rotation. . As was shown in FIG. 2,
three such gyros are mounted on the controlled member
(shown generally at 1@) in the center of all five gimbals,
and are so mounted that their input axes define a coordi-
nate system. As the vehicle rotates in space, gimbal
friction and inertia will tend to cause the controlled
member 1§ to be rotated with the vehicle. These three
gyros then give thrée electrical oufputs which repre-
sent the amount the controlled member has been moved
in space from some initial position about three orthogonal
axes on the controlled member.

As was explained above, these electrical outputs are
used to actuate servo drives so that the controllei mem-
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ber is moved an amount equal and opposite to its dis-
placement from its original position; in this way, the
member is held fixed in space. For pitch and roll isola-
tion the two outermost gimbals are moved, thereby mov-
ing the entire reference gimbal assembly. For roll, the
roll gimbal 60 is moved; for pitch, the pitch gimbal 59.
The servos which move these two gimbals are shown at
62, and 52, respectively. =

In general, however, the thres axes about which the
gyros have measured the displacement are not the same
as the axes of the two servos 62 and 52, and so the
servos will move through an angle different from the dis-
placement measured by the gyros. The gyros measure
the angle of deflection with respect to the stabilized
member; the servos move through an angle measured
about their own axes. These two angies are related by
the trigonometric. functions of the angles between the
gimbals which are between the controlled member 13
and the servos 62 and 52.

These trigonometric functions are obtained from re-
solver mounted on the intervening gimbals. A drawing
and explanation of a resolver will be found in the above
mentioned Patent No. 2,752,793. It suffices to say here
that a resolver produces an output voltage or voltages
related to its input voltage by the sine and/or cosine of
the angle between its rotor and stator. For example,
the resolver 43 is mounted on the pitch gimbal 56 and
its outputs are proportional to the sine and cosine re-
spectively of the angle between the pitch gimbal - (its
stator) and the azimuth gimbai 48 to which iis rotor is
. connected.

Thus, the gyro output voltages are passed through the
resolvers shown at 13, 23, 33, 43 and 53. When the
gyro voltage has been thus modified it represents a de-
fiection about the axis of the roll servo 62. The roll
servo then moves the roll gimbal 60 until there is no
more output voltage from the gyro. (It should be noted
that no great accuracy is required from the resolution
process, since the servo will keep acting uniil there is
no more gyro output, and there will be output as long
as any displacement exists. In other words, resolution
affects only the speed with which base motion isolation
takes place.) Similarly the pitch servo 52 moves the pitch
gimbal 5% until there is no more gyro output to activate
the servo. )

The outermost reference gimbal 48, called the azimuth
gimbal, isolates gimbals inside it from yaw motion of
the vehicle, by exactly the same process as explained
above for the roll and pitch gimbals. The reference func-
tion of the azimuth gimbal is to indicate the true ver-
tical in the aircraft and it is oriented to the vertical
by means of data from the range pendulum 48#, as was
explained above, and it may therefore be freely moved
about that vertical axis (45; see FIGS. 2 and 4) to iso-
late vehicle yaw, without in any way interfering with its
reference function. The yaw servo 42 activates the yaw
or azimuth gimbal 49, and the resolver 43 provides trigo-
nometric functions for the angle between the yaw gimbal
49 and the pitch gimbal 58. The resolver 33 receives
the relative rotation between the yaw gimbal and the
range gimbal 36. 1t should be noted that the resolvers
may be replaced by synchros or autosyns and the gen-
eration of trigonometric functions performed exterior to
the gimbal configuration. :

It will now be explained how the reference gimbals pro-
vide physical references to the directions involved in the
guidance problem. It has been explained above how the
isolation gimbals 5¢ and 6¢ and the azimuih gimbal 48,
are continually moved by the isolation servos 52, €2 and

42, so as to keep the controlled member 18 fixed in space,

isolated from motion of the vehicle, as detected by three
rate-integrating gyros. ’

The axis 15 of the controlled member is initially sst so
it is paraliel to the earth’s polar axis 286. As shown
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in FIG. 2, the earth reference gimbal 2¢ is mounted on
the controlled member axis 15 so it can rotate .parallel
to the earth’s rotation in space. The earth reference
gimbal is made to rotate about the controlled member
at the sidereal rate, the earth’s rate with respect to space,
by a time drive 12 active between the controlled mermber
1¢ and the earth reference gimbal 29 (see FIG. 8, mem-
ber 12). The time drive, pushing against the earth ref-
erence gimbal 28, cancels out the earth’s rotation . that
would cause controlled member 16 to rotate in space.
To an observer in the aircraft, the controlled member
1¢ will appear to rotate once a day. Actually, the mem-
ber 19 is fixed in space by the gyro-servo loops and the
carth reference gimbal, indeed the navigational system as
a whole and the earth itself, rotate about the member 16
The earth reference gimbal, rotating about the line
15 parallel to the polar axis of the earth 2956, at.a speed
equal to the earth’s rate, becomes a miniature earth. The
axis 25 between the earth reference gimbal 20 and the
range gimbal 38, is parallel to the equator 284 because -
it is perpendicular to the earth reference gimbal rota-
tional axis 15 (parallel to the polar axis). When the
system is being aligned, this axis is set parallel to the
equatorial line 21S. The axis 25 continues parallel to
the line 215 as the earth rotates because gimbal 20 rotates
at earth’s rate. : :
The range gimbal 38 can rotate about this- axis 25.
In the initial setting it is rotated about this axis until
the axis 35 between the range and azimuth gimbals is
parallel to the normal 221 to the programmed great cir-
cle course 211 (plane 213). This parallel is set by ro-
tating the range gimbal 30 about the axis 25 until the
angle between the range-azimuth axis 35 and the con-
trolled member axis 15 is equal to the angle between
the polar axis of the earth 286 and the normal 221 to
the great circle course. - -
It is uswvally convenient to have the device indicate
when the vehicle has reached it destination. To accom-
plish this, a signal generating means 34 is provided be-
tween the azimuth and range gimbals, its zero position
being set for the arrival point, that is, referring to FIG.
2, the angle between the destination vertical 219 and
the equatorial line 215. When the angle between the .-
azimuth and range gimbals reaches this value, the out-
put is zero, and a relay or .other suitable device may’
be actuated to indicate arrival. Preferably this _signal
generating means includes some device such as a synchro
or autosyn for indicating with moderate accuracy the an- .
gle between the two gimbals over a wide range and a
small-range precision signal generator like that described
in the above-mentioned Patent No. 2,488,734 for indi-
cating with high accuracy the angle near the zero or ar- -
rival point. -
FIG. 12 is a block diagram showing the general rela-
tion of the servos, resolvers, gimbals and gyros. Heavy
lines show mechanical connections, light lines show elec- .
trical connections.
98, through which it senses the motion of the earth and

vehicle.  This motion is transmitted through the gimbals -~

to the gyros 8x, 16y and 16z (see FIG. 8). The input
axes of the gyros form a set of coordinates about which
all motion is sensed. * The gyro signals are amplified and

passed through resolvers to transform the £gyro coordi- -

nates to the servo axes (by trigonometric
the angles between the various gimbals). .
The modified gyro outputs activate the outer, isolation
servos 62, 52 and 42, moving the isolation .gimbals 49,
5¢ and 69. - Thus, the gyro-servo loop is closed, any
motion of the member 18 away from its initial orientation
in space being corrected by the isolation servos activated
by the gyro detectors. : S
The positions of the reference gimbals with respect fo.
the member 16 are set by the time drive 32 and the clamp
22. The vertical-detecting assembly, comprising the range
pendulum 46r and its Schuler tuning, activate the servo

functions: of

The system is mounted on a base. -
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32 to orient the normal to the plane of the range gimbal
3 to the vertical. It can be seen from FIG. 12 how the
time drive 12 and range drive 32 act as inputs to the
gyros in the same way as vehicle motion and how they
cause changes in the relative positions of the gimbals with-
out disturbing the space position of the controlled member.

The Four-Gimbal System

FIG. 7 shows an alternative form of the present inven-
tion which eliminates one of the gimbals, thus saving
both space and weight. Parts of the four-gimbal system
which correspond to parts of the five-gimbal system are
indicated with primed reference characters.

The eliminated gimbal is the azimuth gimbal 4¢ of
FIGS. 2 and 6, which served two purposes: first, to isolate
the other reference gimbals from yaw motion, and second,
to indicate the true vertical as detected by the range
pendulum which it carried.

The azimuth gimbal is replaced in its vertical-indicating
function by an assembly 49’ having the platform 41 (FIG.
9). As shown generally in FIGS. 7 and 10 the assembly
49’ is mounted on the range gimbal 39’ in the same way
that the azimuth gimbal 46 was mounted on the gimbal
30. The assembly 4§’ includes the vertical-detecting pen-
dulums 487 and 48n’, and their mounting platform 41,
which is thus coupled to the range gimbal for rotation
about its program axis.

The operation of the reference gimbals in the four-
gimbal system can be seen in FIG. 10. FIG. 10 is the
same as FIG. 2 except for the replacement of the azimuth
gimbal 49 by the vertical-indicating assembly 4¢’. That
is, the departure point vertical is shown at 217, the polar
axis at 286, the arrival point vertical at 219, the great
circle course at 211, the normal to the course at 221,
the equatorial line at 215 and the equator at 284.

The gimbal configuration is essentially the same as that
of FIG. 2. The controlled member 1§’ with the three
isolation gyros on it is in the center with its axis 15’
parallel to the polar axis 266. Surrounding it is the earth
reference gimbal 28’ (rotated at the sidereal rate) and
surrounding the earth reference gimbal 2§’ is the range
gimbal 3¢’. The axis 25’ between the earth reference
and range gimbals is initially set parallel to the equatorial
line 215. The angle between the range and earth refer-
ence gimbals is set at the colatitude of the normal to the
great circle course 221 so that the axis 35’ is parallel to
the direction 221.

The vertical-indicating assembly 48’ carries the two
pendulum units and rotates about axis 35" as did the
azimuth gimbal 40 (FIG. 2). The normal to the plat-
form in the member 49’ is the axis 45’ which is to be
lined up with V, about the axis 35’ (see ¥IG. 5), and,
for the configuration at the departure point shown in
FIG. 10, the normal 45’ is made parallel to the departure
point vertical 217. As the vehicle moves from departure
point to arrival point, the axis 45" will be aligned to
successive verticals until the arrival point vertical 219 is
reached.

It will be seen from FIG. 7, that because there is no
longer an azimuth gimbal 49 to isolate from yaw motion
of the base 8%’, the outer isolation gimbals are rearranged
to provide yaw isolaticn. The entire gimbal system is
mounted on the base and frame 99’, rotatable about the
yaw axis by the servo 82. Shock absorbers 91’ are pro-
vided along this axis. The outermost gimbal 89 acts
as the yaw gimbal.

The next gimbal 78 is the roll or track gimbal, isolating
the gimbals inside it from the major component of the roll
motion and from the minor component of the pitch mo-
tion (in accordance with the angle between the track
gimbal major axis and the craft axis) by resolver means
and the servo 72. This gimbal is maintained with its
major axis parallel to the direction of flight and its plane
normal to the course plane, so the pendulum unit 40n’
is properly oriented. The third gimbal, the range gimbal
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3¢, acts to isolate the reference gimbal from the major
¢omponent of the pitch motion and from the minor com-
ponent of the roll motion by resolver means and the
servo 527, As was explained above with respect to. the
azimuth gimbal 48 in the five-gimbal system which also
served a double, reference-isolation function, the range
gimbal 30 itself and the reference system it contains
(gimbals 20’ and member 1§') are isolated from all rota-
tional base motion.

The controlled member 1§ is stabilized along axis 15’
parallel to the polar axis 206 as described above; the earth
reference gimbal 20/ rotates around it at the sidereal rate
by means of time drive 12’; the range gimbal 30" is
clamped by means of the clamp 22’ to the earth reference
gimbal 20’ to establish an axis 35" parallel to the normal
to the great circle course (221 in FIG. 10).

The vertical indicating member 4¢" is rotatable about
this axis 35, as was the azimuth gimbal 40, so that a
point on the horizontal member 49’, as the member is
rotated, sweeps out the great circle course 211. The
member 40’ is driven with respect to the gimbal 3¢’. Both
49" and 3% are stabilized with respect to 78, by the servo
drive 52’.

The member 40’ is shown in detail in FIG. 9. A plat-

“form 41 is mounted on ‘a shaft extension 30a of the

range gimbal 3¢’. The two pendulum units 401 and 4%n'
are mounted on the platform which bears the same orienta-
tion as horizontal member 48q.of FIG. 4. That is, the
platform is rotatable about the axis 38, parallel to 221.
The track pendulum 407’ indicates the direction of ap-
parent vertical in the N plane normal to the great circle
course 211 and its output is used to activate the auto-
pilot to bring the vehicle back on course as explained
above in the discussion of track control. The range pen-
dulum 467 is used for determining Vi, the vertical in
the course plane, and its integrated output is used to
actuate the servo 32’ to maintain the platform 41 in
2 fixed relation to the vertical, so the plane of the platform
is horizontal and the axis 45’ normal to the platform
is vertical. Then the change of angle between the plat-
form and the range gimbal is a measure of the range.

The servo 32’ serves the same function as the range
drive 32 of FIG. 6 in that it rotates the vertical-indicating
member (the azimuth gimbal 40 or the platform 41)
with respect to the range gimbal (30 or 3¢') in response
to the integrated output of the range pendulum unit 457"
In order to indicate arrival at the destination point, a
signal generating means 34’ is provided to give a zero
output when the angle between the normal 45" to the
platform 4% and the range gimbal 3¢’ corresponds to the
angle between the arrival point vertical 219 and the equa-
torial line 215. This signal generating means preferably
has high accuracy near the zero point, and a wide range
(with moderate accuracy) as, for example, if a synchro
and a signal generator. are mounted together on the shaft
3%aq and ‘the narrow-range signal generator used as the
vehicle nears arrival and the wide-range synchro over
the larger part of the trip.

Constructional Features

FIG. 8 shows in detail a controlled member 18 or 1§,
suitable for use in either the four or five-gimbal systems.
The member 10 is carried within the earth reference
gimbal 28 on a rotatable shaft 21. The gimbal is initially
set so that its axis 15 is parallel to the polar axis 266.
Mounted rigidly on the shaft is a suitable bracket mem-
ber 24 which supports the gyros 19x, 10y, 10z and time
drive 12. It will be mnderstood that the “controlled
member,” as used herein, refers to something that holds
the igyros in proper orientations relative to one another.
The bracket 24 may therefore be considered the con-
trolled member, but the part 1@ (or 1¢’) is shown in
dot-and-dash lines in FIG. 10 to conform to the conven-
tion adopted in the other figures.

The gyro units 16x, 18y and 18z are each like the unit
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shown in FIG. 5. Their orientation may be seen by com-
paring their input axes I, I, and I, with the input axis I
of FIG. 5. These input axes are preferably arranged so
that they form orthogonal ccordinates, and then moticn
is detected directly in right angle components by the
gyros. e signal outputs of these gyros are passed by
means of suitable electric connections (slip rings or flex-
ibie leads) to external components for amplification and
resolution before Leing used to activate the isolation
servos.

The time drive 12 is essentially a sidereal clock, crystal-
controlled for accuracy, which causes relative rotation of
the member 10 and gimbal 20, by driving against the
gear 26 boited on the gimbal 28.

The pendulum member shown generally at 14 is used
to determine the latitude so as to correct the system for
Coriolis effects. This operation is effected in the follow-
ing manner. The Coriolis forces afect only the accelera-
tion-detecting devices by intreducing @ “false” accelera-
tion indicated by pendulum deflections. The important
Coriolis term is twice the vehicle groundspeed times the
angular velocity of the earth times the sine of the latitude;
it acts transversely to the course, thereby affecting only
the track control process. The first two quantities are
measurable (and, since the term is only an additive cor-
rection, airspeed may be used as a sufficiently acourate
measure of groundspeed). The term which must be ob-
tained from the guidance system is the sine of the latitude,
or, in this case, the cosine of the colatitude. The colati-
tude is the angle between the vertical at a point on the
earth and the polar axis.

This angle is detected by the synchro-penduatum shown
at 4. This unit consists of m frame 14¢ on which a
synchro 14b is pivoted about an axis parallel to the axis
15. The rotor of the synchro carries a pendulous mass
14c. The synchro acts as a transmitter which causes an-
other ‘synchro (the receiver) to assume a rotor-stator
position similar to that of the transmitter. From the
receiver synchro a signal can be generated which is made
proportional to the rotor-stator -angle or to the sine or
cosine of that angle. In operation, the transmitter syn-
chro 14b itself pivots about its support pins until its lon-
gitudinal :axis is horizontal; the pendulous mass 14¢ hangs
to the vertical and the output of the transmitter-receiver
is therefore a measure of the angle between the vertical
and the axis 15, i.e., the colatitude. Using the sine of
the latitude or cosine of the colatitude, the Coriolis term
may be computed and subtracted from the output of the
unit 48xn or 48n’.

FIG. 13 is a block diagram of electrical connections
for the purpose. The pendulum 48r responds to gravity
and other accelerations in the cross-course plane, gener-
ating an output which is to0 be corrected for Coriolis
effect. The correction sum ds subtracted in a suitable
mixing amplifier, A current generator produces a cur-
rent scaled so it is of the proper magnitude to represent
the earth’s rotational velocity W, in the systems. This
current is multipiied by the airspeed by means of a varia-
ble gain amplifier whose gain is made proportional to the
airspeed v, - This product is in turn passed through a
resolver which multiplies its input by the sine of its rotor-
to-stator angle. The rotor is positioned by the synchro
receiver which is itself positioned by the synchro trams-
mitter 14 on the member 0. The correction term,
Wevas sin Lat, is subtracted from the output of the pen-
dulum 48n, by means of the mixing amplifier.

Overall Operation

In order to show further the operation of the present
invention, FIG. 11 has been included to show the change
in position of the gimbals as the aircraft flies a hypo-
thetical course from the equator to the north pole. It
will be shown first how the gimbals are initially aligned
and second how they move in space and in the aircraft
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18 :
to record successive positions of the vehicle over the
earth’s surface. :

FIG. 11 shows the earth 208 and an aircraft 1, which
travels from a departure peint 207 through an interme-
diate point 267z to a destination 269. The reference
gimbals 20 and 34’, the member 16’ and the vertical-
indicating member 4§’ for the four-gimbal system are
shown. The azimuth gimbal 49 of the five-gimbal systém
has been included in dash lines for illustrative purposes.

The first reference to be set is that maintained by the
azimuth gimbal axis 45 or the normal to the platform 45’,
This axis is supposed to follow the vertical for successive
positions of the airplane 1. Hence, initially, it should be
set to the vertical at the departure point, axis 217. The
angular position of the assembly about the axis 45 or 45’
is not set until last. ’

The next reference to be set is to fix the initial angle
between the plane of the range gimbal 39’ and the vertical-
indicating axis 45 or 45’ of the member 46 or 46’. The
axis 35" is to coincide with the polar axis 221 of the pro-
grammed great circle. Initially, then, the angle is the.
angle between the equator 264 and the departure point
vertical 287 along the great circle 211. In the example
of FIG. 11, the angle is zero. The clamping will be re-
leased after alignment and as the aircraft moves through
its course, the vertical-indicating member 40 or 40’ will
follow the successive verticals, driven by the servo 32 or
32’ (FIGS. 6 -and 9).

The range gimbal 30’ and vertical-indicating member
49 or 4Y¥ are mow fixed with respect to each other. It
remains to set the earth reference gimbal 29’ with respect
to the range gimbal 38’. The angle between their planes
is the angle between the normal to the programmed great
circle 221 and the earth’s polar axis 206. The angle be-
tween them, then, should be the colatitude of the normal
221 to the programmed great circle. This angle is to be
calculated and the gimbals clamped to that position
throughout the flight. In the present example this angle
is 90°. :

At this stage, the gimbal assembly may be thought of as
one rigid body free to rotate about the axis 45 or 45" as"
if it were hung on a siring there. The setting remaining
to. be made is the proper angular position of the éntire
assembly about this axis so that the axis 35’ will coincide
with. the normal to the programmed circle 221, This
can be most easily done by rotating the assemblage about
axis 45 until the axis of the controlled member 10’ lies
in a plane running north and south. Then, if all angles
have been set in correctly, the controlled member axis
will coincide with the earth’s polar axis 206. '

Initiaily in FIG. 11, the aircraft 1 carrying the guidance
system is at a point 287 on the equator 204 and it is
desired to fly a great circle course to the north pole at
269. Before the flight is to begin, the gimbals are set
as described above and the gyros started. The two
pendulum units are disconnected from their regular in-
tegrator-systems and used directly to determine the verti-
cal, their outputs being passed to an erecting movement.
The ‘integration may be dispensed with since there are
no appreciable linear accelerations, ‘That sets the member
4§’ to the horizontal (or the azimuth gimbal 40 to the
vertical), The next step is to set the initial angle between
the range gimbal 38’ and the vertical-indicating member.
Because this frip starts at the equator, this initial angle
is zero. This angle is clamped in during the warm-up
period and then released during flight to be fixed there-
after by the range servo 32 or 32’. The third step is to
set in the angle between the range gimbal 38’ and the
earth reference gimbal 20/, which is the co-latitude of

the normal to the great circle course, in this case; 90°. -

This angle determines the course and is left clamped by
means of the clamp 22 or 22’ (see FIGS. 6 and 7).
throughout the trip. The next setting to be made is to
fix the axis of the controlled member in a north-south
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plane. This is done by using an optical sight on a star.
The signal gemerator 34 or 34’ (see FIGS. 6 and 9) is
set so its null point fixes the target point vertical 219.
Finally, the gyros and servos are started up so as to start
the isolation system; then the aircraft may be moved about
the field without disturbing the settings. A warm-up
period allows the gyros to settle and any residual drift
rates to be detected.

The angles of the various gimbals with respect to the
airplane should be noted. The vertical-indicating axis
45 or 45’ is straight up-and-down, the range gimbal axis
?5’ points east-and-west and the plane of the range gimbal
is vertical. The member 4§’ is horizontal; the gimbal 46
is vertical. The axis of the controlled member 16" points
north and is parallel to the earth’s polar axis 206.

At 207q, the aircraft 1 is shown at an intermediate
point on the great circle course 211. To an observer in
the airplane the vertical indicating axis 45 or 45 still
points up-and-down; the range gimbal 3¢’ will appear
to him to have rotated with respect to the vertical-indi-
cating member about axis 35 an angle equal to the geo-
centric angle through which the aircraft has moved.
There can be no motion of the earth reference gimbail 2¢’
}vith respect to the range gimbal 3¢’ because of the clamp-
ing. Hence, the earth reference gimbal will also appear
to have rotated with respect to the vertical-indicating
member 49 or 49’. Since this journey has taken time,
the sidereal time drive will have rotated the earth refer-
ence gimbal 20’ with respect to the stabilized member 1¢’,
an angle equal to the angle the earth rotated in that
period. It will appear to an aircraft observer as if the
stabilized member had rotated, as can be seen from the
arrow on the member 3#6’. Just as an observer in the
plane 1 will see the vertical gimbal 4¢ as unmoved, still
straight up-and-down, he will also see the outer gimbals
as aligned with the pitch and roll axes of the aircraft,
substantially as gimbals 56 and 69 are in FIG. 6. Only
the inner reference gimbals will seem to have moved be-
cause the observer has changed his position with respect
to them and the earth they represent, but he has not
changed his position with respect to his own airplane.
All the motion in FIG. 11 can be accomplished by the
servo 32 (FIG. 6) and the time drive 12.

FIG. 11 also shows the gimbal configuration at the end
of the trip. The vertical-indicating axis 45 or 45’, driven
by the range servo 32 or 32, has rotated the full 90° of
the journey, giving a continuous indication of the vertical
and sweeping out the great circle course 211, The range
gimbal 30’ has remained fixed in geocentric space, its
axis still parallel to the equator. The earth reference
gimbal 20’ has also remained fixed in geocentric space.
The controlled member 10’ has continued to rotate in
geocentric space an amount fixed by the sidereal time
drive. The arrival at the destination point 269 is signified
by a null reading on the signal generator set between
the range gimbal 30’ and the vertical-indicating member
49 or 46’ during the warm-up period, which indicates
that the vertical-indicating axis 45 or 45’ has reached
the line of arrival vertical 219.

Although a course along a meridian has been chosen
for simplicity of exzplanation, it will be clear that the
system will maintain any programmed great circle course.
The present invention differs from conventional navigat-
ing equipment, such as magnetic compasses Or gyrocom-
passes. The system provides guidance along any chosen
great circle course, and the guidance is unaffected by the
relation of the chosen course o conventional earth co-
ordinates. For example, gyrocompasses are insensitive in
the neighborhood of the geographic poles, and magnetic
compasses are similarly insensitive in the neighborhood
of the magnetic poles. However, the operation of the
present invention is not influenced by the poles, and
courses may be laid through polar regions without intro-
ducing navigational difficulties.

Thus, the present invention is directed primarity to-
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ward the combination of a meémber stabilized in inertial
space with gimbals so as to indicate a programmed course
over the earth’s surface and the position of a vehicle
with respect to it. Such a guidance system is preferably
made with the inertial space stabilization disclosed in the
above-mentioned patent of Draper, Woodbury and Hut-
zenlaub, but the invention is not to be construed as limited
to that construction. .Furthermore it will be apparent
to those skilled in the art that in some applications, cer-
tain gimbals may be unnecessary, so that the present in-
vention includes not only the overall constructions shown
in FIGS. 6 and 7 but its component parts as well.

Having thus described our invention, we claim:

1. A guidance system. comprising an earth reference
member, means for stabilizing the earth reference mem-
ber with respect to the earth’s polar axis, means for ro-
tating the earth reference member with the earth about
an axis parallel to the earth’s polar axis, a range member
adjustable with respect to the earth reference member
about an axis perpendicular to the axis of rotation of the
earth reference member, clamping means for setting the
range member and the earth reference member at a fixed
angle to determine any selected programmed great circle
plane, the range member having a program axis normal
to said great circle plane, a vertical indicating member
carried by the range member, acceleration-detecting
means carried by the vertical indicating member to de-
tect horizontal components of acceleration in a plane to
the programmed plane, driving means controlled by the
acceleration detecting means to operate the vertical in-
dicating member with respect to the program axis to main-
tain the vertical indicating member in a fixed relation to
the vertical in the programmed plane, and means car-
ried by the vertical-indicating member and sensitive to
horizontal components of acceleration in a plane normal
to the programmed plane to signal departures from the
programmed plane.

2. A gunidance system comprising a stable element sta-
bilized in inertial space, an earth reference member ro-
tatable with respect to the stable element about an axis
paraliel to the earth’s polar axis, a time drive for the earth
reference member to cause it to rotate about said axis
at the earth’s sidereal rate, a range member, said range
member being adjustable with respect to the earth ref-
erence member about an -axis perpendicular to the axis of
rotation of the earth reference member, clamping means
for setting the range member and the earth reference
member at a fixed angle to determine any selected pro-
grammed greai circle plane, the range member having
a program axis normal to said great circle plane, a ver-
tical indicating member carried by the rangs member,
acceleration-detecting means carried by the vertical in-
dicating member to detect horizontal components of ac-
celeration in a plane parallel to the programmed plane,
driving means controiled by the acceleration detecting
means to operate the vertical indicating member with
respect to the program axis to maintain the vertical in-
dicating member in a fixed relation to the vertical in the
programmed plane, and means carried by the vertical-
indicating member and sensitive to horizontal components
of acceleration in a plane normal to the programred
plane to signal departures from the programmed plane.

3. A guidance system comprising a stable element sta-
bilized in inertial space, an earth reference member ro-
tatable with respect to the stable element about an axis
parallel to the-earth’s polar axis, a time drive for the
earth reference member to cause it to rotate about said
axis at the earth’s sidereal rate, a range member adjust-
able with respect to the earth reference member about
an axis perpendicular to the axis of rotation of the earth
reference member, clamping means for setting the range
member and the earth reference member at a fixed angle
to determine any selected programmed great circle plane,
the range member having a program axis normal to said
great circle plane, a vertical indicating member rotatably
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mounted with respect to the program axis, acceleration-
detecting means on the vertical indicating member to de-
tect horizontal components of acceleration in two ver-
tical mutually perpendicular planes, one of which is
parallel to the programmed plane, driving means for the
vertical-indicating member about the program axis, means
for operating the driving means in response to horizontal
components of acceleration detected in the plane parallel
to the programmed plane, and means carried by the ver-
tical indicating member and sensitive to horizontal com-
ponents of acceleration in a plane mormal to the pro-
grammed plane to signal departures from the programmed
plane.

4. A guidance system for determining a path along a
selected great circle comprising an - earth-reference mem-
ber, means for stabilizing the earth-reference member to
the earth’s polar axis, the earth reference member having
an axis lying in the intersection of the equatorial plane
and the plane of the selected great circle, a range gimbal
for said earth reference member adjustable about said
axis and having a program axis, means for setting the
program axis normal to the plane of the selected great
circle, acceleration-detectors to detect horizontal compo-
nents of accelerations in the plane of the selected great
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circle and normal to the plane of the selected great circle,
means rotatably coupled to said range gimbal about said
program axis for carrying said acceleration detectors,
driving means responsive to horizontal components of
accelerations in the plane of the selected great cirdle to
maintain said carrying means in a fixed relation to the
local vertical, and means responsive to horizontal com-
ponents of accelerations normal to the plane of the se-
lected great circle to signal departures from said path.
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