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CONTROL ARRANGEMENTS FOR CRAFT
OPERABLE IN SPACE

Kirk A. Oplinger, Verona, Pa., and Ivar M. Holliday,
Venice, Calif., assignors to Westinghouse Electric Cor-
poration, East Pitishurgh, Pa., a corporation of Penn.
sylvania

Division of application Serial No. 398,565, December 16,
1953. This application April 27, 1955, Serial No.
504,136

6 Claims. (ClL. 74—5.4)

This invention relates generally to systems of control
for craft operable in space.

This application is a division of a copending applica-
tion of K. A. Oplinger and 1. M. Holliday, Serial No.
398,565 filed December 16, 1953, entitled Control Ar-
rangements for Craft Operable in Space and assigned to
the assignee of this invention.

The invention is herein illustrated and described as
applied in the control of a conventional aircraft utiliz-
ing rudders, elevators and ailerons, respectively, for con-
trolling the craft directionaliy, longitudinally, and lat-
erally. However, it will be appreciated that the inven-
tion may be applied to other types of craft utilzing means
other than the control surfaces mentioned for effecting
maneuverability.

In order that the present invention may be fully ap-
preciated, it is essential that the fundamental principles
of flight control of fixed wing aircraft be understood.

The control of an aircraft may be resolved about three
substantially mutually perpendicular axes, ome is a ver-
tical axis termed the turn or yaw axis, about which the
turning or yawing movement of the craft takes place, such
movement being effected by the application of left or
right rudder for a turn to the left or to the right. A
second axis disposed longitudinally of the craft and per-
pendicular to the mentioned vertical axis is termed the
roll axis about which the aircraft rotates. Angular move-
ment of the aircraft about the roll axis is controlled by
the ailerons which are simultaneously operated in op-
posite directions, that is, one moves up as the other
moves down to produce cumulative torques about the
roll axis. The third axis passes laterally of the air-
craft perpendicular to the aforenamed axis at the point
of intersection thereof and is termed the pitch axis of the
craft. Control of the craft about the pitch axis for
climb, a dive or for level flight is afforded by the ele-
vators which tilt the craft about the pitch axis to change
the angle of attack of the wing and as a consequence
the direction of flight of the craft in a vertical plane.

In still air, when the aircraft is oriented so that its
roll and pitch axes are horizontal, it will tend to follow a
course which is a projection of the roll axis or longitu-
dinal axis but whenever the craft is rotated about one or
more of the three control axes either by the application
of one or more of its control surfaces or by air disturb-
ances, the flight path as a rule changes,

It is important to note, and this is particularly true
of the ailerons, that the position of the control surfaces
does not determine the position of the aircraft about
any of the control axes but rather determines the ve-
locity of rotational movement of the craft about the cor-
responding axis. Thus in some instances in maneuver-
ing the craft, it is necessary to perform double opera-
tions in the application of the control surfaces, In a
simple turn, for instance, first the application of the con-
trol surfaces is made in a direction to cause the craft
to assume the desired attitude in flight after which the
ailerons are usually returned to a meutral or stream=
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lined position and the rudder and elevators streamlined
to a lesser extent. A return to level flight may then be
effected by a reverse movement of the ailerons and move-
ment of the rudder and elevators to their neutral posi-
tions, )

Ordinarily, to properly execute a turn in an aircraft,
it is essential that movement of the control surfaces be
coordinated. Too much rudder will cause the craft to
skid outwardly in a turn. Too much aileron will cause
side slipping while insufficient application or over-appli-
cation of the elevators during a turn will tend to cause,
respectively, diving, and to a lesser degree, climbing.

In addition to the .above-described proportioning of
control surface movement which must be effected for co-
ordination in a ‘turn, there is also the consideration of
suitable time delays, dependent upon aerodynamic cou-
pling in the application or removal of rudder and ele-
vators in the execution of simple turns. The ability of
an aircraft to be turned by simple application of the rud-
der alone depends in some measure upon its aerody-
namics. An inherently stable craft, upon the applica-
tion of rudder and the skidding movement which follows,
will tend to accumulate the bank angle necessary for
equilibrium in the turn indicated by the setting of the
rudder. However, in any case, a coordinated turn may
not be executed satisfactorily in the absence of a bank
angle.

Thus for a coordinated turn, it will be appreciated
that the application of the rudder should be propor-
tional to the angle of bank for a particular air speed and
should be applied no more rapidly than, or should sub-
stantially follow, the angle of bank as the bank angle for
the desired turn is accumulated, Suitable coordination
of movement of the ailerons and rudder in certain types
of craft therefore requires an application of the ailerons
to. produce a velocity of rolling movement about the
roll axis to the desired angle of bank and the application
of the rudder to produce the necessary turn velocities
indicated by the instantaneous angles of bank or, stated
otherwise, provides for an application of the rudder such
that at a given air speed the turn velocity indicated by
the position of the rudder corresponds to that for the
instant angle of bank.

The considerations involved in the control of the ele-
vators are analogous to those for the control of the rud-
der. Premature application of the elevators when en-
tering a turn will cause the aircraft to climb while pre-
mature removal thereof while coming out of a turn will
cause the aircraft to dive. The application of up-ele-
vator for a turn in either direction compensates the loss
in projected wing area for a given angle of bank by in-
creasing the angle of attack of the wing to increase the
lift and additionally introduces the needed pitch rate
component of turn rate which increases with bank angle,
Thus the angle of bank also indicates the pitch velocity
of the aircraft in a turn and coordination of control at
a given air speed requires that up-clevator be applied
and removed as the angle of bank is increased or de-
creased.

The time delay in acquiring a given bank angle de-
pends upon the characteristics of the particular aircraft,
In general, the larger the aircraft the longer will be the -
time delay. Additionally at a given air speed, this de-
lay will vary depending upon the degree of application
of the ailerons which determines the roll velocity, =~

For fixed course control, an important function of an
aircraft flight control system or automatic pilot is to fly
the aircraft straight and level at a given altitude. To this
end, the control must be quick to sense minor departures
from fixed reference positions and/or to sense velocities
about any of the three principal control axes to maintain
a predetermined mode of operation, T



) Control systems mtended to accomphsh this end usu-
ally include gyroscopes to detect errors in ﬂlght from the
predetermined flight pattern.. Such gyroscopes in the past
have been of the position type, that is, gyroscopes disposed
on the aircraft to detect changes.in flight attitude and pro-
duce s1°nals whlch when applied to suitable servo systems
operatlng the- control :surfaces, restore -the craft to the
desited flight attitude. Two types of position gyroscopes
are usually employed in such controls.  One is a direc-
tlonal gyroscope which is oriented in the aircraft in siuch
a way- as.to detect changes in the direction of flight of the
aircraft; The second one is usually referred to-as a verti-
cal reference gyroscope ‘which is disposed to-detect or
measure angular position deviations of the aircraft from
the honzontal about the roll and pitch axes. ‘Gyroscopes
-of thet position type, however, by reason of their mounting

have only a limited degree of angular freedom about a -

: glven reference position .and hence limit the maneuvera-

bility - of the craft when the control is in operation.. If
the maneuverablhty limit about a given axis is exceeded,
the. gimbal  mounting of the ‘gyroscope forces the gyro
rotorﬁassembly around in rotanon with the aircraft about

useless

“To obviate such a limitation of control and obtain un-
hm1ted .maneuverability and at the same time to provide
a . control system -which detects velocity errors about the
control -axis rather than position errors, to achieve. a
faster and more sensitive control, this invention employs
gyroscopes of the rate type for detecting angular velocities
‘about each of the three principal control axes and for pro-
ducmg electrical - quantities indicative of such velocities
for. conmtrolling the -corresponding  servo system and,
hence,-controlling the -aircraft about the correspondm‘7
axis. .~ In. this fundamental aspect, this invention is related
10.a.U.:S. Letters-Patent of Clinton R. Hanna, No. 2,638,-
288, 1ssued May-12,-1953 and entitled: “Control System
for Craft Operable in Space” and assigned to the assignee
of- this invention. -
r Thls mventlon prov1des certain lmprovements in the
fundamental -control- of the above-identified invention of
Chnton “R: Hanna, -whereby, according-to one of its
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aspects, the system may be controlled by a flight controller

‘having three degrees of angular freedom, corresponding to
the prlnmpal control axes of the aircraft, to achieve un-
lnmted maneuverability of the aircraft.

- Rate gyroscopes--are ideal for-an application of this
type ‘and- to- this end the. £yroscopes, which are-three in
number; one. for each principal ‘axis of -control, are re-
strained- in -their - precessional respense to -input torques
due to velocities about the corresponding control axis of
the craft. . Thus these gyroscopes which have a restrained

smﬂle degree of-freedom of output movement arc unable -

to -tamble from operating ‘position regardless of the man-
ner.in which the. craft:is controlled,  The minute-preces-
sional movements of each of the gyroscopes result in pre-
cessional torques:or-displacements which by suitable elec-
trical pick-off devices: are. converted to-electrical signals
which ~control- the serva mechamsms for the respectlve
control surfaces:

In practicing this mventlon several modes _of ‘system
operation are provided including, a “Standby” mode, a
“Crulse” mode and a “Boost” mode. - In an aircraft flown

. by Gonventional controls, for instance, control stick and
rudder- pedals, a-separate_ flight controller having. three
degrees of angular freedom may be utilized to control the
autopilot.or the servo system of the craft.

A selector switch is provided which is operable from
an “Off” position through successive positions which suc-
cessively select the operating modes identified above. In
operation the selector switch is moved from “Off” position
to “Standby” position. This establishes the basic energi-
zation circuits for the automatic pilot and servos, provid-
ing a time interval for “warmup” in which the gyrescope
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rotors are brought up to operating speed and other units
such as generators are started. The duration of this inter-
val, of course, depends upon the longest warmup period
required by a system component and the selector switch
may be mechanically or electrically. interlocked . so that
positive timing out of this interval is always provided.
Additionally, circuits are established between the flight
controller and the respective servo or ¢ontrol surfaces for
con..rolhng small motors used to-drive the flight controllet:
This is.a sort of followup mode of motor control which
syachronizes the flight controller and, hence, the ‘auto-
pilot, by moving the flight contraller to a position corre-
sponding to its command position for achieving that con-
trol surface deflection.

Once the warmup interval is ended the system may be

switched to the Cruise mode or through the Cruise mode.
to the Boost mode.
_ In the Cruise mode the autopilot yaw channel is siaved
to the compass of the"aircraft which superimposes ‘yaw
directivity on the yaw-rate sense, thie” pitch channel is
slaved to an altitude-rate control which adds a vettieal
posmon sense to the pitch rate sense, and, the roll channel
is slaved to a pendulous device, that is, a bank or roll
pendulum, responsive to lateral acceleration” and ‘Toll
angle which adds the apparent vertical sense to the’ roll-
rate sense in the roll channel: )

Tne function of the system in the Cruise mode of opef-
ation is that of maintaining the craft in essentially straighit’
-and level flight along a fixed course determined by the -
human pxlot by his ‘setting of the compass, the angular
rate sensing components of the system provxdmcr tats
stabilization through anticipation azd damping in “eack-
of the three degrees of angular freedomni of ‘the afrcraft.
-Additionaily the pendulous device and the altitude-rate
control provide . controls’ which respectwely mmlmlze
lateral and vertical excursions. ’

While in the Cruise mode. the human pllot may ‘over-
ride the autopilot .to change the fiight attitiude in - any
one or all-of the three  degrees ‘of inotion by suitable
actuatlon of the flight controller.. For example, to make
a° coordinated  turn the human pilot peed only rotate
the flight controller stick about thie proper one of its three
axes of freedom. In.one application this may be the
vertical axis or yaw: axis’ of the stick. In yet another
application this may be ‘the longitudinal or roil. axis of
the stick, The angalar position of the flight controller,
due to the rate sense of the autopilot then commands a
given turn rate which is €stablished and coordinated by
the autopilot... Angular’ ulspiacement of  the flight con-
troller for a coordinated turn removes the -compass slav-
ing and establishes connections: to automancally reset the
conTpass systém as the course changes $0 that upon return
of” the. flight ‘controller .to: neutral ‘the new headmg or
course is maintained. -

~The human pilot may also change altltude whﬂe in
the "Criuiise” médé ‘whethér following a compass course ¢r
executing & coordinated turn by rotation .of ‘the fhght.
controller .about . another .axis, for instance; by moving
the flight “comtioller fore or.aft about an athwartship
axis.  Such’ ﬁlght controller dlsplacement removes _the
altltude slaving in’ the pitch channel. | The- angular posi-

- tioiiof the Tight confroller now commands an angular

pltCh raté due'to’ the angular rate. sensmg components to
initiate a change in pltf‘h “altitude for a climb or a dive
and . the rate- of—change -of “altitude, for the fight con-
trollét position, is established by the altitude-rate control.

“In the Boost mode of operatlon provision is made for
remcvmv compass, pendmum and altifude slaving in yaw,
roll _and pitch respectively. ‘Additionally, if desired or
needed, the altitude rate, sense- may -be removed leaving
the. angular Tate sense in each of the three contro} chan-
_In-this mod\., ﬂlgnt coordmanon is accomphshed
by the human pilot i much the same manner as-with the
conventlonal controls, exceptmg that ‘the operatlon is
essennally eﬁortless requiring only-a- few ounces of force
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on the piloting element or stick -of the flight controller.
In this mode the instant position of the flight controller
commands angular rates about the respective control
axes, as in the Cruise mode, through the power amplifica-
tion of the servo system. .

One object of this invention is to provide a control for
a craft operable in space which is simple in principle,
involves a minimum number of parts and is positive in
operation. L )

An additional object of this invention is to provide 2

system of control for a body operable in space which
is compact in design and light in weight. ,
__ Another object of this invention is to provide a system
of flight control for an aircraft which is selectively oper-
able in one condition of operation to maintain the craft
in_ coordinated flight and under another condition of
operaticn to afford unlimited maneuverability of the
craft. .

1t is also an object of this invention to provide a system
of the class referred to in the preceding object which is
contrelled by a flight controller having three degrees of
angular freedom corresponding to the ‘principle control
axes of the craft.

Yet another object of this invention is to provide a
system ‘of the character referred to involving gyroscopes
in which the gyroscopes cannot tumble.

Still ‘another ‘object of this invention is to ‘provide ‘a
system of the type mentioned in which velocity sensing
gyroscopes. are employed to detect velodities of motion
about the three principal axes of control of.the aircraft.

In another of its aspects it is an object of this inven-
tion to provide an improved lateral rate autopilot.

In comnection with the preceding object it'is an object
hereof to provide an improved roll rate gyroscope assem-
bly.

More specifically it is an object of this invention to
provide a roll rate gyroscope having in addition to &
roll-rate sense a selectively applied sensitivity to lateral
accelerations and roll. angle.

In still ancther of its aspects it is a further object of
this invention to provide a flight control system for craft
operable in space wherein the control system may always
be utilized to conirol the craft regardless of the manen-
verability requirements thereby functioning, in effect, as
a power boost between a human pilot operated flight
controller and the control surfaces.

More specifically, it is an object of this invention to
provide a flight control system of the character referred
to in the preceding object, wherein rate response to move-
ment of a flight controller is obtained and power boost
control of the craft’s control surfaces is had.

In a generalized sense, it is an objéct of this invention
to provide an aircraft fiight contrcl system selectively
affording cocrdinated control of the craft and maneuver
control of the craft from a flight controller.

Further to the preceding object, it is also an object
of this invention to provide a flight coniroller for use in
a flight contrel system for an aircraft, the movable mem-
bér of which may be automatically positioned by the
flight centrol system in accordance with the position of
the standard or conventional controls of the craft.

In connection with the preceding object, it'is also an -

object of this invention to provide a novel type of flight
controller having three degrees of angular freedom.

More specifically it is an object hereof to provide a
flight controller in which means are provided for detect-
ing and/or indicating a given angular position in each
of the three degrees of angular freedom.

A specific object of this invention is to provide a flight
controlier having magnetically operated detent means
restraining angular movement of the movable member
in a given position in at least one of the angular déegrees
of freedom.

Further to the preceding object it is an object of this
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invention to provide arrangements wherein during a co-
ordinated turn the aircraft may be caused to climb or
dive, .

. The foregoing statements are merely illustrative of the

various aims and objects of this invention. Other objects

- and advantages will become apparent upon a study of the

following specification when considered in conjunction
with the accompanying drawings, in which: - )

Figure 1 is a diagrammatic illustration of a flight con-
trol system for a craft operable in space including certain
of the novel features of this invention; ) N

Figs. 2A and 2B together illustrate in detail the flight
control system of this invention;

Fig. 3 is a top view of a flight controller with the cover
removed of the type employed in the sysetm of Figs. 2A
and 2B; ) o

Fig. 4 is a sectional view taken on the line IV—-IV of
Fig. 3 and illustrating the cover and operating handle in
position; - .

Fig. 5 is a fragmentary view of the movable com-
ponents of the flight controller as seen looking in at ‘the
controller along the line V—V of Fig. 3; .

Fig. 6'is a view looking in at the right side of Fig. 4
with the cover removed; )

Fig. 7 is a fragmentary detail showing a detent oper-
ated switch forming a part of the flight controller; :

Fig. 8 is a detailed illustration of a subassembly of the
movable elements of the flight controller; )

Fig. 9 is a sectional view taken on the line IX—IX of
Fig. 8; . B

Fig. 10 is a view of the right side of the subassembly
shown in Fig. §;

Fig. 11 is a top view of the roll-rate gyroscope of this
invention; , )

Fig. 12 is a side view, fragmentarily in section, of the
assembly of Fig. 11; o

Fig. 13 is a view looking in at the right side of the
assembly as seen in Fig. 11 with certain parts broken
away; .

Fig. 14 is a complete view looking in at the right side
of the assembly of Fig. 11; and

Fig. 15 is a sectional view of a type of magnetic biasing
control arrangement for the bank rate gyroscope  and
which is typical of the biasing magnet system for all of
the gyroscopes.

The automatic pilot system of this invention is dia-
grammatically illusirated in Fig. 1 and embodies a flight
controller generally designated FC having a manually
operated control stick CS which is mounted in the flight
controiler for three degrees of angular freedom. The
respective . modes of coperation of the system, namely,
Standby, Cruise and Boost, are established by means of
a selector switch not shown in this figure in the interest
of simplicity. The principal control comnections in the
Cruise mode of operation are indicated by the dotted
lines between the respective system elements and the con-
trol connecticns in the Boost mode are indicated- by the
dash lines between the system elements. The solid lines
represent circuits which function in both modes of ajr-
craft control, namely, Cruise and Boost. - ,

In the Cruise mode during fixed course operation, the
system is controlled by the output of a course control unit
generally designated CU. Through suitable control con-
nections in the flight controller, the output of the course
control unit is applied tc a yaw rate gyroscope generally
designated YG to control the output of this gyroscope
and, hence, control the rudder in such a way as to hold
the aircraft on a fixed course. The yaw-rate gyro YG
may be of a type illustrated in U. S. Patent 2,638,288
which has been referred to hereinbefore. This gyroscope
may be referred to as a single degres of freedom gyro-
scope being oriented on the aircraft in such a way as to
respond, that is, precess about a single output axis to
angular velocity about the vaw axis of the craft. A
suitable electrical pickoff on the gyroscope is utilized to
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control.:the tudder-servo -generally: designated- RS which
in turn is mechanically connected to' the -rudder R-of the
craft. . s

The roll-tate gyroscope and pitch-rate gyroscope gen-
erally designated RG and PG are functiosally similar to
the yaw-rate gyroscope. The roll-rate gyroscope is ori-
ented on the eraft to respond to angular velocity about
the longitudinal of roll axis and the pitch-rate gyroscope
is disposed on the craft to detéct angular velocity about
the lateral or pitch axis. The output of the roll gyroscope
controls an aileron servo AS which is mechanically con-
nected to drive the ailerons A. Similarly the output of
the pitch-rate gyroscope is connected fo control an
elevator servo ES which is mechanically connected to
drive the elevators E of the craft.: -
~ As described in the Hanna patent aforesaid, the three
rate gyroscopes are resiliently restrained- about their re-
spective ‘precession axes which in each case constitutes
the single degree of freedom-of the gyroscopes. The pre-
cessional movement of the respective gyroscopes about
their precession axes is maintained very small and this
movement is detected by a suitable electrical pickoff: For
instance, the contact type shown in the aforesaid patent
to Hanna, or, any one of the well kncwn resistive, induc-
tive or-capacitive types of pickoffs which may be found
suitable.

In the instant arrangement in the Cruise mode of opera-
tion, if an error in course occurs without any change in
the pitch or roll attitudes of the craft, the course error
signal appears as a torque about the precession axis of

" the yaw gyroscope. This torque and the resulting dis-
placement produces an electrical output at the electrical
pickoff of the yaw gyroscope which actuates the rudder
servo, and consequently the rudder, in such sense as to
return the craft to the proper course. If no other system

correction, occurs at this time, the craft will execute a -

flat skidding turn back to the proper heading at which
time the course error signal is reduced to zero and the
rudder ‘is returned to neutral position. While in- the
Cruise - mede of operation, the three rate gyroscopes
function essentially as velocity dampers with respsct to
movement about the respective control axis of the craft.
Thuss, angular velocity about any of the control axes is
detected by the corresponding Tate gyroscope and appiied
through the servo therefor to the proper control surface
to check the angular velocity. ’
. It will be appreciated that a velocity sensing arrange-
ment such as this has no directivity sense. As a conse-
quence, even though the threshold of response of the
_ respective gyroscopes is quite low, it is possible over a
period of time to accumulate angular position errors
about the respective control axes of the craft which may
result in lateral and vertical displacements. It is- there-
fore desirable ‘in - the cruise -mode to introduce a- sense
in the yaw and roll channels which is indicative of de-
parture of apgular positicn of the craft from: a given
anglar- pesition about the contrel axis associated there-
with and in connection with the pitch channel to intro-

duce a sense indicative of the position of the craft in the

vertical plane.

“'With the yaw rate gyroscope this is accomplished by
biasing .the gyroscope about its precession axis with a
signal from the course control unit.. With respect to the
foll “rate gyroscope this is accomplished by means of a
horizontal pendulum’ which in the Cruise mode of con-
frol is physically connécted to the roll gyroscope to in-
troduce mass unbalance about the precession axis. Due

-fo the orientation of the precession axis of the roll gyro-
scope’ which substantially parallels the yaw axis of the
¢raft, the toll pendulum RP introduces a  mechanical
torque- which is proporticnal to lateral acceleration . of
the craft and -also-proportional to the angular departure
of the craft about the roll axis. The horizontal pendu-
lum’s gravitational response: in straight and level flight

- indicates-a ‘departure of the wings of- the aircraft- from
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horizontal poéiﬁon- and introduces ‘a ibrqlie about the -
precession ‘axis  which results in control of the ailerons

in such a way as to restore the lateral altitude of the
craft to horizontal. If there is no turn rate during the
interval when the lateral altitude is displaced from hori-
zontal, some side slipping or skidding of the craft ‘may
exist. The lateral acceleration at the time side slipping
of skidding occurs is detected by the roll pendulum RP,
and further controls the ailerons to restore the lateral

altitude to a horizontal position-with a minimum of hunt-:

ing, - S
Directivity in pitch is achieved by means-of an alti-
tude vertical rate control generally designated VRC, the

output.of which is utilized to bias the pitch-rate gyro-

scope PG about its precession axis. - As will be described
in greater detail hereinafter the VRC comprises an al-
titude chamber and an altitudé-rate chamber. The out-
puts of these two chambers which are represented in-me-

chanical deflections or forces are combined in a suitable.

electrical pickoff which in this embodiment controls the
output of the pitch: gyroscope- PG. .. : -
In the Cruise mode.of operation the altitude chamber

is sealed at a given altitude and therefore contains air- at -

a pressure corresponding to the selected altitude.. “Hence
any departure of the craft-from this altitude due -to in-
advertent changes in pitch altitude or for other reascns,
displaces the craft into an air pressure level which dif-
fers from that trapped in the altitude chamber... The
resulting electrical signal at the pickoff therefor -is of
such sense as.to control the elevators E to return the
craft to the proper altitude. = The altituderate ‘signal

derived at the rate chamber acts as a damper in this -

mode of operation.to minimize departures from and
hunting of the proper altitude. o )

When in the Cruise mode of operation it is possible
for the human pilot to override the autopilot by manipu-
lation of the control stick CS at the flight controller. ‘For
example, if the buman pilot should' desire to change

course, he need only-rotate the control stick CS about the -
proper axis in order to achieve a coordinated turn.” In -

the instant case the control stick is rotated about its ver<
tical axis which.is oriented in the craft to substantially
parallel the yaw axis, to initiate a coordinated turn.” The
output signal developed at the flight controller due to this
conirol stick rotation, is applied to a transient coordi-
nator generally designated TC: 'This device which will
be described in detail hereinafter in conuection with Figs.
2A and 2B, produces two signals which are displaced in

time phase in correspondence with the time delay of the :

craft in accumulating bank angle. The control is such
as to produce a first signal of transient nature which is

. utilized through the roll channel to initiate -aileron oper-
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ation to start the aircraft rolling about its longitudinal
axis. As this signal dies out, yaw and pitch signals.are
produced and utilized to control the yaw and pitch chan-
nels respectively to apply rudder. in the proper direction

“and to. apply- -up-elevator to introduce ~the -required

amount of pitch. velecity for the instant angle of bank.

The respective magnitudes of these signals and their
time phase relation’ depends primarily upon. the: time
constants: of the aircraft with respect to its respective

_control axis: These relationships may be established at

the transient coordinator TC for a particular craft. The

‘position of the flight controlier- FC commanding the co-

ordinated turn indicates-a particular. turn-rate and -rate
regulation is obfained in each of the three degrees -of
freedom of the craft due to. gyrodynamic response of the
respective gyroscopes to. the angular rates ‘about - the
respective control axis of the craft. . This response is
opposed to. the biases  introduced about the precession
axis of the respectiveé gyroscopes by the outputs of the
transient coordinator TC. . When the oppositely “acting
torques, due fo the biasing signals. and the response of
the gyroscopes to the angular rates, are in equilibrium,
the turn is properly coordinated. < In this operation skid-
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ding or side slipping is detected and corrected by the
roll pendulum RP. TIn an analogous sense climbing or
diving during the turn is prevented’ by the altitude-rate
control VRC which is still connected to the pitch-rate
gyroscope PG.

The control arrangement permits climbing or diving
during a ccordinated turn by moving the control stick
€S of the flight controller FC in a second degree of free-
dom, namely fore or aft; in addition to that degree
producing the coordinated turn. As an example, in the
Cruise- mode; if- a climbing turn is desired, the stick
is rotated- about its vertical or yaw axis to produce the
desired ccordinated turn and pulled aft to introduce
up-clevator in an amount exceeding that required to
hold’ altitnde constant in the turn. Control stick dis-
placement from neutral about the pitch axis opens the
altitude chamber to atmospheric: pressure, removing the
altitnde control. The altitude-rate sense remains to regu-
late: altitude-rate in correspondence with the position of
the stick about its pitch axis.

In the Cruise mode when a turn is commanded at the
flight controller FC by rotation of the control stick CS,
provision is made by a suitable switching arrangement
on the flight controller FC to disconnect the course con-
trol unit CU from the system and to establish suitable
connections for causing the course control unit CU to act
as a repeater and follow the changing heading of the
aircraft. Hence, at such time as the control stick CS
is returned to meutral position, the course control unit
CU is reset for the new heading and, upon reconnection
in: the system holds the craft on the desired course.

Since it is possible to return the control stick to neutral
position more rapidly than the aircraft will return to
level flight, provision may be made to delay the con-
nection of the course control unit CU a sufficient time
to: allow the craft to level off on the new course. Thus
at the time the course control unit CU is reconnected,
the craft is. properly oriented for straight and level flight.
Otherwise a few oscillations may occur as. the course
control unit CU attempts to orient the craft in yaw.

In the Boost mode of operation the instrumentalities
imparting directivity to the respective channels are dis-
connected. This includes the course control unit CU,
the roll pendulum RP and the vertical-rate control VRC.
Additionally the tramsient coordinator TC is discon-
nected from the system, Hence, the respective autopilot
channels are controlled only by. the output of the re-
spective output axes of the flight controller. In this
arrangement rotation of the control stick CS about a
vertical axis produces an output which controls the yaw
channel. Rotation of the control stick about its lateral
axis, that is fore and aft movement of the control stick
CS, (left and right as viewed) controls the pitch chan-
nel and lateral movement of the control stick CS about
its lomgitudinal axis controls the roll channel. In this
arrangement it will be appreciated that flight coordina-
tion depends upon the human pilot in much the same
sense as when the pilot is flying the craft with the con-
ventional or standard controls in the craft. If' desired,
the rate signal from the rate chamber of the vertical
rate control VRC need not be disconnected from the
pitch rate gyroscope. With such an arrangement, in
the Boost mode of operation, fore and aft positions of
the control stick CS will command rates of climb and
dive rather than angular rates in pitch as is the case
when the rate chamber is disconnected.

The foregoing discussion generally summarizes the
two important operating modes of the system. These
modes are selectable by a mode selector switch which is
manually controlled by the human pilot. This switch
and the circuitry associated therewith have not been
siiown in the diagrammatic illustration of Fig. 1 in the
interest of simplicity. It will be understood however
that before either of the above-described modes of oper-
ation of the system of Fig. 1 may be obtained that pro-
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vision must be made for engrgizing the autopilot system:
and providing a warm-up period in which the various
components of the system such as gyroscopes, generators
and motors are brought up to operating speed and such
electronic components- as’ may be involved have been
given sufficient time to be properly Heated so that normal
function may be obtained at the time the autopilot com-
ponents are utilized. This warm-up interval is referred
to herein as the Standby period and is obtained by move-
ment of the mode selector switch from Off position to
Standby position.

In the Standby mode of operation provision is also
made for synchronizing the autopilot with the aircraft
control surfaces. This is accomplished as will be de-
scribed in detail at a later point by synchronizing the
position of the control stick CS of the flight controller
FC with the positicns of the respective control surfaces
in such a way that the position of the flight controller
control stick CS corresponds to the command position
of the control stick CS when the autopilot is functioning
to achieve the instant control surface defleciion. In
accomplishing this in the present arrangement, provision
is made through suitable motor means associated with
the yaw -and pitch axis of the flight controller to drive
the flight controller FC in each of these two degrees of
freedom in dependence of rudder and elevator deflection
respectively. No attempt is-made to synchronize the-
flight controller FC about its roll axis since the ailerons
are used only to initiate roll velocity to accumulate a
particular bank angle and are usually streamlined at the
time the bank angle is accumulated. Thus this function
differs from the control required about the vaw and
pitch axis wherein for a coordinated turn at a given rate
suitable yaw and pitch velocities must be maintained
requiring deflection of both the rudder and the elevators
in sufficient amount to produce the required yaw velocity
for the instant angle of bank.

Before proceeding with a detailed description of the
system as illustrated in Figs. 2A and 2B, this invention
will be better understood by considering the details of
the flight controller and the details of the roll gyroscope
assembly involving the detachable roll pendulum RP.

The details of the flight controller FC are illustrated
in Figs. 3 through 10. These figures illustrate only the
basic elements of the flight controller including the three
degree of freedom mounting of the electrical pickoffs, the
detent operated switches, the motors for driving the
flight controller about its yaw and pitch axes and the
magnetically operated center indicating detents for the
vaw and pitch axis of the flight controller FC as well as
the spring centering arrangement for centering the flight
controller FC about its roll axis. Additicnal features
normally incorporated in an arrangement of this type
and which are housed in a chassis section usually in-
tegrally formed with the base include suitable indicators
for indicating the control surface positions, trimming
potentiometers for trimming the altitude of the oratt
about each of its three axes of freedom and switches for
controlling certain functions of the system. Such com-
ponents have been eliminated from the showing of struc-
tural details of the flight controiler FC in the interest of
simplicity.

As illustrated the flight controller FC comprises a
generally circular base 1 upon which a pair of diametri-
cally spaced vertical supports 2 and 3 are mounted.
Bearings 4 and 5, defining a single bearing axis X—X,
are mounted adjacent the upper ends of the respective
vertical supports 2 and 3. A gimbal type frame 6 is
journaled by bearings 4 and 5 for rotation about the
bearing axis X-—X and is provided with respective bear-
ings 7 and 8 defining a bearing axis Y—Y which is sub-
stantially 90° displaced from the bearing axis X—X.
Bearings 7 and § rotatably mount a second gimbal type
frame 9 in which the control stick CS is journaled about
an axis Z—Z which is perpendicular to the bearing axis -
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Y—Y. The control stick CS is therefore arranged for
three degrees of angular freedom in the bearing arrange-
ment described having freedom of movement about all
of the axes X—X, Y—Y and Z—Z. The respective axes
X—X, Y—Y and Z—7Z of the flight controller FC corre-
spond to the roll, pitch and yaw axes of the aircraft and
the arrangement of the flight controller FC in the system
is such that movement of the control stick CS about the
axis X—X or roll axis controls the ailerons A, that
movement of the control stick CS about the axis Y—Y
or. pitch axis controls the elevators E and that rotation
of the control stick CS about the axis Z—Z or yaw axis
contrels the rudder R of the aircraft.

Movement of the control stick CS about the respective
axes described controls respective electrical - pickoffs
which afe herein illustrated as potentiometer type pick-
offs having movable taps actuated by movement of the
control stick. In this connection movement of the con-
trol stick CS about the roll axis X—X actuates a tap 1§
which is made of resilient spring material-and provided
with a contact at the lower end thersof which rides along
an edge of bank potentiometer BP.- The upper end of
the resilient tap 10 is secured to a depending bracket 11
extending downwardly from gimbal 6. - Hence tilting of
the gimbal 6 about the roll axis X—X actuates the tap
10 along the arcuate edge of the bank potentiometer-BP.
The bank potentiomster BP is carried by means of sup-
poris 12 ‘on the base 1 of the flight controller.

A pitch potentiometer PP and a climb and dive poten-
tiometer CDP are carried in side-by-side relationship as
shown in Figs. 4, 5 and 6 on suitable taps 1ia integrally
forraed at the lower end of bracket Ii. Pitch poten-
tiometer PP is provided with a movable tap 13 and the
climb and dive potentiometer CDP is provided with a
movable tap 14, Movable tap i3 is mounted at the lower
end of an angle-shaped bracket i4a as seen in Fig. 6
which is secured to the ‘bottom face of a bracket 15 de-
pending from the gimbal 9. - Hence, as the gimbal 9 is
tilted about the pitch bearing axis Y—Y, the movable
tap 13 is swept across the arcuate edge of the pitch
potentiometer PP. A similar mounting is provided for
a. movable tap 14 of the climb and dive potentiometer
CDP at the bottom end of a bracket 16 which also de-
pends from the gimbal 9. Consequently, this tap is also
 actuated with the tap 13 upon movement of the control
stick CS in such a sense ‘as to rotate the gimbal about
the pitch bearing axis Y—Y.

Turn potentiometer TPy as will be seen in Fig. 8 is
secured between supports 27, only one of which is shown,
which project upwardly from the depending bracket 15
of gimbal %. The movable tap y of the turn poten-

tiometer TPy is connected to and actuated by stem 18

of the control stick CS. The turn potentiometer is con-
centrically located with respect to- yaw axis Z—Z and
the contact tip of tap y sweeps along the arcuate edge of
the tura potentiometer TPy. :
With this arrangement rotation of
Cs about any one of its three axis of freedom selectively
actuates the corresponding one of the potentiometer taps.
At .the same time the control stick CS may be moved in
such a way as to simultaneously actuate all of the poten-
tiometer taps in the required proportion, for instance, in
“the Buiost mode of operation of the flight control system,
to execute eny maneuver within the capacities of the
aircraft. . ;
The neutral position of the control stick CS is indicated
by suitable mechanical restraining means associated with
each of the three axes of freedom. In connection with
the roll axis X—X which is the only stick axis about
which motor synchronizing is not provided, the neutral
position is determined by means of a restraining spring

12 which is of generally U-shaped configuraticn as seen -

in dotted ocutline in Fig. 6. This spring is pivotally con-
nected at its lower end to vertical support 3 and a pair
of pins 20 which are mounted at diametrically disposed

the control sti'ckv
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points -on -the gimbal 6 project between the forked ex-

f the U-shape spring i9. Hence, whenever the
control stick CS is rotated abotit roll bearing axis X—X,
the forked extremities of the U-shaped spring 19 are
forced apart restraining the movement of the - control
stick CS. -Whenever the force is removed from the con-
rol stick CS, the spring exerts a restoring force thereon
to return the stick to the position indicated.

Such spring loading about the patch and yaw bearing
axes Y—Y and Z—Z is not provided but an indication
of the neutral position of the stick about these respective
axes is obtained by means of magneticzlly operated de-
tents generally designated 21 and 22. :

Magnetic detent 21 comprises a housing 23 of mag-
netic material which is disposed at the upper end of the
vertical support 2 and has a portion forming the bearing
4 about which one end of gimbal 6 is journaled. A hole

24 which is concentric with roll axis X—X is provided -

20

in the housing 23 and is adapted to receive the stem 25
of the detent plunger, the outer end of which is provided
with a plate 26 of magnetic material having a configura-
tion corresponding to that of the housing 23. A coil 27
is .cisposed within the housing 23 and when energized

" produces a magnetic field which links the plate 26 -at-

tracting the plate towards the housing. This displaces
the plunger 23 of the magnetic detent to the right, as
viewed, engaging the pointed end of the detent plunger
with the arcuate face of a plate 28 carried by the gimbal
9. The center of this arcuate. face is about the axis
) and a suitable recess 29 is provided in this arcuate
face to receive the pointed end of detent plunger 25,
The force of engagement of the detent plunger 25 with
recess 29 and the slope of the recess face is such that
the human pilot may easily move the control stick .CS
about the pitch axis Y—Y through the detent position,
but the restraint afforded at the detent position is such
as to positively indicate to the human pilot the neutral

N

J—

- position of the stick about the Y~—Y axis.

40

The magnetic detent arrangement asscciated with the
vaw axis Z—Z is similar in principle to that associated
with the pitch axis Y—Y and involves a magnetic hous-
ing 3% through which the stem i3 of the .control stick
¢S is fitted. This magnetic housing is adapted to receive
an annuiar coil 31 which when energized produces a
magnetic field. linking a vertically displaceable magnetic
plate 32 which is supported at the upper ends of a plu-
rality of pins 33 (see Figs. 3 and 8) which are slidably

mounted in suitable holes 33« in the magnetic housing

50

39, One of the pins, namely the pin 33 seer in. Fig.’
3, prejects through the bottom of the magnetic housing
2§ and clears through a bracket 34 which mounts.the
magnetic housing 39 on the upper side of gimbal 9 and

" is adapted to ride against the upper face cof a sector gear
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“with its rotor axis vertical.

25 which is secured to the stem 18 of the control stick.
The upper face of gear 35 is provided with a recess 36
adapted to teceive the lower pointed end of pin 33 to
thereby indicate the neutral position of the control stick

_about the yaw axis Z—Z.

The synchronizing motor drives for the control stick
CS about its yaw and pitch axes, namely the axes Z—Z
2nd Y—Y, comprises respective motors TSM and PSM.
In the interest of simplicity the details of these motors

- have not been illustrated, however, these may be small

permanent magnet field, direct current motors which are
reversible in direction of rotation by reversing the arma-
ture terminal voltage. The turn synchronizing motor -
TSM is mounted beneath the upper plate of gimbal 2
A clearance hole is drilled
through the upper plate of gimbal 9 to clear a pinion
40 which is connected or mounted on the motor shaft.
The pinion 40 meshes with a gear 41 having a small
pinion 42 concentrically secured. thereto. Small . pinion
42 meshes with gear sector 35 which as previously de-
scribed is connected to the stem 18 of the control stick
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CS8, which completes the drive for the control stick CS
about its vertical yaw axis Z—Z7.

The pitch synchronizing motor PSM is mounted on
the inner face of the depending bracket 16 which is
carried by the gimbal 9. The axis of rotation of motor
P3SM is substantially at right angles to that of the turn
synchronizing motor TSM and pinion 44 which is
mounted on the shaft of the pitch synchronizing motor
clears through a suitable opening 45 in the depending
bracket 16. Pinion 44 meshes with a gear 46 having
concentrically mounted thereon a pinion 47 meshing with
a gear sector 43 concentrically mounted with respect to
the pitch axis Y—Y on gimbal 9. The pitch motor
PSM therefore swings with the gimbal 9 about the Y—Y
bearing axis.

In operation, when in neutral, the fiight controller FC
is preferably although not necessarily oriented in the
crait with the roll axis X—X paralleling the longitudinal
or roll axis of the craft, with the pitch axis Y—Y paral-
leling the pitch axis of the craft and with the yaw axis
Z—7, paralleling the yaw axis of the craft. In the sys-
tem, rotation of the control stick CS about the yaw
axis Z—Z actuates the tap y of the turn command po-
tentiometer TPy producing the turn command signal
which is utilized to control the rudder R. Rotation of
the control stick CS about the pitch axis Y—Y actuates
the pitch and climb and dive potentiometers PP and
CDP, respectively, to introduce the pitch command
signal to the system and, rotation of the control stick
CS about the roll axis X—X actuates the bank poten-
tiometer BP to introduce the roll command signal into
the system.

The stick mechanism is enclosed by a housing 49
having a hemispherical top provided with an opening
to clear the stem 18 of the comtrol stick CS and a con-
trol kncb 50 of generally cupped shaped configuration
to fit over the hemispherical upper surface of cover 49
is screwed to a flange 51 at the upper end of the stem
18 of the control stick to complete the conmtrol stick
assembly. Control knob 56 is of suitable external con-
figuration to receive the palm of the pilot’s hand and is
of such size that the tips of the pilot’s fingers may ride
over the edge of the control knob and contact the surface
of cover 49 which steadies the pilot’s operation of the
control stick.

The switching function for disconnecting the course
control unit CU and the vertical rate control system VRC
from the autopilot system as described in connection
with Fig. 1, is initiated in respective detent switches
generally designated S5 and S§. These switches may
be of any suitable type capable of actuation from the
small movement afforded by movement of their opera-
tors in and out of the detent notches provided for their
operation. Moreover the switches must require a mini-
mum of mechanical force for operation such that move-
ment of their actuators through detent position imposes
a negligible load on the gimbal system of the flight con-
troller so that no difficulty is encountered by the syn-
chronizing motors TSM and PSM in driving the yaw
and pitch gimbal systems of the flight controller through
the switch detent positions during the Standby mode of
operation of the system.

The yaw detent switch S5 is actuated by vertical move-
ment of the magnetically operated detent assembly 334
as it moves back and forth through detent position.
Switch S5 comprises a pair of normally open leaf spring
contacts 53 which are moved to closed position by a
bracket 54 depending from the plate which carries the
detent pin 33. Inasmuch as the system provides for
energization of the electromagnet of the yaw detent 22
on the flight controller FC during the Cruise and Boost
modes of operation sufficient force is available to close
the contacts 53 whenever the control stick CS is in neu-
tral position in yaw, that is when the control stick CS
is in yaw detent. The closing of the contacts 53 as will
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be described at a later point- establishes a circuit whereby
the course certrol- unit- CU may be disconnected from
the autopilot system.

The pitch detent switch S§ may be a commercially
available light duty plunger operated switch which is nor-
mally spring biased: closed. Hence, when the control
stick CS is in pitch detent, provision is made through a
recess 55 in the arcuate face 56 of bracket 14 to permit
the pitch detent switch-S6 to close:. When the pitch detent
switch is closed, the flight controller control stick CS'is
centered indicating that the craft is in level flight. This
establishes suitable circuits which seals the altitude cham-
ber of the vertical rate control VRC to trap air -therein at
a pressure corresponding to the instant altitude of the
craft so that in the Cruise mode of operation the aircraft
may be maintained at that altitude. The details of the
pitch-detent switch assembly are best illustrated in Figs.
6 and 7.

Figs. 11 through 15 illustrate the details of the roll
gyroscope RG. This assembly comprises a main frame
58 of substantially channel shaped cross-section and of
rectangular plan-form as best seen in Fig. 12. Bearings
59 and 60 disposed in coaxial relationship in the bight
portions of the top and bottom channel sections of the
frame 58 journal a gimbal 61 affording a vertically dis-
posed pivot axis for the gyro gimbal. A hysteresis motor
driven gyro motor 62 is journaled in the gyro gimbal 61
about a bearing axis substantially perpendicular to the
axis defined by bearings 59 and 69. This latter axis is
the rotor spin axis of the gyroscope while the axis defined
by bearings 59 and 60 is referred to as the precession axis
of the gyroscope. In practice, this roll gyroscope is in-
stalled- in the aircraft with the precession axis substan-
tially paralleling the yaw axis of the aircraft and with the
rotor spin axis occupying a position in a plane substan-
tially paralleling the pitch axis of the aircraft. Hence
upon rotation of the aircraft about its longitudinal axis
the rotor spin axis is angularly displaced and the gyro
precesses in an attempt to align the rotor spin vector with
the input torque vector in a direction determined by the
direction of rotation of the gyroscope rotor with respect
to the direction of the input torque.

Precessional movement of the roll gyroscope RG actu-
ates a prod 63 which is carried by the gyro gimbal 61.
Prod 63 constitutes the actuator of an aileron regulator
electrical pickoff generally designated AR. This electrical
pickoff comprises a pair of oppositely disposed stacks of
normally open leaf spring contacts generally designated
64 having the actuator 63 disposed therebetween. Hence,
upon precessional movement of the roll gyroscope RG
in one direction or the reverse, the contacts 64 are selec-
tively operated. These contacts control the aileron servo
system yet to be described. The aileron regulator con-
tacts are mounted between the sides of the channel section
of frame 58 on the right side of the frame assembly as
viewed in Fig. 12.

Means for applying torques about the precession axis
of the roll gyroscope RG are provided therein. Such
means are represented in the respective biasing magnet
assemblies 68 and 67 which are mounted on the extremi-
ties of a support 67a on opposite sides of the main frame.
Each biasing magnet assembly comprises a pair of op-
positely disposed electromagnets respectively designated
68, 69 and 78, 71i. The respective assemblies are ar-
ranged in suitable housings secured in coaxially opposed
relationship by means. of respective clamps 72 and 73
forming part of the support 67a.

The details of one biasing magnet assembly, for ex-
ample, that designated 66, appear in Fig. 15. Each elec-
tromagnet comprises a cylindrical housing 75 which is
engaged by a clamp 73. Such housing is provided with
a concentric core section 76 provided with an enlarged
circular end 77 which is utilized to secure the respective
coil assemblies 78 against movement. The circular ex-
tremities 77 are disposed in spaced confronting relation-
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ship and an annular armature 79 which is connected to the
gimbal 61 by means of an arm 89 is supported in con-
centric relationship about the circular end sections 77
and straddling the airgap therebetween. The armature
airgap 81 which is measured radially between the inner
face of the armaturs 79 and the adjacent circular end
~ sections 77 is appreciably smaller than the airgap between
the confronting ends 77 of the circular end sections so
that the reluctance at the armature airgap is considerably
lower tham that between the -confronting faces of the
- circular end sections 77. The outer peripheral face of
the annular armature is correspondingly radially spaced
from the inner peripheral face of the housings 75 and
straddles the airgap between the confronting edges of the
housings. The same relationship exists here between the
radial airgap and the axial housing airgap so that Iower
reluctance exists across the radial airgap. Thus the main
fiux tends to circulate across the respective radial airgaps
- rather than between the axially spaced faces of the respec-
tive cores 76 and housings 75 of the magnet system.

Although the displacement of the armature is of an
angular nature about the precession axis of the gyroscope,
the movement of the gyroscope about its precession axis
is limited to such a small value that the armature motion
may be construed to be essentially axial of the longitudinal
axis of the electromagnet assembly. From this it will be
appreciated that the radial airgap dimensions associated
with either of the electromagnets is substantially -un-
changed by movement of the armature and the variation
in magnet-pull is practically independent of armature dis-
placement. The biasing torques associated with “either
electromagnst are made a linear function of coil current
by means of a polarizing flux and therefore do not follow
the square law relationship which exists with conventional
unpolarized arrangements. ‘As the consequence: the mag-
net pull in linear with respect'to coil currents and, hence,
is linear with respect to operation of such instrumentality
as may be controlling the coil -current, minimizing cali-
bration problems in the biasing control of the gyroscope
assembly. Similar biasing schemes are utilized on the
yaw and pitch gyroscopes in the control system.

Roll pendulum RP comprises 2 substantially rectangu-
lar mass 85 as seen in Fig. 13 which straddles the vertical
and lateral dimensions of frame 58 and is provided with
a pair of support arms 86 and 87 which are pivotally
mounted on bearing extensions &8 and 89, respectively,
of bearings 59 and 69. As will be seen from the geometry
of the roll pendulum, the center.of gravity is removed
from its axis of pivoting which, as noted hereinbefore,
substantially parallels the yaw axis of the aircraft. As a
consequence the roll pendulum will sense lateral accelera-
tion of the aircraft and upon tilting of its pixot axis from
the vertical position, as by roll displacement of the air-
craft and in the absence of centrifugal force, will rotate
about .the vertical axis under the influence of gravity.
Hence if the afrcraft is-in a turn which is not properly
coordinated and slipping or skidding occurs, the roll pen-
dulum RP will respond to the components of gravity and
lateral acceleration acting thereen, in a direction depend-
ing upon the resultant of these different forces.

Provisicn is made herein for detachably securing the
roll pendulum RP to the gyro gimbal 61, in accomplish-
ing this, an electromagnet assembly comprising a housing
91, depending through 2 suitable cpening in pendulum
support arm 86, houses a coil 2 through the center of
which a core 93, having a pointed bottom end, projects.
The bottom end of housing 21 is disposed in closely spaced
relationship with an armature 93 carried by a spring 96
which is secured to rotate with gyro gimbal 61. Arma-
tare 95 is provided with a tapered recess 87, the faces of
which have a slope corresponding to the slope of the face
of the pointed end of core #3. When coil 82 is deener-
gized, spring $6 maintains the spaced relationship be-
tween the armature and the core indicated in Fig. 12 and
hence the peadulum is disconnected from the gyro gimbal
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61. When coil 92 is energized the armature is drawn up-
wardly as viewed seating the pointed end of core 33 in
recess 97 thus locking the roll gyro gimbal to the roil
pendulum. Thus the forces of the pendulum- are com-
bined as torques with the precession torque of the gyro-
scope and utilized in conirolling the actuator 63 of the
aileron regulator pickeff arrangement. -

The roll gyroscope RG with its attachments including
actuator 63 and armature 95 as well as the armatores of
the biasing magnets 72 and 73 is balanced about its pre-
cession axis so that the effects of gravity and lateral accel-
eration are neutralized. - This is the condition in which
the roll gyroscope RG is utilized in- the Boost-mode of
cperation of the autopilot system. In-the Cruise mode of
operation the electromagnet is energized which connects
the roll pendulum to the gyro gimbal 61 to introduce the
cffects of the pendulum in obtaining coordinated controi.

In the autopilot system illustrated in- Figs: 2A and 2B
the application of the flight controller FC and the roll
gyroscope RG is diagrammatically illustrated. . In these
illustrations particularly with regard to the flight controller
FC the essential components are illustrated at convenient
points in the circuit network and the connection of such
componenis with the respective axes are indicated by
dotted lines representing the mechanical connections.

The system is designed for operation from the power
supplies available on modern aircraft. In this connection
the gyro motors and certain of the synchro elements
utilized in the course control system are adapted for op-
eration from a 400-cycle three-phase alternating current
supply system. Some synchro elements and a discrimina-
tor circuit utilized in the course control -unit are adapted
for cperation from a 400-cycle, single phase, 115 volt
alternating current supply circuit. The servo system and
control circuits are designed for operation from standard
D. C. supplies which are available. ~ It should be noted
at this point that the system inscfar as-conmtrol circuit
components and servos are -concerned is merely repre-
sentative of one class of equipment which may be utilized
in such an arrangement. For instance, instead of the
electric servos indicated, electrically contrelled hydraulic
servos may be employed for actuating the control surfaces
of the aircraft. Similarly, while the system has been illus-
srated as being connected to a direction detector such as
2 flux valve compass system, or other similar system, it
will be appreciated that modifications may be made adapt-
ing the system to control signals from radar equipment
for automatic tracking purposes and from suitable radio
equipment of the type employed, for example, in instru- )
ment landing systems. ,

The system herein disclosed is essentially a three-chan-
nel -arrangement in which each input may be regarded as
the biasing system of the respective yaw, roll and pitch
gyroscopes and the outputs represented in the outputs of
the respective servos for driving the rudder, the ailerons
and the clevators respectively. -

For the purposes of this discussion the direction of flight
of the aircraft may- be considered as from right to left,
as viewed in Figs. 2A and 2B. For the particular orienta-
tion of the gyroscopes indicated, the yaw axis of the craft
occupies a position in the plane of -the paper at right
angles to the line of flight or longitudinal axis, and the
pitch axis cf the craft which is disposed laterally of the
aircraft occupies a position substantially- perpendicular
to the plane of the paper. As earlier indicated for the
purpose of -analysis, these axes. are presumed to be
mutually perpendicular. )

- Although ihe gyroscopes in this diagrammatic illustra-
tion of the system are separated, in practice it is customary
to mount them on a single platform in the angular rela-
tionships indicated. This unit assembly of the gyroscopes
therefore. forms a small compact assembly which may be
properiy oriented on the aircraft at some convenient loca-
tion where space is available. o

Circuit protective devices such as -fuses and circuit
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breakers and items such as power control switches and
power supply units have been left out of the illustration
in the interest of simplicity, the circuitry shown constitui-
Ing the essential basic circuiiry of the autopilot of this
invention.

The autopilot is controlled by means of a mode selector
switch which is generally designated MSS. This switch
may be any suitable commerciaily available switch and
is illustrated herein as comprising respective contact seg-
ments which are rotatably mounted and which selectively
control the closing of switches SW1, SW2 and SW3 which
establish the respective operating modes. Switch MSS is
a four-position switch operable through the four positions
indicated including Off, Standby, Cruise and Boost.

In the Off position of the mode selector switch MSS
the autopilot circuits are completely deenergized and the
craft, if in flight, is completely under the conircl of the
conventional controls provided in the aircraft.

In the Standby position switch SW1 is closed, which
energizes a standby switch generally designated SS, clos-
ing its normally open contacts PS and G, Contacts PS
are the power contacts which apply direct current power
to the autopilot circuits and GS is a gyro switch waich
applies alternating current to a single phase of three-phase
converter PC constituting the three-phase power supply,
the output of which is applied to the motors driving the
Tespective gyroscope rotors. The output circuit connec-
tions are not shown in the interest of simplicity. Clos-
ure of switch GS also applies alternating current to com-
poneants ot the course control unit CU,

in the Cruise position of the mode selector switch
MSS, contacts Swz are closed, which energizes the coil
of the coordinated conirol switch generaliy aesignared
CCS.  This switch is provided with a pair of nurmaliy
closed contacts respectively designatea 5SS and 1dS.
Tne urst of these is termed the elevator synchronize switch
and the second is termed the turn synchronize swiich, Ia
the Standoy position, woen the switch CCs is aeenergized,
these coniacts estaolsh energizing circuits for the turn
Synchronize motor idM and tne pich synchronize motor
PsM of the fiigat controller, the details of waich wil- be
described at a later point.

In the Boost position of the mode selector switch MSS
the remaining set of contacts SW3 are closed. This
compleies an energizing circuit for the coil of a maneuver
switch generalty aesignated MS. This switch is equipped
with normally closed contacts ACS comprising the alti~
tude cut-out switch and which are utilized in the Boost
mode to deenergize the coil of the altitude valve magnet
AVM which is spring biased to cpen the altitude cham-
ber ALT to the aimosphere. Normally closed contacts
VRCS comprising the vertical rate control switch are
open when the maneuver switch MS is energized. This
opens the biasing circuit and output circuit ot the vertical
Tate control VKC to eifectively disconnect the vertical
rats coatrol function from the autopilot system. The
normally closed contacts of the bank pendulum switch
BPS are open in the Boost mode, deenergizing the bank
pendulum magnet BPM which disconnects the roll pen-
dulum RP from the roll gyroscope RG. Opening of the
contacts of maneuver turn switch MTS1 disconnects the
transient coordinator TC from the roll gyro biasing coils
%yl and xy2, while closing of maneuver turn switch
contacts MTSZ connects the output of the turn poten-
tiometer TPy directly to coils TP and TP2 of the biasing
magnet system of the yaw gyroscope YG. Opening of
contacts DRS of the delay rudder switch disconnects the
transient cocrdinator TC from yaw gyro biasing coils xz1
and xz2. Opening of the contacts of the up elevator
switch US disconnects the transient coordinator drive for
the up elevator potentiometer UEP and, hence, removes
the transient coordinator’s conmtro: of the elevators, and
closing of the contacts of bank switch BS shunts resistor
R11 in the circuit for roll gyro biasing coils BP1 and

[+

10

i5

20

30

35

40

45

50

55

60

65

70

({:]

18
BP2Z to increase their sensitivity to the bank poteatiom-
eter BP.

Considering now the respective channels of the puto-
pilot, the yaw channel includes the yaw gyroscope YG
having a polarized biasing magnet system of the type ilius-
irated in Fig. 15 and described in connection with the
detailed description of the roll gyroscope. This gyro-
scope is provided with a plurality of biasing coils through
which various command signals and feedback signals are
fed to produce control torques about the precession axis
therecf. These coils are all adapted for direct current
energization, in circuits extending across the direct cur-
rent supply conductors respectively designated B+ and

The rudder servo includes a rudder regulator electrical
vickoff generally designated RR having leaf spring type
contacts as described in conmection with the detailed
description of the roll gyroscope RG presented herein-
before. The respective leaf spring contacts of this as-
sembly are connected in series with the respective resistors
of groups 100 and 161. The resistors of groups 180 and
161 are connected in parallel with opposite sides of the
direct current power supply system and are connected to
control the polarity and the degree of excitation of a
rudder motor circuit controlling the armature excitation
of rudder motor RM. The field RF of the rudder motor
RM as will be observed is connected directly across-the
direct current power supply and, hence, is furnished with
constant excitation. Consequently, the speed and direc-
tion of rotation of the rudder motor RM are determined
by the magnitude and polarity of the voltage applied
across the armature terminals of the rudder motor. The
rudder motor RM is mechanically connected to drive the
rudder R through a suitable mechanical linkage which
may include a conventional cable drum arrangement or
other suitable drive used in connection with electric type
serves. Normally this mechanical drive between the
rudder motor and the rudder is disconnected. Wher the
mode selector switch MSS is in both the Off and Standby
positions and is not connected until such time as the mode
selector switch is moved to Cruise position.” When mode
selecter switch MSS is in Cruise position the contacts
SW2 complete a connecticn between the B conductor
of the direct current power supply and conductor 182 to
which one side of the coil CC1 of a clutch in the rudder
drive is connected.

The rudder motor RM is connected as one leg of an
electrical bridge circuit including resistor R1 in an ad-
jacent leg. The tapped portions of potentiometer P1
constitute the remaining adjacent legs of this bridge cir-
cuit. The output terminals of the bridge circuit are repre-
sented in terminals O1 and O2, the laiter of which is the
tap om potsntiometer P1. Voltage of ome polarity or
the reverse is applied across the terminals of potentiometer
Pi by the rudder regulator pick off RR. The magni-
tude of the voltage so applied is determined by the mag-
nitude of deflection of the flexible comtacts which are
successively engaged upon increasing deflection to succes-
sively insert resistors 188 or 101, in parallel in the ener-
gizing circuit for the bridge across the supply conductors
B and B~-. The details of this circuit are not dis-
cussed in this application since they are not essential to
an understanding of this invention. Further information
on these details may be found in a copending application
of C. R. Hanna et al., Serial No. 785,985, filed Novem-
ber 14, 1947 and eatitled Control Systems for Dirigible
Craft.

The rudder motor bridge circuit is electrically balanced
against the D. C. resistance of the rudder motor armature
when the rudder motor RM is not running. When a volt-
age is applied across the input terminals of the bridge
circuit, the rudder motor RM begins to rotate to defiect
the rudder of the aircraft. When this occurs, the coun-
terelectromotive force increases, which increases the
effective D. C, resistance of the rudder motor armature,
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the voltage across the rudder motor armature being ap-

proximately proportional to motor speed. Consequently,
the bridge unbalance voltage appearing across output ter-
minals O1 and O2 is approximately proportional to rud-
der motor speed and the polarity -of the voltagé depends
upon the direction of rotation of the. rudder motor..
Therefore, the bridge unbalance voltage may be referred
to as.a velocity voltage since it has the components of
magnitude and sensé of direction of rotation. This volt-
age is used to stabilize the rudder motor loop by its con-
nection to coil RV1 of the yaw gyro. biasing magnet sys-

_tem which controls the output.of the yaw gyro in such

a way as to damp the operation of the rudder motor.
The yaw gyro YG is further-controlled in dependence

- of a voliage indicative of rudder positidn.ﬁ Such, a voltage
may be detected-either by an electrical pick-off actuated

directly from the rudder motor drive. as shown, or, may
be produced by a pick-off gearéd directly to the radder
motor. - The. pick-off herein shown is a - potentiometer
RP, the tapped portions. of which are connected as- ad-
jacent legs of a bridge circuit and the remaining-two less
of which respectively including coils RP1 and RP2 of the
vaw gyro biasing magnet system. This bridge circuit is
energized -across the direct current power ‘supply conduc-
tors B+ and B—. - Thus, both. velocity and position feed-
back: signals -are applied in: the rudder motor regulator
loop to-provide adequate control. .

Limits -are imposed -on the magnitude of rudder de-
flection: by means of respective limit switches RL1 and
RL2 which are geared in the-rudder motor drive in such a
way as to be selectively opened by the cam actuator there-
for- when thé extremes of rudder: deflection are reached.
The switches are connected in the energizing circuits for
the rudder motor bridge circuit and consequently, when.
opened, deenergize the rudder motor.

The yaw gyro biasing magnet system is additionally
controlled by a magnet. polarizing voltage taken from
the tap of rudder -trim potentiometer RTRP, the tapped
portions. of which are connected as adjacent legs of an
electrical bridge circuit connected across the direct cur-
rent power supply conductors B4 and B—. The remain-
ing -adjacent legs of this bridge circuit are formed by
respective biasing magnet coils X711 and XZ2. Coils X731
and XZ2 are. additionally energized by voltage appearing
between an adjustable tap x of a potentiometer TPx and
a fixed tap z of a potentiometer TRz. These potentiome-
ters comprise a-portion of -a transient coordinator TC
yet to be described, and the tapped portions thereof form
adjacent legs of -ap “electrical bridge circuit energized
by the direct current power supply. The voltage appear-
ing between taps x and z is time delayed, as will be ex-
plained, with respect to a voltage applied to control the
ailerons of the craft in order to delay or suppress rudder
deflection- until such time as bank angle has been ac-
cumulated. Tl

Yaw gyro biasing magnet coils TP1 and TP2 are con-
nected in adjacent legs of a bridge circuit including the
tapped portions of a turn potentiometer TPy which, -as
earlier described herein, is actuated” by. rotation of the
control stick CS of the flight controller FC.  The voliage
at adjustable tap y of the turn potentiometer controls the
relative magnitudes of excitation of biasing- magnet coils

- TPi, TP2, TP3 and TP4 depending upon the direction of

unbalance of the bridge circuit by movement of the ad-
justable tap y.. These coils in addition to applying bias-
ing torques also polarize: the yaw gyro biasing magnet
system. e
Coils .§V1 and SV2 are cannected. in: series across the
output terminals O3 and T2 of an electrical bridge cir-:
cuit -including the armature winding of aileron motor
AM.  This bridge. circuit includes. a resistor R2.as an
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tiometer P2A having the tap T2, This bridge circuit is

similar to that described in connection with the rudder
servo motor RM and is: normally balanced when the.
aileron servo motor AM.is not running. The voltage
appearing across the output terminals O3 and T2 and
which energizes coils §V1 and SV2 of the yaw gyra YG,.
is, therefore, a.volitage proportional to the velocity of
the aileron servo motor AM. The control of the yaw

gyro output afforded by coils SV1 and SV2 is arranged

o minimize skidding or side slipping of the aircraft due.
to insufficient application or over-application of the rud-
der R. This voltage is referred to herein as a skid voltage-
which tends to coordinate the movement of the aircraft

- about its yaw and roll axes o produce a coordinated turn.
The turn synchronize motor TSM, which drives the:
control stick CS about its yaw axis in the Standby mode.

of autopilot operation, is connected in parallel with the
armature of the rudder motor-RM during-the Standby
mede of operation by the normally - closed ‘turn syn-
chronize switch TSS which is on the coordinated control.
switch- CCS. Motor TSM has its armature -‘winding con-
nected as an adjacent leg in an electrical bridge. circuit
with resistor R10, the remaining two legs of which. are
represented in the tapped portions of a resistor R11. . This
bridge circuit, as in the case of the rudder servo motor.
bridge circuit, is electrically balanced against. the. D. C..
resistance - of the armature winding; of . the turn. syn-

" chronize motor TSM,; when: the turn synchronize motor
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TSM is not running. Consequently, the output of this
bridge circuit, which is applied to: coil TSD of the yaw
gyro biasing magnet, is: propertional to the velocity of:

operation of the. turn synchronize motor TSM and is: fed-

into the regulator loop of the rudder motor to act as.a
damping control therein.
chronize motor TSM is. responsive. to the: rubber motor

armature voltage, this damping control stabilizes: the. fol-

low-up operation_of the turn synchronize motor TSM in
the Standby mode. of operation.
Coils. CU1 and CU2, which are the remaining coils of

the yaw. gyro biasing magnet system, are polarized by

coils TP3 and TP4 on the lower magnet and are energized
by. the electrical.output of the course control-unit- gen-

erally designated CU. The control of yaw gyro output

afforded by coils CUL and CU2 adds a position or direc-
tivity sense to the velocity sense of the yaw gyro YG-tend-
ing to. majntain a contrcl on the rudder. of the aircraft
sach as to held: the craft on fixed course during the Cruise
mede. of: autopilot operation. The details of--the- course:
control unit. CU: will'be explained: at. a:later point.
Continuing the, discussion .of the. three channels. of the:
autopilot, the aileron: channel:includes the roll gyro RG,
the output of which is sensed by the aileron regulator elec~
trical pick-off AR as.indicated by the ‘mechanical connec-

" #irn thereof with the precession.axis of the roll gyro RG.
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adjacent legin the bridge with the armature of the aileron

motor AM and thé-remaining adjacent legs. of -this bridge:
circuit are represented in the tapped portions of a poten-

75

Thé aileron regulator. pick-off, as in the case of the rudder:
regulator pick-off, includes' the respective groups of con~
trol resistors 163 and 184 which-are selectively connected
in parallel in the power supply circuit for the aileron servo.
metor bridge circuit. . The function. of this circuit. will be:
understood in connection with- the -above description of
operation of the rudder servo motor bridge circuit. The
outpuf of the.aileron servo motor AM is connected me-,
chanically to the -drive for the aileron A. This drive is
controlled by a clutch. having a coil CC2 which, like the
rudder servo clutch CCY, also depends for its energiza-
tion upon energization of conductor 102 : e
As in the case of the yaw gyro biasing magnet system,
both velocity and position feedback  from the- aileron

" motor drive are applied to- biasing coils of the roll gyro

biasing magnets:” The: velocity ‘signal represented in: the.
anbalance-of ‘the ajleron-servo: motor bridge: circuit and
which' appears scross output-terminals O3 and.C4,.is ap-

‘plied: to series:connected: roll-gyro biasing. coils AV1and

AV2.  The: position- feedback: is: obtained -from, the out-

put of an electrical bridge circuit including the tapped

Inasmuch as the turn syn--
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portions of potentiometer AP, the tap of which is actu-
ated by the aileron drive. The remaining adjacent legs
of this bridge are represented in roll gyro biasing coils
AP1 and AP2, and the bridge is connected across the
direct current power supply conductors B+ and B—.
The relative magnitude of excitation of coils AP1 and
AP2 depends upon the position of the tap of potentiometer
AP.

Polarization and balance trimming of the roll gyro bias-
ing magnet system is obtained by suitable excitation of
coils BP1 and BP2 forming adjacent legs in a bridge cir-
cuit energized across the direct current power supply and
having for its remaining adjacent legs the tapped por-
tions of a bank trim potentiometer BTRP.

A coordinating control voltage from the transient co-
ordinator TC, during the Cruise mode of autopilot op-
eration, is applied to series connected coils XY1 and XY2
connected between the taps x and y of potentiometers
TPx and TPy which are connected in bridge circuit re-
lationship and in which the taps x and y represent the
cutput terminals. This latter bridge circuit is also ener-
gized by the direct current power supply.

A cross-feed from the rudder channel for coordinating
contro! purposes is applied to roll gyro biasing coils BV1
and BV2 producing a control tending to cause roll velocity
in correspondence with rudder rate. This is accomplished
by connecting coils BV1 and BV2 between a tap T1 of a
potentiometer P1A paralleling potentiometer P1 in the
rudder motor bridge and the tap O1 of the rudder motor
bridge. The voltage appearing between tap T1 and termi-
nal O1 is proportional to rudder motor velocity and may
be varied as to magnitude to provide suitable control by
adjustment of tap T1.

As earlier described herein, the roll gyro RG includes
a roll pendulum RP which is pivotally mounted about the
precession axis of the roll gyroscope RG and adapted for
connection and disconnection with the gimbal of the roll
gyroscope RG by means of a bank pendulum magnet
BPM. The armature 95 is spring loaded to a position
in which it disengages that portion of the bank pendulum
magnet which is mounted on the roll pendulum RP.
When the roll pendulum RP is deenergized, for instance,
as is the case during the Boost mode of operation, the
physical connection between the roll pendulum RP and
the roll gyroscope RG is broken, and consequently, the
roll gyro RG, which is balanced about its precession axis,
Tespends only to roll rate. However, in the Cruise mods
of operation, when the maneuver switch MS is deener-
gized and the contacts of the bank pendulum switch BPS
are closed, the coil of the bank pendulum magnet BPM is
energized, physically engaging armature 95 with the roll
pendujum RP to unbalance the roll gyroscope RG about
its precession axis and introduce sensitivity to lateral ac-
celeration and roll angle.

The pitch channel of the autopilot, with regard to the
elevator servo motor circuitry, is similar to that as de-
scribed in connection with the rudder and aileron chan-
nels, the elevator motor EM being connected as a leg of
a bridge circuit having output terminals O5 and 06 and
including a resistor R3 and the tapped portions of a po-
tentiometer P3 as the remaining legs. This bridge circuit
is centrolled by selective control of resistor groups 105
and 146 constituting part of an elevator regulator elec-
trical pick-off ER which is mechanically connected to and
detects precessional movement of pitch rate gyroscope
PG, Limit switches EL1 and EL2 in the energizing cir-
cuit for the elevator servo motor bridge establish the
physical limits of elevator deflection and the mechanical
connection between the elevator servo motor EM and
elevator E is controlled by a clutch, the coil CC3 of which
is energized at the time of the D. C. power supply is con-
nected to conductor 162. The function of this portion of
the control will be understood in connection with the de-
scription of the rudder servo motor and clutch control,

The lower section of the biasing magnet system of the
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pitch gyroscope PG includes a set of polarizing coils PP1
and PP2 connected in bridge circuit relationship with the
tapped portions of an elevator trim potentiometer ETRP
and energized in dependence of the setting of the tap of
the elevator trim potentiometer ETRP. This latter bridge
circuit is energized by connection across the direct cur-
rent power supply. .These coils are additionally con-
trolled by a voltage tapped from pitch potentiometer PP
actuated by movement of control stick CS of flight con-
troller FC about its pitch axis. Pitch potentiometer PP
is also connected across the direct current power supply
and its tapped portions, in effect, also form an electrical
bridge including coils PPi and PP2 in adjacent legs.

As in the case of the yaw gyro biasing magnet system,
coils of the pitch gyro biasing magnet system are con-
trolled by both velocity and position feedbacks from the
clevator servo system. The electrical unbalance of the
elevator serve motor bridge circuit appearing across out-
put terminals O5 and O6 is applied across coil EVi of
the pitch gyro biasing magnet. Coils EP1 and EP2 are
connected as adjacent legs of a bridge circuit including
as the remaining adjacent legs the tapped portions of ele-
vator position potentiometer EP, the tap of potentiometer
EP being utilized to control the relative magnitudes of
the voltages appearing on coils EP1 and EP2.

The pitch synchronizing motor PSM on the flight con-
troller FC, in a manner corresponding to the connection
of the turn synchronizing motor TSM, is connected across
the armature terminals of the elevator servo motor EM.
This circuit extends through the normally closed contacts
of elevator synchronize switch ESS on coordinated con-
trol switch CCS. The armature winding of the pitch
synchronize motor PSM is connected as an adjacent leg
with resistor R12 in an electrical bridge circuit including
the tapped portions of resistcr R13 as the remaining adja-
cent legs. The output of this bridge circuit is applied
across a coil EV2 in the pitch gyro biasing magnet sys-
tem to introduce a control in the elevator servo loop and,
hence, a control of the pitch synchronizing motor PSM,
which is responsive to the elevator servo motor armature
terminal voltage. This control is of such character as to
stabilize the operation of the pitch synchromizing motor
PSM to cause accurate follow-up of elevator position, for
example, in the Standby mode of operation.

Coils UEPL and UEP2 of the pitch biasing magnet
produce up-elevator control for the pitch servo during
the Cruise mode of operation. This up-elevator control
is tapped from an up-elevator potentiometer UEP, the
terminal ends of which are connected to the negative
side of the direct current power supply and the tap of
which is conunected through a calibrating resistor R7 to
the positive side of the power supply. With this arrange-
ment, movement of the tap of the up-elevator potentiom-
eter from the electrical mid-point thereof produces voli-
ages of varying magnitudes depending upon the setting
of the tap but of the same sense, that is, no polarity re-
versal occurs. Coils UEPI and UEP2 are energized in
dependence of the voltage tapped from the up-elevator
potentiometer in a circuit exiending through the contacts
of up-elevator switch US which are closed when the
maneuver switch MS is deenergized, which is the case in
all positions of the mode selector switch MSS, except
the Boost position. Hence, in the Cruise mede of opera-
tion, a circuit is established whereby up-elevator control
of the elevator servo is obtained for either direction of
turn. This is accomplished by driving the tap of the up-
elevator potentiometer UEP from control motor CM of
the transient coordinator TC. The character of the con-
trol in coordinating up-elevator application with the aile-
ron and rudder control to produce equilibrium in a turn
will be understcod in connection with the discussion of
the transient coordinator which appears ai a later point.

The remaining coils of the pitch gyro biasing magnet
system are designated VR5 and VR6. These are polar-
ized by coils EP3 and EP4 and are controlied in such &
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way by the_ electrical ‘output of an altitude or vertical

rate. ‘control system VRC as to control pitch altitude
through “the pitch rate gyro biasing system . to. maintain’
a relatively ‘fixed altitude of the craft during the Cruise
mode of operation of the autopilot. * The control imposes
a directivity semse and a. velocity .sense in ‘elevation on
the pitch servo system to supplement the pitch angular
rate control of the pitch-rate gyroscope for controlling
. the elevator servo system. .~ . 7 0 L oL
The course control unit 'CU is under the control of-a
suitable . direction indicator DL . ‘Such a direction indi-
cator may be a conventional flux valve compass system
which normally includes a flux valve compass:arrange-
ment controlling-the output.of a gyroscope functioning
as a filter in the compass-system.. . These details being
conventiondl are not shown: ‘The mechanical output of

the filtering gyroscope: drives ‘the . rotor element of a-

ingle-phase synchro ‘transmitter” ST. - The rotor of this
transmitter is energized from the single-phase 400 cycle
- power supply indicated and the-output voltage represenied
in the three-wire connection of the transmitter ST with a
syhchro differential SD is of a pattern ‘which indicates
an error in heading of the craft.
- Two modes of operation are obtained from the synchro
differential. In one mode, in which brake relay B is
deenergized as indicated, the output circuits of the synchro
differential are short circuited by contacts B2 of the brake
relay, and the remaining circuit of the output circuit of
the synchro differential is connected to the single-phase
supply of alternating current through the now closed
contacts B1 and an autotransformer AT, which latter de-
termines the magnitude of the emergizing voltage of the

synchro_differential winding. With this connection, the

rotating voltage pattern applied to the synchro differen-
tial from the synchro transmitter ST produces a torqué
due to flux linkage with the now energized windings of

the output circuit of the-synchro differential to drive the

rotor of the synchro differential in such a direction as to
reduce to zero the induced voitage in the output circuits,
due to the rotat:ng input voltage pattern.

In effect, the synchro differential functions as a course
repeater tending always to index the main-induction axis
of its rotor with the main axis of the field.” This corre-
sponds to indexing of the rotor with the instant heading
of .the craft as indicated by the output voltage pattern
of the synchro transmitter ST. This type of operation
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exists in the Standby mode of autopilot operation when

the aircraft is being flown by the standard or conventional
controls in the craft, and, therefore, the course unit
is properly indexed to take over the control of the craft
when the Cruise mode of operation is selected.

This type of operation also occurs during the Cruise
mode of operation when the pilot desires to change course
and manipulates the control stick CS of the flight con-
troller FC. The details of this will be described in con-
nection with the operation -of the system. .

In the Cruise modé of operation, when the control
stick CS of the flight controller is in yaw detent, the brake
relay B is-energized. This locks the rotor of the synchro

. differential and applies the output of the synchro differen-
tial to a-bridge including resistors R6. Resistors Ré are
. current sensitive and their resistance decreases.as the cur-
rent through them increases.. The bridge circuit of which
they form a part is normally adjusted for maximum un-
balance when the current level is at its minimum value.
This corresponds to a small error in heading of ‘the craft.
For a larger error in heading of the craft, the electrical
output of the synchro differential increases. . This in-
crease in current decreases the ohmic value of resistors
R§ driving the bridge circuit towards balance.and limiting
jts -output in response to-the larger course.error. The
object; in this, in- commereial air- liner instaliations, is to
. minimize the magnitude of heading. corrsction so as. to
minimize; passenger- discomfort. This disproportional re-
lationship is feasible because, in the suggested applica-
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tion; it'fs not absolitely necessary- to correct course head-:
ing in proportien-to_the actual-error, it being only nec-
essary to maintain the-error in sufficient-amount te urge .
the craft back to the proper heading at all times.. -
““The outpat of the course etror bridge circuit is applied”
to the primary-winding-of a transformer TR1, the tapped
portions of- the secondary-of which ‘are connected.as ad-
jacent legs.of an electrical bridge circuit, including - the:

. tapped portions. of a ‘potentiometer P4 as the remaining,

adjacent.legs. ~Thus; the bridge circuit has applied-there--
to a voltage of such phase as is indicative of the direction
of departure of the. aircraft from a given heading. - Inas-
much ‘as this voltage is derived from the system ener-

- gized from the 400 cycle supply, the frequency of this

vcltage corresponds to the 400.cycle supply voltage. The
error in heading of the craft may, therefore, be deter-
mined by comparison of the phase of this alternating

" current voltage indicative of course error with the phase.

of the 400. cycle-supply: voltage. - In this circuit, this is
accomplished by inserting the 400 cycle supply -voltage
between the taps of the secondary winding of transformer
TR1 and the. tap of potentiometer P4. A transformer
TR2 having its- primary connected with the 400 cycle
supply. voltagé and its ‘secondary winding connected in
series- with a calibrating resistor RS between the men-
tioned taps introduces the reference voltage into this
discriminating circuit. .

The output of the discriminating bridge circuit controls
a vacuum tube. 48 having twa plate circuits generally des-
ignated 482 and 485 connected through a suitable filter
circuit including a capacitor. 48¢ and inductors 48¢ and
48d to output circuits CUIC and CU2C which are con-
nected . tocoils. CU1 and CU2. of -the yaw gyro biasing
magnet system. . -These plate: circuits are connected in

" parallel with the pesitive side of the direct current power

supply and the cathode 48k-is connected to the negative
side -of the:direct- current -powersupply. = Screen grid
48f is connected to-the positive side of the direct current
power supply- while-control. grids 48g-and 48h -are con-
nected to the-respective output terminals of the. electrical
bridge. IR N -

By way. of iltustration but not limitation, the tube 48
in this application may be a Sylvania tube identified in
their catalog of tubes as 28D7. The tube is used in most
applications with a ‘B C. voltage.of 28 volts and a heater
or filament voltage of 28 volts. However, it appears-that
this tube is probably a special adaptation of a standard
tube, the particular number of which is unknown to the
applicants' and which ‘was originally designed for- use on
circuits of 100 volts and more. Reference to the tube
characteristic in the Sylvania.technical manual indicates
that plate voltages up to 140 velts and in a few- instances
as high as 200 volts may be used on this tube. In such
applications, the tube normally. operates at temperatures
which -are quite high, but it is designed to withstand
these high operating temperatures. The 28 volis used

in this application .om the: plate circuit is considerably

lower than- the plate. voltage which apparently may be
noinially applied to-the tube. As a consequence, in order
to achisve higher tube cutput, the grids are driven posi-
tive by the application of a positive biasing voltage to -
each, in ordér to- encourage. grid current and, hence, in-
crease the currént output of ‘the. tube. Reference to
the “tube .characteristic indicates that grid currents may
be at least as high -as 3% milliamps, without harming

* the tube. -The grid voltage which is applied to the tube

through “the ‘center tap connection of the potentiometer
is mot sufficiently: high-to- produce grid current of this
order since-each leg of ‘the: potentiometer- is- rated at
least ¥ megohm. ‘Thus; it will be appreciated that the

smallest grid current flowing: through either leg of the
bridge must flow: through' 2 Tesistance of at least %4
megohm; discounting the: grid ‘to -cathode resistance of
the tube. On this basis; grid current; due to-the positive : -
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bias applied through the tap of potentiometer P4, is
approximately 0.04 milliamps.

This class of operation of the tube probably drives
the tube well into saturation, but in this particular appli-
cation, tube saturation is not objectionable because dis-
tortion in the output of the tube is of little or no conse-
quence insofar as the control to be accomplished is con-
cerned.

The discriminating circuit shown is one of numerous
well-known arrangements suitable for this application.

Directivity in the roll channel, as earlier noted, is
achieved by connecting the roll pendulum RP to the roll
gyro gimbal 61. The explanations hereinbefore made in
connection with the detailed description of the roll gyro-
scope RG are believed sufficient to cover the function of
the roll pendulum in the system.

The altitude-vertical rate control system VRC comprises
an altitude chamber ALT which is opened and closed by
an altitude valve magnet AVM. The coil of the al-
titude valve magnet AVM is connected across the direct
current supply by means of a pitch detent switch S6
and the aititude cut out switch ACS on maneuver switch
MS. These switches are normally closed, the altitude
cut out switch being closed in all modes of operation
except Boost, and the pitch detent switch being closed
whenever the control switch CS of the flight controller
is in pitch detent, that is, is in its neutral position. The
altitude chamber is provided with a flexible diaphragm 116
which is defiected in dependence of the differential pres-
sure between the air trapped in the altitude chamber
when the aititude valve magnet AVM is closed and the
static pressure at the instant altitude of the aircraft. The
resulting deflection of the altitude diaphragm 116 is ap-
plied through a suitable mechanical connection to a
pivoted fever 111 which at its upper end mounts a ring-
shaped armature 112 of the biasing magnet system for
the vertical rate control system, and, at its lower end
mounis a movable contact VR selectively engaging re-
spective contacts VRE and VR2 constituting the vertical
rate control electrical pick-off. The biasing magnet sys-
tem of the vertical rate control is similar in principle to
that described in connection with the roll rate gyroscope,
as illustrated in Fig. 15, resulting in a magnet pull which
is linear with respect to the met coil current to obtain
linear control of the contacts of the vertical rate control
system electrical pick-off.

The pivotaily mounted lever 121 is additionally con-
trolled by means of a force taken from a diaphragm 113
forming part of the altitude or vertical raie chamber
ALTR. This chamber is vented to the atmosphere
through a restricted opening 134 which may, for ex-
ample, be of the character of a capillary opening. In-
asmuch as this capillary restricts the passage of air into
and cut of the altitude chamber, the pressure drop there-
across will be proportional to the rate-of-change of static
pressure such as, for exampie, exists in a climb or in a
dive. The force exerted by diaphragm 113 on pivoted
lever 111 is, therefore, proportional to the rate-of-change
of static pressure which is proportional to the rate of
change of altitude. Hence, the mechanical forces repre-
sentative of absolute altitude and rate-of-change in al-
titude are combined in the pivoted lever 111 to cause
displacement thereof for controlling the electrical pick-
off.

The biasing magnet system for the altitude or vertical
rate control system includes a pair of coils VP1 and
VP2 which are selectively energized depending upon
which of contacts VR1 or VR2 at the electrical pick-
off are engaged by moving contact VR. This coil cir-
cuit is traceable from either the positive contact VR1
or the negative contact 'VR2, through the contact VR
to the contacts of the vertical rate control switch VRCS
on the maneuver switch MS, through a calibrating ad-
justable resistor R15 to a point between coils VR3 and
VR4 which are connected in series across the direct cur-
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rent power supply. By this expedient, the coils are se--
lectively energized to cause biasing of the armature 112
one direction or the reverse, and the magnitude of the
bias is determined by the contact current. For example,
if the physical biases on lever 111 are such as to engage
contact VR with contact VR1, which is the positive
contact, a circuit is established from the positive con-
ductor through contacts VR1 and VR, through contacts
VRCS, assuming the maneuver switch is deenergized,
through resistor R15 and through coil VR4 to the nega-
tive side of the line.. The excitation of coil VR4 is
related to the excitation of the remaining coils on that
magnet in such a way, for example, as to cause the net
excitation and, hence, the biasing magnet flux to preduce
a magnetic torque on lever 111 which is opposed to the
physical torque due to the diaphragm forces of the al-
titude and the altitude rate chambers. From this toreue
opposition, a hevering condition is established between
contacts VR and VR1 which causes minute opening and
closing of the comtact circuit. As a conmsequence, an
average direct current fidws in the circuit which is in-
dicative of the physical torques acting on the pivoted
lever. Thus, the current flow in the loop is indicative of
the rate of change of altitude and of the altitude which
exists at any instant.

Coils VP1 and VP2 are polarizing coils for the bias-
ing magnet system and are connected in bridge circuit
relationship with the vertical rate control trim potentiom-
eter VIRP. This bridge circuit is energized across the
direct power supply, and the adjustable tap on the ver-
tical rate trim potentiometer VIRP is used to estab-
lish magnetic equilibrium when the altitude is not chang-
ing.

Coils CDP1 and CDP2 are the remaining coils in this
biasing magnet system. These coils are connected in
bridge circuit relation with the climb and dive potentiom-
eter CDP which is on the flight controller FC and ac-
tuated by movement of the control stick CS about jts
pitch axis. The unbaiance voliage in the bridge, which
is determined by positioning the tap at some point dis-
placed from the point of electrical equilibrium in the
bridge, controls the net excitation of coils CDP1 and
CDP2 in such a way as to introduce a magnetic bias
on the lever 111 indicative of the magnitude and the
direction of the displacement of control stick CS about
its pitch axis.

Considering only the vertical rate chamber in this
analysis, the magnetic bias establishes a connection be-
tween the contact VR and either of contacts VRI and
VR2. The output of which, as earlier described, controls
the net excitation of coils VR5 and VR6G on the pitch
gyroscope PG which correspondingly controls the eleva-
tor servo ES which deflects the elevator and establishes
an angular rate of the aircraft about the pitch axis. This
angular rate is sensed by the pitch gyroscope PG which
produces a precessional torque which opposes the mag-
netic torque produced by coils VRS and VRS, and hence,
establishes an angular rate in pitch corresponding to the
position from detent of the control stick CS about its
pitch axis. Thus far in this analysis, the control stick
displacement in pitch has established a given angular
rate in pitch.

An angular rate in pitch causes the aircraft to climb
or dive. The resulting rate-of-change of altitude is sensed
as a pressure rate by the diaphragm 110 of the aititude
rate chamber. The diaphragm 110 acting on lever 111
controls the current flow at the electrical pick-off of the
altitude rate contrcl. This further regulates the bias acting
on the pitch-raie gyroscope PG in such a way that the
angular rate in pitch diminishes and actuaily becomes
zero and maintains only such elevator deflection as will’
produce a pressure rate torque on pivoted lever 111 which.
is in approximate equillibrium with the magnetic torque
acting thereon. Thus, the position of the control stick CS
about its pitch axis establishes a given vertical rate and:
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the: angle: 6f climb. or- dive
“justed: by the combined effects of the vertical rate control
system VRC: and’ the pitch gyroscpoe PG 'to: establish’

the - vertical rate commanded by the position- of the.

control stick CS-about its pitch axis. :

In this operation, the altitude chamber-ALT is opened
to the. atmosphere because the- instant that the control-
stick CS is- moved. about: its pitch axis,- the pitch- detent-
switch S6is-opened which deenergizes the spring loaded
altitude valve magnet AVM. The force of the altitude-:
diaphragm 11§ is thereby removed from lever 111 since
the internal pressure of the altitude- chamber now -cor-:
-responds to the instant.static pressure. Normally, the

forces. of the altitude and- the altitude-rate: diaphragms®

‘are-combined in lever 1i1 in such a way. that the altitude-
rate diaphragm force tends to anticipate and damp the-
‘movement of lever 111,  The-force which the altitude
diaphragm- 119 may exert on lever 111 may be limited
by-a loaded spring 120 disposed in the linkage between
_the altitude diaphragm 118 and pivoted lever 111. The
details of this spring loaded comnection 120 -are not
illustrated in the interests of simplicity, inasmuch as this-
may be: any. conventional type of spring loaded linkage:-

The transient co-ordinator TC is essentially a time
delay device designed to. produce a- rudder controlling:

voltage in response to a voliage initiated at the control
stick.. In accomplishing this, the motor CM-of the tran--
sient. co-ordinator TC is:energized by the output-of the’

transient co-ordinator electrical pick-off which comprises-
_ stationary contacts CR1 and CR2 which are respectively
connected to the positive and negative sides-of the direct
current power supply and movable contact: CR3 which is:
actuated by the unbalanced torque of a pair of opposed:
electromagnetic devices. )
> The electromagnetic devices comprise respective polar-
izing: coils C3 and C4 which are connected in series
across'the direct current power supply. These coils estab--
lish the base flux of the opposed magnets. Coils XY3-and
YX4 are energized in deperndence of the differential be-
tween the voltages of taps x andy of potentiometers TPx
and TPy respectively. These potentiometers are both
connected across the direct’ current power supply; and
since ‘the coils"XY3 and XY4 are connected between the:
taps, the arrangement is essentially an electrical bridge
circuit in which the coils are energized by the unbalance

voltage of the bridge. The remaining coils of the opposed-

magnets of the transient co-ordinator TC comprise -coils
CV1:and. CV2 which are’ connected across™the’ outputf

terminals of  an .electrical (bridge circuit including the-

control motor CMas one leg and resistor R101 as the-ad-
jacent leg.- The tapped portions of potentiometer:P1§-
constitute the. remaining: adjacent legs of this bridge cir-
cuit. The: bridge “circuit -is ‘connected between miovable
contact. CR3. and a tap on voltage divider resistor R103°

- which is connected across the direct current supply. - The-

polarity of: energization depending upon. which of - con-
tacts” CR1-of CR2:is engaged by moving contact CR3.
As-described in connection with the rudder servo motor:

bridge circuit, .it will' be appreciated that the voltage.

appearing -across the series connected coils CV1 and CV2
is proportional to the velocity of operation of the control
motor CM. This voltage is fed back in such a-way as.
to stabilize' the electrical® pick-off- of the transient
co-ordinator. ‘

As will be apparent from the circuits and as-noted ear-
lier herein, the voltage between taps x and y is applied-to
coils XY1 -and XY2 of the roll gyro biasing magnet sys--
tem. This initiates operation of the aileron servo to pro-
duce :bank velocity at the instant the control stick CS of
the -flight controller: FC:is rotated fo command a:turn.
This rotation:displaces: the -tap: y -of potentiometer TPy
fromits -position-corresponding: to: that. of the tap-x of.
potentiometer TPx.. The voltage -differential ‘existing:at
thiat ‘instant-is: applied-to coils: X Y3 and XY4 of theiran-

sient co:zordinator biasing magunets..  This-actuates the elec--

for a given: aif’ speed i§ ad:’
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trical pickoff: of: the-transient coordinator TC:and:eners:
gizes the control motor bridge: circuit. - Due to the.me--
chanical. connection: -of- the rotor: of: the"controcl motor
CM with the tap’ x of: potentiometer TPx,; the-tap x.is:
caused: to follow. the tap  y-to a point:on: the. TPx: potenti-
emeter at:which: the x voltage matches the'y voltage in‘an:
effort to:reduce the: xy voltage to zero: Since operation:
of the control motor CM depends upon the xy voltage, the:
control motor \CM  is: correspondingly. controlled.

Inasmuch as coils: XZ1 ‘and XZ2 are connected as ad--
jacent legs of a bridge with the tapped portion of poten-
tiometer TPx as. the remaining adjacent legs and since” -
tap % is connected between these coils, movement of tap x
from the electrical midpoint of potentiometér TPx pro-:
duces:a differential. voltage: between the: XZ1 and XZ7Z2-
coils. S .
_ At-the time the-control stick of the flight-controller FC
is-displaced. to displace tap y, the. voltage difference be-:
tween coils XZ1 and XZ2 due to tap-.x-is zero. Hence,;

the xy voltage is:the first ‘which. occurs.and causes opera- - -

tion of the ailerons. to: introduce bank velocity so that:
bank angle may be-accumulated. Immediately, the:con-
trol: motor .CM  which. is responsive to the xy voltage,."
begins to-operate; driving:the tap x in a direction: to re--
duce the xy voltage. This change in voltage of tap x:
appears as net excitation on coils' XZ1: and: XZ2 of the:
yaw gyroscope YG, the function of which is to establish:
turn ‘tate: bias in. correspondence with instant- angles. of:
bank so that co-ordination:in a turn may be realized.
Thus. far, coordination of conmtrol in roll and yaw by

the' transient” coordinator TC has been discussed.. The’
control voltage -of tap x may be utilized, if desired, on: -
a'set of coils (not shown) on the pitch biasing magnet-
system functioning in a similar capacity to the coils XZ1.
and'XZ2 on the yaw -gyro biasing magnet system.- How-
ever, - the fluxes produced by: these coils, as the polarity”
of the tap x voltage becomes more negative or more posi-
tive with respect to the voltage at-the midpoint, would:
have. to be such as to cause the servo to produce up-
elevator for either condition. This may be accomplished’
by properly relating the ampere turns of such a set of*
coils to the polarizing ampere turns in the biasing magnet’
system.

~ However; inasmuch as the rotation of the control
motor. CM, which -produces the changing tap x voltage, -
is proportional thereto, this motor rotation may. be util-:
izedto-drive potentiometer UEP, which is the up-elevator
potentiometer- described previously and which controls
the . up-elevator: biasing coils UEP1 and UEP2 of the-
pitch gyro biasing magnet system. Since the ‘polarity of*
the up-elevator -potentiometer voltage remains the same:
for either direction of rotation; the problem of flux’
polarization in- the: pitch biasing magnet system is mini-
mized and:up-elevator is conveniently achieved in this~
manner: In'the coordinated turn; the -altitude and alti-
tude rate-control function to' maintain the altitude of the
craft by introducing- additional corrections, through the’

_ pitch: gyroscope ‘PG into-the pitch servo drive to correct’

60

elevator position, if needed, from  that -established by
movement-of the-up-elevator potentiometer to maintain
fixed altifude. o

- Aecording to one method of operation; the craft may’

_be flown by the human-pilot from-take off to the desired

altitude.. After the craft is on a fixed heading, which the-
autopilot i§ to maintain, the mode selection switch MSS
may be switched from -Off to~ Standby position, if not
already in the-Standby position.  In'the Standby position,
switch SW1 is-closed and is maintained closed throughout
the- cruise™and ‘boost modes of operation. Closure of’
switch :SW1-enérgizes- the-standby switchSS, closing, the”
contacts of the D. C. power switch- PS -and ‘the contacts
of-the gyro switch GS The-laiter contacts apply alter:
nating-currént’to the-phase-converter PC’ and" to"the".

. course- control’ unit “CU. With thess- connections; the:

" eléctronic-componénts ‘of *the-system-are- heated”and the
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gyroscopes of the system are brought up to speed. Addi-
tionally all autopilot connections for coordinated control
are made but the servos are disconnected from the con-
trol surfaces because switch SW2 is yet open.

During the Standby period, the course control unit CU
functions as a repeater of the instant heading of the air-
craft. The brake relay B is in the deenergized position
shown being dependent upon the application of DC
power to conductor 1$2, which is off uatil the mode
selection switch MSS is moved to Cruise position to
close switch SW2. As a consequence, the rotor of the
synchro differential SD is unlocked and the energizing
circuits for the rotor are established at contacts BL., At
the same time, through contacts B2, the rotor signal is
short-circnited from the discriminator section of the
course control unit. Inasmuch as closure of gyro switch
GS applies alternating current to the direction indicator,
such as the flux valve compass previously mentioned, this
portion of the course control unit CU is functioning, and
consequently, the voltage pattern transmitted to the syn-
chro differential SD corresponds to the heading of the
aircraft. Therefore the syncro differential rotor is prop-
erly indexed for the instant heading of the craft.

When the pilot desires to engage the autopilot to
maintain a fixed course and altitude, he moves the mode
selector switch MSS to the Cruise position. Contacts
SW2 now close. Closure of contacts SW2 completes a
circuit for the coordinated control switch CCS across
the power supply conductors B+ and B—. The co-
ordinated control switch now picks up, opening the eleva-
tor synchronize switch ESS and the turn synchronize
switch TSS, both of which are controlled thereby. Con-
tacts SW2 also complete a circuit from the B power
supply conductor to conductor 102.

The application of power to conductor 192 complztes
an energizing circuit for the coil of brake relay B through
the contacts 53 of detent switch S5 on the flight controlier
yaw axis. If the flight controller FC is in neutral posi-
tion at this time, the contacts of switch S5 are closed,
and therefore, a circuit is completed from positive cen-
ductor 102 through the contacts 53 of switch 55 through
the normally closed detent switch S8 actuated by the
control motor CM of the transient coordinator TC,
through the coil of brake relay B, to the negative con-
ductor B— of the power supply.

The brake relay B is now picked up opening contacts
Bl and B2 which are respectively the energizing and
shorting contacts in the synchro differential rotor circuit
and closing contacts B3. Contacts B3 parallel detent
switch 88 and form a holding circuit for the coil of brake
relay B which is independent of the transient coordinator
detent switch S8. The energization of brake relay B is
now dependent exclusively on the yaw detent switch SS3.
. _H_oyvever, in the Cruise mode of operation, if a turn
is 1mt12}ted by rotation of the control stick about its
yaw axis and the detent switch S5 is opened to deenergize
the b{ake relay B, the ensuing operation of the transient
coordinator TC due to the xy voltage developed by dis-
placement of the tap y also opens the switch S8 on the
transient coordinator. The voltages at taps x and y of
potentiometers TPx and TPy now place the aircraft in a
coordinated turn, the turn rate of which is indicated by
the setting or position of the flight controller control
switch CS about its yaw axis. If the pilot desires to re-

rn the craft to straight flight on a new course, the con-
troller knob or stick is brought back to detent about its
yaw axis. In this position, detent switch S5 is closed.
In the interval of operation of the transient coordinator
TC, the voltage xy which is applied to the ailerons is
reduced to zero as the differential voltage of coils xz31 and
xz2 is produced. Thus, as the correct bank angle or the
asked for turn rate at the flight controller FC is reached,
the ailerons are streamlined reducing the bank or roll ve-
locity to zero. However, the voltage at tap x is main-
tained to hold rudder deflection in the amocunt required
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to maintain turn velocity. As a consequence, the switch’
S8 is opened as the flight controllef is bronght back to
yaw detent at a rate which is greater than the aircraft
and may return to straight and level flight. Consequent-
ly, the energizing circuit for the brake relay B is incom-
plete and remains incomplete until such time as the tran-
sient coordinator TC returns switch S8 to detent.

When the flight controller FC is returned to yaw de-
tent, the voltage xy again appears, but its polarity is re-
versed from that which existed when the flight controller
FC was displaced to command a turn. At this time, the
tap y is centered on its potentiometer, but the tap x on
the potentiometer is away from center position. This
reversal in the xy voltage reverses the aileron control to
reverse the bank velocity from that previously described
to return the chaft to level position abeut its roll axis.
The reversed xy voltage now reverses conirol motor CM
and, hence, the tap x is driven toward its electrical center
position on potentiometer TPx.

This time delay gives the craft ample opportunity to
return to straight and level flight on the new course before
the brake relay B is energized and locks the rotor of the
synchro differential SD. Hence, the synchro differential
repeats the instant heading of the aircraft up to and in-
cluding the condition of straight and level flight at which
time switch S8 energizes the brake relay B, locking
the synchro rotor and reapplying the output of the syn-
chro differential SD to the discriminator circuits of the
course control unit CU. The function of the autopilot
now holds the craft on the new heading in essentially
straight and level flight. The velocity sense of the yaw,
roll and pitch gyroscopes minimizing excursions about
each of the three axes of freedom of the aircraft.

In the Boost mode of operation, it is intended that the
aircraft be flown by the human pilot by manipulation of
the control stick CS of the flight controller FC. 1In the
Boost mode of operation, such coordination as may exist
depends upon the human pilot. The Boost mode is set up
by moving the mode selector switch MSS to the Boost po-
sition. In this position of the switch, contacts SWI are
maintained closed, contacts SW2 are kept closed to hold
the coordinated control switch CCS energized and con-
tacts SW3 are closed to energize the maneuver switch MS.

Energization of maneuver switch MS opens the con-
tacts of the altitude cut-out switch ACS. This deener-
gizes the altitude valve magnet AVM which is spring
biased to open position and opens the altitude chamber
ALT to static pressure. Opening of contacts VRCS dis-
connects the vertical rate control from the pitch gyro
biasing magnet and removes the influence of the vertical
rate system from the autopilot control. Gpening of the
contacts of the bank pendulum switch BPS on the ma-
neuver switch MS deenergizes the bank pendulum mag-
net which transforms the roll gyro RG from a pendulum
gyro sensitivity to lateral acceleration and roll angle in
addition to its angular velocity sense, to a neutral gyro
which responds only to angular velocity about the roll
axis. Opening of the contacts of maneuver turn switch
MST1 and closing of the contacts of maneuver turn switch
MTS2 transfers the control of turn potentiometer TPy
from the tramsient coordinator TC to the biasing coils
TP1 and TP2 of the yaw gyro biasing magnet system.
Opening of the contacts of delay rudder switch DRS dis-
connects coils XZ1 and XZ2 of the yaw gyro biasing mag-
net system from the taps x and z of transient coordinater
potentiometers TPx and TPy. Closing of the contacts
of bank switch BS increases the control effect of bank
potentiometer BP, located on the flight controller FC, on
coils BP1 and BP2, by shunting resistor Riil which
formerly completed this circuit. This recalibrates the
bank control from the bank potentiometer to provide a
higher degree of excitation of coils BP1 and BP2 in the
roll gyroscope biasing system for the same degree of de-
flection of the control stick about its roll axis. Open-
ing of up-elevator switch US disconnects the control of



2,827,789

3‘1
the up-elevator potentiometer UEP from the: coﬂs UEP1
and UEP2 in the pitch  gyroscope biasing magnet system.

The control now afforded on the aircraft is that of a rate

regulated boost system, whereby for a few ounces-of pres--
 sure exerted ‘on the control stick CS of-the flight. con-’

troller FC, sufficient force ‘is applied by the respective
servodrives. to the control surfaces of the craft to ade-
quately control the aircraft in- dependence.of control

stick.- movement about its three deorees of angular free-'

dom.

- If for any reason during the Standby mocde of opera-
tion the human pilot had found it necessary or had
desired to connect the autopilot in the Cruise mode -at
such time as the aircraft-may have been in curved flight,

the only action rtequired is that of moving the mode .

selecter switch from Standby to Cruise position.. In the
Standby-mcde, the elevator synchronize-switch ESS: and
the turn synchronize-switch TSS on the coordinated con-

trol switch CCS are closed:- which establishes-the éner--

gizing circuits for the pitch synchronize motor and: turn
synchronize motor PSM and TSM, respectively,-on-the
flight controller FC: Consequently, the flight-controller
and, hence, the automatic pilot are-synchronized- with
the instant posmons of the respective control surfaces-and
the autopilot is ready to take over flight the instant switch-
ing to the Cruise mode occurs. - Due to the course ‘repeater

function of the synchro differential SD, the autopilot:will

be locked onto the heading which exists at the:time the
control stick is returned to yaw detent. The function of
the autopilot’is then that of leveling the craft off on-the
course indicated by the course control unit CU: -
If the human pilot should desire to switch from Standby
to the Boost mode of operation, the mode selector: switch
is moved to Boost position through the Cruise” position.
This promptly disconnects the cruise circuits- established
upon passing through the Cruise position and: connects
the autopilot for three degrees of freedom for boost con-

trol from the control stick CS of the flight controller FC.'

Since certain changes may be made in thé above-de-
scribed construction and- different: embodiments of the
invention may be made without departing from the spirit
and scope thereof, it is'interided that all‘matter contained
in the above description and shown in the accom’pa’nyin"
drawings shall be consxdered as illustrative and not i a
limiting sensé.

We claim as our invention: : : :

. A gyroscope -assembly comprising, in combma’ﬂon
a rotor a frame member mounting said rotor:for rotation

about the rotor spin axis, a structure mounting said frame |

member for rotation -about’a pivot axis substantially nor-
mal to said spin axis;:said -frame-member and said rotor
being substantially’ balanced--about said pivot axis; an
inertia member mounted’ on-said structure: for rctﬂ‘aon
about said pivot axis, the center of:gravity of said‘inerti

member being removed from:sdid :pivot: axis; means-for
limiting the relative angular movement of: said members,
an electromagnet mcludmg a core with-a pointed: exs
tremity mounted on one of said members; -an. armature,

means resiliently mounting said armature ‘on ‘the: other of-

said members for motion towards said- pomted core; ‘said
armature having an opemm7 therem to receive'said pomted
extremity of said core; said- opemng b.zng of sufficient
size that said pomted extremity of- sa1d core remalns
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within the boundary of said opening over the range: of.
relative movement of said members, and means for apply-
ing. electrical energy-to said electromagnet :

2. Apparatus as set forth in-claim 1 in which said means:
resiliently mountmg said ‘armature on the other of said
members: comprises a- flat strip secured at one extremity
to said.other member and at its-other extremlty mounting
said armature.

3. A gyroscope assembly comprlsmg, in combmaﬁon, '
a frame, a gyroscope, _bearing means forming a pivot axis-

for said gyroscope in said frame, a mass; Means, pivotally
mounting said mass about said pivot axis on said frame,
an electromagnet supported on said mass, an armature

_ resiliently supported on said gyroscope in proximity to
15

said echtromagnet to be attracted into engagement. w1th
the electromagnet by the flux thereof; and. means for

limiting the relative angular movement of the gyroscope

and the mass when said electromagnet and ‘said armature
are dlsengaoed

4. A cyroscope assembly compnsm
a framie, a gyroscope, bearing means formmo a pivot axis
for said gyroscope in said frame, a mass, means plvotally

' miounting said mass about said plvot axis on said’ frame,
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clutch fiedns comprising a pau" of relatwely movable

clutch “members, means supporting one of said members
on said miags, means supporting the other of said'members
on said gyroscope, means for affecting relative move-
ment of sdaid meinbers to’ engaged posmon to lock: said
mass to said gyroscope, and means for limiting relative
movement of said inass: afd’ sald ayroscope when said
clutch mémbers aré diséngaged..

5. A gyroscopé assembly comprlsm
a frame, a gyroscope, bearinig means forzmmr 4 pivot axis
for said gyroscope in'said franie, a mass, means pivotally
mounting said mass about said pivot axis on said frame,

ciutch means for connectmg said - gyroscope aid said.
mass aboiit said pivot axis; theans forming a*part.of said

clutch means-for angularly mdexmg said’ gyroscope ‘ahd’
said mass about said pivot axis in‘predetermined angular
relation by engagement of said clutch means, means for
limiting relative angular movement of said mass and said
gyroscope about said pivet. axis; and means: for aﬂt'ectmg
engagement of said clutch means.

6. A-gyroscope assembly comprising, in combination, a
frame, a gyroscope, bearing means forming a pivot axis
for said gyroscope in said frame, a mass, means pivotally
mounting said mass about said pivot axis on"said frame,

clutch means for connecting said 'mass and said gyroscope’

about said pivot axis, means forming a- patt of said-clutch
means for angularly- mdexmg said gyroscope and said’

mass about said pivot axis in predetermined angular rela~ -

tion by engagement of said' clutch means; means for
biasing said clutch means to disengaged position, means
for limiting-relative angular movement of said mass and
said’ gyrosecpe - about said- pivot -axis; and means -for
affecting ‘engagement of said clutch means.
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