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The Military Publishing House continues to
put out the series of •t mphlets "Rocket Tech-
nology," which is intended for soldiers and
sergeants, students at military schools, and also
for a wide circle of readers who are interested
in rocket technology.
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BALLISTIC MISSILE AIMING SYSTEMS

Yefimov M. V.

M. Voyenizdat, 1968. 120 p. 14,500 copies. 19 kopecks

The pamphlet "Ballistic Missile Aiming
Systems" is part of the "Rocket Technology"
which is put out by the Military Publishing
House.

In the pamphlet in an elementary form are
expounded the principles of aiming of ballistic
missiles and construction of aiming systems.
Basic attention in it is allotted to a considera-
tion of the essence of aiming, the ,orking aal
arrangement of elements included in the systems
for aiming missiles.

The pamphlet is inltended for soldiers,
sergeants, students at military schools, and also
for a wide circle of readers who are interested
in questions of rocket technology.

The pamphlet 1s written with the uze of
materials from the open Soviet and foreign press.

A comparative appraisal of different systeniF
and methods of aiming of missiles is given in
accordance with the views of the authors of thcse
articles.
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INTRODUCTION

The flight trajectory of ballistic missiles is divided into two

segments: active and passive. On the active segment the missile

moves under the impact of englne thrust, forces of gravitation and

drag, and also the controlling moments and forces of steering elements.

On the passive segment the engine will be turned off and the missile

continues free flight, being subjected only to the action of forces

of gravitation and drag.

For movement of a ballistic missile on the active segment on a

programmed trajectory there are special flight control systems. They

are of two types: autonomous and combined. All elements of the

autonomous control system are Onboard the missile, The combined

system includes, besides the aatonomous control system, a system

of radio control, some elements of which are onboard the missile,

and some - on the earth.

So that " .e programmed trajectory of a ballistic missile passes

through che target, prior to launching the body of the missile and

the transducers of the autonomous control system are iriented precisely

relative to vertical and for azimuth. Totality of operations during

preparation of the missile for launching, ensuring the spatial

orientation of the body of the missile and the transducers of the

control system, is called aiming the missile.

FTD-MT.-24-?2-69
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In t1he p•o•ess .f aiming the miss.lJe varioua operations are
fulfilled. These are connantpd with data"eInation of azimutha of

directions, measurement or angles. remote transmission of angular

vslues, and exact turning of the missi)e and the transducers of its
control pystem on definite angles. These operations are fulfilled

with the help of devices and iinstruments, the action of which Is
based on various physical principles. Thus, during aiming optical,

photoelectric, gyroscopic, electronic, and electromechanical instru-
ments are used. All these instruments and devices are united in a
single semiautomatic or automatic system, fulfilling all the basic
operations of aiming - an aiming system.

The construction of aiming systems and arrangement of distribution

of their elements on the launching site are changed essentially
depending the designs of the missiles, type of contr:ol systems, and
type of launchers. Some of the elements of the aiming system are
mounted onboard the nissile on its protective container, and on the
launching pad, and certain elements of the system are located on the
earth, sometimes at considerable distance from the missile.

Ballistic missiles with autonomous control systems are character-
ized by a high degree of accuracy of hitting the target. At flight
ranges of 10,000-12,000 km the impact points of nose cones of rockets
deviate from the target all told by several kilometers. This is
attained not only due to a perfected control system, but also due to
a high degree of accuracy of aiming.

During the development of such high-precision aiming systems it
is necessary to surmount considerable fundamental and constructive
difficulties. Especially great difficulties appear in the development

of aiming systems which provide for the launching of ballistic missiles
from moving bases (submarines, railroad flatcars, etc.). During
launching of missiles under such conditions the deterrination of

azimuths cf initial directions for aiming is hampered. Furthermore,

the rolling of a submarine causes the appearance of additional errors

In the aiming of missiles.

FTD-MT-24-422-69 ix
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A•t p-sent tf•e'e is practically an absence of literature, where

questions of aiming of ballistic mlssl Ian exa a.am•ned.. et.tP44Ci04-"V.nLY

fully. Information about the aiming of missiles, circuits of aiming

system, and their principles of action are expounded in a number of

articles, published in American Journals, and also in certain Soviet

works, dedicated to the various problems of rocket technology.

In this pamphlet a generalization of this information is made.

Basic attention in it is allotted to a popular account of principles
of aiming of missiles and physical bases of operation of aiming

systems and their elements.

I
'1
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CHAPTER I

GENERAL INFORMATION ON MISSILE AIMING

1 1. Syszems of Coordinates
Utilized During Aiming

Orientation of the body of a missile and transducers of the

control system during aiming is carried out relative to a starting
system of coordinates OXcYeZC, which is depicted in Fig. 1. This

system of coordinates is clockwise, Its origin coincides with the

center of mass of the missile mounted on the launching pad. Axis

OYc is directed vertically upwards, and axes OXc and OZ lie in a

horizontal plane. Axis OXc indicates direction of firing and its

position is determined by azimuth of launching A .

Fig. 1. Starting
iN system of coordi-

nates.

The vertical plane Y cOXc tangent to the programmed trajectory of
movement of the missile at the location of the launching pad, is

FTD-1T-24-422-69 1



calied the Lane or flrlng or launching. Due to rotation of the

earth and severe), other factor theý o1 __

missile is a line of double curvature, therefore it does not coincide

with the plane of firing and is deviated from it in the northern

hemisphere to the right, and in the southern - to the left.

Rigidly bound with the body of missile is the connected

system of coordinates OXIYIZ1 which is epicted in Fig. 2. Its

origin is placed in the center of mass of the missile. Axis OX1

coincides with the longitudinal axis of the missile, the direction

of remaining axes is determined by the location of the steering

elements. A plane, passing through the longitudinal axis of the
missile and steering motors I-IlI, is called the basic plane of
symmetry.

xl
Fig. 2. Connected

system of coordinates,

W

Direction of axes of sensitivity of gyroscopic and inertial

transducers ol" an autonomous control system determines the inertial

system of coordinates,

Autonomous con'trol, systems are of two varieties. in the rirst

of them angular stabilization of the missile is carried out with the

use of free gyroscope3 as transducers (P19. 3), A roll stabilizer

F. T D- M11 -• 2- 4 2
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develops commands, controlling the position of the missile on axes

of yaw OX and roll OY of the inertial system of coordinates. A

yj-o-horizon pro,-duces the corntroiling cornmand for the axis of pitch

OZ.

"i~sc pl ens
of t~ki11zation

Fig. 3. Inertial
system of coordinates:
I. - program unit;
2 - angle transducer;
3- moment transducer.

IN Is:~

1 2

The plane YOX is called the basic plane of stabilization of

the missile. Axis of rotation of the rotor of the roll stabilizer

is perpendicular to this plane, and the axis of rotation of the rotor

of the gyro-horizon lies in it. In the basic plane of stabilization

the programmed turn of the missile for angle cf pitch takes place.

in the second variety of autonomous control systems its basic

transducers are located on a stabilized platform, preserving during

the entire controlled period of flight of the missile a constant

position relative to the fixed system of coordinates. For stabill-

zat~ln of the platform here three gyroscopes are used: for pitch,

yaw and roll. Position of the gyroscopic and intertial transducers

(accelerometers), which are mounted on the gyro-stabilized platform,

relative to the inertial system of coordinates is depicted in Fig. 4.

Axes of the inertial system of coordinates here are determined by

FTD-MT-24-!422-69
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the axes of suspension of the platform, and the basic plane of

otabilization coincides with the plane of the inner frame of the

1r, ~"r

Fig. 4. Inertial system
of coordinates: 1 - motor
for stabilization; 2 -
angle transducer; 3 - gyro-

¶ ~scope; 4 - accelerometer;
3 5 - control prism.

4-

IV I

Orientation of the stabilized section of the gyroplatform

relative to its fixed base prior to launching of the missile is done

with the help of a three-channel system of azimuthal and horizontal

reduction. Sensing elements of the system of horizontal reduction

are the accelerometers, and of the system of azimuthal reduction -

angle of roll sensor mounted on axis OY.

The system of reduction ensures retention of the platform in the

required position after its locking right up to the moment of launching

of the missile. Before launching the system of reduction of the

gyroplatform is switched on and the three-channel system of stabiliza-

tion begins to operate.

§ 2. Essence of Aiming

By the moment of launching of a missile the axes of connected and

inertial systems of coordinates are oriented in a specific way

4I



relative to the axes of the starting system of coordinates. Thiz

orientation is carried out in the process of aiming the missile.

The final position of the axes of all three systems of coordinates
prior to launching of the missile shc'ild be the following: tasic

planes of stabilization and symmetry of the missile are combined with
the plane of firing, and the longitudinal axis of the missile and

axis OY of the inertial system of coordinates are vertical.

The cited position of axes of systems of coordinates is attained

in four stages:

- setting the missile vertical;

- azimuthal aiming;

- adjustment of gyroplatform;

- setting the gyroplatform hori7ontal

Setting the missile vertical is the name given to the totality

of operations for imparting to its longitudinal axis a vertical

position on the launching pad. This operation is carried out directly

after installation of the missile on the launching pad.

Azimuthal aiming is the name given to actions for combination

of the basic plane of stabilization of the missile with the plane of

f.ring. It is carried out by two methods. The first method amounts

to the fact that the missile together with the gyroinstruments

mounted onboard is turned around a vertical axis to coincidence of

the basic plane of stabilization with the plane of firing. This

turning is done with the help of the turning mechanism of the launching

pad. The second mcthod consists of the separate combination with the

plane of firing of first the basic plane of symmetry, and then the

basic plane of stabilization of the missile. Coarse combination of

basic plane of symmetry with plane of firing is carried out by means
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of turning the missile and exact azimuthal aiming is done by turning

the gyroplat"orm on an azimuth relative to the body of the missile.

Adjustment of gyroplatform has as its goal the combination of

basic plane oi stabilization with the basic plane of symmetry of the

mtssile following switching on of the system of azimuthal reduction

of the gyroplatform. Adjustment of the platform is fulfilled by

turning its base relative to the body of the missile after installation

of the gyroplatform onboard the missi2e.

Setting the gyroplatform horizontal consists of combining the

axis OY of the inertial system of coordinates with the vertical

axis of the starting system of coordinates. This operation is carried

out automatically. Accelerometers mounted on the platform are used

as transducers for producing mismatch signals in the event of deviation

of plane of the gyroplatform from the horizontal. Signals from

accelerometers are fed to drives for making the platform horizontal.

§ 3. Initial Data for Aiming

In order to fix direction of firing directly at the launching

site, before aiming of the missile two preparatory operations are

fulfilled:

- geodetic preparation for launching;

- preparation of initial data for firing.

During geodetic preparation for launching the coordinates of

the location of launching pad and oriented directions for the launching

site are determined, Coordinates of the location of the launching

pad together with target position data are used during the preparation

of initial data for firing, and oriented geodetic directions are

used directly for azimuthal aiming of the rccket.

Crientation of qIrections consists of the determination cf

geodetic azimuth of direction of some straight line wnich Is taken as

the oriented line. It can he done by three methods:

L ,r ,,



-from a geodetic grid;

f- 'om astronomical observations!

-with the help of gyroscopic Instruments.

Orientation of directions from a geodetic grid is done by methods

of triangulation or laying off of angular courses. As inltial points

for orientation of directions only points are used fro~m geodetic

grids of those classes, for which errors of orientation of the sides

are considerably less than the permissible errors for geodetic

preparation for launching.

Astrunomical orientation is used when in the region of the

launching sites there is an absence of a well-developed geodetic

grid, for satisfying the requirements of accuracy for geodetic

preparation. Astronomical orientation is characterized by a high

degree of accuracy, however, its application is possible only during

favorable meteorological conditions.

Orientation with help of gyroscopic devices iS used In the
absence of preliminary geodetic preparation of the launching site.

For orientation of directions It is possible to use external. gyro-

scopic devices which are placed at a specific distance from the launc~h-

Ing pad, and onboard gyroscopes of the missile autonomous control

system which are working under conditions of determination of azimuth

of oriented direction.

Thus, during aiming of a missile it is possible to use external

information if the oriented directions are determined from a geodetic

grid, from astronomical observations, or with help of external gyro-

scopic devices. This method of aiming is more accurate and has

received the widest distribution. The second method of aiming is

based on the use, for determination of oriented geodetic direction,

of info~rmation produced by onboard gyroscopic in:ltruments.

7



During aining vf the missile oriented geodetic directions are

fixed Yy using e•vbernal information at the launching site ahead of

t-ime. P4~n v4 n arv 4 eu -1y o~nG Of t-WO i,-e`--OJ6.-.-- -LL 1 the uue uf
oriented points, fixed on t'te terrain by signs, or with the help of

collimators.

in the first case as the oriented direction a straight line

passing through any two points of terrain is used. Error of

orientation AA here depends on accuracy of setting up the theodolite

on one of these points and length of oriented base

where At - circular error of setting up the theodolite; L - length

of oriented base.

Value of error of orientation here is expressed in radians.

In the second case the oriented direction is fixed by a

collimator - a special optical instrument, converting the rays of a

light source into a pencil of parallel rays (Fig. 5). The collimator

consists of objective and a certain illuminated sign placed in its

focal plane. Such a sign may be, for example, cross hairs of

filaments on a light background or a luminescent narrow opening in

an opaque diaphragm. The oriented direction here is the sighting

axis - a line passing through the center of the objective of the

collimator and the cross hairs of its grid. In order to orient the

theodolite with a collimator it Is necessary to set it in a parallel

pencil of rays emanating from the collimator. When the cross hairs

on the 3rids of the theodolite and collimator coincide their sighting

axes A.ill be parallel,
a

In the process of preparation of initial data for firing, data

are determined which are utilized in adjusting the control system,

and the firing azimuth, which is utilized for aiming the missile.

8.
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1 4. Control Elements IUtilized-Drink Aim~ing

Por aiming the missile L -is- necessary- to- fix nat- only hPsI
tion of -the plane of firing- but also thieý poalon ot -he basic
plaine of stabilization.- The basic. plane of stabi iiattion la- usuailly
fixed with _the help of two--types of elements± mir-'orsa und mzI~ro.-
prisms.5

These elements are--attached to- -the- M.iledp _fcr he:

Is manufactured- (s~e- Pig-i 4) and are cariente-d-with-gOe-at -accuracy
relative to the basic-pl1ane of_- gtibili-zation otre- hiissile. T
certain types of' bal-listic -iO-slles -tontral -elements are also-fastened
to the turning section -of- the- launching pad.

A more widespread-control element. is- the--re- tanglar- mirror
prism depicted in F~ig. 6. A pae6ul1-arity olt its 4briking Ts--the fa ct
that a ligh~t ray.,, falling on t'he hypotlenuse face of the prIsm, in a-
cerwtain plan e TP, emerges -from it conversely in vlane Q, parallel to

plane-P. Moreover in- pqints -a and d the ray Is refracted or1 the

_hypottnuse face bf the prism,, and In points b and c Itt ia reflected
from its silvered 14ig faces4 Thahka toti rptyothprs

1-t -it not niicezsa-ry that it-be aet- -exact-ly- Vert iýal In plane YOX,
since even, if the inc~oming ray_ 4ooes not Lie in plane XOZ, the
refltcted ray-will go in th oposite direct-lon. In a paane paral.'el

to the plane of' its 4 naidence.



Fig. 6. Rectangular prism.

If the angle of mismatch, measured by the theodolite, between
its sighting axis and a perpendicular to the edge of the right angle
of the prism does not equal zero, the angle between incident and

reflected rays is equal to a doubled angie of mismatch. If, however,
the angle of mismatch equals ze.o, the incident and reflected rays

are parallel to each other.

Determination of the azimuthal position of control elements is

done by using the principle of autocollimation. Autocollimation is
the name given to a movement of light rays, at which they emerge from

the instrument in a parallel bundle and, being reflected from a
mirror surface, pass through elements of the instrument in the opposite
direction. The principle of autocollimation is illustrated in Fig. 7:

if Jhe surface of the mirror is perpendicular to the sighting axis
of the autocollimator, the straight and the autocollimating image of
its grid coincide with each other.

I

I Fig. 7. Autocollimator: 1 -
e- mirror; 2 -- objective; 3 -

grid; 4 - lamp; 5 - eyepiece;
6 - appearance of field of

lo g vision.

By using the principle of autocollimation, it is also possible

to resolve the reverse problem: to set the control mirror or prism

of tha gyrostabilized platform on an assigned azimuth. For +his It

i0



is turned relative to the vertical axis and, while observing In the

autocollimator, an attempt is made to superpose the dire,'- and auto-

*1- - 1.o .1.-1-0 ---_ __ __ CD --

§ 5. Influe'ice of Errors of Aiming on Deviation
ui Points of Impact of Missiles

If there is an error in an azimuthal aiming the plane of firing

is deviated from calculated by an angle equal to the angular error

of aiming. Therefore, the trajectory of the missile will also deviate

from calculated trajectory, and point of impact of the nose cone of

the ballistic -missile will not coincide with the target.

For dete-mination of the relationship betweon error of aiming

and deviation of the point of impact of the missile from the target

we will use Fig. 8, in which projections of calculated and real

trajectories of a missile on the surface of the earth are depicted.

N

Fig. Deviation

0 of point of impact
of missile.

On the basis of the theorem of cosines the relationship between

elements of oblique spherical triangle OBC is expressed by the follow-

ing dependence

Aa=cosb - cosc+sinb .sinc •cos• (2)

where b, c - spherical flight ranges of missile; Aa - spherical

deviation of point of impact of missile from target; AA - error of

azimuthal aiming.

31



Consi ering in this dependence b - c, we obtain

c0 a = cOsb + sin' b c-c aA

from which after certain conversions we have

gin - S n-b (3)

It follows from the expression obtained that deviation of point

of impact of the missile from the target at a constant error of

aiming is maximum at spherical flight rangesb and b- L , I.e., at-• st

linear flight ranges equal to 10,000 km and 30,000 km. Calculations

by formula (3) show that with such flight ranges an angu!ar ei'.Tr'r

of aiml'.g equal to 1', corresponds to 6 deviation of point of•Impaot

of the missile equal to 1.85 km.

If, however, the spherical fiight ranges of the missile •.

and b-2:. then at any value of error of aszimuthal almIinz•here wtU -M

be no ieviation of point- of impact of the mitsilet from tne target.

We will examine the influence of errors of vertical -mountIng on

thle accuracy of azimuthal aiming ofA ,•solles. For- this let uz Iturn

to Fig. 9, which illustrates the aut oZimUfhp'inciple zf aiming,±

At point A an autocollimator is set up which directs a pei~ l-n

parallel rays on a prism which is mounted onboard the rocket.

If the edge of the rightt angle of the -Prium is para llel to axle

OZ, r-y 0B, which is reflected from the pIým, co1nci des with

Incident ray AOI. Slopes of the prism in plane YolX do not cause

a change of direction of the reflected ray, however, rotation of the -

prism around axes 0 Y and 0 X lead., to a deflection of reflected ray

from incident.

• iiF•] ~ww III II i II4



Fig. 9. Autocollimating
principle or aiming.

x

/e

Using the known laws of deflection of light rays from mirror

surfaces, the following formula can be obtained

CCts , t -a (4)

where ax and ay - angles of deflection of prism from axis OZ in

verticAl and azimuthal- planes; t - angle of site of prism; Aa -

err-r of vertical mounting; ay - error of azimuthal aiming.

This dependence Is presented in Table 1. In order to decrease the

influence of errors of vertical mounting on the accuracy of azimuthal

aiming, it is necessary to decrease the angle of site e. Therefore,

during aiming of missiles under conditions of launching from ground

launchers the aatocollimator is set up at a sufficlently great (up

to 300 m) distance from the 4auncher.

During launching of missiles from site launchers the auto-

collimator is set on the same neight as the gyroplatform, consequently

the angle of site of the sighting axis of the autocol4imator is

close to zero. Under these conditions even considerable errors in

the vertical mounting of a miss'.le have practically no influence on

the accuracy of azimuthal aiming.
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§ 6. Missions Sclyvec by Aiming Systems

Aiming of ballistic missiles is accomplished with the help of

turning and erection devices on the launching pad, turning devices

of the gyrostabilized platform, and the aiming system. With the

help of the erection device of the launching pad the missile is

mounted vertically and with the help of a turning device azimuthal

aiming is performed.

During preparation for aiming, and also when carrying it out,

at the starting position It is necessary to perform a large number

of various operations connected with determination and fixing of

directions, measurement of angles, and turning of aiming instruments,

gyroplatform, and body of the missile on specific angles.

Operations for vertical mounting of a missile are comparatively

simple. They amount to determination of angles of deflection of

longitudinal axis of the missile from vertical and tc setting up of

the body of the missile in a vertical position.

More complex problems have to be solved during azimuthal aiming.

The basic ones are:

- determination of azimuths of oriented directions;

- fixing of oriented directions on the terrain;

- fixing cf basic plane of stabilization of the missile;

. . .......



- transmission of oriented directions from one instrument to

another;

- measurement of horizontal angle3;

- turning of instruments on specific angles;

- turning of gyroplatform and missile up to coincidence of basic

plane of stabilization with plane of firing.

The first three problems are solved ahead of time; the last ones

are fulfilled directly during preparation of the missile for launching.

For the purpose of decreasing the time for aiming of a missile and

increasing the accuracy of aiming, automatic aiming systems are

usually used.

§ 7. Classification of Aiming Devices

Depending on the the purpose of devices included in aiming

systems, they are divided into the following groups:

- instruments for determination of azimuths of oriented

directions;

- instruments for fixing oriented directions;

- instruments for vertical mounting of missile;

- instruments for azimuthal aiming.

Based on physical principles, lying at the basis of operation of

aiming devices, they are broken down in the following way;

- optical-mechanical;

- photoelectric;
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electronic;

- Pl•ntromechanical:

- gyroscopic.

An example of optical-mechanical instruments with visual reading

of angles are theodolites. They are used extensively in the deter-

mination of azimuths of oriented directions and in the vertical

mounting of missiles.

In photoelectric instruments information concerning the measured

angle of mismatch is initially carried by a light signal, which then

will b- converted into electrical. A peculiarity of photoelectric

instruments is the high degree of accuracy of measurement of angles.

Electronic devices are used in aiming systems for processing,

amplification, and conversion of signals.

Electromechanical devices find wide application in aiming systems.

They are used for measurement of angles, remote transmission of them,

and adjustment of angular mismatch.

Gyroscopic devices are used for determination of azimuths of

oriented directions. An example of such a device is the gyrocompass.
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CHAPTER II

PHOTOELECTRIC DEVICES

1 1. Assignment and Classification

Photoelectric devices serve for solving the following problems:

- automatic measurement of small angles of mismatch between
basic plane of stabilization of missile and plane of firing;

- output of electrical signals, depending on measured angular
mismatch;

- transmission of oriented directions in a vertical plane;

- measurement of azimuthal angles in the large range of their

change.

Depending on problems being solved, photoelectric devices are

divided into three groups:

- goniometers;

-- synchronous gears;

- angle transducers.

Best Available Copy
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I r
(autocollimating). A goniometer includes the following elements:
source of radiation, optical system, receiver of radiation, amplifier,
and signal converter. The light signal, generated in the source
of radiation, falls on a control prism mounted onboard the missile,
and, being reflected from It, is received and analyzed by the
goniometer.

Goniometers can work in two regimens: zero and measuring.
Under zero operating conditions the mismatch signal produced by the
gomiometer is fed to the drive of the gyroplatform or drive of the
turning mechanism for the launching pad. With this the gyroplatform
or missile is turned up until coincidence of the basic plane of

stabilization with the plane of firing. During measuring operating
conditions the goniometer measures angle of mismatch and produces
an electrical signal which is proportional to the measured angle.
The electrical signal can be produced by the goniometer in a pulse
or continuous form.

In the process of aiming a missile it is necessary to carry
out transmission of oriented directions in a vertical plane: from
the level of the launching pad upwards to the instrument section of
the missile or from the surface of the earth downwards into a silo
launcher. Such a transfer of azimuthal directions is done with the
help of photoelectric synchronous gears.

Photoelectric angular transducers serve for measurement of
large angles of turn for various instruments and devices. Range
of change of angles here can reach 3600.

5 2. Elements of Photoelectric Devices

Gas-discharge tubes and filament tubes are used as sources of
light signals in photoelectric devices. Power of light radiated

by a filhment tube depends on power of current consumed by it and

Best Available Copy
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During passage of a light signal in the atmosphere it is weakened

due to its absorption and scattering on solid and liquid particles

%dust, Smoke, snow, rain, rog). Its weakening is determined by the

following formula

0 =00rP. ((5)

where 00 - initial value of luminous flux ir, lumens; 0 - value of

luminous flux after '.ts passage through a certain layer of atmosphere

with thickness L; a - attenuation factor of luminous flux on thicknes

of layer L = 1 km. Value of attenuation factor of light deranding on

atmospheric conditions is given in Table 2. Calculation by formula

(5) shows that with a moderate fog in a thickness of layer of

atmosphere L = 100 m up to 90% of the luminous flux is absorbed and

scattered. It follows from this that the performance of photoelectric

goniometers depends essentially on weather conditions.

Table 2.

Atmospheric Dense Moderate Mist Dust Clear
condition fog fog haze

a 85.6 21.4 8.54 2.14 0.43

Optical systems of instruments serve for solving the following

problems:

- creatlon of parallel pencils of light rafiated by the

instrument;

- focusing of light rays;

- separation, connection, and change of direction of light

rays. The magnitude of light signal received by the instrument is

proportional to the area of its objective.

For couversion of light signals into electrical photoelectric

radiation receivers are used. Their action is based on two varieties
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of p. toeffect: external and internal. From receivers with

photoemiss!on, under the Impact of quanta of light falling on their

surface free electrons break loose. Jndee the impact of potential

difference, applied to electrodes of the receiver, an electrical

current emerges. In receivers with photoconductive effect the

electrons liberated by quanta of light remain in substance and increase

its conductivity.

The basic characteristic of receivers of radiation is their

sensitivity - ratio of passing current to magnitude of light flux

x -- -- . (6i)

The greater the sensitivity of the receiver, the greater the signal

on its outlet at a constant value of light signal.

A receiver of radiation with photoemission constitutes glass

cylinder in which a high vacuum is created. On one of its walls a

layer of photosensitive material is applied - silver oxide with an

admixture of cesium, which forms the cathode. In the center of the

cylinder an anode is set up. Between the anode and cathode a

potential difference of up to 400 V is applied. During irradiation

of the cathode by light flux the current which is flowing between

the anode and cathode increases. The magnitude of passing photocurrent

depends on applied potential difference and value of incident luminous

flux. Sensitivity of receivers with photoemission comprises 50-100

wA/lm.

A higher sensitivity up to 100 A/lm is possessed by photo-

multinliers. In the cylinder of a photonultiplier a photocathode,

emitters, and anode a'e mounted. Between the cathode and the first

emitter, and also between each of the neighboring emitters a

positive voltage is applied. When electrons are dislodged from the

surface of the photocathode they rush to the first emitter with a

speed which is sufficient for dislodging secondary electrons. Here

the quantity of secondary electrons is considerably greater than

20
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S.... •~....... a pri-ry ,;ktron. Thants t' this the current on
the anode is approximately 1O6 times greater than the current on

tha photocathode.

An example of a receiver of radiation with a photoconductive

effect is a photnreaiator, It constitutes a layer of semiconductor

coated on a glass base layer. For inclusion of photoresistance on
the input of the amplifier It has two electrodes. When light falls

on the photoresistor its conductivity is increased, and photocurrent

flowing through the photorenistor also increases. Sensitivity of

phuitoresistors reachee 0.02 A/im,

Valve photoelectric receivers also are based on the use of the

photoconductive effect. A valve receiver consists of a metallic
plate, a layer of metal oxide, and a metallic grid. Between the
oxide and metallic plate a layer will be formed which possesses the

ability to conduct current only in one direction - from the metal

to the oxide. Free electrons, liberated during illumination of the
layer, penetrate the metal. If the electrodes of the receiver are
locked on the external circuit, the electromotive force developing
i', the receiver causes the appearance of a current. Thus valve
receivers do not require an external voltage supply.

Photodiodes are prepared from two plates of semiconductor with
different type of conductivity. In the event of illumination of the
boundary of division of these plates an electromotive force emerges
in the photodiode. Photodiodes possess a very high sensitivity; it
reaches 0.02 A/lm. A still higher sensitivity (up to 0.5 A/lm)
is possessed by phototriodes. They pcssess the ability to strengthen
the electromotive force develcping in them.

5 3. Goniometer with External Light Source

A diagram. of a goniometer with an external light source is
shown in Fig. 10. Its basic units are: light source, tube, sca2e
section, and base. in the goniometer tube which is attached to the

turning portion of the g)nlometer, an optical system and receivers
of radiation _.re Iccated. Basic elements of the scale section are



the scale and readine device. With the help of the reading device

angles of rotation of the toniometer are counted off .lth a scale
divi.lion value to fractions of a second. The scale section is
disposed oy the base, which has two rectilinear gu'des. Vith help
of an automatic drive the scale section can be displaced forward on

the guides.

rFig. 10. Goniometer with external
light source: 1 - control prism;
2 - tube; 3 - objective; 4 -

-- II I ?r' :diaphragm; 5mirror. ve of radia-

I I

abl ectioni

As sources of light signal in goniometer two gas-diecharge
tubes are used, one of which is secured over the objective, and
the other - under it. A vertical plane, passing through the center

cf the objective of the gonlometer, is the boundary between the

tubes.

The tubes are powered by rectified alternating voltage; on
one of them a positive nalf-wave of voltage is supplied, and on the

second - negative. Thus, phases * 3f light signals on the outlet of
tubes are shifted relative to one another- by 1800. }

For increasing accuracy in the goniometer a long-focus objective

with a focal length of 500 mm is used. In order to decrease the
dimensions of the gonicmeter tube mirrors which change the airection

of ,novemenu of rays are used in the optical system.
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Images of tubes, reflected from the onboard control prism, are

constructed with thf optical system in the focal plane where the
diaphrnim ist mnuntpri.. 1"1-, dApnhv-am 1''. a"~ Pl m"-" of' 4'-j;G G I&S

with a width of 0.005 mm. These images have the appearance shown

on the right in Fig. 11. A line connecting the center of the objec-

tive and center of the slot is tnfl sighting axis of the goniometer.

t 0 Fig. 11. Diagrams of signals.

perpendicular to the sighting axis of the goniometer, then the right

slot coincides with the boundary between images of the tubes. If this

condition is not observed the slot will not coincide with the

boundary between images of the tubes. Through this slot a luminous

flux will fall cn the photoelectric receiver. This flux is

participating in the output of mismatch signal which is passed onto

the dri.'e of the gyroscopic platform.

Principle of action of the gonometer is illustrated by this

signal diagrams depicted on the left in Fig. 11. If the angle of

mismatch measured by the goniometer Ae > 0. then the share of

luminous flux incident through the slot onto the receiver from the

first tube wiie be greater than from the second. The envelope

harmonic of light signal here will have a zero phase. In case, when

measured angle te > 0, light signal from the second tube will be

greater, therefore the envelope harmonic of the signal changes phase

by 1800. On the output of the goniometer mismatch signal will be
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converted to a cronstant (UF). Its polarity epends on sign of

mc eas ur e d a rglIe ofZ r TI s, ia t c h, a rCI am~plitude - on valua= zf anglte.

If the missile is aimed correctly, the sighting axis of the

goniometer is perpendicular to the edge of the right angle of the

control prism and the measured angle of mismatch AO - 0. Components

of light signal from both tubes will be equal, and their envelope
has a frequency twice as large as the frequency of modtulation of I
light. The signal of doubled frequency is suppressed in amplifying

duct of the gonJometer, therefore on its outlet mismatch signal

UB is equal to zero.

Through the left slot on the radiation receiver a luminous

flux falls which participates in the output of a mismatch signal

cont.olling the forward shift on the goniometer on the guides. The

action of this servosystem ensures the continuous goniometer tracking

of shifting of the control prism due to wind rolling of the missile.

This excludes possibility of loss by the goniometer of the light

signal reflected from control prism at high amplitudes of oscillations

of the missile.

The principle of separation of the controlling signal amounts

to the following. If a luminous flux does not pass through the left

slot the mismatch signal on the output of the demodulator of the

gonlometer ensures forward shift of the goniometer to the right (shown

by arrow). if the luminous flux of any phase passes through the slot,

the signal ensures forward shift cf the goniometer to the left.

Thus the middle position of the left slot corresponds to the left

edge of the control prism.

§ 4. Autocollimating Goniometers

We will examine the principle of operation of an autocollimating

goniometer working under measuring conditions (Fig. 12).

2 4



"9 Fig. 12. oniometer with two-phase
tube: 1 - tube; 2 - distributing
prism; 3- mirror; 4 - objective; 5-
semitransparent mirror; 6 -- diaphragm;

u 7 - plate; 8 - receiver of radiation.

Source of radiation in the goniometer is a two-phase mercury

tube, which is powered by voltage rectified with the help of diodes.

Since diodes are included in the power circuit of each of the arms

of the tube by a different method, then each of the halves of the

tube will be lighted in turn through half of a period. Consequently,

the phases of luminous fluxes radiated by the halves of a tube will

be shifted relative to one another by 1800.

Luminous fluxes from both parts of the tube enter a distributing

prism, where they are shifted toward each other. Here the luminous

flux radiated by the central part of the tube is reflected aside

by the distributing prism and does not participate in the creation

of the signal. Thanks to this on exit from the prism the boundary

of luminous fluxes of different phases is sufficiently sharp.

Both parts of the luminous flux are reflected from the semi-

transparent mirror and in the form of two adjacent parallel bundles

emerge from the objective. Light rays reflected from the control

prism which fixes the basic plane of stabilization of the missile

enter the objective of the goniometer and are focused by it in the

plane of the diaphragm with the slot.
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For an illustration of the principle of operation of a goniometer

it is possible to use the signal diagrams, depicted in Fig. 11. If
-_ __0 -_ -_-....-. ... .. ...prp n~ic l r ~o to

sighting axis of the goniometer, then through the slot luminous

fluxes fall on the receiver of radiation which are of both phases

and equal in amplitude. The mismatch signal, produced by the demodula-

tor of the goniometer, is equal to zero in this case. If however,

between the sighting axis of the goniometer and a perpendicular to

the edge of the control prism there is a certain angle A#, different

from zero, the amplitudes of luminous fluxes falling on the receiver

of radiation are not equal to each other. The envelope phase of the

light signal depends on the sign of the mismatch angle. On the

output of the demodulator of the goniometer a constant controlling

signal will be produced, the polarity of which corresponds to the

sign of measured angle, and the amplitude toý its value.

After amplification the controlling signal moves to the drive
!

for turning the plane-parallel plate. With its turning around a

vertical axis perpendicular to the sighting axis of the goniometer,

the light bundles passing through the plate are displaced. The

motor turns the plate until the boundary of luminous fluxes of

different phases are combined with the middle of the slot.

Based on the value of the angle of rotation of the plane-

parallel plate it is possible to judge the initial value of the angle

between the sighting axis of the goniometer and a perpendicular to

the control prism. Measurement of angles with the goniometer is

carried out with a high degree of accuracy: with a width of slot

in the diaphragm equal to 0.001 mm the maximum error of measurement

of angle comprises 0.1".

For measurement of large horizontal and vertical angles the

goniometer has horizontal and vertical scales. In goniometer

an objective with a large diameter is used, therefore in the case

of wind rolling of the missile the reflected beam of light rays

does not go beyond its limits. Due to this in the goniometer there

is no servosystem ensuring its forward shift behind the control

prism during wind rolling.
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In the examined autocollimating goniometer the source of light

signal is established in the focal plane of the objective, therefore

its Amnn'mcyn ni-.qtJP=11y Ana not depend on.~h distCance tc t-e
control prism. It is most expedient to use such goniometers for

aiming of missiles in the event of launching them from silo

installations.

In Fig. 13 is shown a diagram of an autocollimating goniometer

working under zero conditions. As source of light signal in the

goniometer two filament tubes are used which are powered by

alternating voltage, On one of the tubes a positive half-wave of

voltage is fed, and on the other - negative, therefore the light

signals radiated by the tubes are in opposition.

"Fig. 13. Goniometer with filament
I tubes: 1 - tube; 2 - objective;

3 - control prism; 4 - condenser;
5 - analyzing prism; 6 - receiver

14 A s 4 of radiation.

With the help of condensers light rays from the tubes are

focused on the mirror faces of the analyzing prism. After reflection

from the prism the light rays pass through the objective and emerge

from it in a parallel bundle. The objective of such a goniometer

has a diameter up to 100 mm and a focal length up to 900 mm. A

large diameter of objective ensures the great range of the gonlometer,

and the long focal length - its high accuracy.

If the sighting axis of the gonlometer is perpendicular to the

edge of the control prism, the luminous flux reflected from It is

focused by the objective on the middle of the analyzing prism. The

vertex of the edge of the prism is cut and polished, therefore through
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this cut two luminous fluxes of opposite phases, but having equal

amplitudes, fall on the receiver of radiation. The controlling

signal, produced by the goniometer and passed on to the drive of

the gyroplatform, in this ca.se equals zero.

TI
In the case when the sighting axis of the goniometer is perpen-

dicular to the control prism, the amplitudes of luminous fluxes of

different phases, incident through the cut of analyzing prism, will

be unequal. On the output of the goniometer here a controlling

signal will be produced which is different from zero. For production

of a controlling signal there is a phase demodulator, to which,

besides the signal from the receiver of radiation, a support signal

having the same frequency, but a constant phase is fed.

Let us consider the arrang:ement of the autocollimating goniometer,

working under zero conditions, during aiming of' the American space

missile "Saturn" (Fig. 14). it includes an autocollimating tube

and tracking mirror reflector. 'rhe tracking mirror reflector is
displaced on the guides after, wind rolling of the instrument section

of the missile. Range of the gonicmreter is 300 m, and accuracy of

measurement of angles is characterized by an error which does not

exceed 2".

22

Fig. 14. Goniometer with mechanical
modulation of signal: 1 - control
prism; 2 - mirror reflector; 3 - lens;
4 - tube; 5 - receiver of radiation;
6 - mirror; 7 - analyzing prism; 8 -

UsDtodt- 4k modulator.

- 7

3ý 5

'I

"U2
28



As the source of light -ignal in the goniometer a filament tube

powered by direct currant is used. In tne goniometer a complex

mirror-lens objective is used; its diameter equals 203 mm, and focal

length - 760 mm.

With the help of two focusing reflectors the luminous flux

is converged on the mirror faces of the analyzing prism. On the

path of each part of the luminouR flux modulating disks are set, thus
ensuring their modulation in a reversed phase with a frequency of

226 Hz. From the faces of the analyzing prism the luminous flux

is directed onto the mirror of the objective and, being reflected

from it, emerges in a parallel bundle from the lens.

The parallel beam is turned 900 by the reflector and directed
to the control prism which is secured on the gyro stabilized platform.

The angle between planes of mirrors of the tracking reflector is 45*,

therefore regardless of error in its orientaticn relative to the
sighting axis of the goniometer, the beam is turned precisely by

900. Thus the error of aiming does not depend on nonrectilinearity

of the guides on which the tracking reflector shifts.

Light rays reflected from the control prism are again focused

on the analyzing prism and through ita polished cut on the vertex

reach the receiver of radiation. As the receiver of radiation in
a goniometer a sulfur-lead photoresistor is used. Width of the cut

on the analyzing prism is 0.127 mm; it determines the zone of linear

dependence of output signal on the angle of mismatch as equal to

17".

The principle of separation of controlling signal in this

goniometer is the same as in the goniometer with external source of

radiation described in i 3. Controlling signals, passed to drives
of the gyrosccpic platform and tracking reflector, are produced by

demodulators. To the demodulators, in addition to the basic signals,

support signals of constant frequency and phase are fed from the
photoresistor. Support signals are produced by a photodiode mounted

by the modulating disk.
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The examined goniometer can work simultaneously on two control

prisms mounted onboard one missile. Separation of signals cn two

of' the radiated signal. The goniometer, works in a range of wavelengths

from 0.4 to 2.8 microns. The control prism, mounted on one of the

gyroscopic platforms, reflects the light rays in the range from

0.7 to 1.25 microns, and the prism erected on the other platform -

in the range from 1.35 to 2.7 microns. The signals, separated with

the help ol' optical filters found in the goniometer, move to the

drives of each of the gyroscopic platforms.

S 5. Photoelectric Synchronous Gear

A diagram of a photoelectric synchronous gear is shown in Fig.

5 rt consists of transducer and receiver with a servodrive.

I or IMSwtFig. 15. Synchronuus gear:
1 - tube; 2 - objective; 3 -

Ph~semirror; 4 - diaphragm; 5 -
objective; 6 modulator.

I t
!AV

/ 4 Tmisduce r 4
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Source of signal in the transducer is a tube with a vertically

located filament. After passage of the condensers and reflection

from end mirrors twn 1light rynv are ....du.d , nt, the receiver.

Each of rays is limited by a diaphragm with a narroil slot.

Light rays from each of ends of transducer are focused with

the help of two lenses in the plane of the modulating disk. The

modulating disk, the diameter of which is 250 mm has 1000 sectors

which are Joined in groups of 10. During rotation of the disk packets

of pulses fall on the photoelectric receivers. Occurrence rate of

packets is wI, and frequency of pulses in a packet is 2 (Fig. 16).

"Atfi 2

hl Fig. 16. Diagrams of signals.

If between the azimuthal positions of the transducer and the

receiver there is no mismatch, both rays from the transducer fall in

one point A (Fig. 15). Light signals, falling on the receivers of

radiation, have one phase, therefore the controlling signal on the

output of the demodulator equals zero.

In the case when between the positions of the transducer and

receiver there is an angular mismatch, the light rays from each end

of the transducer fall on different points B. Light signals,

received by the receivers of radiation, will have various phases.

Envelopes of frequency wl on the output o' the amplifiers will also

be shifted in phase, therefore controlling signal on the output of

the demodulator will differ from zero. This signal exerts an

infiuence on the drive for azimuthal turning of the receiver, thus

ensuring its agreement with the transducer.
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The receiver of the synchronous gear can operate under two
conaitions: coarbe - on low frequency wl, and fine - on high
frequency w2 " SwItching of system from one condition to the other
is done at an angle of mismatch equal to 30'. The switch for condi-
tions works depending on the values of signals of frequencies w!
and w2 which are fed to it from the amplifier.

Accuracy of the synchronous gear depends on the width of the
slots in the diaphragms of the transducer, distance between them,
and number of sectors in the modulating disk of the receiver. For
the examined synchronous gear accuracy is Characterized by an error

which does not exceed 0.1'.

§ 6. Photoelectric Transducers of Angles

Design and arrangement of photoelectric transducers of angles
are characterized by great diversity, but all of them include the
following elements: scale, soarce of radiation, receiver of
radiation, amplifying-converting and recording devices.

In the simplest angle transducer the scale is an opaque disk
with openings located around the circumference. During rotation of
the scale the light rays pass through the openings onto the receiver
of radiation and are converted to electrical pulses. The number af
pulses fixed by a counter corresponds to the angle of rotation of the

scale. A deficiency of this transducer is the impossibility of
orientation of the scale on assigned readings.

Fig. 17. Transducer of angles:
4 1 - scale; 2 -- tube; 3 - dia-

phragm; 4 - receiver of radiation.

L 3
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A pechl4 ev1tqrv of A- ace ~t ale (P}?Ig. 17 is
,.he fazt thar, every reading co renpornds to a Speclfic orientation
of the transducer. The scale is Goded in a binary numberIng system.

Any nuAmber in this number systent constitutes a ccmbination of only

tqo figure.: 0 and 1. Correspondenoe between decim&U and binsry
numbering systems is shown in Table 3.

Table 3.

,Decima... l 2ooo~ ,F,,T4%o fl61 7Maber iI I ii
10001 owl001010011 jOVA 010 01110!J joiiiM 1010~o~ji

The maximum number which it is possible to fix in a bi.nary

system at n discharger equals

.4--2*- 1. (7)

A transducer with a code scale has a number of receivers of

radiation corresponding to the number of discharges. Dark sections

correspond to 0, and light -1. Every sector of the scale has its

corresponding binary code combination.

Angles of rotation of the transducer with a code scale are

fixed with the help of binary electronic counters.

The examined photoelectric transducers are single-channel. For

increasing of accuracy multichannel transducers are designed. In a
two-channel transducer the channel for coarse reading is constructed

Just as a single-channel transducer; a full turn of the scale oft the

channel for fine reading corresponds to a division value of the

scale of the channel for coarse reading. Between the channels for
coarse and fine readings there may be a kinematic or optical connec-

tion. A kinematic connection (with the help of mechanical angle
reduction gears) possesses comparatively low accuracy; more exact

is the optical reduction of angular values.
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CHAPTER III

POLARIZATION DEVICES

§ 1. AssIgnment and Principle-of Operation
of Polarizattcn De-vicae

Polarization devices are a variety of the previously examined

photoelectric devices. They work on a polarized light signal.

Polarization devices are used in optical synchronous gears for the

transmission of orrieited directions in a vertical plane arnd in

autocollimating goniometers. As compared to the previously examined

photcelectric synchronous gear, polarization synchronous gears are

characterized by greater accuracy. Application of polarization

devices in goniometers makes it possible, by means of slitting of

a polarized light burdle, to separate the mismatch signal into two

mutually perpendicular planeF, i.e., to measure angles of djflection

of sighting axis -.f goniometer from a perpendicular to the mirror

surface in two directions - azimuthal and vertical.

Lig't rays, emitted by usual sources, are riot polarized. End

of a wave vector of nonpolarized light can occupy different positions

in a plane which is perpendicular ro the direztion of .ts propagation.

The direction of wave vector of nolarized light changes in space

by a specific law,

The most general rase of polarization of light is elliptic

polarization (Fig. 18). Components of ends of wave vector on two

axes in this case will eqoal:
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b a,. coswt. (8)

where w - frequency of rotation of vector; P - phase; ax, a -
Iy

amplitudes. in the case when ax = a = P and = 1, polarization
of light is circular. If, however, * = 0, then the light signal

possesses linear polarization. The wave vector of linearly polarized

light lies in one plane, called the plane of polarization.

or

1 UUUUU -W=-

Fig. 18. Polarization off

light.

Conversion of light signal in polarization devices is done with

the help of polaroids, polarizing and dcuble refracting prisms. A

oolaroid will convert a nonpolari71ng light bundle into linearly

polarized. If on the path of the polarized light a polaroid is set,

the velue of light flux passed will be

(10)

where a - angle between planes of polarization. From tne given

formula it follows that at a = 900 the value of luminous flux on

the outlet of the Dolaroid 0 = 0.

Double refracting Drilsms divide nonpolari'ed light into two

bundles, polarized in mutually perpendiLcular plan.es.

For modulation of a polarized light signal polarization elementw•

are used which change their optical pronertles under the impact of

an electrical or magnetic field. If the electrical ,nr magnetic fleld

changes in time, then the nature of polarization of light rays rrasing
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through such elements also is changed with the flow of time.

i 2-. Svnehroncun Gear with MenhanIel
Modulation of Signal

A diagran of polarizat'.oa synchronous gear, in which mechanical

modulation of a light signal Is carried out, is depicted in Fig. 19.

t r ;.

r feceiver

9I ,

Fig. 19. Synchronous gear with
mechanical modulation of signal:
1 - tube; 2- condensor; 3 -
modulator; 4- uolarold; 5 -

receiver of radiation; 6 -
Wollaston priom; 7 - semitrans-
parent mirror; 8 - double
refracting crystal; 9 - objective;
10 - prism; 11 - plate.
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The source of thi stgnal (-filament tube is mounted in the

receiver of the synchronous gear. After passing the condenser. the

light signal is subueuced to circular polarization with the held

of a revolving disk made from a polaroid. At the outlet of the

double refracting nrystal two luminous fluxes emerge which are
polarized in mutually perpendicular planes. Phases of these luminous

fluxes differ by 1800.

After reflection from the s2mitransparent mirror the luminous

flux, with the help of the objective in the form of a parallel bundle,

is directed to the transducer of the synchronous gear. The transducer

consists of a plate of optically active substance, possessing the

property to turn the plane of polarization of incoming light and a

prism. Angle of rotation of plane of polarization of light by the

transducer is equal to zero in the case when it coincides with the

axes of polarization of the transducer. The greater the angle between

the axes of polarization of transducer and plane of polarization of

light which is incident on the transducer, the greater the angle of

rotation of plane of polarization of light or, the output of the

transducer.

The luminous flux reflected from the transducer is focused on

the double refracting Wollaston prism, which is the analyzer of light

signal. On the outlet of the Wollaston prism two light signals aDpear,

each of which falls on one of the receivers of radiation. Values of

these luminous fluxes equal

0,=0@ -c004% 1.
##==w€. c,,,,(gr-i). (12)

and their phase differ by 1800. If the angle between the plane of

polarization of light which is incident on the prism and the axes of

its polarization a = 450, then t1 = Q2 and on the outlet of the

demodulator the mismatch signal equals zero. This corresponds tc a

case when the plane of polarization of light on the outlet .f the

cbjective coincides with the axes of polarization of the transducer.
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In a more general case the axes of the transducer do not coincide

with the plane of polarization of incident light on it, therefore the

plane of polarization of output light aignal will be turned on angle

Aa. Then the components of luminous flux on the output of the

Wollaston prism will not be equal to each other:

0 - 0 cos' (4 + an), (13)
,s,=,. coO(450- a). (14)

On tne output of the demodulator a constant controlling signal

will apperc, the polarity of which depends on the sign of angle of

mismatch bet-ween axes of transducer and plane of polarization of

light by the receiver, and amplitude - on the value of this angle.

Controlling signal moves to the drive of the receiver of the synchronous

gear, which rotates the receiver around the vertical axis up to

conformity of it with the transducer.

For production of a supiort signal, which is fed to the demoda-

lator; there is an auxiliary channel for conversion of the signal.

Here part of the luminous flux on the output of the polaroid is fed

with the he3p of a mirror to an additional receiver of radiation.

On the path of this light signal a polaroid is set, therefore the

luminous flux failV.ng on the receiver of radiation will be modulated

with the frequency of rotation of the modulator. The phase of this

support light signal will be constant.

§ 3. Synchronous Gear with Electrical
Modulation of Signal

In Fig. 20 is depicted the circuit of a zolarization synchronous

gear, in which modulation of the light signal is done with the held

of a polarization device, changing its characteristics under the

imoact of alternating voltage applied to it.

The source of the light signal is mounted in the transducer of

the polarization synzhrcnous gear. The light signal at first passes



a filter, and then with the help of a polaroid and double refracting

plate is converted into a signal with circular polarization. Here

t... .frquency of rotation of wave vector is equal to the frequency

of light osciilations.

transducer

V I

Pig. 20, Synchronous gear
with electrical modulation

;enerator of signal: i - tube; 2 -
4 filter; 3 - polaroid; 4 -

double refracting crystal;
I ______ g 5 - modulator; 6 - objective;

...7 - Wollaston prism; 8
receiver of radiation.

I I

Ll< A-ouao

The circularly polarized luminous flux enters in a modulator,

to which is applied an alternating voltage with a frequency of 200 Hz.

This is produced by a generator, The modulator constitutes crystal

made from ootassium Dhosphate, KH 2P04, located between two electrodes.

Under the impact of alternating voltage the polarizing properties

of the crystal change, thanks to which the output light signal is

subjected to complex polarization (Fig. 21). For one period of

applied voltage the flow can be oolarized circularlv, on an el'lipse

with different orientation of semiaxes, and linearly nolarized In two
p 1 ai.t I÷ s.

,r T • •m l re l • m m m m l il m , m m m mm • m -- ;1--6 • := u



Ut

Fig. 21. Diagrams of
signals.

On the output of the modulator a double refracting crystal is

mounted. After the light passes it •t turr• out to be polarized in
two mutually perpendicular planes. Componeits of luminous flux $,

-JF-
t!

an~d $2' which are polarized In different planes, are modulated in•
the ant~phase. These two components of luminous flux emerge from

the objective of the transducer in the form of a parallel bundle.

In receiver of the synchronous gear with the he½o of an objective

the luminous fl]ux is focused on an analyzer,, as which a Wolla~ton

prism is used. On its output there are two luminous fluxes, t.he

amplitudes of which are determined by formulas (13) and (14). Each

of these components falls on its own receiver of radiation.

If the axes of the prism comprise an angle a = 450 with planes
-f nolarization of luminous flux by the transducer, the luminous

fluxes, incident on the receivers of radiation, will be equal in
amplitude and mismatch s~1gnal on the output of the demodulator will

be equal to zero. In the event of a dIsturbance of the shown condition
there will be no equality of amplitudes of luminous fluxes falling

on the receivers of radiation, and the mismatch signal will be

different from zero. This controlling signal can be conveied to the

drive for turning the receiver or transducer of the synchronous gear,

with the help of which the receiver and transducer can be reduced to a

coordinate oIu siteon for azimuth.

oea
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SM Polarization ....onoeter

An autocollimating polarization goniometer is intended for
aiming the American "Minutemait" missile during the launching of
it from a mobile ground launcher. It is mounted on the missile
box by its instrument section in a gimbal suspension, in which

it can be rotateu. for aximuth and in a vertical plane. On each
of the axes of the gimbal suspension a drive with a motor is mounted.

In Fig. 22 is depicted a diagram of polarization goniometer.
It produces two mismatch signals. One of them is proportional

to the angle of deflection of the sighting axis of the goniometer
from perpendicular to the control mirror of the gyro-stabilized

platform [GSP] in aximuth, and the other - in pitch. Aximuthal
mismatch signal moves from the goniometer to the d.-ive of gyro-

platform, ensuring its turning for azimuth during aiming. The
mismatch signal for pitch is fed to the vertical drive of the
gimbal suspension of the goniometer. This drive serves for coor-
dination of sighting axis of the goniometer with a perpendicular

to the control mirror of the gyroplatform for pitch.

Main units of the goniometer are:

- radiator of light signal with modulator;

- optical system;

- two channels for separation of mismatch signals (aximuthal

and for pitch).

Principle of operation of the radiator of light signal is

analogous to the principle of operation of the transducer for a
polarization synchronous gear with electrical modulatioi± of light.
Luminous flux from the filament tube passes an optical filter,
polaroid, and double refracting plate, on the output of which it
has circular polarization. On the output of the modulator there
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are two components of luminous flux which are polarized in a complex
imanner (%ce Fig. 21). E.ah of these components is shifted relati.ve

to each other by 1800 in phase.

I YoA FOU

~1atorulator

tiv

Fig. 22. Polarization goniometer:
1 - tube; 2 - filter; 3 -

polaroid; 4 - double refracting
crystal; 5 - modulator; 6-
control mirior; 7 - objective;
8 - mirror; 9 - semitransparent
mirror; 10 - polaroid; 11-
receiver of radiation.

After passing the semitransparent mirror the light is reflected

from the mirror and emerges from the objective in the form of a

parallel bundle which falls on the control mirror of the gyroplatform

and, being reflected from it, is focused by the objective of the

goniometer on the snalyzing devices.
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Separation of light signal into two channels is done with the

help of a semitransparent mirror. Plates made from two polaroids

glued .-long th11,e d-lameter are used as analyzers. Planes of polarization

of light for each of the halves of the analyzer are perpendicular,

therefore the phase of components of luminous flux passing through

these halves of the analyzer differ by 1800. Analyzers are oriented

in each of the channels in a different form: in the azimuthal channel

the boundary of halves of the analyzer is vertical, and in the channel

for pitch it is horizontal.

Principle of separation of mismatch signal in each of the channels

is identical. Let us consider the principle of operation of the

azimuthal channel. If the sighting axis of the goniometer is perpen-

dicular to the control mirror in the azimuthal plane, two luminous

fluixes which are equal in amplitude and opposite in phase are incident

on the receiver of radiation through the analyzer. Therefore on the

output of the demodulator the mismatch signal equals zero. In that

case when the sighting axis of the goniometer is not perpendicular

to the plane of the control mirror, luminous fluxes of different

phases which are unequal in amplitude are incident through the analyzer

onto the receiver of radiation. Controlling signal on the output

of the demodulator will be different from zero, an" its polarity

corresponds to the sign of the angle between sighting axis and a

perpendicular to the control mirror.
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C H A P T E R IV

AMPLIFYING-CONVERSION DEVICES

1 1. Assignment and Classification,

Electrical signals, taken from photoelebtric receivers of

radiation and other sensing devices, have a low power which Is insuf-

ficient for the direct starting up of regulating and actuating devices.

In certain devices of aiming systems the signals have to be amplified

by 10 6 and more times.

The most widesnread types of amplifiers are:

- electronic;

- semiconductor;

- mhgnetic.

Electronic amplifiers are characterized by high sensitivity,

therefore they are capable of amplification of signals of very low

power. Semiconductor elements permit the reduction in weight of

amplifying devices and an increase In their reliability and service-

life. However, semiconductor amplifiers possess considerable Inherent

noises. Magnetic amplifiers make it possible to obtain a large

otitpkit power for the signal. They have a high degree of reliability

In operation. A deficiency or magnetic amplifiers Is their p-reat

we I rlit.
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The basic characteristic of an amplifier is amplification factor -

the ratio of power or voltage on the output of the amplifier to the
oer ...... lt... on 1t 4-- ut For -increasing the amplification

factor the amplifiers are made multistaged.

If sensing device works on direct current, and the actuating
device on alternating, then in the amplifying duct conversion of a

constant signal into variable, which is carried out with help of

modulators, should take place.

More widespread is the other' case - when from the sensing device

a variable signal is taken, and the actuating device works on direct

current. Conversion of a variable signal into constant is done with

the help of demodulators.

§ 2. Amplifiers of Photocurrents

Amplification of signals, taken from photoelectric receivers

of radiation, is done by electronic and semiconductor amplifiers.

Amplifiers of photocurrents, depending on the type of luminous flux

which is incident on the receivers of radiation, work on direct or

alternating current.

Circuit diagrams of receivers of radiation on the input of

amplifiers are characterized by their g at diversity. However,

they can be divided into two groups: direct and balanced.

In Fig. 23 are depicted two circuits of direct amplification

of photocurrents: with a photoresistor and a photomultiplier.

Supply voltage is fed to the photoresistor from the anode of the

amplifier tubes with the help of a voltage divider formed from two

resistors R1 and R.. The amplifier is intended for amplification

of variable signals. During a change of resistance of the receiver

of radiation, which is induced by the light flux falling on the

receiver, value of amplitude of input signal will be
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where Un - supply voltage, fed to the receiver of radiation; RH -

load resistance. For the examined circuit diagram of the receiver
the supply voltage equals

U. (16)

where U - anode voltage.

aa Re, X

US

b) -N

PUu

nig. 23. Circuits of direct i
amplification of photocurrents:
a) with photoresistor; b) with
phot omultiplier.

The first amplifier stage is a cathode follower, The signal is

taken from the cathode load of this stage. Amplification factor of

the cathode folluwer is apprcximately equal to a unit. It has a
very low output resistance, therefore it Is expedient to use it for
coordination of receiver of radiation with the subsequent amplifier
stage.
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Second zamDlifier stage consti r.iuts.n . r •Qcr-eu l..d an f',e .

There may be several such cascades in an• amplofier ,f photocurrents.

So that the d-c voltage does not go from the cuttputA -r the previouc

stage to the tube grid of the subsequent castade, their connection

is realized with the help of separating capacltances,

If a photomultiplier 'Ls used as the receiver of radiation, its

circuit diagram. on the input of the amplifte' will have a number of

peculiarities. Supply voltage is fed to the photomultiplier f.^om

an autonomous source. With help of voltage divider-, built on the

chain of resistors RI, R2 , R3 ... Rn, Its voltage is fed to each of

the electrodes and the potentials of the electrodes increase from

the cathode to the anode.

Value of input voltage equals

U1 =(R.A

where AI - change of current in anode circuit of photomultiplier in

the event of supply of a light signal on its cathode.

The first amplifier stage is a cathode fo]lower. The second

cascade constitutes a resistor-coupled amplifier.

In a balan,.ed circuit for amplification of photocurrzents (Fig.
24) on the input of the amplifier tnere are two receivers of radiation.

The light signal i.s fed to only onte of the receivers of radlatlon.
Peculiarities of balanced clrcuit diagrams of receivers of radiation

are higher sensitiv-ty, a.nd also stability in tth event of cl;ange of
temperature of receiveis of$ radi.ti :.-n.

It is expedient to use a balar-ed circuit diagram of receivers

of radiation during ampl.....at.on c constant light-signal:. Separating

capacitances are absent between thl cascades of such amplifiers.

4 7



4.•

Fig. 24. Balanced circult for
amplification of photocurrents.

Us

For amplification of photocurrents semiconductor amxlifier- are

so used, and in a number of cases - combined. Their first caseide

is built on an electron tube, and subsequento-ones -o tranon-s.

Application of an electron tube in the firjt cascade Perm.!itý dcresrin-
of inherent noises of the amplifier.

§ 3. Converters of Signals

A device, converting a signal of direct current Intu alternating

volt-.,re, the amplitude of which is proportional to the value of input
signal, but the phase corresponds to its polarity, is called a
modulator. Modulators can be constructed on e le-',on tub.es and
semiconductor elements.

In Fig, 25 is depicted a very widespread annular modulator
on semiconductor diodes. Its operation is based on a change of
resistance of sem1conductor diodes depending on value of voltage

applied to them.

If input voltage equals zero, then under the condition of
symmetry of annular modulator the components of current In the

primary winding of the output transformer which are caused by
modulating voltage are compensated, since they are equal in amplitude

and opposite in sign.

48



•ig. 25. Conve,'tera of signals.
a) modulator; t) derpodulator.

' ,2

Following supply of a constant input signal on the arms of the

bridge which is formed by the semiconductor diodes, the resistances

of the diodes are changed. Symmetry of the annular bridge is disturbed

and on the output of the modulator alternating voltage apnears. If

polar-.ty of the input signal is changed, the direction of flow of the

resulting current in the primary winding of the output transformer

in positive and negative half-periods will be changed to the opposite.

Thus, a change of polarity of input signal leads to change of phase

of output signal by 1800.

Modulated light signals usually have a form which is different
from sinusoidal. For conversion of such signals there are resonance
amplifiers, tuned to the frequency of the basic harmonic component
of the signal.

The resonance amplifier strengthens only one frequency of signal

and suppres:es all remaining frequencies. Therefore on the output of
the amplifier the signal acquires a strictly sinusoidal form.

A phase demodulator carries out the conversions of signals

reverse to those which are carried out by the modulator. It converts
a signal in such a way that the constant signal obtained on the output
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is proportional to the -. hituie ^e ÷I= 4-- s al, a.nd the polarity

of the oa.=iut signal cvrresponds to the phase of the input signal.

The si.plest arrangement for a phase demodulator is a half-wave

circuit containing diodes. On the demodulator the signal which is

subject to conversion is fed, and a support signal with a constant

phase and amplitude.

If input voltage coincides In phase with support, then components

of the output signal in the upper and lower halves of the demodulator

will be

U, = e (U. J- U).

Total output signal equals

Lum== 2cU (18)

In the case when input voltage is opposite to support in phase, we

have

UP= (U.M + U,,).

Output signal in this case will equal

U.= -- 2cU-,,. (19)

A filter mounted on the output of the demodulator serves fora

smoothing out the pulsations of the input signal.
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CHAPTER V

INDUCTION SYNCHRONOUS GEARS

§ 1. Application of Synchronous Gears
In Aiming Systems

Induction synchronous gears serve for solition of the following

problems:

- telemetry of angles of turning of different elements;

remote turning of various elements on specific angles;

- synchronous rotation of several axes which are not connected

with each other mechanically.

They are used for direct remote-control turning of the missile,

the gyroscopic platform, or the goniometer on definite angles. Besides

this the synchronous gears are used for remote-control transmission

of angular values, measured by a goniometer working under measuring

conditions,

Induction synchronous gears have fundamental distinction from

the photoelectric and polarization synchronous gears examined earlier:

they do not possess the property of rigidity. The property of

rigidity of photoelectric and polarization synchronous gears amounts

to the fact that during their operation a clear spatial correspondence

between orientation of transducer and receiver is ensured. The
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transducer and receiver of an induction synchronous gear in a

coordinated position can have an arbitrary spatial orientation. This

;A ILlarlty vf induction bynuhruonous gears does not permit using

them for vertical transmission of oriented directions.

The second distinction of induction synchronous gears from

polarization gears is their lower accuracy.

§ 2. Elements of Synchronous Gears

Induction synchronous gears can be classified by different

criteria. Depending on operating conditions they are divided into

indicator and transformer. An indicator synchronous gear includes

a transaucer and a receiver which is connected with it electrically.

If the transducer is turned on a certain angle, in the receiver as

a result of the interaction of magnetic fluxes there is a synchroni-

zing moment, turning the receiver, on the same angle. A transformer

synchronous has, in addition to the transducer and receiver, an

amplifylng-conversion device ana drive for turning the receiver. In

the event of turning of the transducer a mismatch signal is taken

from the receiver of the synchronous gear. After amplification it

is fed to a drive, thus turning the receiver until it corresponds

with the transducer.

Depending on the number of channels in a synchronous gear they

are divided into single- and multichannel. Multichannel synchronous

gears posses greater accuracy. Communication between channels of a

synchronous gear can be mechanical or electrical. In the first case

,n a synchronous gear they use mechanical, and in the second -

eiectrical reduction of angular values.

The most widespread types of transducers and receivers of

synchronous gears are the selsyn and rotary transformers.

In Fig. 26 are depicted two syrchronous gears which are construc-

ted on these elements.



iW

b)

Fig. 26. Synchronous gears: a) on
selsyns; b) on rotary transformers.

Selsyns are machines of alternating current. They have a single-

phase excitation winding and a three-phase secondary circuit made

from three windings, the axes of which are shifted relative to one

another by 1200 in circumference. All three windings are united by

a star. The excitation winding can be disposed both on the stator

and also on the rotor.

Two selsyns with united ends of secondary windings form a

synchronous gear. One of the selsyns in this case is the transducer,

and the second the receiver.

If between the stator and rotor of the transducer there is angle

of mismatch aA, and between stator and rotor of receiver an, then as

a result of the interaction of magnetic fields of windings the
following moment will act on the rotor of the receiver

A 4Al= * sina4- %). (20)

The rotor of the transducer in its turn will be influenced by moment

Nit -MUM sin A)N (21)

Both these moments strive to equalize angles an and a . For this

reason the moment of rotation of selsyn rotors is called synchronizing.
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On the shaft of the Lelsyn-receiver moment of friction MTp cF

act then

or is4 • (22)

Angle Aa !s the error of the selsyn gear.

Accuracy of a synchronous gear is its basic characteristic. In

addition to the moment of friction, the accuracy of a synchronous

gear is influenced by industrial errors. Depending on errors of

manufacture selsyns are divided into the four classes which are given

in Table 4.

Table 4.

Class of accuracy 1 2 3 4

Permissible error 00.75 10.5 2051 50

Based on their constructions, selsyns are contact and contactless.

In contact selsyns there are contact rings and brushes, increasing

the moment of friction and lowering the reliability of performance.

Directly on the stator of a contactless selsyn there are two windings:

excitation and three-phasre secondary. The rotor of such a selsyn

does not have windings, i', consists of two halves of a special form

which are assembled from iron plates. The rotor ensures a magnetic

connection between the primary and secondary windings. During its

rotation an electromotive force, depending on angle of rotation is

induced in the secondary circuit.

Rotary transformers have on the rotor two mutually perpendicular

single-phase windings, one of which is an excitation winding, and the

second is a short-circuit. On the stator there are also two secondary

windings: sine and cosine. During turning of the rotor cf the rotary

transformer relative to the stator in the secondary windings electro-

notive forces are induced which are equal to
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U, U,,,,OS2. (24)

Synchronous gears on rotary transformers work only in a trans-

former regimen. During rotation of the rotor of the transducer the

electromotive force is induced not only in the windings of its

stator, but also in the windings of the stator of the receiver which

are Joined with them. Due to this in the winding of the rotor of the

rotor of the reteiver a voltage develops, the phase of which depends

on the sign of lie angular mismatch between the rotors of the receiver

and the transducer. This voltage is fed to the amplifier and control

winding of the motor. The motor leads the rotor cf the receiver

Into a position wh.!ch coincides with the :.otor of the transducer.

The main causes of errors for rotary transformers are a non-

perpendicular condition of stator windings and inequality of coeffi-

cients of mutual induction of sine and cosine windings. Errors of

rotating transformers of different classes are given in Table 5.

Table 5.

Caoof acuac I 1 12 3
:rrr fro nonperpendiz- 2' 'V Ir
Zar ýOr.dutiorn of rind-
ineso I .

Error from irequality ofJcoefficients of MUual r Ir
Induction

It follows from the table that accuracy of manufacture of

rotary transformerb is considerably higher than the accuracy of

manufacture of selsyns. Therefore synchronous gears on rotary trans-

formers possess a higher aegree of accuracy.

§ 3. Multichinnel Synchronous Gears
With Meihanical Reduction

For an increase of accuracy multichannel synchronous gears are

used. Rotors of transducers of neighboring cnannels and rotors of
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the receivers are connected with help of mcchanical reduction gears.

In Fig. 27 is depicted the circuit of a two-channel synchronous. gear

in which the rotors of the transducers for fine and coarse readings

are connected by a reduction gear with a gear ratio of n:l, and the

rotors of the receivers - by a reduction gear with a gear ratio of

1:n.

Channel tfo fite readini

gear.

of the transducers and receivers, on the output of the receivers

mismatch signals appear, which after amplification are fed to the

controlling motor. The controlling motor turns the rotor of the

receiver of the channel for fine reading until there is coincidence

of the rotors of the receivers with the rotors of the transducers.

Voltages of mismatch from rotors of the receivers are fed to the

motor in turn: at large angles of mismatch the motor is controlled

from the receiver of the channel for coarse reading, and at small

angles - from the receiver of the channel for fine reading. Switching

of channels is done with the help of a sychronizing device,

Let us consider the influence of mechanical reduction between

channels on the accuracy of a synchronous gear.

In the presence of error of transmission of angular values the

output voltages of channels for coarse and fine readings will be

equal respectively
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I F fi'

U.smU... •nd (an -- + AU,

where AU - voltages of errors.

Angular errors have the form:

(25)

(26)

where k - sensitivity of channel for coarse reading.

Thus the error of a two-channel synchronous gear decreases by

n times.

In order to obtain the full error of a synchronous gear it is

necessary to add in formula (26) the error of the reduction gear, then

am-- +A,. (27)

Consequently the accuracy of a synchronous gear is influenced signi-

ficantly by error in the manufacture of the reduction gear.

Let us consider now the accuracy of a three-channel synchronous

gear, having channels for coarse, average, and fine readings. Error

of the channel for average reading equals

and error of the channel for fine reading will be

at
Placing in the last formula the value Aawe have

S-•-•+a•(28)

Prom the dependence obtained it is clear that the limit of accuracy

of multichannel synchronour gears is determined by errors in the
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reduction gear. The-inIfluence of errors in the manufacture of trans-

ducers and receivers of the synchronous gear in muitichannel gears
isesen~al~re+Yd,-%nereforc in-19them the-Sire is the poratibility

-of uslng-selsyna aod-rotr& transformers of low classes of accuracy.

Application of T r•eduction gear in a synchronous gear leads to

a disturbance of self-smnchrcnization of the channel for fine reading
et angles of mism:.tch

This is caused by the presence of n stable positions of the channel
for fine reading within the limits of 3600, at which the voltage of

mismatch onthe output of the receiver equals zero. The channel

for coarse reading serves tO ensure the self-synchronization of a

synchronous gear at large angles of mismatch.

In Fig. 28 graphs of change are shown for voltages of mismatch

on the oatput of receivers of channels for coarse and fine rea ings.

Angle of switching of the synchronous gear Aan fro% the coarse to

the fine channel should be less than half the half-period-of change

for the signal of the channel for fine reading, but on the other

hand It should not be less than double the error in the channel for

coarse reading

260ýr<A< - (29)

Thus for n = 30 and a selsyn gear of the first class of accuracy the

angle of switching should be found within the limits 1.50 < acn < 40.5.

| Fig. 28. Diagrams of
Svoltages.
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From Inequality (29) it follows that in the selection of gear

ratio n and clacs of accupacy uv' a synchronous gear it is necessary

to observe the condition

> 4UP. (30)

or

In the case of nonobservance of this condition it is impossible to

ensure the steady operation of a synchronous gear during switching

of channels.

- 4. Synchronizers

The most widespread types of synchronizers are synchronizers on

electron tubes and semiconductor diodes. Diagrams of them are shown

in Fig. 29. A synchronizer on electron tubes has -wo inputs; voltage

from the channel for fine reading through resistors R and R2 is

applied directly to the input of the amplifier, and-voltage from the

channel for coarse reading is supplied preliminarily on the amplifying

cascade. In the anode circuit of this amplifying cascade-stands a

transformer; its neon tubes are connected to tohe input of t-he ampli-

fiar in parallel with voltage of-the channel for fine readsng.

Fig. 29. Synchronizers:
a) on diodes; b) with neon

- - Uj~tubes.

Is5I
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If the angle of mismatch between the rotors of the receiver and

transducer .. < nA the voltage or the channel for coarse reading

is small and on the outrut of the amplifying cascade the voltage

will be insufficient for ignition of the neon tubes. In this case

voltage from the fine channel is fed to the input of the amplifier,

and voltage from the channel for coarse reading is suppressed, since

the output of the amplifying cascade is disrupted by nonburing neon

tubes.

In the case when angle of mismatch-Aa >-Aa., the output voitage

of the amplifying cascade becomes larger than the potential of

ignition of neon tubes. Here the- voltage of the fine channel is

short-circuited through the burning tubes, and voltage from the

channel for coarse reading is switched to the input-of the amplifier.

The action of a synchronizing device on semiconductor diodes is

based on the property of semiconductor diodes to change their resls-

tance depending on the voltage applied to them. At small values Cf

applied voltage the resistance of the diode is great, and upon

achievement of a specific level of voltage it drops sharply.

In the channel for fine reading the resistance R, is considerab.y

larger than resistance Ri. With a small voltage of mismatch the

resistances of rectifiers B1 and B2 are very great.

At small angular mismatches on resistance R2 arrives voltag&

from the channel for fine reading which is applied to the input- of

the amplifier. Output voltage from the channel for coarse reading

falls on rectifier B2.

If angular mismatch increases, then due to increasing voltages-

appearing on the outputs of channels for coarse and fine readings

there is a -harp decrease of resistances of rectifiers BI and B2.

Rectifier B will shunt resistance R2 , and a large part of the voltage

of )mismatch for the fine channel falls on resistance R Due to the

6o



low resistance of rectifier B2 , voltage from the coarse channel will

fall on resistance R3 , therefore it will be completely applied to

the inDut of the ampliflar-

In order to ensure steady work of the synchronizer during switch-

Ing of the amplifier from one channel to another a thorough 3election

of resistances RI, R2 , and R3 is carried out, and also of character-

Istics of diodes of reatiflirs. With these characteristics the

switching of channels should be performed at an angle of mismatch

which Is determined by inequality (29).

I 5. Multichannel Synchronous Gears
With Electrical Reduction

In synchronous gears with electrical reduction multipolar

transducers and receivers are used. Therefore with a full turn of

the transducer a multiple change of voltage on its output occurs.

The number of periods of change of voltage on the output of the

transducer for one of its turns is equal to the gear ratio of

electrical reduction.

If as the transducer of the synchronous gear a mult~polar

rotary transformer is used, and as the receiver - bipolar, the

-accuracy of reading angles with the help of the receiver is increased.

On the output of the receiver the signal equals

and on the output of the transducer it will equal

where n - gear ratio, equal to the number of pairs of poles of the

transducer. Therefore the error of measurement of angle with help

of a synchronous gear equals

he-,(31)

where A - error of receiver.
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A single-channel synchronous gear with multipolar transducers

does not possess the property of self-synchronization, since the

-&"usc 104 e r -of a...' * -C tra..---erwi-- r-----a .------ n -tur

of the transducer is equal to the gear ratio of electrical reduction.

For elimination of this deficiency two-channel synchronous gears have

been developed. Transducers for fine and coarse readings are rigidly

secured on one axis, therefore errors of mechanical reduction geara

are excluded here. In the absentee of mechanical reduction gears

there is a decrease of moments ol' friýtLon in the axes of transducers

and receivers, which is also the reason for an increase of accuracy

of synchronous gears with electrical reduction.

With an increase in the number of pairs of poles for the trans-

ducer the form of curve of output voltage with a change of angie of

rotation of the transducer differs from a sinusoid, which has an

influence on the lowe-ing of accuracy of multipolar transducera. For

increasing the accuracy of manufacture of such transducers it Is

necessary to increase their dimensions. Value of error of a rotating

transformer with 2J4 pairs of poles does not exceed 1'.

A higher degree of accuracy is possessed by multipolar transducer-

inductosyns. The stator and rotor of the inductosine are prepared

on glass disks. On rotor there is a single-phase winding, and on

the stator - a two-phase, similar to the sine-cosine winding of a

rotary transformer. With the number of pairs of poles equal to 108,

and diameter of transducer equal to 80 mm, the error of the inductosine

does not exceed 5".

An inductosyn synchronous gear does not possess self-
synchronization, therefore it is made multichannel. In its channel
for coarse reading rotary transformers are usEd.
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C H A P T E R VI

GYROSCOPIC DEVICES

§ 1. Problems Solved by Gyroscopic
Devices During Aiming

Gyroscopic devices obtained wide propagation in missile technology.
Application of gyroscopic measuring devices in inertial control
systems ensures movement of a missile on a programmed trajectory.

The operation of aiming systems is intimately connected with
onboard gyroscopic instruments, since the mission of azimuthal aiming
is orientation of axes of sensitivity of these instruments relative
to the plane of launching (see Chapter I).

However, gyroscopic devices are also used directly during the

aiming of missiles. There are three basic areas of use of gyroscopic
devices in aiming systems:

- preservation of oriented geodetic directions;

- autonomous determination of azimuths of oriented directions;

- stabilization in space of elements of aiming systems when they

are influenced by various mechanical disturbances.
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Gyroscopic devlces, serving for preservation of oriented geodetic

directions, frequently are not included in the composition of aiming

systems. Thus, they find application in navigational systems used

ror plotting the course or submarines - carriers of ballistic missiles.

Direction, fixed by a directional gyroscope or gyroazimuth of a

navigational system, is transferred with the help of synchronous

gears to the system for aiming of missiles when they are launched

from a submarine. Analogous gyroazimuths can be used also on ground

mobile launchers.

Autonomous determination of azimuths of oriented directions is

done iith the help of gyroscopic compasses. The gyroscopic compass

can be constructively united with the gyroazimuth. In the case of

shifting the launcher it works under conditions of a gyroasimuth,

and on a halt prior to launching the missile - under conditions of

a gyrocompass.

The onboard gyroscopic instruments can also work under conditions

of a gyrocompass. Aiming with the use of onboard gyroscopic instru-

ments does not require the presence of oriented geodetic directions,

since the direction of the meridian is determined directly by the

onboard instruments.

For stabilization of elements of the aiming systems when there

are mechanical disturbances (wind rolling of rocket, vibration of

launcher during operation of different motors, etc.) it is possible

to use gyroscopic stabilizers, on which these elements are mounted.

In certain cases on a stabilized platform with the elements of the

aiming system which are mounted on it there are no gyroscopes. As

transducers of attitude for such a platform onboard gyroscopic

instruments are used. Transmission of information from onboard

gyroscopic instruments to the platform is Larried out with the help

of synchronous gears or by autocollimating neans.
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1 2. Basic Properties of Gyroscopes

_tro the n-ame giVe. t%-, %a whdlich ic ipilnning rapidly
with respect to the axis of symmetry and which is mounted in a gimbal
suspension.

The most widespread are gyroscopes, in which the rotating body
is the rotor of an a-c motor. The stator of this motor is secured
in a housing which serves as the inner frame of the gimbal suspension.
Less widespread are gyroscopes, the rotor of which is rotated with

the help of compressed gas. On one axis a turbine is secured with

the rotor of such a gyroscope.

A balanced Syroscope is a gyroscope, the center of gravity of
which coincides with a fixed point of the suspension - point of

Intersection of axes of the gimbal suspension. A balanced gyroscope,

in which frictional forces in the axes of the suspension and frictional

forces of the rotor against the air are negligible, is called free.

For decreasing friction on the axes of a gimbal suspension of

a gyrsocope high-quality bearings are used: ball, with gas. electro-
magnetic, and electrostatic suspension, etc. For the purpose of
decreaqing friction against air a high vacuum is created in the-gyro-

scope. The gyroscope box of certain instrtuents are filled with

helium, the density of which is considerably less than air density

at the same pressure.

Center of gravity of certain gyroscopes are shifted by a certain
value with respect to a point of the suspension. Such gyroscopes

are called heavy.

A gyroscope can have three degrees of freedom: rotation around

its own e.Is, around the horizontal axis, and around the vertical
axis of the gimbal suspension (see Figs. 3 and 4). If the outer
frame of the gimbal suspension is secured the gyroscope becomes
two-stage.
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A gyroscope possesses two basic properties:
S I

- stability, including the tendanny tO preserve a fixed nontiton

of axis of rotation in space;

- the property of precession.

A free gyroscope can arbitrarily preserve its position relative

to a system of coordinates which is fixed in space for a long time.

In ca& of the influence of short-term disturbances of the shock

type on a gyroscope the position of its axis of rotation practically

remains constant. Here it acquires small high-frequency oscillations

which are called nutational.

Nutational oscillations of the axis of a gyroscope will be less,

the greater its angular momentum

(32)

where 0 - angular velocity of ration of rotor; J - moment of inertia

of rotor. Moment of inertia of a rotol, of cylindrical form equals

we

where m - mass; r - radius of cylinder.

Angular momentum can be increased at the expense of an increase

in the mass of the gyroscope m, radius r, or rate of rotation of the

rotor 0. Rates of rotation of gyroscope rotors can reach 60,000 r/min.

The property of precession of a gyroscope amounts to the fact

that in the case of application of torque on one of the axes of the

frwes of the gimbal suspension rotation of the gyroscope develops

around the other axis of the suspension. Thus if force F or torque

M is applied to the inner frame of the gyroscope then precession

movement of the gyroscope develops around the axis of the outer frame.
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The value of angular velocity of precession equals

!N

"-ff

Direction of precession can be determined by following this rule:

during the action of moment of external forces on a gyroscope the

vector of angular momentum H strives to combine with the vector of

moment of external forces M by the shortest path.

The examined two propercies are possessed only by a three-stage

gyroscope. In the event of restriction of one of its degree of

freedom the gyroscope also loses the property of stability and

property of precession.

§ 3. Gyroazimuths

A free gyroscope can be used as a gyroazimuth (Fig. 30). In

the preservation of oriented direction by a gyroazimuth the pZ'eviously

examined property of stability of a gyroscope is used. However,

a free gyrosocope strives to preserve the initial direction of axis

of the rotor relative to a fixed system of coordinates. A free

gyroscope cannot hold an oriented direction with respect to a system

of coordinates which is connected with the earth, since due to

rotation of the earth the axis of the gyi-oscope will be continuously

deflected on azimuth and from the plane of the horizon.

r°

Fig. 30. Gy-roaiimuth; I
rotor; 2 - moment transducer;
3 "-transducer of el"!.
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Components of angular velocity of rotation of the earth on two

diicevtions (Fig. 31) equal:

"(35)

where A - angular velocity of rotation of earth; * - latitude of3
standing point. Rate of azimuthal drift of axis of gyroazimuth

depending on latitude is given in Table 6. For maintaining the

axls of the rotor of the gyroazimuth in the assigned direction

relative to the plane of horizon and for azimuth it is necessary

to introduce a correction.

•' YZ Fig. 31. Components of
angular velncity of rotation
of the earth.

Table 6.
Latitudep dog 3 44 5 so

Rate ot dr~f L, ie&h 10.3- 10.5 12.3 1.

To ensure correction of the gyroscope relative to the plane of
the horizon it is necessary to apply torque to its vertical axis equal

to
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This torque will elicit precession of the gyroscope around axis OX

with angular velocity

ensuring that the axis of the gyroscope follows the plane of the

horizon.

Position of the plane of the horizon can be determined with the

help of a vertical transducer secmnd on the inner frame of the

gyroscope (Fig. 30). Mismatch sinal, taken from the vertical trans-

ducer, after amplification is fed to the torque transducer, which is

secured on the vertical axis of the gyroazimuth and which applies

torque to the vertical axis, thus causing precession of the gyroscope

up to elimination of mismatch between the axis of the gyroscope and

plane of the horizon.

For correction of vertical component of angular velocity of the

earth sometimes the method of displacement of center of gravity of the

gyroscope along its axis of rotation is used. For this on the gyro-

scope housing is affixed load P, which creates relative to the hori-

zontal axis a torque, causing precession of the gyroscope around

the vertical axis with an angular velocity equal to ty, but opposite

to it in sign. The arm of location of load relative to the center of

the gimbal suspension is determined by the formula

1ga!. day.

With a Msnge of latitude of the standing point of the gyroaziumth

the arm of load should be changed.

Correction of vertical component of angular velocity of the

earth can be carried out with the help of a torque transducer mounted

on the horizontal axis of gyroscope. From the potentiometric pickup

d-c voltage is fed to the torque transducer. The amount of voltage

Is selected depending on the latitude of the standing point of the

gyrocompass.
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4. GyrocoMRasse_

Wth .... ..h.elp of gyrostoptc compasses determination of oriented
geodetic directicns is carried out. The axis of the rotor of the
gyrocompass, due to the action of directional moment during rotation
of the earth, possesses a selectivity with respect to the direction
of the meridian.

Gyrorcopic compasses are of two types: rated and free$--

Arrangement Of a rated gyrocompass is deplcted-in Fig. 32-
It constitutes a f.-ee gyroscope, in which the inner frame-of thegimbal suspension is fastened to the outer. I

Xi

1 _

Fig. 32. Sketch of a rated
gyrocompass.

Principle of operation of a gyrocompass amount6 to the following.
Let us assume that in the initial position the axis of the gyrorotor
Is found in a horizontal plane and is deflected from thc plane of themeridian by an angle of 900 - a. Then due to rotation of The plane
of the horizon the gyroscope will rotate around a horizontal axis with
angular velocity

" e-•,y • s,9o .S-- (36)
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The directional moment developing here

M5=ifQOS sy sin (9(-6

causes precession of the gyroscope around a vertical axis in a

direction to the plane of the meridian.

If the frJction moment in the supports of the vertical' axis

equals zero, then the axis of the gyroscope will accomplish sustained

oscillations relative tc the plane of the meridian. The period of

these oscillations will equal

T=2x (37)

where B - equatorial moment of inertia of gyrosoepe in the gimbal

* suspension. For latitude * - 600 the period of oscillations of axis

of a gyrocompass usually does not exceed one minute.

As a result of the action of friction moment oscillations of

Sthe axis of the gyroscope fade and it is set with a certain error

in the direction of meridian. Error of the gyrocompass is determined

by the inequality

A9<M,,Mfigl -.cosy sin as.

Hence the error of gyrocompass

Alt= l are i .s 38)
112, Cos IF

For increasing the accuracy of the gyrocompass it is necessary to

decrease the moment of friction. For this purpose liquid and gas

supports are used in gyrocompasses.

The most prevalent are free gyrocozipasses. A free gyrocompass

constitutes a heavy gyroscope, in which the directing moment appears

at the expense of displacement of the center of gravity downwards

relative to the suspension point.
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Principle of operation of a free gyrocompass is shown in Fig. 33.
Under the effect of gravity the gyroscope housing always strives to

take a vercn, I t r tAon. In the cnpe of P horizontal nno~tion for

the axis of the gyi "otor the force of gravity of the pendulum passes

exactly through the center of the suspension and does not create

torque relative to it. In process of rotation of the earth the

gyroscope preserves the position of its axis, which here is deflected

from the plane of the horizon.

VY

% x

-\

-\ I~I

Fig. 33. Principle of operation
of a free gyrocompass.

Deviation of the line, connecting the suspension point with the

center of gravity, from vertical leads to appearance of pendular

directing moment relative to axis OX

= (39)
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where P -wel ght of gyroscope housing; Z - distarnce between sueension

point and center of gravity; 0 - angle of deflection of axis of

gyroscope from horizon. Directing moment causes the appearance of

precession motion of the gyroscope relative to the vertical axis;

here the axis of the gyroscope is precessed in the direction of the

meridian. When the axis of the gyroscope approaches the meridian

the rate of precession increases, since the angle of deviation

of the axis from the plane of the horizon and, consequently, also

the directing moment increase. After the axis passes the plane of

the meridian the angle decreases, since the axis of the gyroscope

rises. When the axis of the gyroscope reaches an extreme point the

pendular moment changes its sign and the gyroscope starts to precess

in the opposite direction.

The trajectory, described by the axis of the gyroscope during

its precession, in a section with a certain plane constitutes a
vertically flattened ellipse. Period of oscillation of the axis

of the gyroscope during its precessional motion equals

T... (40)

Center of the ellipse deviates from the plane of' the horizon by angle

Comparative calculations of periods of oscillations of rated and

free gyrocompasses by the formulas (37) and (40) accordingly show

that the period of oscillations of a free gyrocompass can be ten

times greater than the period of oscillations of a rated gyrocompass.

Thanks to this the free gyrocompass is stabler to outside disturbances.

For determination of direction of the meridiam the gyrocompass

is equipped with a theodolite and special reading device. With the

help of the reading device determinations are made of readings 01, 02,

03) and 014, corresponding to the four points of reversion of axis

of the gyrosocpe durings its oscillations relative to the meridian.

A reading, corresponding to the direction of the meridian, is deter-

mined by formula
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0 = (0 0+ 0").o=T (41)

where

0,.o'-ý- ( 010+0.)

In the presence of three points of reversion for a determination of

the direction of the meridian the following formula is used

0==-L (01,+ 0=+.o-- -(, -o3P (42)
4 S(O1-Og)

These formulas make it possible to allow for damping of oscillations

of tCe gfroscope, appearing as a result of the presence of friction

moment in its suspension.

Free gyrocompasses exist in two constructive varieties: with

suspensions on a spire and on a torsion bar.

In a gyrocompass with the suspension on a spire (Fig. 34) the

gyroscope housing constitutes a float placed in a reservoir with

liquid. The gyroscope housing has little positive buoyancy. It

is centered with the help of a steel spire, to which a step bearing

is tightened. For purpose of decreasing frintion agate step bearings

are used.

For filling the reservoir usually a mixture of alcohol with

water is used. Dissolved in it is small amount of borax, which

ensures the electrical conductivity of the liquid. SUpply voltage

is fed to the gyromotor through supporting liquid; for this.purpose

on the gyroscope housing and reservoir there are three annular

electrodes.

Determination of readings corresponding to points of reversion

In• done by autocollimating means. On the gyroscope housing a mirror

In mounted, In which a :;W1hting is made with the help of ten auto-

-!oll1matIn1, tube which is rigidly Joined with a theodolite.
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a) b)

Fig. 34. Construction of gyrocom-
passes: a) with suspension on a
spire; 1 - electrodes; 2 - rotor;
3- liquid; 4 - spire; 5 - tube;
6 - mirror; 7 - autocollimator;
b) with suspension on a torsion
bar; 1 - rotor; 2 - torsion bar;
3 - mirror; 4 - objective; 5 -
semitransnarent mirror; 6 - receiver
of radiation; 7 - analyzing prism;

8 - tube.

A gyrocompass with suspension on a torsion bar consists of three

main parts:

- gyroscope housing;

- photoelectric follow-up system;

- theodolite with scale and reading device.

The gyroscope is suspended on a thin torsion bar. For excluding

the influence of torsion moment, arising during the twisting of the

torsion bar' in the process of oscillations of the gyroscope, on the

accuracy of determination of direction of the meridian a continuous

turning of the suspension is carried out immediately after shifting

of the gyroscope housing with help of a follow-up system.
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Characteristics of gyrocompasses differ significantly depending

on their design features and principles of construction. Basic

.... i- c of certain foreign gyrocompasses are cited in Table

7.

Table 7.
PIN ,'AT r1ifentoe "Guitar' Heed

Engl and USA USA USA TK-3
Nsignations 1962 1963 1961 1962 FRG

1963

Error of orientation 1p 3V" 20' 20 r

Time of orientation, 15.4C 6-10 25 20 30-45
min

The most accurate of these gyrocompasses - "Orientor," "Guitar,"

and gyroscopic head for the TK-3 theodolite - are free with tcrsion

suspensions. The gyrocompass "Orientor" has an automatic follow-up

system, ensuring that the suspension of the gyroscope housing follows

its precessional motion.

I
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CHAPTER VII

SERVOSYSTEMS

1 1. Assignment and Elements

A servosystem is the name given to an automatic device, intended
for reproduction on the output of a certain input value (angle, linear
shift, voltage) which changes by an arbitrary law. The servosystem
usually reproduces a given value in the absence of a mechanical
connection between the assigning and regulated devices.

The area of application of servosystems in instruments for aiming
of missiles is quite extensive. They are used In photoelectric

goniometers for the measurement of angular mismatch, in devices for
following the instrument section in the event of wind rolling of a
missile, in polarization and induction synchronous gears for matching

the angular position of the receiver with transducer, in devices

enabling the suspension tf a gyrocompass to follow the precessional

motion of a gyroscope, in gyroscopic stabilizers, and in systems

for azir•,thal turning of the onboard gyroplatform or launching pad

together with the missile during fulfillment of concluding operations

of aiming.

In Fig. 35 is shown a diagram of a ,er;osystem. It consists of

two main parts; regulator and object which Is regulated. The

regula.tcr serves for comparison of invut and output values and the

generaticn of a regulating influence on the regulated object, thus

ensuring the equalization of these values. Comparison of input and
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output quantities is carried out due t, the presence of feedback in

the servcsyet-em. I

Fig. 35. Diagram of a servosystem.

The value passed to the input of the regulator,

is called the mismatch signal. The servosystem operates continuously
for e14 mination of mismatch. The input value can be constant and can

change with the flow of time by a definite law or randomly. For

example, accidentally a shift of the instrument section during wind

rolling of a missile.

Automatic regulator usually consists of three basic elements: Jý _-

measurtng device, amplifier-converter, and regulating organ or motor.

The measuring device measures the difference between the input

and output values. For this on its input the input value is fed,
and on the feedback circuit - output value. The amplifier-converter

serves for amplification of the signal in voltage and power and
conversion of it from one form to another. It frequently includes ••=-_-•- :
modulators and demodulators. The regulating organ serves for

exerting the necessar- influence on the regulated object. In many -

servosystems for aiming instruments an electric motor is used as the-

regulating organ; in gyroscopic devices for this purpose a torque -

transducer which causes precession of the gyroscope is used.
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Transmission -of cor~iand sgnal f om asilrinrg dcyiete- t-4gla~~

organ and regulated object-As doin6 on- a c-Lrauit' of diet-commulcationi~

Control o",er Uhle pemn~of c-U~MMIr-Idi is narr-led- out by a -f~eebaelc
circuit which connects thie-output,, a Obe ,_v~yt,,M with its InpUt.

Coiumunt cation between zeparatd-e lelmrer4ts of the sorvo-sy-stem- -68h bte ýf

three forms: electrical,- opt-4 i Ial nd rn-'et!inrcl C In i:-some -servosyste'ais

al-I three forms of com#iurvý cation Wre-used-

In an appr~aisa~l of propertl,.s- of-a sev~ytmtype-p' signl- are-
suppliki on its Input -and -I-'s-_p-roperties a-rei- determineidý-on the basis

of an an~alysis of the OutPniitsignaA. Tfhi&4Inost- widespgread -type

signals -are aizrusoidal and- -unit- stepped.

A- sirusoidal intpit signa iý -determiined by the -expression

where -amplitude of signal; w -its fre~us--ncy; * phase.

On -the 4ýutput: of -the servosyste afte aer nie sIllations

of --utput value ar~e establiLshed

T1he frequency of these oscillati~ons iLs thie same as on the Input.,

however, amiplitude and phase. of thes~e oscillations differ from the

amplitude and phase of the input signal. This signal is the natural

fo~rm of input influence for systems for following the instrument

section diring wind rolling of a missile,

The unit stepped s~tgnal Is oha.racterIzed by a, 'Instantaneous
-nres rmzr to a certain4 constant value. This influence is

- -attained by means of switching on the servosystem when a certain angle

or mismatch t-3 pressent on the Input.
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In the event of supply of a gradual influence on the input of the

ay~tem a stabilized value of output quantity will be attained after a

specific interval of time. Chana no v,,2.pu,, value fol.o ,14- .... p

of a stepped influence on the input of the servosystem is called

transition process. In a servosystem the transition process can be

without overshooting, when during adjustment of the entrance influence

the mismatch signal does not change its sign, and with overshooting -

in the presence of even one change of sign of mismatch. In Fig. 36

a~re shown typical characteristics of transition processes which

develop in servcjystems.

ot

Fig. 36. Characteristics of
transition processes.

Basic indices of quality of work of servosystems are:

- stability;

- high speed operation;
I.

- oscillation capacity;

- overshooting;

- accuracy. I
A servosystem is called stable, if when it is taken out of a

state of equilibrium it again returns to this state. In a stable

servosystem the transition process fades with the flow of time, but.

in unstable It lasts for an indefinite long time. Development of

instability in a servosystem promotes an increase of its amplification

factor.

8o
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High speed operation of a servosystem is characterized by the

time during which the transition process in it in practically

cniivuded. Usually the transition process is considered completed,

when the output Value differs from the constant input influence by

no more than 5%.

Oscillation capacity of the system is determined by the number

of oscillations appearing in it during transition operating conditions.

Usually no more than one or two oscillations is allowed, since a

large number ef oscillations leads to wear of the mechanical elements
of the servosystem.

Overshooting is the name for maximum deflection of amplitude of

output value from a constant input influence. Overshooting should

not be too great, since with an increase of it considerable dynamic

forces can appear in the mechanical elements of the system and in

electrical - large voltages which are caused by a large mismatch

signal.

In the case of operation of a servosystem in a steady state,

when the transition process is finished, the basic index of quality

of its work is the accuracy determined by error

Depending upon the operating conditions system errors are distinguished
as static and high-speed.

Static error is found in a system, when on its Input a constant
disturbance is acting. Reasons for it are: dry friction and play
in mechanical elements, unbalance *1 amplifying-conversion devices.

High-speed error appears during a change of input influence with

the course of time by a linear law, i.e., with a constant speed. High-
speed error increases with an increase in the rate of change of input
value. Value of high-speed error is greater than the value of static.
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Static and high-speed error decrease with increase of amplification

factor of the servosystem. It Is necessary, however, to consi-der
*1,a4- w44-J, -- 4- ;Aor "-. sysiem c82 an-los

stability.

1 3. &ystems for Following Wind RollIng
-of a MIssile

The system for foll-owing the onboar41 prism -in_ the tase or w ind
rolling of a missile-serves to ensure -the continuouet ThU- luene of-a
light- single, ref'lected from tshe pi~~h-uoolntr._I
the absence of sueh system, If amplitude -of -os-cillat~iiis .-,;he midssile

±ntuetseetlo'7 becomes equal -to the _41w~tea-o th-eb1DL~t~iV#___ -__

of the -goniometer, the- loss of -light signal b-y the gon-iometer -miy be
observed.-

-Diagram of a- servosystem As- depicte& in -7-44. 37-* I-t -inludes -&-
Autoeollimati-ng- gen± zeteri- -anpllfir-e, motor -with tachogenerator,
reduction gear, and reflectoar_ -_'The refleecbrI~ s -the adJ ustab le ob ieat,
and all the remaining elew~nts in their totaltty constitute the xiegu_ý

1lat or.

Fig. 3?7. System for -following
the -4o~ll g-oT- a--inis1:e: 1-
guldes;- 2 -- reflector; 3 -

oInrl-pim

dosin-s --------------
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The tachogenerator [TO] is an electrical machine, producing

voltage which is proportional to the angular velocity of rotation

of itz shift. it in included in the supplementary circuit of negative

feedback, which- serves fýr linprovement of the quality of the transition

process: increase of stability and decrease of oscillation. In the

figure electrical connections are designated by solid lines, optical-

dotted line, and mechanical - double lines.

Input valut of the servosystem is the forward shifting of the

onbosd prism, and output - shifting of the reflector. The measuring

element of the system is a goninmeter, which according to the nature

of change of light signal on its •input evaluates the i-.,lative position

of onboard prism and reflector and produces an electrical signal which

Is proportiunal to the linear aisplacement of the onboard prism with

respect to the reflector. The regulating organ of the system is the

motor which moves the reflector on guides.

In the development of systems for following the wind rolling of

a missile high requirements are presented for their high-speed opera-

-tion. The nature of quick operation should ensure the reliable

tracking of the onboard prism by the reflector. Frequency of oscil-

lations of missiles can attain units of hertz, and amplitude - tens

of centimeters.

Requiremn-nts for accuracy of the servosystem are comparatively

low, since its rwaximum permissible error is determined by the diameter

of the goniometer objective. Error in tracking has the greatest

signifIcance in the middle of the operation zone of the servosysteni,

since its basic component is speed error, the value of which depends

on the rate of change of input disturbance, which has the greatest

significance in the middle of the operation zone of the servosystem,

sinee its basic component is speed error, the value of which depends

on the rate of change of input disturbance, which has the greatest

significance in t• middle of the operation zone of the tracking

system.
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It is necessary to consider that with i low degree of accuracy

for the reflector which is tracking the instrument section, part of
1,im4nni,, firlt vlPefptPA f,~nm thp nl',im will nnt verrh the. ioninmtpi,

objective. A periodic change of amplitude of light signal arriving

at the goniometer will elicit the appearance of error on the output

of the basic channel of the goniometer, in which a mismatch signal

develops between the plane of firing and basic plane of stabilization

of the missile.

§ 4. Measuring Servosystems

Measuring servosystems are a component part of goniometers which

are working under measuring conditions. They make it possible to

automatically measure the angle of mismatch between sighting axis of

the goniometer and basic plane of stabilization which is fixed by a

control prism.

In Fig. 38 are depicted two varietlis of such servosystems; in

one of them angular turning: of sighting axis is done by means of

shifting the analyzing prism, and in the second - by slanting the

glass plate through which the light rays pass. By turning the plate

to this or that side, it is possible to combine the focused light

rays on the slot. The arrows in the figures show the direction of

shifts of analyzing prism or plate depending on the direction of

turning of the control prism.

For determination of the value of measured angular mismatch the

goniometers are equipped with angle transducers. An angle transducer

can be discrete or continuous. In the first case on its output

pulses appear, the quantity of which is proportional to the measured

angle. In the second case on the output there will be a constant

or alternating voltage, the amplitude of which is proportional to the

measured angle. The angle transducer is rigidly joined with the

analyzing prism or turning glass plate.
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Fig. 38. Measuring servosystems:
a) autocollimating goniometer;
1 -- control mirror; 2 - objective;
3 - analysing prism; 4 - tube;
5 - receiver of radiation;
b) goniometer with external light
source; 1 - control mirror; 2 -
objective; 3 - tube; 4 - turning
plate; 5 - diaphragm; 6 - receiver
of radiation.

A measuring servosystem works on a constant disturbance which is
assigned on its input. The time which is assigned for adjustment of
disturbance is usually sufficiently great, therefore the requirement
for a high-speed system is comparatively low.

Very high requirements are pre.ented for the accuracy of the
servosystem, since its errors directly affect the error of aiming
the missile. Accuracy of measurement of angle depends both on the
characteristics of the servosystem and also on the parameters of the
angle transducer. For increasing the accuracy of .ervosystems attempts
are being made to increase its amplificatiorn factor. Accuracy of the

transducer can be increased by improving the quality of its manufac-

ture and by increasing the transmission ratio connecting the shift

of the analysing prism with the turning of the transducer.
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5 5. Servosystems of Synchronous Gears

Servosystems in synchronous gears serve for the continuous

coordination of angular position of the receiver with the position
of the transducer or conversely - transducer with the position of

the receiver. During transmission of angular values with the help

of synchronous gears the requirements for their servosystems are
analogous to the requirements for measuring servosystems: they have

to possess high accuracy, but can have a low speed of response. If,
however, the receiver of a synchronous gear serves for tracking the

angular velocity of a transducer, high requirements can also be
presented for the speed of response of the system.

In Fig. 19 the servosystem of a polarization synchronous gear
was shown. The measuring device of the servosystem is the receiver,
and the regulated object - the body of the receiver together with the
elements placed in it.

In the event of angular mismatch between positions of transducer
and receiver a controlling signal is produced on the output of the
receiver. This signal exerts an influence on the motor, which turns
receiver around a vertical axis until coincidence of it with the
position of the transducer.

The arrangement of a servosys&.-em of a synchronous gear on rotary
transformers was depicted in Fig. 26.

From the rotor of the receiver, which is the measuring element,
a mismatch signal is taken which is proportional to the angle between
positions of transducer and receiver. After amplification the angle
moves to the motor, which turns the receiver around a vertical axis
until coincidence with the position of the transducer.

Servosystems are possible in which the controlling signal is
fed to the drive of the transducer. In such systems the regulated

object is the transducer of the synchronous gear.
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§ Servosstems for Turning
M4ss*'Mes "and Gyroplaforms

Servosystems for turning a missile or gyroplatform around a

vertical axis serve for execution of the concluding operation of

azimuthal aiming - combination of the basic plane of stabilization

of the missile with the plane of launching.

In Fig. 39 are shown diagrams of servosystems for turning a

missile and a gyroplatform. In the first of them the measuring

element is a goniometer, working under zero conditions, and the

adjustable object - the turning unit of the launching pad together

with the missile. A peculiarity of this servosystem is its high

power on the output, which is necessary for surmounting the inertia

of the great mass of the missile and the large friction moment in

the turning device for the launching pad.

Input influence of the servosystem is the azimuthal position

of the sighting axis of the goniometer, combined with the plane of

firing, and the output value of the system - direction of basic plane

of stabilization, fixed by a perpendicular to the control prism.

For improvement of the transition process in the servosystem

there is an additional feedback. During development of a servosystem

very high requirements are presented for its accuracy: error of

adjustment of input value usually does nct exceed several angular

seconds. During operation of the servosystem no variations of output

value are allowed. Requirements for high-speed operation of the system

are comparatively low. For decreasing the time expended on aiming,

the reduction gear of the servosystem makes it possible to conduct

adjustment of input value on two speeds: high and low. At large

angular mismatches between position of sighting axis of the goniometer

and basic plane of stabilization the adjustment is conducted at a

high speed, tut upon achievement of an angular mismatch of a specific

value the servosystem is switched to a low speed of adjustment.
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Fig. 39. Systems for turning missiles
and gyroplatforms: a) system for
turning a missile: 1 - launching pad;
2 - control prism; 3 - objective; 4 -
tube; 5 - analyzing prism; 6 - receiver
of radiation; b) system for turning the
gyroplatform: 1 - control prism; 2 -
transducer of moment; 3 - gyroscope;
4 -motor; 5 -transducer for angle of
precession; 6 - objective; 7 - analyzing
prism; 8 - tube; 9 - receiver of radiation.

In the servosystem for turning the gyroplatform a goniometer
working under zero conditions is also used as the measuring device.

The regulated object of the system is the gyro-stabilized platform
on which the control prism is mounted.

The luminous flux, coming out of the objective of the goniometer,
is reflected from control prism and is analyzed in the goniomenter.

On the basis of the analysis of the light signal in the goniometer

an electrical mismatch signal is developed and passed to the gyro-

platform.
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This signal is fed to the torque transducer of the roll gyroscope

and causes the precession of the gyroplatform around a vertical axis.

hdj.nstiIert of n-itnatch is ceased when the perpendicular to the control

prism coincides with the sighting axis of the goniometer.

Mismatch signal produced by the goniometer can be fed directly

to the motor for azimuthal turning of the gyroplatform. However, in

the supports of tbc gyroscope a gyroscopic moment will appear which

strives to preserve the initial position of the axis of its rotation.

The presence of the resistant moment renders an unfavorable influence

on accuracy of adjustment of input value by the servosystem.
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CHAPTER VII

MISSILE AIMING SYSTEMS USING EXTERNAL INFORMATION

b 1. Vertical Positioning of Missiles

Vertical positioning of missiles is accomplished with the

help of Jacks for the launching pad. For controlling the position of

longitudinal axis of the missile with respect to vertical two theodo-

lites are used which are mounted at a certain distance from the

launching pad. The angle between planes of sighting of the theodolites

in the direction of the missile compresses 900. Pi'ior to vertical

positioning of the missile both theodolites are thoroughly established

horizontally with the help of levels.

On the body of the missile there are referred points, the line

between which is parallel to the longitudinal axis of the missile.
During vertical positioning of a missile at night the reference

points are illuminated.

Each of the theodolites in turn sight at first on the lower,

and then on the upper rererence polnt. If the upper reference point
deviates from the vertical filament of the crosshairs of the theodo-

lite retide which is combined with the lower point., the body of the

missile is inclined to corresponding side with the help of launching-

pad Jacks. Then the same operation is carried out with the help of

the other theodolite. The missile will be set in a vertical position,

if the refeeence points in the field of vision of both theodoiltes

coincide with vertical the filaments on the crosshairs of their

reticles,
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.... ,,.•s of error, in the vertical positioning of a

m±~3l].e ax'e:

error due to inaccuracy in the horizontal positioning of the
theodolite;

error An sighlring with the theodolite on the reference point.

Error in establishing the reference points on the body of the

missile enters completely in an error of vertical positioning. Error

of vertical positioning of a missile due to inaccuracy of horizontal

positioning of the theodolite equals

h inB., ~(43)

where B - angle betweer .Arectlon of sighting on reference point and

direction of slant of the theodolite limb; A6 - error of horizontal
positioning. Influenco of sighting error on accuracy of vertical

positioning of a missile is determined by the formula

A •%=(44)
sin I

where e - angle of sight of upper reference point; Aa - error of sight-

ing with theodolite. From formula (44) it follows that the position

of the theodolites should not be removed from the, launching pad by a

great distance, since by this the accuracy of vertical positioning is

lowered.

Requirements for accuracy in the vertical positioning of missiles

are determined by the influence of errors of vertical positioning

on the accuracy of azimuthal aiming, and also by the necessity of

edsuing a stable position for the missile on the lauching pad in the

event of wind rolling. Error in the vertical positioning of a missile

u.-ually comprises several angular minutes.
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§ 2. Systems for Aiming .1issiles Uuring.
La-TiLg from Ground Lah'-e-

Durin launching of missiles from ground launchers two types of

aiming sy.:tems are used: slngle-channel ana two-channel.

An example of a single-channel system Is a system for aiming the

"Saturn" missile) the layout of which Is-dopicted in Fig. 40. It

includes the following elements: autocollimating goniometer, track-

ing reflector with drive, prism, fixing the oriented geodetic dir'ec-

tiorn, ampiifying-c-uuversion block, onboard control prism, drive for

gyrostab.ized platform, te2evision transmitting installation, and

control unit for aimi-hg system.

I.I

!,ig. 40. Arrangement of the system for aiming the "Saturn" missile:

1 - control prism; 2 - transducer for precession angle; 3 - gyroscope;
4 -- torqtue transducer; 5 - television receiver; 6 - television trans-

mitter; 7 - objective; L, - reflector; 9 - prism.
KEY: a) Amplifier; b) Ccntrol unit.
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The autocolliiating gonlorneter together with the tracking

reflector are mounted on a fixed base at a distanoe nf inn m frm am

launcher. Before aiming geodetic tying in of the position of the

sighting axis is carried out. For periodic positional checking of the

gonlometer a special prism is used.

With the help of the tracking reflector the light rays coming

out of the objectiva of the goniometer turn evenly by 900 and at

an angle of 25" to the horizon are directed to the onboard control

prism. On the basis of an analysis of the luminous flux reflected

from the prism a controlling signal is produced with is passed on

to the drive for turning the gyrostabilized platform for azimuth.

During adjustment of this controlling signal the onboard prism

o:.,upies a positicn at which a perpendicular to it will be perpendi-
cular to the sighting axis of the goniometer.

The onboard control prism does not have a fixed position relative

to the basic plane of stabilization of the missile. It is secured

on the stabilized base of the gyroplatform in a suspension which can

revolve relative to the gyroplatform within limits of 3600. By

changing the position of the prism relative to the basic plane of

stabilization of the missile, it is possible to change the direction

of launch at a fixed position of sighting axis of the goniometer.

For controlling the operation of the aiming system there is a

special control unit. From this bloc). commands are given to the track-

ing reflector during the initial gripping of the onboard prism by the

aiming system. A lock-on signal is produced in the goniometer and

fed to the control uait. For controlling the operation of the a&ming

system under conditions of pickup of the onboard prism and under

conditions of adjustment of mismatch signal by the servosystem for

turning the gyroplatform there is a television installation. Its

transmitting camera is placed on the goniometer, and into it is fed

a share of the light mismatch signal produced by the goniometer. In

the goniometer it is also foreseen to have the direct visual control

of accuracy of aiming by th* c,erator. With this goal part of

luminous flux from the goniometer is directed to a sighting device.
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A two-channel system of aiming, which is shown in Fig. 41,
includes two autocollimating goniometers and two servosystems, one

of which serves for turning the missile, and the other - the gyro-

stabialized platform.

Fig. 41. Two-channel system of aim-
ing: 1 - control prism; 2 - torque
transducer; 3 - gyroscope; 4 - trans-
ducer for angle of precession; 5 -
oriented point; 6 - distant goniom-
eter; 7 - near goniometer.
KEY: a) Amplifier; b) Drive

The goniometer of the first servosystem is mounted in direct

proximity to the launching pad. Sighting with this goniometer is
carried out by means of a control prism secured on the rotating

section of the launching pad. Mismatch signal, produced by the near
goniometer, is fed to the drive for turning the launching pad together

with the missile.
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The ... gnm.ent •of the rtear goniometer is the coar-se aiming of
the missile, thus, ensuring the work of the distant gonlometei, it

also ensures the reaiming of the missile on another target. For this
on the launching pad there are two control prisms: one corresponds
to the azimuth of firing on the main target, and the second - on aa

additional cne.

The distant goniometer, included in the servosystem for fine
aiming of the missile, is mounted at a distance of 130-150 m from the
launching pad. The luminous flux, radiated by this goniometer, is
directed to the onboard control prism which is Joined to the gyro-

stabilized platform. The mismatch signal, produced by the goniometer,
after amplification is fed to the drive for turning the gyroplatform,
and it turns around in azimuth until coincidence of the basic plane of
stabilization of the missile with the plane of firing.

Prior to aiming the missile the near and distant goniometers are
mounted in such a way that their sighting axes coincide with the plane
of firing. For their orientation azimuths of launch A0 and oriented

geodetic direction A1 are used. Sighting angle (angle between

directions of plane of firing and on the oriented point) is determined
by the formula

&A=AI- . (45)

If the value of the sighting angle obtained here is negative, then it

ib increased by 3600.

A peculiarity of the examined aiming system is the dependence of

position of the gcniometer on the launching azimuth of the missile.

The exact position of the goniometer is selected in such a way that

the direction of its sighting axis in the case of its coincidence

with the plane of firing simultaneously coincides with the direct'.,n

71o the control prism. This means that the plane of firing should pass

through the exact position of the launching pad and the goniimeter.

If the dire.;tion of firing is changed, then the position of the goni-

ometer shou.d be shifted along the arc of the circumference.

95



Thsdf -h.... .. e aimaing system fur the "Saturn"

missile, since for changing the direction of firing in this missile

it is only necessary to turn the control prism relative to the gyro-
platform.

§ 3. Aiming of Missiles During Launching
from Mobile Launchers

For aiming the "Minuteman" missile during launching from a rail-

road launcher an automatic system of aiming has been developed which
includes the following elements:

- gyroscopic compass;

- stabilized platform of gyrocompass;*

- polarization synchronous gear;

- autocollimating goniometer;

- stabilized platform of goniometer;

- control unit.

A diagram of the distribution of the basic elements of the

aiming system is depicted in Fig. 42.

The gyroscopic compass is placed under special protective cap,
mounted on a stabilized platform at the launching pad. Under the same

cap there is also an operator, working with the gyrocompass for the
determination of direction of the meridian prior to aiming.

Operation of the entire system of aiming is controlled with help

of instrum-nts mounted on a control panel. On it there are indicators,

signaling relative to the exactness of elements of the aiming system,
and scales on which the reading of angles 's carried out with the help
of the gyroscopic compass.
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I4 Fig, 42. Layout of the system for
aiming a "Minuteman" missile during
launching from a railroad launcher:
1 - control mirror; 2 - spherical
gyroscope; 3 - goniometer; 4 -
selsyn; 5 - receiver of synchronous

S 4 gear; 6 - transducer of synchronous
gear; 7 - gyrocompass; 8 - vertical

8 transducer.
Designation: rcn a OSP gyro-
stabilized platform.

8

For transmission of direction of launch from the gyrocompass to
the goniometer, which is mounted at the instrument section of the

missile on a container, there is a polarization synchronous gear. The
transducer of the synchronous gear is mounted on the turning unit
of the gyrocompass. After the direction of meridian and azimuth for
launching the missile are determined the transducer is oriented
manually by the operator. The information carrier about azimuth of
missile launch is a polarized and modulated bundle of light. The
receiver of the synchronous gear is mounted at a height of 14 m above
the level of the transducer. It is rigidly fastened to the goniometer,
therefore after coincidence of the position of the receiver with the

azimuthal position of the transducer of the synchronous gear the
sighting axis of the goniometer is established in the plane for firing.
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The goniometer together with the receiver of the synchronous gear

are mounted on a stabilized platform, which is secured in a gimbal

suspension. The platform can be rotated in the gimbal suspension for

azimuth within limits of ±50 and for angle of. sight within limits of

±3 0

The platform of the goniometer is covered from above with a

housing. In the housing there are three windows covered by protective

glass: one is directed downwards and serves for transmission of the

light bundle from the transducer of the polarization synchronous

gear, lhe second is horizontal and is intended for sighting with the

goniometer the control mirror on the onboard gyrostabilized platform,

and the third is directed downwards at an angle of 450 to the horizon;

through it is conducted sighting with the autocollimating theodolite

on the prism, secured on the goniometer, during the checking of

accuracy of operation of the aiming system.

The aiming system includes several autonomous and mutually

connected with each other servosystems:

- system for turning the suspension of gyrocompass after the

precessional movement of its gyroscope housing;

- system for horizontal positioning of gyrocompass platform;

- servosystem of the polarization synchronous gear;

- servosystem for horizontal positioning of stabilized platform

of the goniometer with the help of an induction synchronous gear,

connecting it with the platform of the gyroscopic compass;

- servosystem for horizontal positioning of the goniometer plat-

form by controlling commands produced by the goniometer;

- servosystem for turning the onboard gyrostabilized platform

for azimuth.
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The gyroscopic compass used in the aiming system has the torsion

suspension of gyroscope housing. The gyroscope housing is placed in

a vessel with liquid, which decreases the tension of torsion and

ensures to a certain degree the damping of vibrations, appearing

during the operation of various launcher units. For excluding the

influence of torsion moment on the accuracy of the gyrocompass there

is a servosystem revolving the suspension fol2owing precession of' the

gyroscope housing. The period of precessional movement of the axis

of the gyrocompass comprises 8 minutes.

Before determination of the direction of the meridian the axis

9of the gyrocompass is preliminarily oriented roughly with respeet to

it with an error of around 50. For such an orientation the direction

of the railroad line is used. Its azimuth is determined on a map.

For horizontal positioning of the gyroscopic compass And elimina-

tion of the influence of mechanical oscillations -o-f the launcher on

its operation, it is mounted on a stabilized base. Transducers for

the stabilization system are two accelerometers, the axes of which are

established in mutually perpendicular planes. Mismatch signals are

fed to the drives for horizontal positioning based on the correspond-

ing axes of the platform..

In a polarization synchronous gear electr'.cal modulation- of

light signal is used with the help of a modulator mounted in a trans-

ducer. Analysis of the light signal'in the receiver is carried out

with the help of a Wollaston prism, dividing the luminous flux into

two parts, each of which is percieved by a photoelectric receiver.

If the angle between the axes of polarization of the light signal by

the transducer and the axes of the Wollaston prism equals 450, the

light signals incident on the receiver of radiation are equal to each

other and the mismatch signal on the output of the amplifier of the

synchronous gear equals zero. Upon disruption of the shown condition

a mismatch signal appears which exerts an influence on the azimuthal

drive of the stabilized platform of the goniometer. When the receiver

of the synchronous gear arrives at a coordinated position with the
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transducer, the sighting axis of the goniometer coincides with the

direction of the plane of launching.

For the preliminary coarse horizontal positioning of the goniometer

platform there is an induction synchronous gear. The transducer of

this synchronous gear is mounted on the stabilized base of the

gyrocompass, and the receiver - on the platform of the goniomet,ýr.

-If the platform is not horizontal, then between the positions of the

transducer and the receiver of the synchronous gear an angular mis-

match appears. Here the mismatch signal from the receiver is fed to

the drive for horizontal positioning of the platform.

For precise horizontal positioning of the stabilized platform of

the goniometer there is a servosystem, the measuring device of which

is a goniometer. The autocollimating goniometer works on a polarized

light signal. It produces a mismatch signal between the sighting

axis and a perpendicular to the control mirror in two planes: vertical

and horizontal.

The mirror is mounted on the stabilized section of the gyroplat-

form. It has an inner gimbal suspension, ensuring its turning on an

azimuth within the limits of ±700. On the gyropla~form two spherical

gyroscopes with air suspension are mounted.

Mismatch signal, produced by goniometer in a vertical plane, is

fed to the drive for horizontal positioning of the platform of the

goniometer. The operation of this servosystem ensures coincidence

of the position of stabilized platform of the goniometer with the
position of the onboarc gyrostabilized platform with respect to the

plane of the horizon. The necessity for precise horizontal positioning

of the goniometer platform is caused by the influence of errors of

horizontal positioning on the accuracy of the polarization synchronous

gear. Errýx' of deflection of the goniometer platform from the position

of the onboard gyroplatform does not exceed 10".
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Turning of the onboard gyrostabilized platform for azimuth up
to .... oi...... or tine .. a plane of stabilzation with the plane of

firing is carried out by a servosystem, the measuring element of which

is also a goniometer. Here the mismatch signal produced by the gonlor-
eter for azimuth is used.

The mismatch signal, produced by goniometer, after amplification

is fed to the drive for azimuthal turning the onboard platform.

Maximum angle of rotation of the onboard platform based on signal

from the goniometer comprises 60".

§ 4. Aiming of Missiles During Launching from
Silo Launchers

The system for aiming the "Minuteman" missile when it is launched

from a silo launcher is organically connected with the system for

missile control and the ground checking-launching equipment.

A peculiarity of the "Minuteman" missile is the fact that when

it is located in the silo the gyrostabilized platform is found in a

working condition. This ensures a very small lu...s of time for
preparation of the missile for launching (around 30 seconds). The

high degree of reliability during the continuous operation of he

gyroplatform is ensured by its construction on spherical gyroscopes,

the rotors of which during rotation do not have mechanical contact

with the stator, therefore their wear is extremely insignificant.

Mounted on board the missile is a digital computer (TsVM), which,
in addition to solving problems of flight control of th.a missile,
fulfills a number of operations for preparing the missile for launch-

ing, including aiming the missile.

The layout for aiming the missile is depicted in Fig. 43.

The measuring element of the aiming system is an autocollimating

goniemeter, mounted in the upper equipment level of the silo on a

special annular rail. The position of the goniometer on the annular

rail depends on the azimuth of firing. Aiming of the missile is done
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In two stages: first it is tu..e. to the approximate posit*io with

the help of the turning device on the launching pad, then - aiming is

carried out by turning the onboard gyrostabilized platform for

azimuth.

ii

a)a

Fig. 43. Layout for aiming the
"Minuteman" missile during launch-
ing from a silo: 1 - control
mirror; 2 - annular rail; 3 -
goniometer.
KEY: a) Converter.

Aza.muth of sightinG axis of goniomoter is determined by means

of transmission of directions from a geodetic grid or from astronomical

observations. Sighting with the thoodolite during geodetic tying in

of the goniometer is done through the hatch in the roof of the silo.

When the gontometer is switched on it generates a modulated

light signal, which passes through the hatches in the silo tube and
the missile container and reaches the control mirror secured on the
onboard &yroplatform. The light ray reflected from control mirror

is analyzed by goniometer and on the basis of this the mismatch signal

is produced. A mismatch signal different from zero appears only in
case of azimuthal departure of the working gyrostabilized platf.,rm.

After amplification the mismatch signal is fed to the signal

converter. In the converter it is converted into a digital form and
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is fed to the onboard digital computer, which continuously cbrrts

the position of the gyrostabilized platform for azimuth. Thus the

signal of corrections, which iE produced by the goniometier. ensures

coincidence of the perpendicular to the control mirror with the

sighting axis of the goniometer.

During input of flight assignment into tle onboard computer the

possibility of rea±ming the missile un an additional target is
anticipated. Reaiming of the missile can be carried out on command

from the control room. Reaiming of a missile is carried out by means

of turning the gyroplatform on a specific angle from the initial

direction. Control of turning of the platform is carried out with

the help of discrete angle transducers located on the axes of stabiliza-

tion of the gyroplatform. Signals, produced by the transducers, are

fed to the digital computer.

The possibility of reaiming the missile on one of many targets

is limited by the volume of target information embodied in the memory
of the digital computer and the maximum permissible angle of turning

the gyroplatform for azinauth. This angle of turning for the gyro-

platform used on board the "Minuteman," missile, as was already stated,

comprises ±Y0. If the required deflection shift of the gyrostabilized
platform cnto a new target exceeds the stated angle, remote-control

reaiming of the missile becomes impossible. Reaiming in this case

requires additional turning of the missile in the silo, which can be

carried out by special command.

§ 5. Aiming of Missiles During Launching
from Submarines

The source of information concerning the position of the local

vertical and direction of the meridian which is necessary for aiming

a missile, is the gyroscopic device in the navigation system of the

submarine. The gyroscopic devi-.e can work under conditions of a

gyrocompass and triaxlal gyrostabilizer, therefore the stabilized

base of the navigational system maintains not on,, a horizontal

position, but is oriented with a specific a,-curacy relative to the

direction of the meridian.
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The moft complex problem arising during the aiming of missiles

prior to their launching f-'om a submarine is the transmission of

U..L........ fo......ee axes frc A the gyroscopic u of thle

navigation system to the gyrostabilized platform of the missile. A

simpler problem is turning the gyroplatloorm into the plane of launchin6

fyom a known azimntha) position.

Orientation of the onboard gyroscopic platform relative to three

axes of coordinates for the "Polaris" missile is carried out with the

help of an induction synchronous gear, the transducers of which are

set on the axes of the stabilized platform of the navigational device,

and the receivers - cn the axes of stabilization of the onboard gyro-

platform. Aftar coordination of the receivers of all synchronous gears

with their transducers the onboard gyroplatform will take a horizontal

position, and its azimuthal position will correspond to the azimuthal

orientation of the platforn' of the navigational device.

A deficiency of this principle of transmission of directions to

the onboard gyroplatform is low accuracy due to the influence on it

of deformations of the hull of the submarine when Jt rolls. Deforma-

tion of the hull of the submarine leads to angular mismatch of the

axes of the onboard gyroplatform relative to the analogous axes of the

stabilized platform of the navigational device. These angular

nismatchas do not cause the appearance of signals on the output of the

transducers of the induction synchronous gear, since their rotors and

stators are turning on the same a:igle. Thus angular deformations of

the hull of a submarine enter fully into the error of aiming a

missile.

For ;2iminatlng the influence of angular deformations of the

submarine hull on the accuracy of aiming in addition to the induction

synchronous gear a photoelectrical synchronous gear has been developed.

Its principle of action can be comprehended from the diagram in

Fig. 4 4.
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Fig. 44. Arrangement for aiming a
missile during launching from a
submarine: 1 - onboard gyroplat-
form; 2 - selsyn; 3 - mirror; 4 -
objective; 5 - receivers of radia-
"tion; 6 - pentaprism; 7- objective;
8 - diaphragm; 9 - tube; 10 - gyro-
platform of navigational device.

The aiming system in this case consists of the following elements:

- induction transducers of synchronuus Sears;

- amplifler;

- induction receivers of synchronous gears;

- transducer of photoelectrical synchronous Sear,

- prism reflector;

- receivbr oIf photoelectrical synchronous gear.
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We already examined the work of the induce'tion s... ... gear

during the alming of missiles; we now will examine the operation of

a photoelectric synchronous gear. Its transducer is rigidly Joined

with the body of the stabilized platform of the navigational system.

It consists of a light source, diaphragm, and collimator. In the
diaphragm there are two openings: one in the form of a circle of

small diameter, and the other in the form of a thin slot. After

passing these open4ng> light rays emerge from the collimator in the

form of two adjacent .)rallel bundles.

Secured rigidly above the navigational device is a pentaprism,
turning the light rays coming from the collimator exactly by 900.

In connection with the fact that the navigational device and prism

are located on one vertical, deformations of.rhe submarine hull do
not exert an Influence on the path of the rays after passing the

prism.

The reciver of the photoelectric synchronous is fastened rigidly

to the body of the missile. It is mounted in a gimbal suspension, on

each of the axes of which stand the motors of the servosystem and

trasducers of the induction synchronous gear.

The receiver of ,he synchronous gear consists of the following
elements:

- mirror;

- objective;

- two Cross-shaped phoroelectric receivers of radiation;

- three amplifiers.

The mirror directs light rays downwards ontu the objective,

which focuses them on the cross-shaped receivers of radiation. On

one of the receivers is construced the image of circular opening, and

on the other - a slot.
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In cse of mismath -of h rceiver of the photoelectric

synchronous gear with the transducer for angle of pitch or vywing the

image of the circular opening is displaced from center and falls on

one )f the four (or simultaneously on two) receivers of radiation.

Receivers of radiation are included in pairs on the input of two

amplifiers of photocurrent on a balanced circuit, therefore on the

output of the amplifiers mismatch signals appear, the polarity of

which corresponds to the sign of angular mismatch in pitch or yawing.

This signal is fed to the motors, mounted on the axes of the gimbal

suspension of the receiver, which turn it up to coincidence with the

transducer.

In the case of mismatch between receiver and the transducer for

azimuth (for angle of bank of the missile) the mismatch signal is

produced by the second cross-shaped receiver, on which the image of

the slot of the transducer of the synchronous gear is constructed.

Forward shifting of the image of the slot over the surface of the

cross-shaped receiver, which develops in the case of angular mismatch

between receiver and transducer of the synchronous gear for angles

of pitch and yawing, does not cause unbalance of the bridge, including

all four receivers of radiation. In the case of angular mismatch

between the receiver and the azimuth transducer the image of the

slot is turned relative to the vertical axis and causes the appearance

of a signal on the output of the bridge. After amplification this

signal moves to the motor for turning the receiver of the synchronous

gear for azimuth.

With tho turning of the axes of the gimbal suspension of the

receiver of the photoelectric synchronous gear the additonal

(correcting) transducer of the induction synchronous gear which are

motunted on them are rotated. Mismatch signal.s produced by them are

fed to an amplifier. In the amplifier these correcting signals are

combined with the basic mismatch signals produced by the transducers

of the I.nduction synchronous gear which are mounted in the navigational

system of submarine. Total signals are fed to the receivers of the

induction synchronous gear which are mounted on the axes of the
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onboard gyroplatform. After adjustment, by the motor for stabilization

of the onboard gyroplatform, of mismatche3 produced by these receivers,

to the analogous axes of the gyroplatform of the navigatioral system.

A'Aitional relative angular turns of their axes due to deformation of

the submarine hull will also be considered.

i IC
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CHAPTER IX

MISSILE AIMING SYSTEMS USING ONBOARD DEVICES

1 1. Principles of Aiming when
Using Onboard Devices

For orientation o: an onboard gyroplatf...rm using the means which

are located onboard the missile it is necessar$ to have two initial

direction,, wbich is due to the fact that It is necessary to orient

the platf(.rm both relative to the plane of the horizon and also in

terms of aziruth.

As initial directions it is possible to uze:

- direction of acceleration of force of gravity;

- dtrection of axis of rotation of earth;

- direction to celestial bodies.

The angle between the pair of directions, utilized as initial

for aiming, should be sufficiently large; with a decrease )f it there

is an increase in the error of aiming. Therefore in high latitudes

it is impossible to use directionE of acceleration due to gravity

and axis of rotation of the earth for aiming of missiles,

Depending on the type of devices used for fixing initial direc.-

tions, the systems of orientation of gyroplatforms are divided into

inertial and astronomical. In inertial systems accelerometars and
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gyroscopes are used for determination of direction of acceleration

du , to gravity and axfs o rotation o" -a earth'-. * n aspono-leal

systems of orientation photoelectric telescopes which fix direction

on celestial bodies are used.

Orientation of a gyroplatform oy using inertial devices can be

carried out both prior to launching the missile and also In flight.
Orientation using photoelectric telescopes is done in flight, when

the missile is at a high altitude and atmospheric disturbances do

not exert a significant influence on the work of telescopes.

§ 2. Horizontal Positioning of the Gyroulatform

Horizontal positioning of the gyroplatform is carried out auto-

matically by servosystems for reducing it relative to horizontal

axes. Let us consider the principle of action of a system for

horizontal positioning (Fig. 4). It includes two autonomous servo-

systems. The transducers here are acdesTwrmeters, which are mounted

on the stabilized base of the gyroplatform and produce electrical

signals, depending on the position of the gyroplatform relative to

the direction of acceleration due to gravity. Sometimes the accuracy
of accelerometers utilized in missile control systems is not sufficient

for horizontal positioning of the gyroplatform with the necessary

accuracy. In these cases on the gyrostabilized platform transducers

of vertical are mounted. They are of the liquid level type and

possess a high degree of sensitivity and accuracy.
t

Principle of action of both channels of the system for horizontal

positioning is identical. As soon &s deviation of the platform from

horizontal plane on one of the axes occurs, a mismatch signal is

taken from the corresponding transducer. After amplification it is

fed to the tongue transducer of one of gyroscopes. The gyroscope

together with the platform starts to precess, thus eliminating the

mismatch between the plane of the horizon and the platform.

Horizontal positioring of gyroplatforms prior to launcbhng cf

missiles 1-s also carried out during the aiming of missiles when
external irforziýation is used (oriented geodetic directions).
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§ 3. Azimuthal Aiming Using the Gyrocor-Rass Methoc

Azimuthal aiming of a missile can be carried out. with the help

of an onboard gyroscopic compass mounted on the gyroplatform.

However, installation of additional elements on the gyrostabilized

platform is extremely undesirable. It is more rational to ensure

the operation, under conditions of a gyrocompass, of the onboard

gyroscopes ir the system for controlling the movement of the missile.

For determination of direction cf the meridian it is possible

to use a conventional triaxial gyrostabilized platform. If the

systems of horizontal and azimuthal correction are disconnected then

due to rotation of the earth a visible drift of the gyroplatform will

be observed relative to the starting system of coordinates which is

connected with the earth.

Components of rotation of the earth on three axes of coordinates

are equal to:

SQ. cos1PCOSA (46)

*,9.•. sin(47)

cos' - sn A.(48)

where A - azimuth of position of basic plane of stabilization of the

missile. Apparent angular velocities of drifts of the gyroplatform

can be measured and given to a computer, which determines the a27imuth

of the basic plane of stabilization.

However, this method of determination of direction of meridian

possesses an extremely low degree of accuracy. Its accuracy low is

caused by influence of moments of friction in the axes of the gyro-

platform on its drifts. Besides this the problem of creation of

high-precision transducers of angular velocities of platform drift

is very difficult.
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Azimuthal orienta';ion of a gyroplatform with the use of

inertial transducers I- also possible during the flight of a missile.

For this purpose it Is necessary to nreliAInarilv compare calculated

and measured values of components of missile velocities in a hori-

zontal plane. The calculation formula for determiviation of azimuthal

correction in this case has the following form [8]:

A=A- 1+ (V'1,-V)#+(VaVn-)i, (49)

where k - cert in coefficient, constant for a given gyrostabilized

platform; Vx, V - measured velocities; Vxp, V p - celculated

velocities of missile.

With an increase of latitude of the missile site there is a

decrease in horizontal components of angular velocity of rotation of

the earth w and w , therefore error of determination of directionx

of meridian by the examined method increases.

Method of orientqtion of gyrostabillized platform with use of the

given formula amounts to the foilowing. Prior to launching the

missile the gyroplatform is established horizontally and oriented

roughly relative to the direction of the plane of launching with an

accuracy of up to several degrees. Then with help of the onboard

computer the azimuthal correction of orientation of the gyroplatform

is determined. After that the gyroplatform is turned on azimuth

up to coincidence of the basic plane of stabilization of the missile

with the plane of firing.

§ 4. Astronomical Method for Orientation
of Gyroplatform

In the astronomical method of orientation one or two photoelectric

telescopes are mounted on the gyrostabilized platform. These

determine the direction to one or two stars. If it is necessary to

orient the gyroplatform only for azimuth, then for this it is suffi-

cient to determine the direction to one star. In order to ensure
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orientation of the gyroplatform relative to three axes, it is

necessary to have two telescopes or to sight in turn with one telescope
on two sars.

In Fig. 45 a diagram Is given of a gyroplatform with a photo-

electric telescope mounted on it. It has two drives, ensuring the

turning of the sighting axis relative to the stabilized base of the

gyroplatform. On each of the axes of rotation of the telescope

induction angular transducers are mounted, and with the help of these

the orientation of its sighting axis relative to the gyroplatform

is determined.

Fig. 45. Astronomical. system
"of aiming: 1 - angular trans-
ducer; 2 - telescope; 3 -
objective; 4 - diaphragm; 5 -
photomultiplier. TsVM = Digi-
tal computer.

The telescope consists of an objective, an analyzer in the form

of a diaphragm with two perpendicular narrow slots, and a photomulti-

plier. During shifting of the sighting axis of the telescope in

space on a specific program the luminous flux from a star falls

through the slot onto the photomultiplier and a signal appears on its

outpuz. It is fed to the input of the digital computer, with help

of which the azimuth and angle of sight of the star are determined.



Shifting of the telescope is done first for azimuth and then for

engle of sight.

In order to ensure the search for stars, in the body of the

missile there shculd be hatches covered with protective glass.

study of density of location of stars showed that two hatches for

both directions with angular dimensions of 45 0, and the centers of

which are dispersed by 600, ensure the tracking of any two stars at

any time of the day and at any point on earth.

For decreasing the sector of the celestial sphere in which the

search for a star is carried out, the gyroplatform prior to launching

of the missile snould be oriented roughly relative to the plane ofi

the horizon and for azimuth. Such an orientation can be carried out

with the help of inertial elements of the system for controlling the

movement of the missile.

The memory of the ortboard computer contains a stellar program

containing only star of great brightness. The sensitivity of the

telescope also ensures detection of only stars of great brightness.

This facilitates their search by the telescope and excludes the

possibility of capturing stars which are not in the stellar program.

Furthermore, in order to avoid a false response by the telescope and

to increase the accuracy of determination of angular coordinates of

star, several measurements are made. Results of the measurements

are averaged out

For each of the stars found in the program, ahead of time a

calculation is made of azimnuth and angle of sight, determined relative

to the calculated position of the axes of the inertial system of

coordinates.

The astronomical system of orientation is switched on only at

high altitudes, when atmospheric distuirbances will not exert an

influence on the functioning of the photoelectric theodolite.

Switching on is d~ne on a command issued by the onboard computer.
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For orientation of the platform it is necessary to know three
angular values: azimuth and angle of sight of one star and angle of

sight (or azimuth) of another star, On the basis of these three

angles deviations of all three axes of the gyrostabilized platform

from their calculated positions are determined. Errors in the

orientation of axes of gyroplatform obtained here are small, therefore

for calculation of cor:-ecting commands to be passed onto the stabiliz-

ing motors of the platform it ia possible to use very simple mathe7

matical dependences.

After correction of the position of the gyrostabilized platform

the astronomical system of orientation will be turned off, and the

system for controlling the movement of the missile corrects its

trajectory in accordance with the new position of the axes of the

inertial system of coordinates.

A merit of the astronomical system of orientation of a gyro-

platform is its high degree of accuracy. Application of It is

expedient during the launc..ing of missiles from mobile launchers,
when it is undesirable to determine oriented geodetic directions

ahead of time.
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CONCLUSION

A consideration of the essence of aiming and problems solved by
the aiming system, makes it possible to draw. a conclusion concerning

thie importance of aiming of ballistic missiles during preparation for

launihing. The nature of dispersion of polnts of Impact of ballistic
miss:.-.es depends directly on the accuracy of azimuthal aiming.

From the brief analysis of principles of construction of aiming

systems of American ballistic missiles it follows that during their

development a great deal of attention Is allotted to automation of

the basic operations of aiming. Automated systems make it possible
to increase the accuracy of aiming, to reduce the number of operators

servicing them, and to'decrease the time for preparation of missiles
for launching.

During the aiming of all American ballistic missiles oriented

geodetic directions are determired ahead of time by conventinnal
astronomical and geodetic methods or with help of ground gyroscopic
devices, However, during the last few years American specialists

have begun to give attention to the development of principles of
aiming ballistic mirisiles using onboard inertial means and systems
-Of astro-orientation. In their opinion, it is expedient to use cuch
principles of aiming for the launching of missiles from mobile

launchers.
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