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FIRST M O e

CHAPTER T
GENERAL PRINCIPLES OF MISSILE GUIDANCE

Yu, Xh, Vermishev

1. General Information on the Principles of Automatic Control

Gulded weapons differ in principle from other types of armament.
The characterlistic feature 1s the possibility of gulding a missile
after it has been launched. Depending upon the deslignation of the
misslle, it can be controlled during the entire flight——up to the
moment 1t strikes the target-—or during the initlal phase of the
flight, which 18 necessary for putting the missile 1n a trajectory
which guarantees striking the target. In most misslile guildance
systems, control commands are generated automatically when the misslle
deviates from a glven trajectory.

The entlre complicated set of means necessary for determining
the coordinates of the target and missile, for generating commands,
transmitting them to the gulded mlssile and execution of these commands
1s called a missile guldance system, and, in essesnce, 1s an automatic
control system.

Automatic control systems are characterized by the so-called
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. ting elements are located in the amplifier.
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,glosed. circult of action,
In a closed system of automatic control, the output parameter is
continuously controlled and compared with the input signal, When
the output parameter deviates from the input signal, an error signal
1s automatlcally generated and acts on the control organs, causing
them to vary the output parameter until there 1s zero mismatch.
Automatic regulators which operate according to the closed-
clrcuit principle are widely used in technology.
As an examble, let us examine a device for controlling the angle
of elevation of a gun barrel. The block dlagram 1s shown in Fig, 1.
The devlce for controlling battery fire generates a control
slgnal which accurately corresponds to the requlred angle of elevation
of the gun barrel. Thls signal is supplied as a d-c voltage Uin to
the senslitive element. On the gun fortification there 1s a potenti-

ometer wWhich plicks up a d-c voltage,U » which 1s proportional to the

out
true angle of elevatlion of the gun. Thls voltage 1s also fed to a
sensitive element, in which the input and output signals are compared,
As a result of the comparison of these signals, an error signal 6 =

= Uout - Uin 1s generated, which 1s sent to the command-generation
device,

Depending upon the sign and magnitude of the error signal, a
command 1s formed which, after amplification, 1s sent to the drive
motor, which sets the angle of elevation of the gun accordingly.

These devices are called servomechanisms,

In simple servomechanisms, there 1s usually no speclally designed,

separate element in which commands are generated; the conmand-genera-

These elements play an extremely 1mportant roles they ensure
0. 1
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The more complicated the control system, the more functions the command-
formation system must perform. As a rule, the following elements are

found in automatlc control systems:

1) an object of control, i.e., a device to be controlled;

2) a measur device, required for determining the output
parameter (& potentiometer in the case under examination);

3) a sensitive element for comparing the input and output signals
and generating an error signal;

4) a control-command generatozn;

5) a control device, usually an amplifier and drive mechanism;
in many cases energy converters can replace these.

In missile guldance systems, the obJect of control 1s the missile
1tself, The position of the longitudlnal axis of the misslle, 1its
center of gravity relative to some glven trajectory or any character-
istic of its motion can be used as the output parameter.

The measuring devices for various systems are: gyroscoplc systems,
which fix the position of the axes of the mlssile; inertial devices,
which measure the transverse acceleration of the center of gravity
of the misslle; ground radar systems, which determine the position of
the missile in space; homing systems, etc.

Computers are usually used as the sensitive element, in which the
error signal 1s formed. In these a control command can be formulated
simultaneously.

The control elements are steering devices for the rudder drives
and alr and gas rudders.

The amplifler part of the control system in some cases 138 replaced
by a command converter and a radio line for command transmission,

All misslle guldance systems can be dlvided into three clagses:

internal control, remote control and homing.

| §
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"rikst une of 8% The Basic Characteristics of Guidance Systems

Properties of guidance systemé. The requirements placed before

guldance systems result from tactic¢al missions assigned to one or
another type of weapon which can be guided.

These requirements are highly diverse and encompass technical,
‘tactical and exploitational characteristics of the individual elements
'of the system, as well as the systeéem as a whole,

The group of reqaulrements pertaining to continuous control processes
includes requlrements for stablility and accuracy of operatlion.

The choice of missile-guldance parameters (the formulation of
a system) comes down, chiefly, to determining the most rational charac-
teristics of stabllization elements and devices for command generation,
ensuring the maximum accuracy of operation of the system.

This task 1s extremely difficult and can be performed only within
limits. One of the basic difficulties 1s the dilverslity and inconstancy
of input disturbances acting on the guldance system. For example, in
the case of linear target motion, certain parameters for the homing
system must be chosen, and when the target 1s maneuvering, other
parameters must be chosen,

In additlion, the quality of target information affects the choice
of parameters. When target information is received (for example,
from a radar station), a spurious signal of fluctuating noilse enters
the computer simultaneously with the signals corresponding to the
coord}nates of the target. This nolse 1is caused by reflection of radio
slgnals from the target and the presence of inherent noise in the
‘receiver, Fluctuating noise, which is a random process with variable
sign 1ili'ig. 3), causes errar in determining the target coordinatég—s
o | §
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Foecr Lmmeters of the sy tem #ust be chosen according to the
ispe¢tra1 composition and the amplifude of the fluctuating noise.

f Besides the effects due to thé nature of input disturbances, when
designing a guldance system 1t 1s necessary to take into consideration
;the variation of parameters of the‘system with respect to time. The -
;automatic control systems widely u@ed in technology usually have more
‘or less stable parameters; misslle guidance systems have parameters
iwhich sometimes vary within wide 1im1ts. The varlation of parameters
1in this case is due to the fact that the characteristics of the missile
(which 1s the obJect to be controlied) are functions of veloclty, the:
fdensity of the atmosphere, the degﬁee of fuel burn-up and the change
in the thrust of the engine. |
| These properties of mlissile guldance systems complicate consider-
‘ably the calculation of the accurac¢y of its operation, but owing to
'the development of computers, thesé calculations have become fully
irealizable.’

: In addition, there exist simplified methods for calculating the
fbasic parameters of the system; forr example, calculation by using

;frequengy characteristics.

The concept of the frequency ¢haracteristic. The frequency

characteristics of an element or an entire system pertaln to a set of
two characteristics: the amplitude-frequency characteristic and the
1phase-frequency characteristic,

The frequency characteristics;allow the degree of stabllity of a
guwidance system to be evaluated anq the nature of the motion of a

[N

hﬂssiie in the presence of varioms disturbances to be determined

h__"ﬁxn order to determine the frequency characteristics experimentally,
rLE’Hiné-ﬂave signal of determined tnq.umy is fed into the devidé to

—— e 0. |
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;Wsrém'ﬁdf.?if For example, the signé.l can be a voltage U, . The signal
onut at the output of the device is measured; it has the shape and
;freqiluency of the input signal, but a different amplitude and is shifted
with respect to time (Fig. 4).

The ratio of output and input amplitudes -;-'f— glves the amplitude
characteristic of the system for a given frequency.

Since in an element (system) to be studiled there are inertial
‘elements, the charae'eer:(lstief points of the sine-wave signal to it

will be shifted with respect to time, and in angular measure 1t is

called a phase shift Ay. Transition from time to angular measure 1s

‘made By the formula

A == Asu:w .

where T 1s the perlod of one slne-wave osclllatlion; and At the magni-
tude of the time shift.

The magnitude of the phase shift determines the phase character-
1stlic of the device for a given frequency.

If the period of the sine-wave oscillation 1s changed (the
frequency 1s the reciprocal of the period), we obtain different
amplitude and phase ratios.

By arranging a sufficlent number of these measurements for a
series of frequencies, we can construct curves, one of which shows the
dependence of tle amplitude ratio upon frequency f, and the other shows
the dependence of the phase shlft wypon frequency f£. These are the
@;;E:Me-frequency and phase-frequency characteristics (Fig. 5) .

In practice, we do not resort to such difficult experiments to
Tind ﬁhe frequency characteristics.' The characteristics are usdally

S

*calculated mathematically from a given system of equations, , 4
hbambde g L
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nmrLN?fﬁhﬁﬂat not all systems hav@ frequency characteristics, In
aome systems, an output signal of o¢one or another shape will not corre -
gpaﬂ.to an input sine-wave signal., In particular, in missile guldance
jsystems, owing to the variability of parameters, frequency methods

of study sometimes have limited application,

The concept of stability of aiguidance system. By stability 1is

meant the property of an automatic missile gulidance system to return
the missile to steady-state motion (for example, to a given trajectory)
after the effect of di

~NE

stirbing fa*¢es has stopped.

The stabllity of a missille l1ls characterized by osclllations of its
center of gravity relative to a given trajectory (Fig. 6) or by oscil-
‘lations of the axes of the missile relative to 1ts center of gravity.

Besides the concept of the stabllity of a guldance system, there
exists also the concept of stability mar 8. This characteristic

gives quantitative representations of the possibilities of a guldance
system and determines the allowable limits of devliation of the basic
:parameters of the sy tem from narmal, Calculation of stabllity margins
1s necessary, for example, when determining tolerances for adjusting
on=board and ground equipment.

There are several methods for calculating the stability and stabil-
1ty marglins of a guldance systenm.

One of the most wldely used and most graphic methods 1s that of
determining stability and the stabllity margin by the frequency charac-
teristics., Let us examine the frequency characteristic of an automatic
contrél system, l.e., a system with an open feedback loop (Fig. 7).

éince the system has inertial elements, the phase shift between

;hg_iqput and output signals 1ncreases with an increase in the frequency

ftﬁmnmlnwlhd Atmmm,tmm-mrtmm
_——20
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*%%5 4, AR this case the output éignal s the opposite sign of the
ﬁnput signal., If in this case 1tsjamp11tude is equal to or greater
fhaﬁ the amplitude of the input signal, the system will be unstable
ﬁith a closed feedback loop. If, with a phase shift of 180°, the
output signal is lower in amplitude than the input signal, the system
will be stable.

Thus there exist certain critical values for the phase-frequency
and amplitude-frequency characteri@tics the exceeding of which destroys
the stability of the system. | |

The phase stabllity margin 1s determined by the frequency f; at
‘which the amplitude of the output signal is equal to the amplitude
of the 1lnput signal, 1.e., éﬁﬁg = 1; numerically it is equal to the
deficiency of the phase shift up to 180°. The amplitude stability
margin is determined by the frequency fz at which the phase shift
equals 180°; numerically the amplitude stability margin is expressed
by the defilciency in the amplitude ratio up to 1. The greater their
margins, the more stable the system.

The frequency characteristics shown in Fig. 7 are typlcal for a
guldance system which 1s stable when closed,

Determining the reaction of a guldance system to various disturbp-

ances. In order to determine the dispersion characteristic of
gulded missiles, 1t 1s necessary to know how the guidance system will
behave 1n the presence of various input disturbances, i.e., various
fluctuating signals, target maneuvers, gusts of wind, etc.

—In order to adjust and control on-board and ground equipment, it
-is'necessary to know how one or another element of the system.réacts

1uLjL;tandard input signal. These problems are usually solved yyd

{uﬁu‘ the frequenay mmuuq. ] ,
—_—
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§’F,R5:,' Rertain standard signals can ‘be represented as the sum of sine-
gwav¢ signals, They are expanded bfy the Fourier method, By knowing

*: ;theffrequency characteristic of thé system, it 1s possible to find the
jreaétion of the system to each siné-wave signal separately. Having
jé.dded all signals received at the &utput , we find the resultant action
of a standard input signal. Thus we can find, for example, the action
of the system on a brief square pulse (Fig. 8).

By knowing the actlion of a guirdance system upon this pulse signal,
we can determine f‘:;qﬁ; g'ea(.étiién of the system upon a signal of any shape,
including those which cannot be represented as the sum of sine-waves.
For this, a pulse, rather than a sine-wave signal, 1s used as the
ielementary signal; the reaction on the pulse has already been determined.
The input signal 1s not represented as a series of square pulses, as
;shown in Fig. 9. Havirg found the ‘action on each individual pulse
taking into account the moment of its transmission and having added
iall output elementary signals, we find the total action on the input
;aignal.

From the frequency characterlstics we can also determine the
behavior of the system under the influence of random fluctuating
8ignals, For this it 18 necessary to find beforehand the frequency
composition of these signals, by expanding them into a Fourler seriles,

The inverse problem can also be solved: the frequency character-

istic of the system can be found from known input and output signals.

‘ S 3. Guidance SjstQm Errars

|
!
!

—— " The effectiveness of gulded m:ussiles depends upon the degrée of

3
Yt:.fxeir dispersion from errors in thq guidance system.
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WALPMESTTAT in guidance,
Three groups of errors are characteristic of automatic control
systems:

1) instrument errors;
2) dynamic errors;
3) fluctuating errors.

Instrument errors are caused by inaccuracy in adjJustment and

operation of elements of a system, e.g., instabllity of d-c amplifiers,
incorrect tuning ,of antemns.-systems, aerodynamic asymmetry of the
missile, ete.

Instrument error 1s relatlively constant in guldance of a single
missile and can vary from launching to launching. Its magnitude can

be characterized by the root-mean-square error o, which 1s calculated

as follows:

r_‘/a$+$+a+ 4+

where n 1s the number of experiments in which error was measured; §;,
025 ceey 5n the errors in each concrete case.
Another characteristic of instrument error 1s 1lts systematic
value m:
m=tithto .ty

L

where 83, 62, o.0) 6n are errors, taking their signs into account.
If the systematic instrument error is not zero, then this means

that there 1s a constant error in the equipment.

Wurwﬂggnamic errars result from the very operating principle of auto-
matic, control systems. In order that an actual system produce a control

Eoﬂﬁaﬁd, it 1s necessary that there be a certain mismatch betweeh the

P

required and actual positions of the obJect of control, (For eﬁggnu_f

wwwwwwwwwwwwwww o < 0. _ |
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'in sutomatic missile guidance systems, the missile must be somewhat

off the required trajectory in ord@r for a command to be generated.)
The#efore, even in systems without instrument errors, there will exist
;a certain error due to the dynamics of control. The more abruptly the
input disturbances vary (e.g., target maneuvers, gusts of wind, etc.),
the greater this error will be,

Fluctuating errars arise &as a result of the action of fluctuating
;disturbances on the system (see Fig. 3).

Owing to théméhahkéiihﬁsign‘ of this error, the system begins to
cause the missile to oscillate, which leads to additional guldance
‘errors (Fig. 10). A fluctuating error can also be characterized by
its root-mean-square value Orms *

The fluctuating and dynamlc errors can be calculated when the

parameters of the system and the disturbances acting on it are known.

4, The Concept of Contro;;;qg_Forces Acting on a Migslle

Generating the 1ift force of the missile. In order to change

the direction of a misslile, a force perpendicular to the direction of
motion must be imparted to it, i.e., perpendicular to the velocity
vector, This 1s called the 1lift force.

The controlability of a missile 1s characterized by the 1ift
force applied to its mass, According to Newton's second law, this
force 1s equal to normal acceleration of the missile,

Acceleration, as 1s well~known, 1s an increment in veloclty per
unit time. Normal acceleration 1s acceleration perpendicular to the
tirectlion of motion of the mlssiley it does nd change the velocity,
EE@ gély changes its direction. Thus the greater the normal ac@elergf

tian, the greater the possibility Qf changing the directien of missile

S ¢ N e e 0. ___ |
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ffl@ggﬁécggﬁ,tn other words, the greater its maneuverabllity.

; The requirements for maneuver#bility of a missile can vary accord-
1ing'to the type of missile.

‘ For example, in horizontal flight relative to the earthis surface,
;the 11t force must be equal to thé weight of the missile and be
‘directed vertically upward. When the missile i1s in a balllstic trajec~
tory, 1ift force is completely absent.

‘ The most complicated type of motion for gulded missiles is motion
in a trajectory égggégiéééf§ curvature. In this regard, missile
guldance to a moving target or from a moving obJject (e.g., alr -to~alr,
alr-to-ground, etc. type missiles) 1s characteristic, In this case

'the 1ift force must be in the direc¢tion in which the missile 1s to
move, If the normal acceleratlon considerably exceeds the acceleration
due to gravity, then the direction of the 1lift force will almost coine-
clde with the plane of the maneuver.

Depending upon the conditions of use of a misslle, elther aerody-
inamic or gasdynamic means can be used far creating the 1lift force.

When the flight of the missile 1s bheyond the earthts atmosphere, it

is obvious that only gasdynamic means can be used. When the flighsg

1s in the dense layers of the atmosphere, the 1lift force can be created
by aerodynamic forces,

It should be noted that when the engine 1s operating, the total
11ft force can be made up of two forces: aerodynamic and gasdynamic,
The share of the gasdynamic force increases with an increase in alti-
xun§Wér with a decrease in flight speed.

Iet us refer to Fig. 11 in order to explain the mechanism.of the

[

&nmmation of the 1ift force. In Fig. 11, the longitudinal axis. X of

jl!m—m;iu forms with the diroctm of veloeity vector V a mﬁifi“‘{
e O e e e e e R
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fqmslgNglﬁwagch is called the angle of attack. In this airframe diagram,
;the‘aerodynamic surfaces of the wiﬁg coincide with the axis of the

R T T

‘misﬁile, therefore, the angle of attack of the wing is the same as the f
;angle of attack of the fuselage. Lift 1s created only when this angle
1s present.

The formation of aerodynamic lift is, in addition, connected with
dynamic pressure ¢, the magnitude of which 1s directly proportional to
the density of the atmosphere and the square of the velocity of the
missile. If the angle of atback of the wing 1s zero, the plane of the
wing 1s flown past by an alr stream symmetrically and there 1s no 1ift
force, If, as shown in Fig. 11b, there 1s an angle of attack, then
the symmetry is destroyed and a 1lift force appears.

Gasdynamic 1ift is created when the direction of thrust of the
engine does not coincide with the direction of velocity; in this case
the 1ift force forms with the velocity vector a certain angle and gilves
a component which 1s perpendicular to the direction of the veloclty.

If the axis of the engine and the direction of the thrust coilncide
exactly with the axis of the missile, then this angle 1s equal to the
angle of attack (Filg. 1la). If the angle of attack 1s not zero (Fig.
11b), then a thrust component appears which is perpendicular to the
direction of velocity, i.e., a 1lift force due to thrust,.

Aerodynamic diagrams of missiles. For motion in an arbltrary

trajectory, a missile must be able to develop 1lift in any direction
perpendicular to the direction of its flight,.

“Phis condition can be fulfilled in two basic schemes of position-
Eﬁg a%rodynamic planes: by using a single wing or two mutually:perpen-
dicular aerodynamic surfaces (Fig., 12a and b). )

p—1 | I —
I « B o 0]
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. . . The first alreraft-type plan is characteristic of aircraft missiles.
For antlalrcraft missiles of the Nlke or Oerlikon type, or V-2 type
ballistic missiles, the second plan 1s characteristics.

But such an arrangement 1s not obligatory. For example, the
American Bomark antialircraft missile uses the uairplane aerodynamic
plan,

The principal feature of the first plan 1s the fact that 1ift can
be obtained only in a directlon perpendicular to the plane of the wing.
The sign of the torce varies depending upon the sign of the angle of
attack (Fig. 13).

The second plan allows 1ift to be obtalned ln any directilon,
depending upon the combination of angles of attack* ln the control
surfaces,

For example, 1f the angle of attack varles only in one plane, then
the 1ift is formed in a direction perpendicular to it (Fig. 12a). If
equal angles of attack are formed simultaneously in both planes, then
by vector addition of the forces, the total 1ift willl be directed at
an angle of 45° to the planes (Fig. 14b). Correspondingly, it 1s
possible to combine the angles of attack; in this case the direction
and magnitude of the total 1lift force (force vector) will be changed.
The possible positions of the ends of force vectors in a plane perpen-
dicular to the velocity will be found not on a straight line, but in
the region bounded by the square (Fig. 1l4c).

In guldance according to the first plan, for correct spatial

i-The angle in the vertical plane 1s called the angle of attack,
in the horizontal plane 1t is called the slip angle. However, for
symmetrical two-plane plans this 18 not always acceptable, since' 1t
is not at all necessary that one plane be vertical and the other; ,
horizontal. Therefore, we shall use the angle of attack for any case,
F‘ T , 1 - - l;
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fqmé;gﬁg@;qg”of the 1ift vector it is necessary to turn the missile
.about its longitudinal a;is so that the plane of the wing is banked in
the directlion of the maneuver to be accomplished. This maneuver 1is
accomplished simultaneously with the bank.

Thus a spatial maneuver 1s acc¢omplished, as in ordinary airplanes,
by the simultaneous formation of an angle of attack for creating the
required 11ift force and bank, which ensures the required direction of
this force.

Accordingly;‘céﬁphtérs; independent of their position, must gener-
ate two commands: one for banking the missile, and the other for
forming an angle of attack.

Misslile guldance in the case of a two-plane aerodynamic plan is
accomplished in another way. Inasmuch as it is possible for the misslle
to create a 1ift force 1n any direc¢tion, it is not necessary to bank
the missile beforehand. The directlon and magnitude of the 1ift force
are provided in this case by the appropriate combination of angles of
attack in both control surfaces. In this case the computer of the
system must generate two commands for the two symmetrical control
surfaces.

It should be noted that the requirements for maneuverability in
many respécts determine the design of a missile,

Highly maneuverable misslles, which have a great margin of aero-
dynamic force, have relatively large wings.

But it should be mentioned that in general that the wings of
Supetrsonic missiles are considerably smaller than those of ordinary
Ei;plénes. This is due to dynamic pressure, which increases intpropor-
tionwﬁo the square of the veloclty of the missile. Therefore, if the
btmity of the missile is twice the velooity of an airplane, tﬂa“{ﬁl

S O B 0. . |
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wing sunfasp will be about fotrr times smaller to obtain the same 1ift
force.

In ballistic missiles, the trajectory of which i1s close to balllis-
tlic and, therefore, does not require high maneuverability, the wing
surfaces are either very small or nonexistent,

In the latter case the 1lift force 1s created by the ?uselage of
the missile or by the thrust of the engine,

Controlling the 1lift force. The 1lift is determined by the angle

of attack, Thus;éontnal of the 1ift force comes down to creating the
necessary angle of attack.

Let us see how this control is accomplished. First of all, it is
necessary to create moments which wlll take the misslle out of a state
of dynamic equilibrium when the angle of attack 1s zero,

Missiles are usually designed so that their flights are stable
even without stabllizing apparatus, and any deviation of the angle of
attack from the zero posltion generates a moment which stops this
deviation., As a result, the missile flies stably, continuously orient-
ing its longlitudinal axis in the direction of the velocity vector. A
necessary condiflion for such stable motion is placing the center of
application of aerodynamic force of the missile behind (with respect
to the direction of flight) the center of gravity. An ordinary feathered
arrow*which flies stably with 1ts point forward answers this condition.
If an arrow is made without a point or feathers, it will fly unstably
when shot from a bow.

‘A mechanical analog of a stahble missile can be represented as a
édd sépported at the center of gravity and held by springs from both
sides;(Fig. 15). If a force is applied to the end of the rod and we
FTTemjt to take the rod out of equilibrivm, this will give rise (‘)frﬁ*l
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oppesite action fram the spring, After the force on the rod ceases,
1t again takes the initial position,

Misslile guldance by using an aerodynamic rudder 1s seen as follows.
When the rudder turns, a small aserodynamic 1ift force 1is created on it
perpendicular to the direction of motion. The lift force of the rudder
1s created in the same way as the 1lift force of the wing: when the
plane of the rudder 1s parallel to the air stream, there is no 1ift;
1f an angle of attack 1s created, then there 1s an aerodynamic force
perpendicular to the direction of motion of the missile (Fig. 16).
Since rudders are placed on one end of a missile, i.e., far from the
center of gravity, a large aserodynamic moment, equal to the product of
the force and the arm, arlses relative to this center of gravity.

Under the influence of the aerodynamic force, the missile begins to
turn about the center of gravity until there 1s no angle of attack,
in which the moment of the elastlc aerodynamic force of the wing
compensates the moment from the rudder.

There are two baslc plans for rudder positioning: the "canard”
configuration and the normal taill plan. Thus a missile can be campared
to a lever of either the first or second kind from the fulcrum to its
center of gravity.

Mechanlcal analogs of both these plans are shown 1n Fig. 17a and b,

Since the force arm 1. is much greater than the arm of the aero-

P

dynamic 1lift force lk’ force from the slide of the rudder Yp must be as

many times less than the 1ift force of the wing Yk.

Characteristics of gasdynamic guldance. Gasdynamic guldance is
ihe céeation of the required 1ift force for controlling a missile by
using -a Jet engilne,

—Gasdynamic ocontrol takes on pnincipal 1npartance at high aﬂtttuﬂi:

S
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al low spgeds, when aerodynamic foreces are elther small or nonexistent.

The first result of the absence of aerodynamlc forces 1s loss of
the natural balance of the missile,

In principle, stablllizatlon of a missile 1n space can be accome~
plished in two ways.

The first method consists of power gyrostabilization, the essence
of which 1s the followlng. A heavy, high rpm gyroscope 1s installed
in the missile. The axis of the flywheel is connected to the body of
the missile and prevents 1ts turning. This system is cumbersome and
heavy, but it can be used.

The second method of stabilization 1s by using gas rudders. When
the fuselage of the misslle deviates from a glven direction, sensitive
elements record this devliation amd an sutomatic control system using
gas rudders turns the missile to the required position. The operating
principle of gas rudders is analogous to that of aerodynamic rudders.
The difference lles in the design. A gas rudder 1s made of heat resis-
tant materlals and i1s placed in a gas Jjet, which, flowing past the
rudder, acts on 1t as would an air stream (Fig. 18). As a result,

a gasdynamic 1ift force and a corresponding moment which turns the
housing relative to the center of gravity are created on the rudder,

The 1ift force required to change the direction of motion when
the axis of the engine is fixed relative to the fuselage of the missile
is formed by turning of the entire body by gas rudders.

Inasmuch as 1t is assumed that the axis of the englne and,
correspondingly, the direction of the thrust in this case pass through
phé cénter‘of gravity of the missile, then only a 1lift force will be
created when the body turns, and there willl be no moment relative to

Vo M e i
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= . 4 Pige 1o Blook diagrem of automatic control system
o ' s 1) sensitive element; 2) devioe for command gener- ;
. t 4 2 K s 4 - ation; 3) amplifier; 4) berrel drive; 5) poten= -
o tiometer fey measuring the position angle of the ;

barrel; 6) feedback loop.

Fige 2+ Prooesses in various automatis
oontrol mystems:
a) unstable system; the<adplitade of the
nismatoh sigml has a tendenoy to grows
b) the system has low stability; o) the
paraseters of the command~formation i
system are oorrectly chosens the proocess y
1s quickly attenuated,
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Fige 4¢ Input (Uin) and output (U_ .)
signals when taking the frequency oteristia.

Fige 5¢ Amplitude~frequency and phase=frequenoy
charaoteristios,
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Fig. 6, Stability (a) and instabiléty (v) of
motion of a missiles 1) trejectories of assigned
motion; 2) actual trajectories of missile,
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an open system: 1) amplitude stability
marging 2) phase stability margin.

Oscillations
of missile about
trajoctory

PMge 10s Motion of missile in the presencs
of fluotuating disturbances

STOP HERE

e




Faigayme s

g o e e

s -

Pige 11¢ Lift foroe diagrams: n.; over-all
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40 thrusts V is the velocity vector; X the
longitudianl axis of the missiles the angle
of attacks ¥ the thrust; Y the total 1ift force;
Yy the aerodynsmio 1ift; Yp the 1ift component
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The 1ift changes
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Pigs 15, Mechaniocal Fige 16, Missile guidance using an serodynamio rudders

analog of a stable is the angle of attask of the rwdder; V, the asyo-

nissile. %nll'o 11f% force of the rudder; V-the dibection of
velooity of the missiles C the center of gravity

of the missile; and lp the foroe arm of the rudder,

Pig, 17. Mechanio:l snalogs of two control plans: a)
Woanard" plan; b) normal plan; g is the angle of attaok;
Yj the 1ift force of the wingg Ypthe 1ift foros of the
rudders 1k the force arm of the wings lp the foroe arm of
the rudde¥; C the center of gravity.

Fig, 18, Diagram of action of gas rudders
Y, is the gas dynmmio lof't force of the rudder;
the angle of attack of the rudder; C the
enter of gravity of the missile; and lp the
foroe arm of the gas rudder.
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CHAPTER 2

FLIGHT STABILIZATION OF A MISSILE

1. The Principles of Stabllizatlon

For normal operation of a guidance system, 1t 1s necessary that a
gulded missile possess a number of properties which will ensure stablil-
ity of its flight characteristics. These properties are the following.

1. A misslile must have a definite flight stabllity.

2. The axes of the missile must have a definite orlentation in
space.

3. The parameters of the missile (1lift force, turning speed of
its axes, etc.) must remain constant when the commands are the same.

In the previous chapter 1t was noted that a missile usually pos-
sesses an inherent flight stability. This means that 1f any forces
take 1t out of dynamic equilibrium, after they cease to act it will re-
turn to stable flight.

However, lnherent stabllity can be insufficient, and then the mis-
slle must be equipped with stabilizers which act on the rudders and
which oppose the action of oscillations of the missile and stabllize

&tl :qtion relative to the mpm%iticm of the axes. : ’“l
| o
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Besides this stabilization, which protects the missile from harm-
fﬁl oscillations, there must also be on the missile a device which en-
sures a stable mean position of its axes. The absence of such stabl-
1ization in autonomous guidance systems can make guldance of the mis-
sile impossible. In command methods of guidance, even if the missile
is continuously controlled from the ground, the absence of a. definite
orientation of the transverse axes can lead to incorrect execution of
commands, i.e., to disturbance of the functioning of the guidance sys-

tem.

Special flight stabllizling apparatus is installed in a missile,
in order to ensure stable flight.

Iet us examine the widely used methods of flight stabilization

using gyroscopic instruments.

2. FLIGHT STABILIZATION USING GYROSCOPIC INSTRUMENTS

The concept of gyroscopes. Everyone has had an opportunity to

observe an ordinary top. Its fundamental property 1s the ablllty to
hold 1ts axis of turning fixed in space.

This property of a top is used in the so-called three-degree or
position gyroscope.

Note that only ideal gyroscopes can hold the position of their
axlis absolutely fixed in space. Real gyroscopes have the property of
precession, in other words, a drifting of the axis. The quality of a

gyroscopic system is chiefly determined by the magnitude of its drift
with respect to time.

Iet us oonsider another property of a top. We attempt to push a
spinning top, and we discover that it starts to deviate not in the

Eiiigg;on of the imparted force, b%t in a direction porpendicul%r to |
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it. This property of the direction of precession is used in the second
basic type of gyroscope: the two-degree or damping gyroscope.

Stabllization of the axes of a missile by using a three-degree

gyroscope. When the missile turns, in order to keep the position of

the axis of turning of the gyroscope fixed in space (this axis 1s called
the principal axis), the gyroscope is mounted in a special gimbal, the
operation of which is explained in Fig. 19. The rotor of the gyroscope
turns in the inner frame about the OX axis of the gimbal. The inner
frame turns freely in the outer frame about the 0Y axlis, and, finally,
the outer frame turns relative to the body of the missile. A three-~
degree-of-freedom support allows the gyroscope to preserve 1ts position
in space with any turnings of the missile.

In fact, 1f the missile turns relative to the 0Z axis, the inner
frame remains flxed relative to the 0Z axlis. The same thing happens
with the inner frame, if the misslle turns relative to the 0Y axis.

If the turning is relative to the OX axis, the gyroscope wlll not de-
tect this turning, inasmuch as 1t itself turns relative to this axis
with a high angular velocity, and an insignificant turning of 1ts bear-
ings is 1n no way reflected in the operation of the gyroscope.

This gyroscope support makes 1t completely fixed relative to the
missile, and, therefore, in such a system the gyroscope is called free.

For the location of axes shown 1in Fig. 19, the gyroscope can
measure turning of the missile relative to the OZ and OY axes. The
angle of turning of the missile 1s measured by a speclal potentiometer,
which 18 rigidly connected to the body of the missile, and 1ts slide
is rigidly connected to the turning axis of the gyroscope frame. (Fig.
19 shows a potentilometer which mea sures the turning of the missile
;ﬁdﬁﬁ;the 0Z axis). |

SIOE HERE STOP HERE



¢/

Any turning of the body of the missile about the 0Z axis corre-
sponds to turning of the potentiometer slide relative to a conditilonal
zero, owing to which the voltage Ub from the potentiometer varies in
proportion to the angle of turning of the missile relative to some set
position. The same thing happens 1f the potentiometer slide is con-
nected to the 0Y axis, except that in this case the turning of the
rocket relative to the OY axls 1s measured.

The measured value of the signal, proportional to the turning
angle of the missile relative to the required position, 1s fed through
amplifiers to the rudder devices. By acting on them this signal forces
the missile to return to the original position.

Thus this three-degree-of-freedom gyroscope can measure the angle
of turning of the missile relatlve to flxed axes of space and a stabl-

lizer of 1ts axes.

Stabllization of the speed of turning of a missile by using a two-

degree-of-freedom gyroscope. Now let us examline the use of a gyroscope

as a measurer-stablllzer of the turning speed of the axls of a missile.
The need for such measurers arises when the rate of turning of the
missile must be strictly fixed or when 1ts flight must be stabilized.
The problems 1n both cases are sufficlently compatible, and a
gyroscope, which 1s a stabillizer of the angular velocity can be a de-
vice for stabilizing the missile at the same time. For this, a two-

degree or velocity gyroscope 1is used.

As distinguished from a three-degree, free gyroscope, a two-degree
gyroscope has only one frame in the gimbal (Fig. 20).

We have already spoken of the property of precession of a top.
Precesslion 1s also a property of gyroscopes: if an external perturbing
moment 1s applied, the gyroscope b§gins to turn on another planq,wnnd*
%onve?sely;“irsﬁﬁgmgpacope—with a gimbal is-turned ghert the 02 axis,'
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as shown in Fig. 20, then a moment which 18 perpendicular to the plane
of rotation acts on the gyroscope, i.e., about the 0OY axis.

If this moment is inhibited by a spring, the potentiometer slide
wlll be deflected by an angle which 1s proportional to the angular
veloclty relative to the 0Z axis.

Thus the voltage Ub read from the potentiometer will be proportional
to the angular veloclity of the missile.

If some command 1s sent to the rudder device, the missile will
turn with a definite angular velocity. Inasmuch as 1ts flight regime
can vary substantlially for the reasons examined above, then various
angular veloclties can result from the same command.

The measurer of angular veloclty eliminates thls to a considerable
extent.

The output signal from the velocity gyroscope goes through a feed-
back loop to an amplifier and is compared with the command signal. As
a result, a signal for the mismatch between the given command and the
veloclty of rotation 1s generated. When the system has a high Q-facton
owlng to the presence of ampliflers, even when the error signal 1s weak,
the required turning speed of the misslle, proportional to the glven
command, 1s established.

Thus, by using automatlic control methods, an accurate agreement
between the angular velocity and the given command is ensured.

A veloclty gyroscope can also ensure the required flight stability.
In thls case the velocity gyroscope 1s a correlating element of an auto-
matic control system which stabilizes a missile relative to center of

gravity. If there 18 no stabilization, the missile can osclllate about

its center of gravity. With these osclllations, the angular velocity

becemes highest when the missile passes through the zero position-eof - i
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the angle of attack. Passing through this neutral pesition, the missile,
because of inertia, will be deflected in the other direction, despite
the fact that when flying in an alr stream natural damping is created
due to the resistance of the external medium which is proportional to
the angular velocity of the missile, this damping can be insufficilent
and the amplitude of the oscillatlions can exceed the allowable values.
In this case g-forces which are dangerous to the structure of the mis-
slle arlse, the operation of all on-board apparatus 1s complicated and
the flight can be dlsrupted due to excessively large angles of attack.
In order to avoid thils, as indicated in Chapter 1, artificial damping
must be introduced by feeding into the control channel a preventive,
braking command. This command, the magnitude of which is proportional
to the turning speed of the misslle axls, 1s generated by the veloclty

gyroscope.

{
—|
i 0
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Flg. 19. Diagram of three-degree- Fig. 20. Diagram of a two-degree
of-freedom gyroscope: 1l--rotor; gyroscope: l--rotor; 2--poten-
2--inner frame of gimbal; 3--outer tiometer; 3--spring; 4--direc-
frame of gimbal; 4—-measuring axis; tion of turning of missile; 5--
5--measuring potentiometer; 6--body momentum of gyroscope M_.
of missile. &
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Chapter 3
INTERNAL GUIDANCE SYSTEMS

l. Definition of Internal Guldance Systems

In internal guldance systems the on-board apparatus generates
control commands in accordance with a previously assigned program
for the law of motion.

This law can be motion with a constant course or motion at some
angle above the horizon.

Internal systems can control the altitude, speed, etc. of the
flight.

Astronavigation systems are also internal systems. The distin-
gulshing feature of these 1s the possibility of continuous automatic
adjustment of the locatlion of missile with respect to stars by using
on-board optical means; this allows the program of its motion to be
corrected.

Internal systems, because of their tactical and technical charac-
teristics, can be used only in surface-to-surface (ship-to-ground)
missiles, and sometimes in air-to-ground missiles. This limitatios
18 unavoidable, since an internal guldance system acts according to

a pregiausly developed program, which cannot take into account éﬁ;mwﬂ{
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possible variations of target motion; these types of gulded missiles
are designed chiefly for stationary targets.
Internal systems can be used for guidance of ballistic missiles

and missliles with an aerodynamlic configuration. In the first case
guldance 1s accomplished in the initial phase, and in the second case,

during the entire flight of the miaslle up to the point of impact.
2. INTERNAL GUIDANCE SYSTEMS FOR "V-2" TYPE BALLISTIC MISSILES

General Principles of Fire Control

Iet us examine one possible version of a balllstic-missile guld-
ance system.

Before firing, a ballistlc misslle is set up vertically on a
launching pad with strict maintenance of orientation of 1ts axes
relatlve to the countries of the world. Then, taklng all corrections
into account, the firing plane of the missile 1s set up (Fig. 21).

For reasons which willl be mentioned below, the preliminary direction
of the flight plane of the missile will differ somewhat from the
direction to the target.

After vertical launching and declination at a given altitude, the
missile 1s put on course. With any deviation of the missile from a
glven course, the three-degree gyroscope gives out an error signal. A
rudder command is generated by the guldance system which 1s malntalned
until the milssile is back on course.

However, under the influence of various external disturbances
(wind, aerodynamic asymmetry of the missile, etc.), parallel drift of
the missile 1s possible. Inasmuch as in this case the axis of the
missile will maintain the required direction, the error signal from
tha eourse gyroscope will be zero, since gyroscopic systems react-onity 3
to turning and :do not react to linear displacement of:the millile. In ]
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order to keep the missile in the firing plane, on-board devices are
used which measure these linear deflections; the guldance system
reduces them to zero and thus the missile i1s kept in a given plane
of fire.

Now let us see how firing range 1s controlled.

After declination, the missile continues to fly at a constant
angle above the horizon, close to 45° (Fig. 21). This trajectory is
maintalned in the vertical plane by using a special measurling device
which determines the declination of the axis in the pitch (vertical)
plane from the required direction. This device operates in the same
way as the course control device.

According to the error signal received, a command 1s generated
which acts on the rudders, causing the missile to keep on a straight
line lying in the vertical plane at an angle of about 45° above the
horizon.

But the range of a missile 1s not determined by this angle alone.
It is also necessary that the misslile have a definite velocity at a
glven point in the trajectory (at the instant of engine cutoff). For
thls the engine must have strictly fixed thrust, which also allows a
fully determined programed veloclty to be obtained at each point 1n
the trajectory.

Inasmuch as, at a glven angle of firing, the range is chiefly
determined by the veloclity of the missile, the range is controlled
by an internal system for measuring the velocity, which continuously
determines the veloclty of the missile by using a special measuring
device.

At the moment the glven velocity 1s reached, the engine is cut

©ffy-1.e., 1ts operation ceases ingtantly. The device for cutting-off
H ‘O- . 4
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the engine 1s also one of the instruments of automatic guidance of a
ballistic missile.

After the engine is shut off, the misslle continues to fly in a
ballistic trajectory, subjected only to the forces of gravity and
alr resistance (1n the lower layers of the atomsphere).

Besldes the devices which control the course and range, there
18 also a device for automatic stabilization of the banking of the
mlssile.

Axls Stabilization and Control of Declination

The fundamental system for stabllization of course, pltch and
bank 1s a precision gyroscoplic system. The principles of stabllizing
missile axes were examined in Chapter 2.

Pitch control is accomplished by using a program device.

The voltage from the gyroscope potentiometers, which measures
the angle of pltch, corresponds to the angle between the plane of the
horizon and the longlitudinal axis of the misslle. This voltage 1s
fed to a computer, where 1t 1s compared with the voltage from the
program device.

When these voltages do not match, an error signal 1s generated
and a pitch command is formulated which forces the axls of the missile
to take the required position. Thus the axls of the missile follows
the program signal.

There can be other solutlons for the program declination of the
missile. For example, in the German V-2 rocket, declination was
accomplished by program turning of the potentiometer stator, which
was mounted on the body of the rocket. Striving to keep near zero,
the potentiometer slide, which 1s connected to the pitech gyroscope,
the misslile follows the turning of .the potentiometer. _ SR
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The lateral-correction system. Measurement of lateral drift in

a lateral-correction system is accomplished by a pickup-measurer of
lateral acceleration.

The simplest layout of a pickup-measurer of acceleration (acceler-
ometer) is shown in the block diagram of the course control (Fig. 22) .
An inertial body (b), which can move along the directrices (c¢), 1is
mounted on springs (a) in a speclal housing. The deviation of this
body from the neutral position 1s proportional to the acceleration
acting along the directrices, and is measured by potnetiometer (d).

By knowing the acceleration at each time Instant, it 1s possible to
find the velocity by adding the accelerations.

Then there 1s successive summation of the velocities, which makes
1t possible to measure the transverse linear displacement of the

misslle. These operations are performed by integrators.

An integrator 1s a device whlch continuously calculates the sum
of very small increments. This operatlion can be performed by any
counter (watt-hour meter, gas meter, water meter, odometer, etec.) .
For example, an odometer turns at a rate which 18 dlrectly propor-
tional to the speed of the automobile. When the speed of the auto-
moblle changes, there 1s a corresponding change 1n the turning rate
of the odometer. Thus an odometer keeps a running count of the dis-
tance covered.

The counter-integrators in the gomputers of missile guidance
systems operate similarly. If, for éxample, a varying voltage U 1s
fed to an electric motor and the speed of the motor varies in striect

proportion to this voltage, then the number of revolutions measured

by a counter connected to the axle of an electric motor willl be the

;fiiﬁig of the continuous summation or integration of the input voltage ‘a
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Besides these errors, which are cuused by instrument errors in
the guldance system, the strike accuracy 1is also a function of the
accuracy in calculating the program.

One of the lmportant factors affecting the firing accuracy is
the earth's rotation and the deviation of the missile from the firing
plane caused by 1t.

Therefore, as was mentioned above, the initlal position of the
firing plane must differ somewhat from the direction to the target.

In order to explain the reason for this difference, let us
conslder the following example.

Iet us launch a missile absolutely vertically and assume that there
1s nothing to change its flight trajectory. Returning to earth, the
misslle does not land at the point from which 1t was launched.

In order that it return to the launching point A (Fig. 26), it 1s
necessary that the missile at all times maintain a radial direction
relative to the center of the earth. Even before launching, the
missile has a certain velocilty Vb due to the earth's rotation, equal
to the rotational veloclty of point A. After leaving the earth, this
veloclty component remalns unchanged. If the missile cllimbs to a great
altitude (point B), then, in order that it not lag behind the motion
of radius OB, it must have a horizontal veloclty which is somewhat
greater than Vo> since the path BB! 1s greater than AA'. Owing to
this lagging behind, the missile falls to earth somewhat closer to
the point from which 1t was launched. This can be calculated mathemat-
ically by using the formula for Coriolis acceleration.

In long-range firing, the'error caused by this factor can reach

tens of kllometers. Therefore, this error must be taken into
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From the output of the integrator, a signal which is proportional
to the linear lateral motion 1s fed to the course control instruments,
and the missile starts to move in a direction opposite to that of the
drift. This motion will continue until the correction is completed,

and the error signal equals zero.

Range Control and Firing Errors

In order to ensure the required firing range, it 1is necessary to
determine accurately the moment for cutting off the engine; this 1s
accomplished by a speclal veloclity meter.

The block dlagram of this part of the system i1s shown in Fig. 23.
Veloclity measurement is made indirectly, as the lateral displacement
is determlned.

The 1nitlal parameter for finding the velocity 1s the longlitudinal
acceleration of the missile, which is determined by the accelerometer;
by successive summatlon of values of acceleration, the axial velocity
of the missile is determined. The output signal of the velocity meter
is sent to the comparison unit.

When the program velocity is reached, a command for shutting off
the engine 1s sent.

The accuracy of range firing AX(Fig. 24) 1s a function of the
error with which the required angle of pitch (A8) is maintained at the
moment of englne cutoff; of the error is measuring the velocity (AV);
of the deviation of the point at which the engine is cut off from the
set altitude (AH) and range (AX).

The lateral deviation (AZ) (Fig. 25) of the missile at the
moment of cutting off the engine is determined by the course error

(&) at the moment of shutting off the englne and by the parallel
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f.ifﬁi*o deviates from the required trejectory, this computer t‘oa.gi'i"”“i

2., Inertial Systems Of Internal Guidance

Inertial systems of internal guidance operate by measurement
of the linear distances covered by the missile.

As distinct from the inertial pickups examined above for lateral
correction, where these devices plck up only the error in the maln
guidance system, in inertial systems the plckups measure the total
distance covered by the missile.

Let us examine the operating principle of an inertial guildance
system. On board a guided missile there 1s a special gyro-stabilized
platform on which the accelerometer 1s mounted. The gyro-stabilized
platform can be made in the form of an lnner framework of a three-
degree-of-freedom gimbal (Fig. 27), which makes it fully independent
of the position of the body of the missile.

Three free gyroscopes are mounted on the platform. These
gyroacopes can measure any deviations of the platform from the
required position and can stabllize the platform in space.

Thus, owlng to the gyroscopes, the platform is stabilized in
space relative to fixed axes.

The accelerometers are mounted on the platform, therefore, they
are stabllized 1n space and measure the accelerations along fixed
axes. The accelerometer signals are sent to integrators, where the
linear displacement of the misslile relative to fixed axes 1s measured.

As a result, there 1s continuous measurement of the position of
the missile in an absolute (world) coordinate system, or, as 1s some-
times sald, the course of the missile from the starting point 1is read.

Simultaneously, in this same coordlnate system, the required
(program) trajectory of the missile 18 sent to a computer. If the

]
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an error signal which acts on the rudders of the missile, forclng
it to return to the assigned trajectory.

In an absolute coordinate system, the point on the earth's
surface which the missile must hit 1s also moving, due to the earth's
rotation. Therefore, to calculate the position of this point relative
to fixed axes, 1t 1s necessary to introduce the correct time into
the computer, which is given by a speclal on-board timing device.

In practice, 1t 18 more advantageous to calculate the distance
covered by the migsile not 1n a fixed, absolute coordinate system,
but in the plane of the horizon (i.e., in the plane tangent to the
earth's surface at the point where the missile 1s located). For this
purpose, 1t is possible to correct continuously the position of the
gyro-stabilized platform so that it 1s constantly parallel to this
plane. If in this case the misslle maintailns a constant altitude
by means of an internal guldance system, then the course can be read
by using two accelerometers.

Such, in general form, 18 the operating principle of an inertilal
system. The most difficult problem for inertial systems 1s providing
accurate operation of the gyro-stabllized platform and the accelero-
meters. Errors in gyro-stabilization lead, in the final analysis,
to shifting of the firing plane of the misslile, and the systematic
instrumental error in the accelerometer as a result of the storage
effect in the integrator 1s the greatest source of error in reading
the course.

Besides these systems of internal guidance, there are a number
of other internal guidance system which are not examined in this
book.
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Fig. 21. TrajJectory of a ballistic missile;
a) vertical phase of flight; b ) declination
phase; ¢ ) engine-cutoff point; d ) ballistic
trajectory. :

l%teral correction signal

signal for oourse deviation

Flg. 22. Block diagram of course control
1 ? lateral-acceleration pickup; 2 and 3 5
integrators; 4 ) gyroscopic device;

5 ) command-formation unit; 6 ) rudder drive;
T ) rudder.

‘engine-cutof? eommand
/

Foos ]

Flg. 23. Block dlagram of engine-cutoff device:
1 % axial-acceleration pickup; 2 ) integrator-
determiner of velocity; 3 ) comparison unit;

4 ) engine-cutoff control.
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Figy 24, The components of range error:
1 calculated point of engine cutoff;

2 g actual point of engine cutoff;

3 ) guldance phase; 4 } ballistic tra-
Jectory phase; X, H, 6, V are the calcu-
lated values of the range, altitude, de-
flection angle and the velocity at the
moment of engine cutoff; AX, AH, A8, AV
are the errors in range, altitude, de-
flectlon angle and velocity at the actual

polint of engine cutoff; and AX 1s the over-
all range error.

vV~ ’
A('
calculated firing plane

a1]

Fig. 25. The components of course error:
Al 18 the lateral deviation of the point

of engine cutoff from the calculated firing
plane; &Y the deviatlion of the velocity
vector at the moment of engline cutoff; and
AZ the over-all lateral firing error.
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the horizontal velocity which
the missile must have in order
pot to lag behind the radius OB,
the lag

actual velocity

oé- axis of rotation of the earth

Fig. 26. Relative displacement of
missile due to the earth's rotation.

Lt
]
N ﬂ

Fig. 27. Block dilagram of gyrostabllized

platform:

1 ) stabilizing gyroscopes; 2 ) stabiliza-

tion gears; 3 ) gyro-stabllized platform;
acceleration plckup.
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Chapter 4

COMMAND METHODS OF GUIDANCE

1. Systems of Command Guidance

Command methods of missile guldance (remote control) are those
methods 1n which the law of motion of the mlssile 1s determined at a
control point outside of the mlssile i1tself,

The control point can be on the ground (for surface-to-air and
surface-to-surface missiles), in an airplane (for air-to-air and
alr-to-ground missiles), on a ship, or some other place. Command
methods of guidance are used for all types of misslles, including
in the initial phase of ballistlc misslles.

Command guldance of missiles can be used alone or
preliminarily with transition to homing, when it 1s necessary to in-
crease the accuracy of guldance in the terminal phase of engaging
the target. ’

Depending upon the means and place of generation of the error

signal, command guldance systems may be divided into the following
three types: radio sighting, beam guidance and guldance by two radar

tracking stations.

d, A’ftor launching, the missile %l !

i
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"fired" into a radar sighting beam and 1s kept in this beam by
commands generated at the control point and transmitted to the
missile.

The radar beam 1s directed to the required impact point. 1In
some cases the radar beam can coincide with the target, but in the
general case of a moving target, this wlll be a predicted point.

The radar antenna 1s made so that the axls of the radiation
pattern does not coincide with the geometric axis of the antenna.

In this case the tapered scanning beam forms an equal-signal 3zone

(RSZ) in space, its axis (which colncides with the axls of the

antenna) is called the equal-signal-zone axis (Fig. 28 a).

The operation of many modern radar devices is based upon the
principle of the equal-signal zone. The presence of an equal-signal
zone makes 1t possible to determine the direction and magnitude of the
angular deflection of a radlator from the RSZ axis.

The radiator can be a target exposed to radiation from radar or
a transmitter on board a guided missile.

An equal-signal zone can be formed not only by a scanning beam,
but also by several fixed beams shifted relative to one another.

There must be two such beams in gulidance relative only to azimuth,
and in guldance relative to azimuth and angle of elevatlion simul-
taneously, there must be four.

A scanning beam creates a signal of variable strength from a
radiator which does not lle on the RSZ axis. The recelved signal
will fluctuate with the rotation rate of the beam (Fig. 28 b).

Up to definite l1limits, the amplitude of the signal (AU) 1s
proportional to the angular deflection of the missile from the RSZ
raxis 0 (Fig. 28 c). | ] ]
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the coordinates of the target and the range be supplied continuously

Lo the computer. ; ) W%
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The variable part of the signal with amplitude AU is the error
signal of fhe guldance system. Depending upon the amplitude and phase
of the error signal, a command 1s formulated for guiding the missile.

Thus in radio sighting, the radar does not track the missile, but
only creates a sighting line. The missile is sighted in the equal-
signal zone, 1.e., its deviation from the axis of this zone 1s de-
termined (hence the name "sighting," by analogy with an optical
sight, in which deviation from the crosshairs is determined).

Let us see how the predicted direction of a radar beam is found.

The prediction is made in order to decrease the curvature of
the trajectory.

The principle of firing with prediction can be explained by the
example of antilalrcraft artillery.

As 18 well-known, in antlaircraft artillery the angular posi-
tion of the predicted point 1s chosen so that during the flight of
the missile to the point of impact, the target moves with respect to
the prediction angle. The prediction angle 1s chosen before firing
and cannot change during the flight. Therefore, if the target makes
an antl-antiaircraft maneuver or the velocity of the misslle 1s in-
correct, 1t wlll fly past the target.

The main characteristic of guided-missile flight 1s the possi-
bility of continuous correction of the position of the predicted
beam, which allows a change in the course of the target and the
velocity of the missile to be taken 1into account.

In order to determine continuously the required prediction

angular position of the beam, 1t 1is necessary that information on
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If, for example, the prediction point is chosen as it 1is done

in antialrcraft artillery, then the missile will fly to the impact
% point along a trajectory which 1is close to ballistic. 1In this case

the missile will maneuver only as a function of deviations in the
laws of motion of the target and the missile.

If we let € and Bt be the angle of elevation and azimuth of
the target (Fig. 29), then the predicted position of the radio-
sighting axls of* the missile will be

€, = €, + Ae
By = By + 48

The values of the running angular predictlon Ae and AB must
be decreased continuously as the misslle approaches the target
(times t; and t,).

The condition for an accurate hit is that the angular prediction
becomes zero, when the ranges to the target (Dt) and the missile
(Dr) are equal (i.e., at the moment of impact); otherwise, the
missile will pass by the target.

Iet us examine the block dlagram of a radio-sighting guldance
system (Fig. 30).

The coordinates of the target (et, Bt and Dt) from the radar
tracking of the missile are sent to a computer, where the predicted
angle of elevation and azimuth of the missile Aer and Aﬂr are
formulated on the basis of these data. In order to make the predic-
tion angle more precise, information about the range to the missile
2 is used, which is determined in radio sighting by speclal range-

finder systems.
The radio sight 1s forced to turn according to the data from
Wémuter. A signal 8, prOporUj;icml to the angular dcviatioéfmm'f
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of the missile from the axis of the radio-signal zone (RSZ) of the
radio sight, is sent to the command-formation unit and the commands
are sent on to the missille.

Remember that 1n ordinary radar tracking the signal 6 controls
the turning of the radar antenna, i.e., it 18 the error signal
of the tracking system. In this case, however, the signal serves
as the basis for command formation for missile guldance, 1i.e.,
it I8 the error signal of the guidance system.

The guldance command 1s sent to the missile and acts on the
rudder control clrcuits.

A receiver-responder operating from pulses of the radio sight
should be placed on board the missile, for increased reliability
of operation of the sighting channel.

The system examlned, with a radio sight having a narrow
radlation patter, allows only one missile to be gulded to the pre-
dicted point, although in princilple a radioc sight can sight several
missiles simultaneously. Thls happens because for missiles at
various ranges the law of prediction will be different and the
moment when the angle of prediction ms t become zero (i.e., when
the RSZ axis must "look at" the target) will also be different
for them.

The sltuation changes when the missile is guided by the three-
point method.

In guldance by the three-point method, the direction of the
beam to the misslle must always coincide with the direction to the
target. Therefore, the angles of elevation and azimuths of all the
missliles, independent of their range, will be equal to one another

~and _equal to the angle of elevntiqn and szimuth of the target qtdliii
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given time instant. Thus simultaneous guidance of several missiles

i i

‘ﬁo a singie target is possible, in principle, using one radio sight.
Another feature of guidance by the three-point method (also

é called the coincidence method) should be mentioned: in this type
of guldance the radlio sight can perform the function of locator of
the target. This colncidence circuit is structurally very simple.
However, guidance by the three-point method is limited by the great
curvature of the trajectory, which requires highly maneuverable
missiles.

Let us examine the block dlagram of a combined radio sight
(Fig. 31). Such a radio sight must have two channels: a clear
radar channel ®r tracking the target and a channel for radio sighting
of the missile (or missiles). The signals of the separate channels
can differ in frequency from the signal to be received (frequency
selection) due to the difference in range (range selection or
according to some other command. Each method of selection has 1its
own advantages and dlsadvantages. ILet us examine the operation
of a system with frequency selection.

The channel for tracking the target operates as an ordinary
radar channel: a signal reflected from a target and modulated by
the frequency of the scanning beam enters the receiving channel and,
acting on the drive of the radar antenna, forces it to track the
target.

The signals arriving from the missiles have different
frequencies: those of the on~board responders.

; As a result, the signals from the missiles go along other

s

channels of the radio-sight receiver. Separation of the sighting
}dggsgpls,takns place in these chan?ols, il.e., of signals which are }
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prqportional to the angular deviation of the missiles from the RSZ

axis (61, 62). On the basis of these signals, commands are formu-

st R T U

lated which are sent to one or another of the missiles along the
§ appropriate transmission line.

Guidance by a radio beam differs from radio sighting in that the

R o

. error signals of the guldance system 61 and 62 are formed not in
the radio sight, but on board the missile itself, and, therefore,
there 18 no need for command lines. As in the case examined above,
when firing at a predicted point only one missile at a time can be
guided by the beam, while 1n guldance by the three-point method,
several missiles can be gulded simultaneously. In this case the
radar which creates the radio beam can track the target simultaneously.

A speclal recelver, tuned to the radio tracking frequency is
installed on the missile. As in guld ance by radio sighting, a radlo
track can be created by a narrowly directed scanning beam or several
beams which are fixed relative to one another. In this case each
beam must have its own "color": a distinct frequency, specially
frequency modulated; ete.

Let us examine the principle of error-signal formation for the
case of the scanning beam in Fig. 28.

A revolving beam creates an alternating field strength at all
points not lying on the axlis of the equal-signal zone. The signal
received by the missile will oscillate with the scanning rate (see
Fig. 28 b). The amplitude of the signal (AU), up to definite limits
of deviation of the missile from the RSZ axis, will be proportional
to this deviation (see Fig. 28 c¢). If the angular deviation of the
missile from the RSZ axis exceeds the level of the linear part of

P;he_modulation characteristic, th?n the normal functioning of qh-_,_4
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_ tracks the target, while the other tracks the missile (Fig. 32).

guidance can be disrupted and it will cease to operate as a
guidance system. The scanning beam makes 1t possible to determine
only the deviation of the missile from the RSZ axis, and does not
determine i1ts direction.

In order to determine the direction of the deviation, special
reference signals must be sent to the missile which are synchronized
with the scanning beam. Let us assume that when the scanning beam 1s
to the left of the RSZ axis, a reference signal of one form 1s sent
to the missile {for example, a single pulse), when it 1is to the
right, a signal of another form is sent (two pulses), and when it
i1s above or below, other speclal slgnals are sent. Further, let us
assume that the misslle 1s to the left of the RSZ axis. Then the
maximum value of the received signal will coincide with the reception
of a single-pulse reference signal. Thus the coincldence of a
maximum signal with the reception of a single-pulse reference signal
attests to the fact that the missile is to the left of the RSZ axis.
If the maximum signal coincides with reception of a two-pulse refer-
ence signal, it 1s to the right, etc. The reference signal can be
sent in the form of a smoothly varying curve, and the error signal
isolated by a speclial phase detector, where the magnitude and di-
rection of the deviation of the missile from the RSZ axis are de-
termined immedilately.

If there are several antennas with various "colors" for each
beam, a reference signal is not needed, inasmuch as the direction of
the deviation is determined by the "color" of the signal.

"Double radar tracking. In this guldance method, one radar set

Beagh radar set devermines all three coardinates of she target amd
| masfie, which are gent to the ocmputer, i O ]
=50-




On the basis of these data, and error signal and the corre-
spaxding commands are formed and sent to the missile by radio. These
commands are picked up by command receivers and go to the rudder
control elements.

There 1s also a receilver responder in the on-board apparatus,
which receives pulses from the radar station, amplifies them, and
retransmits them back to earth. This 1ncreases the stability and
range of the automatic escort of the missile.

Let us analyze some speclal features of this method of guildance,
as compared with the radio-gighting and radio-track methods.

When using radio-sighting or radio-tracking methods, guidance
1s accomplished by keeping the missile within the area of some beam.
The geometric picture of guidance (or, as it is called, the

kinematic diagram) i1s as follows. A beam is directed towards the
target at some predicted point in space. While 1n motion, the
missile 1is continuously held on this beam. Deviation of the center
of gravity of the missile from the beam is recorded by the guldance
system as an error signal, and the system attempts to the keep the
error signal at zero.

Such a system may be called beam guidance. This system is
obviously the only possible one for these methods.

In guidance with double radar tracking, not only beam homing
possible, but also course guldance. In beam homing by the double
radar tracking method, the apparatus differs little from that shown
in Fig. 30. The device for generating the predicted direction of the

 bemmis. and B, is based on the same principle. The difference It twn—
i
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in the fact that the predicted values ol the angular coordinates
generated by the computer do not gulde the beam, but are compared
with the true angular attitudes of the missile. An error signal
1s generated on the basis of this comparison.

Owing to radar tracking of the missile, it is possible to set up
its trajectory and compare it with the required trajectory by using
the computer. An error signal 1s generated on the basis of this
comparison.

In the most simple case, the required course 1s the direction to
a target. An error signal in this case 1s a signal for the deviation
of the velocity vector of the missile from the direction to the target.
This 18 called homing by the pursult method. However, this method

has, as does the three-point method, the disadvantage that the
trajectories for homing on a moving target have great curvature, which
requires highly maneuverable missiles. In addition, the total
duration of its flight can be considerably greater than that of a
straight line to the point of impact. Therefore, the use of this
method is limited to firing on fixed and low-speed targets.

In general, the required course of a misslle is dlrected to a
predicted polnt, l.e., the missile flies for interception of a
moving target. Such a method 1s, for example, the method of
parallel engagement, in which the target-to-mlssile line remains
parallel to 1tself at all times. This method, as will be shown
below, provides considerable straightening of the trajectory.

Let us examine the block diagram of the course method of
control shown in Fig. 33.

From the lmown coordinates of the target entering the computer,

it 18 possible to construct the c?urue of the target and to ct&ﬂﬂll&*
i.m_“&__.,___m_w».* S 0. __ .}
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:l.ts velocity Vt(Fig 34). The missile coordinates from the radar
station allow its velocity V, to be determined.

By knmowing the mutual position of the target and missile and
thelr velocitles, it is not difficult to find the predicted point
of impact C by extension of the missile course.

Ordinary trigonometric equations can be used to solve this
problem. For this, it is necessary to solve triangle ABC (Fig. 34).
Side AB and angle A are determined in the computer by the
coordinates of the target and missile and the course of the target.
The position of the predicted point, which lles on the target tra-
Jectory, 1s determined by a condition according to which the flight

times of the target and missile up to this point are equal. The

flight time of the target is found Ly the formula tt ='%£ s, and

t
the flight time of the missile by the formula t, = g
Vv r
Inasmuch as t, = t,, then AC = BC-vi .

Bearing this expression in mind, 1t is not difficult to solve
triangle ABC by trigonometric formulas and find the angle o, which
1s the required prediction angle, and then the required course er,

Further, 1t 1s necessary compare the required course with the
true course of the missile. From the known coordinates of the
missile, its true course etrue’ which is compared with the required
course Or, 1s formed 1n the computer. From this comparison, an
error signal Aer 1s formed, which controls further the homing system
by the commands received on board.

Control commands, as in any automatic control system, must be

formed taking into account ensuring the required stability of motion.
For simplicity, let us examine the problem of course control

r.J.xL_ope plane. The problem is morf complicated in the case of

R R S , 0 !
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fgpgt};l‘gu4dance. However, the essence principles of control
‘remain the same.

In this case, two angles must be determined in the computer:

the course and pitch of the missile, and, correspondingly, two error

‘0
b
‘4
4
3

signals for formation of the course and pitch control commands.

R

2. ELEMENTS OF COMMAND-FORMATION DEVICES
] The error-signal formation unit. For the double-radar method

of command guidance, the difference between the angular coordinates
AB and A€ 18 not difficult to formulate and can be done with
potentiometers and amplifiers, for example. With potentiometer
circuilts, the coordinates of the requilred position of the missile
€. and Br are given out by the computer as a d-c voltage. Information
about the true position of the missile is taken from the potentil -
ometars , which are mechanically connected to the radar antenna

tracking the misslle. Comparison 1s carrled out 1n a difference

Crheseg s s . g L e s ey e e -

amplifier. At the output of this amplifier, a voltage i1s obtained
which 1s proportional to the difference between the angular
¢ coordinates AB and Ae; this difference 1s the error signal.
It i1s more difficult to form error signals in the other two
systems examined.

In these systems, when the missile deviates from the RSZ axis,

R

the signal at the output of the recelver is a sum of two voltages:
. a d-c voltage Vb and an a-c voltage AU with frequency equal to the
scanning rate Q (Fig. 35).
- ~In this case the modulation factor m = %H in some scale
determines the magnitude of the angular deviagion of the missile

" from the RSZ axis.

e §
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The signal obtained can be expressed as follows :
U=U; [1 +mcos (At + Q)],

where Q 1s the scanning rate, and ¥ the phase (angular position)
determining the position of the missile in the pictorial plane
(the plane perpendicular to the RSZ axis in Fig. 36).

.
¥
£
ol
H
S

It is necessary to determine the modulation factor m and phase
. ¥ from this signal. The fluctuating part of the signal, which can be
1solated by a filter, is U = Uym cos (8t + v), i.e., proportional
not only to the modulation factor m, but also to the signal Ug 18 a
function of the signal strength, of the stability of the receiver,
etc.
Therefore, the first task of the error-signal separation unit

is to obtain the alternating signal in the form

U=mcos (Ot +¢).
This can be accomplished by using an amplifier which has an
amplification factor which 1s 1lnversely proportional to UO.

The task also consists of determining the phase ¥ of the
alternating signal or the components of the factor m which correspond
to the angular deviation of the missile with respect to the Y and Z
axes (Fig. 36). This operation is performed in a special phase
detector, where the phase of the reference is compared with the
phase of the error signal. The comparison is made in two switching
! N circuits. The phase of the reference signal is always strictly

constant and tled to the position of the scanning beam. Therefore,
as a result of comparing the phases of the reference signal and error

signal, the posltion of the missile in the pictorial plane is

"determined, l.e., the components qf the deviatlon of the misgile |
,u....__w
with,grugoct to the Y and z _axes 51‘0 determined.
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The unit for converting angular error into linear. When the

angular error (error signal) is constant, the linear deviation will
inerease as the range of missile from the control point.

If a command is formulated on the basis of an angular error,
then a single command will correspond to various linear deviations
of the missile from its trajectory. Therefore, at long ranges the
missile will approach the trajectory for a longer period of time
Such guidance conditions are unsultable, and it is advantageous
to use the linear error for command formation.

For example, in the Oerlikon-54% system, the linear error 1

is determined by multiplying the angular error A9 by a function
which 1s proportional to the range to the missile R:
1=R. A9,
Multiplication is performed by using a potentiometer multiplier.
In this R is introduced approximately by using a time mechanlsm
(Fig. 37).

Units which take coordinate skew into account. The phenomenon

of coordinate skew arises in spatial missile guldance. The essence
of this phenomenon is that in flight the position of the axes of the
missile relative to the axes of the measuring system in which
deviations are determined is changed.

The magnitude of this skew i1s described by a certain angle T,
which can be called the angle of skew or the angle of banking of the

axes of the missile relative to the coordinate system of the measuring
device. .

As has already been noted, it 1s necessary for missile guidance
that 1ts axes be definitely stabillized in space. In particular,

ptarting from the condition of roll stabiliszation, it is pouiblh‘"“““‘i
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to force the missile to keep its transverse axis parallel to some
fixed plane in space. This can be seen by the example of an
ordinary airplane. The roll stabllization system in an airplane
operates so that the plane of the wing 1s always held in a horizontal
position, i.e., it does not turn relative to the longitudinal axis.

In the general case, the axes of'a misslile can be stabllized
in space arbitrarily.

Let us examine the formation of the skew angle for missile
homing by radio sighting (Fig. 38).

At the moment of lauching the directlon of the transverse axes
of the missile coincide with the direction of the reference axes
of the radar installation. The flight direction coincides
with the RSZ axis. ILet us assume that the missile 1s fired in the
plane P, an an angle €, above the horizon (Ph).

Iet us call this the firing plane of the missile. For
simplicity, let us assume that the missile does not leave this plane
during homing and that automatic roll stabilization does not allow
the missile to turn relative to 1ts longitudinal axis. Then the
transverse axis Zr wlll always lie in the firing plane Pc'

The missile can accomplish any maneuvers during homing. Let us
assume that 1t has turned 90° as a result of a complicated maneuver,
flown to point 2 and will fly further in a radlal direction, i.e.,
the Xr axis 1s directed along the RSZ axis. It 1s not diffiuclt
to see that there will be an angular skew ) at this point.

In fact, according to the cmndltion, the Zr axlis 18 in the

’ firing plane and, as 1s apparent from the figure, it makes an angle

é € with the plane of the horizon. Thus an observer at point O will
see-the missile axes turned an an ;nsle €y- The reference axis'of
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f the radio sight z1 remains horizontal at all times. Therefore,
the skew angle is €5-
Let us examine a simplified model in the presence of skew
(Fig. 39).
Iet the missile be on the Yi axis of the reference system
with deviation A from the RSZ axis as some moment of time (point

1).

1y

In this case the automatic control system generates a command
which 1s proportional to Aly and which forces the missile to move
to the center of the equal-signal zone.

However, lnasmuch as the axes of the missile are turned relative
and Z

to the ¥ axes, the command, which creates a 1lift force along

k 1
the transverse axls Yr’ will force the missile to move to point 2,
which lles outside of the vertical axis Yi‘

At point 2, the command will be redistributed along the axes
of the missile 1in accordance with the legs A2z and A2y' Motion
proportional to Aaz and A2y wlll take place in the axes of the
missile and 1t will move to point 3, etc. By successive construction
of the curve of the center of gravity of the missile in the axes of
the reference éystem, 1t 1s not difficult to see that it approaches
the center of the equal-signal zone not in a stralght line, as it
should, but along some 8splral, 1.e., along a longer route. It is
obvious that this i1s undesirable, since 1t introduces additional
delays in command fulfillment, 1.e., it is as if the guidance system
takes on additional inertla, and its sensitivity can be worsened
consliderably.

In order to prevent this, it is necessary to send a command to the

rmissile so that the total lift force is directed towards the center;-|
! 9 I . . ; )l '
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This is accomplished by a specilal device. Let us assume that the
missile 1s deflected along the Y, axis by the value AY (Fig. 40a).
If the deviation AY 18 divided into two command components K'y’ AY
cos T and K'z- AY sin 1 and these are sent to the missile, then it
is not difficult to see that the missile will move precisely toward
the center of the RSZ.

Similarly, it can be shown that, if the deviation is only along

the 2, axis (Fig. 40 b), then the commands must be K"z- AZ cos T

1
and K"y = - AZ 8in t. It 1s easily seen that in the presence of
simultaneous deviatlons with respect to the Y1 and Zi axes, the
command must be'the sums:
X, =K', + K", and K, =K'y + K"y.
We have examined only the simplest case of coordinate skew and
the simplest method for 1ts compensation. This phenomenon 1is

considerably more complicated in spatial guldance.
3. TRAJECTORIES

The phases of trajectories. In command systems, the trajectory

can be divided into two basic parts.

The first part 1s usually called the launching phase; and the
second part 1s called the guidance phase.

In the first phase, the law of motion can not be set exactly
beforehand. The trajectory in this phase 1s determined by the posi-
tion of the missile at the moment of the beginning of its guidance.
This position can be random and 1s determined by many factors, e.g.:
accuracy of firing the missile into the beam of the guldance
station, the position of the missile at launching, deviation of the

'flight direction from that assigned , the attitude of the carriﬁpw

s 1 .

| i
' aircpyaft at the moment of launching, etc. L
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The guidance phase begins when these initial conditions are
completely compensated. From this time on, we may speak of the
accuracy of guldance, since deviations can be sufficlently great
in the first phase (Fig. 41).

An independent initial launching phase can also be 1isolated.

In this phase the missile 1s ungulded either because it has not yet
reached the required velocity, or because the guldance system has
not "taken over" (for example, when firing a missile into a radio
beam).‘

The characteristics of the end of thls phase also determline the
initial conditions for placing the missile in the guldance trajectory.

Missiles can be gulded with the engine either on or off.

The flight phase when the engine 1s on 1s called the power
phase, and the part when the engine is off is called the free-flight
phase.

A property of the free-flight phase 1s that here the missile
loses part of 1lts 1lift force due to cessatlon of the action of gas-
dynamic forces. The loss of 1ift force manifests itself strongly
at high altitudes because, in this case, the aerodynamic 1lift force
is decreased.

A second property of this phase 1s an additional bending of the
trajJectory, due to the fact that the missile 1s decelerated by any
reslistance 1n this phase.

In Fig. 42, let us trace the appearance of this bending of the
trajectory. Let the missile move uniformly in the power phase, 1.e.,
let the force of any reslstance be compensated by the engine thrust.
A missile gulded by the command method will always remain on some beam,

rwitdich moves with a constant angular velocity. Then over equal '~

S
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time intervals AT, this beam will move from point 1 to points
2, 3, 4, etc.; the angular shifts will be unchanged.
Accordingly, a missile moves the distance AS = V:AT from

point O1 for the time AT and hits point O If the velocity of

o
the missile V 1s constant, with sufficlently careful construction

of the trajectory 1t can be seen that the angle of turning of the
missile Ae during time AT will be constant, l.e., the misslle carries
out the same maneuver at all times.

If from a certain time (point 04) the velocity drops due to
englne cutoff, the path AS1 will be shorter for time AT and, as is
easlly seen from the figure, the turning angle Ae3 will be increased.
In this case the missile must, 1n order to fulfill the conditions
of guidance, make another maneuver: i1t must move about a trajectory
of greater curvature. This effect can be especlally strong in
guldance by the three-point method, where the trajectory has consider-

able curvature even without thils.

Various types of guldance trajectorles. One of the basic re-

quirements for trajectories 1s maximum linearity. This is due to the
limited maneuverability of gulded missiles, because it may happen
that, when the curvature of the trajectory is great, the missille
will not be in a position to carry out all required maneuvers, and
it will not reach the target.

On the other hand, the most simple method, as already stated,
is guidance by combination (three-point method), which requires
conslderable g-forces. This method makes guidance possible when the
angular coordinates of the target are known and ensures, within limits,

simultaneous firing of several milssiles upon a single target.

!
!
i

+————As already been mentioned, beam guidance is characteristic 'of -
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command methods, wherein the trajectory can be considered the locus
of points lying on beams issuing from a single control point.

During guidance, a missile must be held on this beam at all
times.

In the case when the beam follows the target continuously, we
have guldance by the three-point method. When the beam 1s directed
to a point ahead of a moving target, we have a prediction method of
guldance.

If the law motion of the beam and the velocity of the missile
Vi are known, it 1s not difficult to determine the trajectory.

As an example, let us construct the trajectory of a surface-
to-air missile for guldance by the three-point method (Fig. 43).

Iet us assume that the target moves uniformly. Let us
divide the trajectory into equal segments. Then the intervals be-
tween the polnts ti’ t2, t3,..., tn wlll be the same and equal to
At. Iet us connect point O (control point) to these points by
beams .

If at time t1 the missile 1s at point C1 on beam 1, then at
time t2, having flown the distance 0102 = Vf-At, it will be at
point 02 on beam 2. To find point 2 we place a compass point at
point C1 and intersect beam 2 with a radius Vf~At. Having done
this, we find the points 03, 04’ ete.

Having connected all points ci,cz,CB, ey Cn with a smooth
curve, we obtain a target trajectory on which it 1s easy to determine
the moment of impact of the missile with the target. It 1is not
difficult to see that, as the velocity of the target increases, the
curvature of the trajectory will increase all the more. At some

~target velocities the mnneuverabiiity of the missile will be '
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insufficient.
The flight trajectory obtained here is an ideal one, 1l.e., 1t

1s determined by a given law of motion for a guldance system. In
reality, as in any automatic control system, there are deviations
in the motion of the obJject under control,

A missile, moving close to this ideal (kinematic) trajectory,
describes a certaln real trajectory, the magnitude of the deviation
of which is determined by the quality of guildance, 1l.e., 1t is a
function of the error 1n the guldance system.

The form of the trajectory varies according to the guldance
system used.

For surface-to-air misslles, 1t 1is possible to use combined
(three-point) as well as prediction methods of guidance.

For air-to-ground missiles, which are designed to destroy fixed
or low-speed targets, three-point methods are applicable, inasmuch
as the trajectory has low curvature in this case.

These types of missiles can be gulded according to the principle
of the equal-signal zone. Range control of ballistic misslles with

. 1limited power phase 1s accomplished by veloclity control. In this
case the trajectory in the vertical plane 1s ballistic.

Winged missiles can fly at a constant altitude, and the moment
of diving toward the target is determined either by internal means
or by command from the control point.

The characteristic feature of alr-to-ground missiles is that
the control point moves continuously, together with the carrier
alrcraft.

Figure 44 shows an example trajectory for guidance in this

+oamsej it is constructed by the aa@e method as was the trajectory -
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of the surface-to-air missile (Fig. 43).

The fact that for alr-to-alr systems the control point is in
motion leads to substantial changes in trajectory. In particular,
in guidance by the three-point method, when a definite course 1s
maintained by the carrier alrcraft, the missile trajectory can be
completely linear.

For example, the course of the carriler aircraft can be chosen
such that the line from the control point to the target 1s mutually
parallel at all times (Fig. 45). In this case the three-point
method colncides with the method of parallel engagement.

If it is assumed that the velocity of the target is uniformly
linear, while the velocity of the missile 1is held constant, then the
trajectory will be a straight line.

Since the milsslile velocity is assumed to be constant, the
segments 0102 = 0203 = 0304= oo o= Cn'lcn‘ It is apparent from this
that the shaded right trilangles are equal. Therefore, the angle formed
by the trajectory and the line HT (Fig. 45) will remain the same at
all times, 1.e., the misslle holds a constant course and flies
linearly.

We have examined trajectorles for beam methods of guidance.
For course guldance the trajectory of parallel engagement 1s

characteristic.
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Fig. 28. Formation of an error signal
with a scanning beam: a) scanning beam;
b) fluctuation of signal at receiving
point; c¢) amplitude AU as a function of
deviation 6.

Fig. 29. The positions of the target and
missile in guldance to a predicted point:
1) predicted point of impact; 2) trajectory
of missile; Ae and;Ae2 are values of the
angular predic%ion at = times t1 and ta.
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Fig. 30. Block diagram of ground complex
for guidance by radio sighting: 1) radar
tracking of target ; 2) computer for pre-
dicted values of azimuth Br and angle of
elevation §_ of missile; ) radio sighter;
4) missile © range finder; 5) command-
formation unit; 6) command transmission line.
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Fig. 31. Block diagram of a radio sight

combined with radar target tracking:

1) radar tracking; 2), 3)
for the first and second misslles;
5) command-formation units for the first

and second missiles; 6), 7) command-
transmission lines.
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Fig. 32.
guldance by two radar signals:

§

Block dlagram of ground complex for
1) radar tracking

sighting units

’

of target; 2) radar tracking of missile;3) command-

forming computer;

commands.
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Fig. 33. Block diagram of course control
method. 1) radar tracking of target;

2) radar tracking of missile; 3) device for
determining the course and velocity of target;
4) device for determining the velcc ity of

the missile; 5) device for solving the pre-
dicted triangle and forming the required
course 6_; 6) device for determining the true
course o? the missile 6 ; 7) comparison

unit and unit for forma%igﬁuof error signal
A8,_; 8) command-formation unit; 9) transmission

line for commands.

Fig. 34 Homing with course guidance:
et- course of target; C - predicted point of

impact; o - prediction angle; er- required
course of missile; da, true~ true course of
missile; Aer— error signal.
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Fig. 35. Output signal of Fig. 36. Deviation of missile
recelver in the case of a is pilctorial plane.

scanning beam.

8.

Fig. 37. Block diagram of converter of
angular error to linear used in the
Oerlikon-54 system.

Fig. 38. Formation of skew angle T:
Ph 18 the plane of the horizon; P the
firing plane; 1) the initial position of
the axes of the missile; 2) the final
position of the missile; 3 trajectory;

’ z is the final position of maasuring
ﬁgbumldio-sight axes, e
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Fig. 39. 1Initilal deviation Aly in the
presence of skew.
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Fig. 40. Redistribution of commands
taking the skew angle into account.
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Fig. 41. Phase of the trajectory of a
guided missile: 1) launching phase;

2) entr{ into trajectory; 3) guidance
phase; 4) required trajectory.
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Fig. 42. Additional bending of trajectory
during transition to the free-flight phase.

target
trajectory

control point

Fig. 43. Trajectory of surface-to-air
missile in three-point guidance.
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Fig. 44. Trajectory of alr-to-ground
missile with three-point guildance.

Fig. 45. Trajectory of air-to-alr
missile with three-point guldance:

1) carrier aircraft (control point)
trajectory; 2) target trajectory;

3) missile trajectory; 4) guidance line.
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Chapter 5

HOMING METHODS AND COMBINED METHODS OF GUIDANCE

1. The Operating Principles of Homing Systems

A classification of homing methods. Homing methods for

misslles are those 1n which reception and processing of target
information and generation of command slgnals are carried out by
equipment on board the missile. ’

Homing methods can be used in any type of missile. Abroad,
they are most widely used 1n surface-to-alr and alr-to-air missiles.

Homing can be the sole means of gulding a missile, or it can be
used only in the last stage of guldance.

Inasmuch as in homing, target information 1s generated in the
missile, the guldance accuracy is not a function of the flight range
of the missile. This 1s the main advantage of homing systems over
methods of command guldance.

The principle instrument in homing systems is the homing head
(target coordinator), which can operate electronically or by reception

of heat (infrared) radiation*.

F=——W Sound and visual-light rudﬂntion of turgotu can also be hiéa
| for homing.
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The action of the homing head is based on the operating principle
of the ordinary direction finder or radar installation. The differ-
ence lies only in the dimensions and operating conditions, which are
complicated by vibrations of the missile, g-forces and effects due
to refraction and absorption of the signal from the target in the
cowling.

Heating of the cowling and the increase in the level of thermal
noise connected with it substantlially affect the operation of heat-
seeking heads.

In order to receive a signal with which a homing device can
operate, the target must be a source of primary or secondary radia-
tion.

With primary radiation the target itself 1s a source of thermal
or radio signals. An operating englne, a nose section heated by aero-
dynamic resistance, etc. can be sources of thermal radlation. Sources
of radio signals can be: radar, radio beacons, radio interference
stations, etc.

Systems which use target radliation for guldance are called

passive homing systems.

In secondary radiation the target 1s exposed to a narrowly

directed energy source.

If the energy source radlating the target is in the missile

itself, then 1t is an active homing system.
When the radiation source 18 not in the misslle, but at the

control point, the system is called seml-active.

Active homing has the advantage that 1t does not require any

equipment outside of the missile. The missile becomes autonomous

—thedoment it enters its trajectory, and the entire external |
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guldance system can be used for another missile.

However, in active homing the equipment in the missile 1is
complicated and bulky, since it includes a comparatively powerful
transmitter.

In semi-active homing, the radiation seeker must operate from
the moment of launching to the moment of impact.

The radiation device is a complex radio engineering installation.
Radar tracking of the target can be used for this. The signal
reflected from the target is used simultaneously by the radar set
and the homing head.

An advantage of seml-active homing 1s that the target can be
subjected to considerably more intense radiation than in actilve
homing, since an external radar statlon can be more powerful and
have larger antennas.

Homing devices can be divided into two basic groups.

The flrst group contains homing heads which measure the
positions of their axes relative to the axes of the missile. They
are called connected homing systems.

The second group contains devices in which the homing heads
measure the position of their axes relative to fixed axes 1n space

which are set by a gyroplatform. They can be called disconnected

homing systems with a reference gyroplatform.

Both homing systems unliquely determine all possible missile
trajectories in the homing stage.
Connected homing systems. When the axes of the antenna of the

homing head are connected with the missile axes, homing can be

accomplished by a direct-pursuit trajectory.

L8
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constructed as follows (Fig. 46).

The homing-head antenna is located in the nose section of the
missile, behind the cowling.

When the longitudlnal axis of the misslle and, correspondingly,
the antenna axis are precisely on target, the error signal equals
zero., When the misslle axis deviates from the direction to the
target, an error signal 6 1s formed, which 1s amplified and sent to
the rudder drive. This configuration (by analogy with remote control
systems) can be called a system of target sighting by a homing head.

Another verslon of thls system can be one 1n which the head-
locator tracks the target, turning relative to the missile axes in
a cardan suspension (Fig. 47).

In thls case the angular deviation of the axls of the locator
from the missile axes 18 recorded by a potentiometer.

The magnitude of this deviation 1s the error signal, and the
error signal 1s used for generating a control command.

Common to both systems 1s the fact that the angular error of
the missile axis relative to the directlion to the target 1s used as
the control signal.

When the required law of motion 1s accurately adhered to, the
axis of the missile will be directed toward the target at all times
during the flight.

The trajectory along which the misslle will move will be a
curve which 1s close to a pursult curve.

The latter requires some explanation. In order to obtaln a
pursuilt curve, it 1s necessary that the direction of motion of the
missile, i.e., the direction of its veloclity vector, exactly colncide
with the direction to the target. This condition, strictly speaking,
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18 not satisfied in the example in question. This 18 because the
direction of the missile axis differs from the direction of the
velocity vector by the angle of attack. When necessary, the angle
of attack can be corrected by using an ordinary deflector mounted
in the nose section or on the wings of the missile. By changing

the angle of attack, it is possible to turn the missile axis so that
the direction of the velocity vector coincides with the direction to
the target.

At first glance, 1t seems that accurate direction of the missile
to the target 1s an obligatory condition for engagement. But this 1s
not so. The obligatory condition for engagement 1s continuous
reduction of the distance between the target and the missile. In
other words, 1t 1s necessary that the velocity of the missile
relative to the target be greater than zero at all times.

This 18 a mathematlical condition. It 1is actually necessary
that the engagement time not exceed the maximum flying time for the
missile, and that the curvature of the trajectory not exceed certain

limits.

A basic disadvantage of connected systems 1s that the trajectories

have low curvature.

When firing at a moving target when the condition of direct
pursuit (pursuit curve) is fulfilled, where the velocity vector 1is at
all times directed towards the target exactly, the trajectory of the
missile close to the polnt of impact 1s greatly bent and 1t can
happen that a simllar maneuver cannot be performed by the missile.

In this case, starting from some time t_ (Fig. 48), the missile will
move with maximum curvature, continuously falling behind the required

“trajectory. This leads to an additional error in guidance.

~78-
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It 1s assumed that thls drawback limits the use of such homing
methods., It 1s not difficult to show, by graphical methods, that as
the velocity of the target decreases the curvature o the trajectory
decreases. Therefore, connected methods of homing can be used only
for low-speed targets.

In homing systems with a reference gyroplatform, a gyrostabl -

lized platform, which operates as the one described when examining
inertial internal systems, 1s installed in the missile. The axes of
this platform are fixed 1n space and create a reference coordinate
system.

The positilon of the antenna axes are measured, 1n thls case,
not relative to the milsslle axes, but relative to absolute space
axes.

The locator head is mounted Iin the nose sectlon behind a radio-
.transparent cowl (Fig. 49). The base of the antenna is mounted
directly on the misslle. The antenna can be turned about two axes.
The slides of potentiometers the housings of which are mounted on
the gyroplatform are connected to the antenna axes. These
potentiometers record any deviations of the antenna axes relative to
the platform {or relative to the absolute axes).

There are several versions of guldance with a disconnected
homing head. All these versions gilve trajectorles with less curva-
ture than those with connected heads. This 18 especially valuable
when firing on high-speed targets.

One of the best known methods of guldance which can be used
in such systems 18 the method of parallel engagement. Sometimes this
method 18 called the predicted-point method.

As already noted, the essence of this method is the fact
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that the sighting line from the missile to the target always remains
parallel to itself. 1In the case of uniform linear motion of the
target, a misslle having a constant velocity must also move linearly.
This distinguishes the method of parallel engagement from the pursuit
method.

Parallel engagement when using a disconnected head is carried
out as follows (Fig. 50).

The locator head continuously tracks the target. The magnitude
of the voltage from the potentiometers records in a fixed
coordinate system the deviation & of the homing head (1.e., the
direction from the missile to the target) from the initilal position
(the angle 9).

The magnitude of thils deviation 1s the error signal of the
guidance system. A command will be sent to the rudder of the missile
until the direction of the misslle to the target 1s parallel to the
initial direction.

The error signal can also be the angular velocity of the
motion of the locator beam.

These versions are the same in principle. TUnder ideal condi-
tions for the second method the angular velocity of the target-to-
mlisslle llne willl be zero, and this is equivalent to the condition
that the sighting beam be parallel, which 1s satisfied in the first
case, The difference lies only 1n the fact that, if there 1s a
change in the direction of the missile to the target (for example,
because of limited maneuverability) and a new direction is
established, then, 1n the second case, guldance will be relative
to the new direction. In the first case, the initial direction 1is
maintained exactly. If an angular error appears, it will be elimi-

nated sooner or later.
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2, COMBINED METHODS OF GUIDANCE

Since a homing head installed in a missile has comparatively
small dimensions and at long target ranges it cannot provide sure
reception of signals reflected from the target at the moment of
launching the missile, in a number of systems homing is used only
in the last stage of guldance. A missile with a homing head first
of all approaches the target, and only after having "caught" it does
homing begin.

In this case guldance takes place as follows.

After launching, in the first phase of guldance, the missile
is guided either by internal or command systems. Command methods
are used when firing on moving targets. Internal systems can be
used when firing on fixed and low-speed targets.

Iet us examine how the homing head catches the target.

In command guildance the coordinates of the target and missile
must be known at the control point. If the missile has a gyro-
stabllized platform creating a reference coordinate system, then the
direction of the homing-head antenna axis can be set exactly. By
knowing the position of the target and the missile and the direction
of the homing-head axis, the required target designation can be
calculated at the command point and the necessary commands for
turning the homing head in the direction of the target can be sent to
the missile.

If there 1s no gyrostabllized platform on the missile, then
reading of the angle of turning of the homing-head ié made relative
to the axes of the missile. The position of these axes can be
calculated approximately from the trajectory of the missile.

In internal guidance the command for target search must be
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sent to the homing-head at a previously calculated time by a special
program mechanism.

Let us examine what the conditions at the point of target
capture must be in order that a missile with a definite maneuverability
be able to capture the target.

For simplicity, let us assume that the target is fixed (Fig. 51).
At the moment of capture t, the target 1s at a distance AS from the,
missile; the angular error between the direction of the velocity
vector of the missile V; and the target is Avo. The magnitude Awo
describes the accuracy of the system (command or internal). 1In
ideal operation of this system,A¢o must be equal to zero.

The capture range AS 1s a function of the power of the homing-
head transmitter, the sensltivity of its receivers, the radiation
pattern of the antenna and the accuracy of the target designation
(of the duration of target search).

The maneuverablility of the missile 1s determined by the
maximum lateral acceleration W which i1t can develop.

The angular velocity w of turning of the veloclty vector of the
missile 1s proportional to W and inversely proportional to the

W

velocity of the missile : @ = V;.

For remaining time of engagement, approximately equal to At =
AS
= V;, the velocity vector of the missile can be turned by the angle

| AS W-AS

In order that a missile which maneuvers with a constant g-force
and a constant velocity reach the target it 1s necessary that the
velocity vector turn by an angle which is not less than 2A¢o. In
fact, before the intermediate point 1, the missile has turned by
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Avo. Before the point T, the missile must have turned by Awb again.
Therefore, in order to ensure capture, it 1s necessary that the

turning angle of the missile during the required approach time At

be not less than 2A¢o. This condition can be written as

A9, 249,.

From this inequality and the ratio for A¢% come the require-
ments for maneuverabllity when the guildance errors A¢0 and the
capture range AS are set beforehand. The required maneuverability
of the missile must be greater the greater the predicted error. With
an increase 1n the capture range AS, the maneuverablllty requlirements

are decreased:
24 .. V2

w>/__.?§_.§_r

This relation makes it possible to determine the capture range
requirements AS or the accuracy requirements Amo when the maneuver-
ablility W of the missile 1s given.

For the more complicated case when the target i1s moving, all
the above reasoning will be about the same. In thils case, however,
the parameters AS and Awo in the formula for W must be calculated
wlth respect to the predicted point of impact.

s Sl o 6 S o s AT ek e St




58
53R
4

~ R R T

PR

AT IEES—17

target

antenna axis coincide
with missile axis

Fig. 46. -Homing with target sighting (the
homing-head antenna 1s rigidly mounted on the
body of the missile): 6- 1s the error signal;

1) unit for error signal separation and command
formation; 2) rudder drive.

' ' . - P
— T

[ 8 > .

missile axis

Fig. 47. Guldance with the head tracking
the target: & - error signal; 1) po-
tentiometer for recording error signal;
2) command unit; 3) rudder drive.

Fig. 48. Required (1) and real (2) tra-
Jectories in guidance on a pursult curve.




signal for command
formation

Fig. 49. Diagram of homing-head with
oplatform: 1) homing-head;

2) gyroplatform; 3) potentiometer for

measuring the position of the antenna

axls relative to the gyroplatform.

running direction of
error signal ~ [AOE.RE Sinectior

/ + ‘arget

initial direction
“of target to missile

]

Fig. 50. The error signal in the method
of parallel engagement.
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locity wsctor of missile at

capture
P o moment of impact

Fig. 51. Limiting trajectory which ensures
guldance to the target.
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