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D.W. Allen

0

S SUMARY

The use of visual command guidance to control the flight of a missile
from sea-level so as to intercept approaching, low-flying aircraft is
examined. It is found that a hunian operator can perform this task by means
of a thumb-operated joystick if (i) a suitable relation between joystick
deflection and output signal is chosen, and (ii) an anatomically correct
form of target tracking meohanism is provided so as to minimize effort and
concentration.

An effective two-man system, which has the advantage that the aimer t s
task is virtually the relatively simple one of hitting a fixed target, has
also been found. Only preliminary studies have been undertaken, using
experimental apparatus. Miss distances of up to 15 feet are to be expected
at the present stage of development, although skilled experimenters can
halve this figure under laboratory conditions.
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Part I

The Guidance Problem and its Treatment

I Introduction

1.1 The progamme of work described in this Note was designed to assess
the accuracy with which a guided missile launched from a fixed point at sea-
level against an approaching low-flying aircraft in daylight, could be
guided to its target by means of a visual command link with manual guidance.
This technique has commended itself on the ground of relative simplicity and
because its usefulness is not impaired by low sigt-line elevations.

1 2 Concurrently, Messrs, Short Bros. and Harland Ltd. have been develop-
ing the "Green Light" test vehicle (G.L.T.V.) to R.A.E. requirements for the
experimental study of the same 'problem in the field. A close collaboration
has been maintained with the finn, which has taken the form, among others,
of keeping in touch with its current views as to the parameters and expected
behaviour of the test vehicle, and of embodying these, wherever relevant, in
our own studies. We have however concentrated our attention in the main on
the wider problems of guidance and general practicability rather than on the
detailed development of G.L'.T.V.

1.3 This Note is essentially an interim report. It reflects the state of
affairs at a point where, owing to pressure of other work, the investigation
is to be transferred to the hands of Messrs. Short Bros. and Harland Ltd.
It 'goes as far as to show that the task of engaging an oncoming airdraft
with some prospect of success is within the capacity of 'a human operator and
to suggest hrvf he can be enabled to fulfil the task. Matters 'of detailed
development Of apparatus, and precise evaluations of accuracy have however
necessarily been left unfinished.

1 .1. The form of the Note is largely fixed by these considerations. Thus a
good deal of experimental data which might have been citted from a final
account, has beeh included so as to be available for subsequent canparisons
or checking. Also the experimental apparatus has been described in more
detail than might otherwise be justified.

1.5 For similar reasons, no attempt has been made to establish statistical
prope6rties. This wouid have consued time which, it was felt, was more
profitably devot.'d to the general appraisal of the problem at this stage. We
have therefore confined ourselves to intuitive comparisons based on compara-
tively limited data,. but we have on the other hand considered all the possi-
bilities that have suggested themselves for meeting the specified tactical
situations.

1.6 One aspect of the problem which we have largely ignored is that of
gathering the missile on to its course after launching. The absence of
infonation regarding boost dispersions etc. would have made it difficult to
do otherwise, but in any case it seemed desirable to tackle the main guidance
problem first. In all our experiments therefore we have so arranged matters
that when the missile first comes under the aimer's control, it is very close
to the required trajectory, and very little gathering has been required.

1 .7 We have adopted throughout an "open-loop" control system; that is,
one in which no aspect of the missile's response (e.g. its lateral accelera-
tion, heading angle etc.) has been measured internally, and the result
subtracted fron the applied external demand in order to give some desired
response - in other words, there is no autopilot. The only input to the
missile control surface actuators has been the aimer' s demand in the form of
a voltage, shaped by intermediate circuits where necessary to produce the
required response. It is easier with such an open-loop system to confine
oneself to the guidance problem, without being concerned with the stability
of a secondary feedback loop, and it is felt that at this stage ary other
approach would be unduly specific as to detailed missile design.

-6E
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1.8 The Note is divided into two parts. Part I is concerned with the
problem to be solved and with the presentation of results. Part II is given
over to descriptions of experimental apparatus.

2 The Tactical Situation

2.1 Targets are to be engaged whose forward speeds may be as great as
900 ft/sec, flying in the general direction of the guided weapon aiming point.
For present purposes the target is assumed to fly at constant speed along a
straight line whose perpendicular distance d frcm the aiming point (Fig.i)
lies between zero and 900 ft. This distance is referred to in what follows
as the "crossing distance". As far as possible, the target is to be inter-
cepted at a range greater than about 4500 feet. The general situation in the
plane containing the target flight path and the aiming point is shown in
Fig.1. For simplicity of presentation the missile is depicted in the same
plane. eT and O are the angles made by the aimer-target and aimer-missile
sighat-lines respectively, with a line througi the aiming point, parallel with
the target flight path, which is taken as a datun. The flight path of the
missile is defined by the angle OM with respect to the same datum. The
forward speeds of the target and missile are vT , vM respectively.

2.2 The range at which the target is first sighted (or acquired) will depend
on a variety of factors. On the basis of available data (Ref.4), a conserva-
tive estimate, namely 15,000 ft is adopted here as standard. Some field
experiments conducted at Farnborough however, using a very fast aircraft of
s=all frontal area as the target ("Hunter") suggest that the acquisition range
may sometimes be less if the design and use of the locating gear is not care-
fully thought out.

2.3 After the target has been sighted, an interval of up to five seconds may
elapse (preparation and aiming) before the missile is fired (Refs.3,10).
Thereafter the task of the aimer is to bring the missile on to the aimer-
target sight-line as quickly as possible and to hold it there until impact.
The missile trajectory is therefore characteristic of beam-riding. Experience
indicates that the aimer should be given not less than five seconds in which
to perform his task.

2.4 If it is assumed that the relevant angles are small enoui for the
missile velocity component parallel to the target flight path (Fig. 1) to be
sensibly equal to its forward speed vY , then the range of impact ri is
given by

ri = vM rTo - YT(TP+-TB).] feet (I.2)

where rTo is the acquisition range (taken as 15,000 ft here), Tp is the

preparation time, for which a maximum figure of 5 seconds has been quoted,
and TB is the boost time.

2.5 If it is assumed that no missile guidance is possible during boost, the
time available for gathering and guiding the missile is

_o _ _VT T_ - ri rTo -VT(Tp+TB) - TB
BG = (2conds ( .2)

and this, from para. 2.3, should be not less than five seconds.

-7-
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2.6 From Appendix C, the maximum lateral acceleration is required of the
missile at impact, and this is given approximately by

= 2VT d
r,2 ft/sec2  (3.2)

3 The Missile

3.1 Forward Speed

3.1 . In Ref.10 the maximum time of preparation is given as
Tp =5 seas . This is the interval which may elapse between visual acquisi-
tion of the target and launching the missile. In the same place a boost
time of 3-4 seas preferably in the neighbourhood of 3 seconds is called for.
There have been subsequent suggestions that the boost time may be yet
shorter, but in our work we have standardized on TB 3 seconds.

3.1.2 In these circumstances the missile speed, if constant after
boost, would have to be about 870 ft/sea if the minimum impact range were
not to fall below 4500 ft. If no missile control were poss.ble during boost.
the time TG available for guidance would be 3413 seos which is well below
the desired minimun of 5 seas. On the other hand, to give a minimum guid-
pnce time of 5 secs the missile speed would need to be about 500 ft/sec. In
this case the minimum impact range would fall to about 3300 ft. There is
therefore a contradiction between the requirements.

3.1.3 Present estimates of 'test, vehicle performance indicate a
forward speed at the end of boost of about 705 ft/sec. At the same time
there is some possibility of effective control at least during the last
second of boost. There are then rather more than 5 seconds of control time
available against the fastest target, but the impact range, assuming constant
missile forward speed after boost, is only 4000 ft. We have taken this
missile performance as a basis for our work on the ground that it represents
rougily what is practically achievable at this time.

3.1.4 In addition, the test vehicle is assuned to contain a sustainer
motor which gives it a forward acceleration in level flight subsequent to
boost of about 7.5 ft/sec2 . We have incorporated this figure in our experi-
mental programme. It is perhaps worth pointing out however that when
attacking fast targets at high crossing distances, the missile may climb at
about 30 to the horizontal; also induced drag may be significant at the
high lateral accelerations called for in the later phases of such engage-
ments. The forward speed of the missile and more especially its component
parallel to the datum, which governs the impact range, may be materially
affected. We do not consider therefore that we have ary strong justification
for having taken account in our work, of the level-flight forward accelera-

e tion subsequent to boost, of G.L.T.V.

3.2 Lateral Acceleration

3.2.A For control surfaces, the projected test vehicle has moving
wings, whose maximum deflections are ±0.2 radian. We have assumed that all
of this is available for lateral control and in our experimental work we
have taken it that there is full control of the wings from launch. However
the lateral acceleration per unit wing deflection has been assumed propor-
tional to the square of forward speed so that in fact, control is only
effective during the latter part of boost and subsequently.

3.2.2 The steady-state lateral acceleration available on the assump-

tion that, for a given forward speed, it is linearly proportional to wing

-8-
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deflection, has been taken as ±8 X I r gft //radian of wing deflection.
Just subsequent 0o boost therefore, lateral accelerations of up to
1.6 × I0" o-× 70) g im 6g are possible. Assuming the level-flighit velocity-
time programme for G.L.T.V. (pars- 3.A.4, K&g2) this acceleration rises to
about, 10g at the end of powered flight.

3.2.3 Fran equation (3.2) the maximun lateral acceleration required to
maintain sight-line coincidence at an impact range of 4000 ft is about 5g.

3.2.4 When quoting lateral accelerations per unit (full) joystick (or
control handle) deflection, which will be refer-red to in what follows as
"1control stiffnesses" and suitably qualified where necessary, it is evidently
essential to relate the figures quoted to some forward speed. For this pur-
pose we have taken the speed at the end of boost, namely 705 ft/sec.

3.3 Transient Response

3.3.1 Previous experience indicates that in an investigation as general
as this, nothing is gained by taking account of the missile Is weathercock
properties. We therefore omit any discussion of these, confining ourselves to
the observation that the missile is dynamically stable, and to giving a plot
of the linearized G.L.T.V. response in lateral acceleration to a step of wing
deflection (Fig.3).

3.3.2 For the same reason we have replaced the missile in our experi-
mental work by a simplified analogue in which, in addition to assuming perfect
roll stabilization and no interaction between the two control planes, we
arrange that (a) the initial and steady-state lateral accelerations per unit
wing deflection are as for G.L.T.V.; (b) the total change in lateral velocity
at ar time in the steady state subsequent to a step of wing deflection is as
for G.L.T.V. and (c) the wing deflection is similarly restricted to
±0.2 radian.

3.3.3 Consequently the lateral displacement of the missile analogue
from its initial flight path at any time in the steady state subsequent to a
step of full wing deflection is about 16 feet less than for G.L.T.V. (Fig.4).
The resulting simplified relationship between wing deflection 8 and lateral
acceleration V can then be represented by

= 8 x 10" 5  2 g1+0.03p ft/sec2/radian . (1.3)

The corresponding time relation is given in Fig.34.

4 The Guidance Loop

4.1 The Aimer's Task

4.1.1 When the missile, having been fired, first appears in the field
of view of the aimer's binoculars (or monocular) which already contains the
target, his first objective is to "gather" it; that is, to bring it into
apparent coincidence with the target as quickly as possible. This implies a
reasonably rapid response on the part of the missile, to the aimer's camands.

4.1.2 Having been gathered, the missile must be kept as nearly as
possible on the aimer-target line-of-.sight until impact. The aimer must
therefore eliminate as far as possible aw stead-state lags of the missile
behind the target sigt-line; he must also ensure tat any corrections he
makes result in well dasped recoveries.

-9-
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4.1.3 It is shown in Appendix A that for a constant speed missile
the lateral acceleration required to maintain sight-line coincidence is
given by

VM 2 VM6T + rM6T (ia-4)

where is the instantaneous missile range.

4.1.4 OT is given by

a = tan 1' rT 0 VT t) = tan-1 d: (2.4)

where the time t is reckoned from the instant at which the target range
is rT and eT is measured from a line through the aiming point,

parallel to the target flight path. Hence

VTd VTd
eT~ (2r4)

d2 + (rT -vTt)2 r2 + d2

2 V d(rToV 5T t )  2d VT rT* _ (4.4)[d2 + (rTo_VT t)2 ]2 (rT 2+d2)2

4.1,.5 Froi (1.4) , (3.4) and (4.4), if d2 <<1. as is invariably
rT2

true in our context

2 vd(rT+.9iM
VU O r3

T

Since in a given engagement, vM , VT , d and (rT + v1 r) are

constant, the missile's lateral acceleration must increase as the inverse
cube of the target range, to a final value which may be as high as 5g
(para. 3.2.3)

4.2 The Input to the Guidance Loop

4.2.1 The input to the guidance system is the angle eT  (Fig.5).
From equation (3.4) b is increasing throughout any engagement of interest
here. Also all higher derivatives of eT can be expressed as polynomials
in 6 T " It is therefore reasonable to suppose that none, however high its

order, remains zero throughout the trajectory.

4.2.2 No linear system therefore, however high its order, will
entirely prevent the missile fr6m lagging behind the target sight-line. It
does not of course follow that the resulting errors are serious; there is
however a clear suggestion that a high order servo loop is called for.

- 10-
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4.3 Dynamic Stability

4.3.1 The choice of means for maintaining dynamic stability in a
guidance loop containing a human operator is largely a matter of experience.
More particularly it is found that the order of the system, that is the number
of successive error integations performed in the loop (apart from any per-
formed by the operator himself) is severely restricted. At the most, in our
experiments, two integrations have proved permissible and even here, if the
loop gain is to be sufficiently great for our purposes, the joystick output
signal must be heavily phase-advanced.

4.3.2 Systems of lower order are unacceptable for reasons which need
not be discussed here since from para. 4.2 the order should be as high as
possible.

4.4 A Form of Guidance Loop

4.4.1 At its simplest, the guidance loop may be represented by Fig.5.
The aimer acts as an error detector, noting differences between target and
missile sight-line orientations, and acting to reduce them.

4.4.2 For this purpose we have provided him with a thumb-operated
joystick (Ref.8) to be moved in the direction in which a change of missile
motion is required. The output sigal from the joystick is shown in Fig.5 as
being applied directly to the missile's control surfaces. The missile is
treated as a particle whose lateral acceleration is therefore proportional to
joystick deflection.

4.4.3 Since the aimer sees the angular displacement of the missile,
the latter in effect introduces two integrations into the loop, while the
effective loop gain varies inversely with range*. No additional integrations
are, from para. 4.3, permissible.

4.4.4 Numerically, the only property which can be ascribed to the
guidance loop in its final form without experiment is that it should be
possible (para. 4.1) to generate an increasing lateral acceleration throughout
the trajectory; the end value being ±Yma. where lImax 4 5g . In addition
we may assert from para. 4.3 that the ouput signals of the joystick will very

probably need to be phase-advanced before being applied to the control surface
actuators.

4.4.5 For further data we have recourse to simulator experiments. The

simulators used for this purpose are described in Part II of this Note.

5 Some Preliminary Comparisons

5.1 An Existing Technique

5.1.1 In exploring guidance systems for Project "Malkara" (Ref.2), an
anti-tank missile, the arrangement eventually adopted was qualitatively simi-
lar to that which has been described above. That is, the missile's lateral
acceleration was made proportional to joystick deflection in the steady state.
The output signal of the joystick was however heavily phase advanced
(para. 4.3)

This inplies that the modulus of the human operator' s transfer f±unotion
remains constant. It is a matter of observation that the operator can vary
this parameter over a wide range, and he uses this faculty, it would seem, as
a means of reducing transient oscillations. In addition it seems likely that

- he increases it with time , thereby offsetting in some measure, the reduction
in loop gain arising from range-dependence.

- 11 -
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5.1.2 In the "Malkara" Project the target'was always either
stationary or moving comparatively slowly across the field of view. The
need for sustained lateral accelerations was therefore a secondary
consideration.

5.1.3 A primary consideration on the other hand was dynamic
stability. The problem therefore provided an occasion for finding combina-
tions of parameters which led to rapid and well-damped recoveries to more
or less fixed aimer-target sight-lines.

5.1.4 It was found that, assuming a linear relation between joystick
output, and deflection, full deflection should not demand more than about
0.4g. The phase-advance time constant TF should be of the order of 4
seconds. Greater control stiffnesses were indeed practicable, but they
added noticeably to the difficulty of the aimer's task and were in any case
unnecessary.

5.2 Application to "Green Lipht"

5.2.1 If the parameters given in para. 5.1.4 are compared with the
minimun requirement. of 5g quoted in para. 3.2.3 for "Green Light", it would
seem unlikely that the anti-tank system could be simply extended to cover
the new problem. It therefore seemed desirable as a first step to find out
how far short of the "Green Light" specification a system would fall if
"Mbalkara" parametets were used.

5.2.2 Neglecting lateral accelerations due to joystick rate of
defltction (arising from the phase-advance) there is a unique relation
between steady-state lateral acceleration and joystick deflection at a given
missile speed. A rough estimate can therefore be quickly made, from a know-
ledge of the maximum lateral acceleration required in each type of trajec-
tory, of what can be achieved with a control stiffness of, say, 12.5 ft/sec .

This is the figure arrived at in the course of our "Malkara" simulator
experiments. The left-hand full line in Figi6 shows, from theoretical
considerations, the limiting combinations of target speed and crossing
distance that can be dealt with when unit (full) joystick deflection demands
a lateral acceleration of "12.5 ft/sec2 . In the same figure, the hatched
line indicates what was achieved experimentally on the laboratory simulator:
(Part II para.2) where the joystick signal was phase-advanced with a time
constant TF = 4 secs.

5.2.3 In comparing the theoretical with the experimental results it
is necessary to bear in mind the additional lateral acceleration available
in the latter case due to phase-advance. Again, in the simulator work, the
effective lateral acceleration per unit joystick deflection was made propor-
tional to the square of the forward speed (para. 3.2.1) and the available
lateral accelerations quoted refer only to a specific forward speed of
705 ft/sec in the case of the anti-aircraft missile; also the missile speed
varies as indicated in Fig.7. The effective mean control stiffness during
any particular engagement was therefore rather greater than the quoted
figure would suggest.

5.2.4 Concurrently, experiments were carried out using the field
simulator (Part II para.3) and the parameters stated in para. 5.1.4 above.
The object of these *was partly to confirm the laboratory experiments, but
mainly to gain familiarity with field conditions when engaging oncoming air-
craft. Similar assumptions underlie the work on both simulators except that
in the case of the field simulator it was arranged that there was no gaid-
ance during the 3 second boost, and the missile speed subsequent to boost
was constant at 705 ft/sec. Up to the present it has only been possible to

-hexperiment with small or zero crossing distances, so that the results are

-12-
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chiefly of interest here as a comparison of low sight-line rate conditions
when the target is an oncoming aircraft, with previous experience against
tanks.

5.2.5 The target was a "Meteor" aircraft flying at about 300 knots,
the crossing distances varying between 0 and 300 feet. The target was usually
acquired at ranges greater than 15,000 ft; the choice of the instant for
firing was left to the aimerls judgement.

5.2.6 The aimer viewed the target through XIO binoculars on a train-
able mounting, but the direction of approach of the target was known within
close limits. Acquisition usually took place at from 3 to 5-miles. No missile
dispersion was assumed and the missile appeared in the field, of view about 3
seconds after firing.

5.2.7 The results of one series of tests are, shown diagrammatically in
Fig.8. Apart from one run in which the missile was deliberately fired late,
the geatest miss distance from same part of the aircraft structure was 27.
inches and the greatest distance from the centre of the target was 10 feet.
Assuming a missile wing and fin span of about 30 inches, 8 of the 11 simulated
attacks are direct hits. In the case of the miss due to late firing, the
lateral acceleration required to mainta.n sight-line coincidence. was beyond
the demand capacity of the guidance system; range coincidence occurred at
3690 feet,

5.2.8 In applying a set of guidance parameters arrived at with one
missile configuration to another for purposes of comparison, matters should be
so arranged that the operator's task is as nearly, as possible unchanged; for
the operator' s reactions are the principal limiting factor in the choice of
guidance parameters. But the aimer, when he has demanded a change in missile
motion, observes the result. as a change in missile sight-line orientation.
That result and the operator's consequent reaction are therefore a function of
range and hence, after any given interval of time from launch, of forward
speed. From the reasoning of Appendix E the control stiffness should be
changed in linear proportion to forward speed when transferring from one missile
configuration to another. This change would present little difficulty if both
missiles could be assumed to have constant forward speeds subsequent to boost.
In the case of the missile analogue used in our laboratory simulator work on
"Green Light" however, not only was the forward speed not constant (para.
3.1.4) but the lateral acceleration response to wing deflections was made
proportional to the square of forward speed. In these circumstances it is
difficult to conceive of a set of guidance parameters which would allow of a
strict comparison with "Malkara", where a constant speed was assumed, without
giving rise to a degree of complication disproportionate with the significance
of the results. We have therefore contented ourselves with the relatively
crude comparative tests ,described above.

5.2.9 It is clear that the conclusions arrived at by means of the
comparative tests referred to become meaningless if they are overstrained.
They suffice however to show that considerable changes must be envisaged if
the "Green Light" specification is to be met.

6 Extensions of Anti-tank Guidance Parasmeters

6.1 One possibility of meeting the "Green Light" specification lay in
increasing the control stiffness and varying the phase-advance time-constant
of the anti-tank arrangenent discussed above; that is in purely quantitative
extensions.

6.2 From para. 3.2.3 it is clearly necessary to be able to demand lateral
acoelerations rising to some 160 ft/seo2 . It does not follow however, where

-13 -
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the joystick output is phase-advanced, that this must be provided by static
deflection alone, for some lateral acceleration is obtained by virtue of
the rate of movement of the joystick.

6.3 A range of control stiffnesses between 12.5 ft/sec2 and 600 ft/sec2

for full joystick deflection (for definition see para. 3.2.4) has been
tried on the laboratory simulator. Phase advance time-constants TF have
varied between 0.5 sec and 4 sacs. A selection of the results is displayed
in Figs. 9-21a inclusive. These diagrams cover a range of target speeds
between 200 ft/sec and 900 ft/sec; crossing distances range from zero to
900 ft.

6.4 A feature of Figs. 9-21a is the comparatively small scatter of miss-
distances indicated, despite the high control stiffnesses. This. is indica-
tive of a fair degree of dynamic stability, a circumstance which was borne
out by direct observation of the aimer's performance... On the other hand
there is little doubt that a good deal of practice and concentration is
necessary as compared with the anti-tank task. It was also observable that
when the target sight-line rates were relatively high, for example when the
target speed was high and the crossing distance large, the tendency to
oscillation in the system was less for a given control stiffness, if this

was high, than when the target sight-line was stationary or nearly so.

6.5 Figs. 9-21a do not clearly indicate the choice of guidance parameters
within particularly narrow limits. It is evident however that there is a
transition somewhere between a control stiffness of 100 ft/sec2 and
200 ft/sec2 . Below this it is impossible to maintain sight-line coincidence
for top-speed targets at maxinun crossing distance other than by a degree
of anticipation on the part of the aimer. Above this transition region, it
is technically possible to track in all cases, although in these just
referred to there is a distinct tendency for lags to develop. In these
experiments the azimuth bearing of the target analogue remained constant so
that it flew as though to pass ever the aimer's head. These lags therefore
appear in Figs. 9-21 a as a tendency for the missile to pass below the
centre of the target.

6.6 The main practical conclusion drawn from these results is that some
arrangement is desirable Which ensures that for comparatively low sight-
line rates the control stiffness is low and vice versa. Also there is a
need to reduce, if possible, the lags which occur at the higher sigt-line
rates.

7 A Non-linear Joystick Deflection-output Relation

7.1 It has been established in para. 6 above that there is a case for
arranging that the guidance loop gain should increase with sight-line
angular rate.

7.2 If as in the present case the joystick demands lateral acceleration
(or, more strictly, wihg deflection) then when the angular rate of the sight-
line is sall, the position of the joystick tends more or less rapidly to
neutral; for in these circumstances, once sight coincidence has been
achieved the demand for lateral acceleration is low.

7.3 On the other hand if the sight-line rate increases, so also must the
lateral acceleration of the missile. The joystick deflection must therefore
increase. It follows that if we can arrange that the loop gain is low when
the joystick deflection is small, and that it increases suitably with
deflection, some approximation to the desired compromise will have been
achieved.

E-C14-
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7.4 In our experiments the joystick has been arranged to displace the
sliders of two rotary potentiometers (Ref.8) about two mutually perpendicular
axes. Each potentiometer is linked electrically with the missile control
surface: that which is varied by an up-down motion of the joystick lever
giving control in the pitch plane while the other gives control in yaw.
Simultaneous manoeuvre can therefore be demanded in two mutually perpendicular
planes of which one is vertical if the missile is roll stabilized so that the
pitch control surfaces turn about a horizontal axis; the planes intersect on
the missile's longitudinal axis. One such potentiometer is shown diagram-
matically in Fig.22. Let. its total resistance be 2R and let it be spanned
by a constant D.C. voltage 2v whose mid point is earthed. The slider of the
potentiometer is connected to earth via a fixed resistance R' . Suppose the
slider to be displaced from its electrical mid position so that the potentio-
meter resistances to either Side of it are R(I-J) and R(I+J) respectively.
J is here the joystick deflection, unit value of which corresponds to full
deflection. Thus -i 4 J ( I . Then the output voltage Vo of the Joystick
is given by

Vj
0 o (1.7)

RI.v", 2 + '(I..2)

Equation (1 .7) deternines the steady state wing-deflection and hence
lateral acceleration demand at a given missile speed, for all possible J
The introduction of R' gives a smaller Fo for a given Jl than would
otherwise be present unless I I = I . The factor %1 may be used as a
convenient indication of the degree of nonlinearity in the relation connecting
V. with J . No special virtue is claimed for the particular form of
relationship obtained in this way other than that it is obtained by the addi-
tion to a linear control of only one cheap and uncritical component.

7.5 The control stiffness insofar as it affects dynamic stability is
suibstantially the incremental stiffness

d V o  2v 2 + (+j 2 (2.7)

2 R
L R1

The introduction of Rt can therefore be made to give a relatively low incre-
mental control stiffness when J I is snall, which increases as I J I increases.
This is in general bonformity th the requirements expressed in para. 6.6.
In the linear case (R' -) the incremental stiffness of course is given by
v, and is independent of J . The introduction of R' therefore reduces the
incremental stiffness in the ratio given by the 1V.H.S. of equation (2.7)
divided by v

7.6 The considerations of para. 6 have suggested that full joystick deflec-
tion should demnd about 150 ft/sec2 of lateral acceleration. If Vo is the
output voltage from the joyttick and the correspondin steady-state lateral
acceleration K Vo ,this means that in equation (1.7) when J I so that
Vo = v we require

Ky : 150 ft/sec2  (3.7)

- 15 -
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7.7 If now for example we put RY 4 then in (1.7) the incremental
stiffness V 300 [2 +- (1+j2)] 300 +

K a~ V= R12 +1 3010] 2 + 4(1. j) 2

ai.. (4.,7)
so that for J =0

50 ft/sec2 per unit deflection . (5.7)

7".8 There is however no suggestion that .R' = 4 is necessarily the best
value: it must be regarded as no. more than a starting point for investiga-
tion of non-linear joystick deflection-output laws which. time has not
permitted us to undertake. For example it may be that laxger r values bf
R/, will give more uniform rates of joystick movement than that chosen.
However, owing to the presence of phase-advance there is no unique relation
between joystick deflection and required lateral acceleration, except
perhaps when for a sigiificant fraction of the engagement, the, lateral
acceleration requirement has been negligible i.e. slow target and/or snall
value of d . The maximuM incremental stiffness occurs when IJ = I and

this from (2.7) is v + R that is I + R times the value obtaining

in the absence of R.

7.9 Our admittedly. Sparse results are shown in Figs. 23-25a. The value

' - 4 was retained throughout. The maximum demandable lateral accelera-
tion has been varied from 100 ft/sec2 to 300 ft/sec2 and the, phase-advance
time-constant TF from I to 4 secs. We inteipret these results as broadly
confirming that a non-linear joystick law based on dur earlier reasoning is
helpful in achieving a compromise between low and high target sight-line
rate conditions. Also a maximum steady-state lateral acceleration demand of
about 150 ft/sec2 seems appropriate.

7.10 Yig.26 illustrates the relation between joystidk deflection J and
lateral acceleration demand When P/R' = 4 . The following table gives the
maximm and minimum incremental control stiffnesses corresponding to the
three cases illustrated by Figs. 19-21 a, together with the. maximun demand-
able lateral acceleration, i.e. joystick held steady at J I

Max. demandable Incremental Control Stiffness

lateral acceleration J = 0 J 1

100 ft/sec 2  33.3 ft/sec2  500 ft/sec2

150 50 ft/s e 5 / 750 ft/seo2

300 ft/seo2  100 ft/sec2  1500 ft/sec2

8 A Two-man Guidance S3stem

8.1 General

8.1 It has appeared from paras. 4.2, 4.3, 5.1, 5.2 that there are
theoretical and practical difficulties in the design of a guidance loop inL 16-
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which a man can aim at other than fixed or slowly crossing targets. These
difficulties may be summarized as (a) a contradiction between the need for a
high-order system to counteract lags, and for a low order system to ensure
dynamic stability; (b) a contradiction between the need for relatively low
capacity to demand lateral acceleration, in the interest of dynamic stability,
and the large lateral accelerations required to ensure sigt-line coincidence.
We have therefore examined the possibility of reducing the aimer's task virtu-
ally to that of hitting a fixed target, by relieving him of some parts of the
overall task. The following proposal to that end involves the use of an
additional operator.

8.1.2 One man whom we designate A, has in his control a pair of
trainable binoculars mounted on a stand. The binoculars possess cross-wires
or something similar, and A endeavours to bring the intersection of these
cross-wires as quickly as possible on to the target.. Thereafter, as the
target approaches, he continually moves the binoculars, trying to keep the,
target on the cross-wires throughout.

8.1.3 Connected to the binoculars, either by a mechanical or a servo
linkage, is a second set through which the missile aimer, whom we call B,
views the target. B has no 'control over the movement of his binoculars, and
if A is successful, the target appears to B at a fixed point in his field of
view, although of course any background such as cloud will appear to move.

8.1.4 If now, once B has gathered the missile on to the target sight-
line, it could be arranged that without further action on BIs part, the
missile was automatically maintained on the target sight-line, then it could
be said that B's task was virtually that of engaging a fixed target. The
gathering operation also would be similar to that which occurs against a
fixed target if by the same automatic means, the effect of target motion was
cancelled out in this phase.

8.1.5 A good approximation to this state of affairs is possible if
suitable voltage generators and pick-offs are attached to the binoculars.
These must provide signals which are such functions of binocular, i.e. target
sight-line rotations, that when applied to the missile control surfaces they
produce the desired effect. It is shown in Appendix B that by generating
voltages proportional to target sight-line rate, and suitably shaping these,
a good approximation to the required acceleration demand is obtained.

8.2 Experimental. Checks ,of Two-man Guidance

8.2.1 The primary objects of these checks were to confirm the rela-
tions established in Appendix B between binocular motion and missile lateral
acceleration, and to ascertain how nearly the expected simplification of the
aimer's task could be realised. The ultimate criterion was of course accuracy
in attack. This latter aspect however was more fully considered- within the
framework of a later series of tests. In this, the two man guidance was one
of several systems operated by service personnel, which were compared both
from the standpoints of learning rate and accuracy. The outcome of this series
is discussed elsewhere (para. 9 and Ref.6).

8.2.2 Preliminary tests showed clearly the importance of eliminating
backlash in the binocular drive, of smoothing the generator output and of
incorporating a flywheel to reduce the chance of excessive spurious accelera-
tion demands on the missile due to spasnodic angalar acceleration of the bino-
culars. Where, as in all these tests, the binoculars are mechanically driven
by a crank handle through a gear train, the choice of gear ratio proves to be
important though not unduly critical. The same is true of the crank radius.

- 17 -
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8.2.3 A cranking rate of about 200 times the binocular angular rate
gave conveniently smooth operation without excessive effort. The crank handle
radius was 2 inches. To ensure reasonable freedom from excessive angular
acceleration, a flywheel was driven at some 4.5 times the cranking speed.
The moment of inertia of this flywheel was about 45 oz-in. There was a
small additional inertia due to the voltage generator and the gears, but
this was largely swamped by friction. The maximum angular rate ana angular
acceleration required of the binoculars for correct target tracking are
respectively

T 0.05 rad/sec and OT 0.025 rad/sec2

These figures lead to a maximum cranking speed of about 100 r.p.m. and a
maximum force exerted on the handle of some 0.5 lb. The starting force is
about 0.5 lb making a maximum total force of the order of 1 lb.

8.2,4 It is interesting to compare this crank diameter, cranking
speed and inertia loading with sone quoted in Ref.11. In para.44 loc.cit.
it is Suggested for example, that for compensatory tracking with no mechan-
ical load, the optimum cranking diameter is in the range 3"-9" with a
"useful general size of 4-" diameter". The optimum speed of turning is
stated in para.41 loc.cit. to be related to the task and size of control,
!'High winding speeds, but not the maximum achievable have been found most
effective in compensatory tracking tasks". "For snaller diameter cranks -
of the order of 4" in diameter - speed of turning can be of the order of
200 r.p.m..., ...... With loads up to 5 Kg-cm the max. speed is only slightly
reduced". Again, in para.47 loc. cit. : "Where there is friction it has been
shown (Helson 2 0 ) that inertia in the crank may have, a beneficial effect ...
(inertia) may be increased with beneficial effects up to a value where the
force on the hand-wheel handle required to provide .maximun acceleration is
at least 10 lb."

8.2.5 Having overcome the mechanical problems it was possible to
show that within the ranges of 6T and T implicit in the specification,
the missile could be made to remain at the intersection of the binocular
cross-wires except perhaps at the greatest values. Here there was a termency
for the missile to lag behind. It is difficult to determine how far this
is due to the natural limitations of the tracker and how far tp the imper-
fection of the apparatus. However the errors were well within the capacity'
of the aimer B to :correct even thoupa the parameters of his apparatus were
chosen for fixed target conditions.

8.2.6 For reasons discussed in Appendix D it is necessary to arrange
that the acceleration demand limits embodied in aimer B's apparatus are
controlled by the magiitude of the acceleration demand arising from bino-
cular motion.. The immediate object is to ensure that at any instant the sum
of the two demands should not exceed the missile's capacity. No detailed
thought has been given to circuits for this purpose. It was thought suffi-
cient at this stage to devise a simple but adequate expedient. It is worth
noticing that the lateral acceleration demand from the binoculars at any
instant only requires the aimer' s limits to be restricted in one polarity.
It proved desirable however, to apply the restriction to both sides. If
this is not done the aimer is aware of an asymmetry of response to his Joy-
stick in that, lateral velocity is more slowly built up in the direction of
rotation of the sight-line than in any other. This is disturbing to his
performance. However in the tests described in this Note, no attempt was
made to keep the limits symmetrical. It therefore remains to carry out
further tests in which this provision is made.

-18-
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8.3 Sane Drawbacks of the Two-man Guidance System

8.3.1 The binocular-operated guidance signal is subject to error. For
example, the binoculars will almost certainly not keep accurate track of the
target: one good reason for this is that it is impracticable to include a
sufficient ntmber of integrations in the tracking loop to eliminate lags with-
out losing dynamic stability. On the other hand, such experiments as have
been made show that a skilled tracker contrives to keep these lags quite small
even with directly driven binoculars. Also the aimer, using his joystick,
tends to correct errors arising in this way...

8.3.2 if the apparatus is mounted on a rolling and pitching platform,
such as the deck of a ship, the tracker will have to move his binoculars to
offset this. This corrective action will produce spurious demands for missile
manoeuvre, so that a stabilized platform is necessary or else an additional
corrective signal from a gyro-stabilized source.

8.3.3 The fact that two skilled men rather than one are needed is an
additional drawback since, in addition to increasing manpower needs, this
halves the freedom of choice in selecting personnel. Finally it is obvious
that relatively canplicated apparatus will be. needed, with its attendant
maintenance problems, probably in adverse conditions.

8.4 Use of Angular Accelerometers

8.4.1 As an alternative to using a generator producing a voltage
proportional to 6T and deriving from it another proportional to ?T , it is
possible, in theory at least, to use an angular accelerometer. This would
produce a voltage proportional to 'T which could be time-integrated to give
6T - For well-known technical reasons the integrating process is preferable
to differentiation. However, no suitable accelerometers have cane to hand.

9 Comarative Tests of Competing Techniclues

9.1 Ten Naval ratings from H.M.S. "Excellent", were chosen for a series of
tests designed to investigate learning patterns for control tasks of the type
discussed in this Note. These tests were designed and controlled by the
Applied Psychology Research Unit of the Medical Research Council, using the
apparatus built and installed here for the "Green Light" studies. The results
are fully treated in Ref.6.. We concern ourselves here only with those bearing
on the relative merits of the various techniques dealt with by this Note.

9.2 The experimental conditions were as in the work described in this Note
except that the range of target properties was restricted. To represent the
worst conditions, a target having a speed of 900 ft/sec and a crossing distance
of 900 ft was simulated. Intermediate conditions were represented by a target
speed of 700 ft/sec and a crossing distance of 600 ft. Finally a 700 ft/sec
target at zero crossing distance was used to observe performance with zero
sight-line rotation.

9.3 All the subjects were trained, using crossing targets only, on a mono-
cular having X10 magnification. This was rigidly coupled to a similar instru-
ment used by a trained tracker. The sole function of the latter was to keep
the target within the aimer's field of view at all times, not necessarily at
the centre, except in system (b) quoted in para. 9.4 below.

9.4 The following systems were caspared:

(a) A two-man system in which the tracker's sole task was to keep the
target in the aimer's field of view. No aiding signal was derived from
the monocular rotation.

-19-

SECRET



SECRET

Technical Note No. G.W.402

(b) A two-man system as described in para.8. Here the tracker
attempted to keep the target accurately at the intersection of
cross-wires in his field of view.

(c) A one-man system in which the aimer used X5 binoculars mounted
on a specially designed: sight (Fig.27). This is arranged so that the
axes of rotation of the binoculars coincide as nearly as possible with
those of the aimer's head, and all weights are counterbalanced in it.
The joystick was added for our purposes, being mounted so as to move
with the aimer's right hand as he moved the binoculars.

(a) A one-man system using open sights.

(e) A one-man system using a fixed XIO monocular.

9.5 The best results were obtained with system (b), with system (c) a
close second; these were followed in order of merit by (d), (e) and (a)
well behind. System (b) gives the impression of being easier to operate
from the aimer's point of view than (c), but the differences between the
degrees of success obtained are not great enough to support this impression.
In the particular monoculars used, the cone of view in degrees is given by

6o on Using these, an X1 0 magnification seemed desirable havingmagnification *

regard to the so-called space threshold of the hunan operator. This is the
ph6nomenon whereby the operator is insensitive to angular displacements or
errors below a more or less definite limit. The magnification must be such
as to render this angle insignificant. On the other hand such high magnifi-
cation leads to difficulty in locating the target and in keeping the missile
in the field of view. Difficulty would probably arise especially at the
beginning of an engagement owing to launching dispersions, and also at the
end if the changes in sight-line direction are large. In the most adverse
conditions, this angular change may well be 100 or more. The sight referred
to under (c) in para. 9.4 is a standard Naval pattern Air Look-out Sight.
It is understood that this is comparable in performance with existing forms
of grro-stabilized sights.

9.6 None c'f the systems tested appears to give a high chance of a direct
hit for the greater sight-line rates. In these circumstances miss distances
of the order of 15 ft occurred. It is clear that the implications in terms
of further system development and/or proximity fuses call for some thought.
In this connection it is worth recalling that the non-linear joystick might
repay closer study. Also the two-man system of para.8, while not signifi-
cantly better in performance at this stage than the Air Look-out Sight, is
probably the one, of those considered, most capable of further development,
and this may possibly outweigh the disadvantages of additional manpower
requirement and relative complexity.
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Part II

Description of. the Simulators

i, Introduction

The foll'yrirg paragraphs describe, in principle, the two. simulators
used to study the control of a ship to air visual comand link guided
missile. The two simulators are designated Laboratory and Field Simulators
respectively and their use in the control system investigation for this type
of missile is dealt with in Part I of this Note.

2 Laboratory. Simulator

2.1 General

2.1.1 The Laboratory Simulator has been constructed to present the
operator with a display in which the relative angular positions of target
and missile are identical to 'those which would be encountered in the prac-
tical case, subject to the assumptions made in producing the analogue;
namely that roll stabilization is perfect and that the missile aerodynamics
can be sufficiently represented by simple networks. 'Also no account is taken
of gravity and the horizontal missile range at any instant is assumed equal
to the length of the sight-lIne.

2.1.2 All the D.C. amplifiers used in the simulator are of a high
gain, drift corrected type except for those in the control unit, which have
a gain of approximately 200 and no drift correction.

2?1.3 In general the errors in setting up individual computing units
within the simulator do not lie outside the limits of ±1% Of the desired
values.

2.1.) For the purpose of the following description the simulator

will be sub-divided into four separate units:-

(i) Display Unit

(ii) Missile Unit

(iii) Control Unit

(iv) Target Simulator.

2.1.5 A block diagram of the simulator is given in Fig.28 showing
the control loop closd. by the human operators. Fig.29 shows a photograph
of the- complete simulator.

2.2 Display Unit

2.2.1 Function. The function of this unit is to compute the angular
position of the missile from & knowledge of its lateral displacement and
range at ar instant. Fig.30 shows a block diagram of the unit. In Fig.29
the Display Unit computing equipment is contained in the right hand cabinet.

2.2.2 Display. Illustrated in Fig.30 is the general arrangement of
the display. A beam of light reflected from a gyro-gunsight mirror is
focussed on to a screen 18. inches distant, where it forms a snall spot of
liht representing the missile flare. Currents through the deflection coils
of the G.G..S. mirror will cause this spot to move. The computing equipment
of the Display Unit is than required to produce the deflection current.
Fig.31 shows a graph of "missile" angular displacement (beam deflection)
against deflection current.
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2.2.3 G.G.S. Mirror Driving Stage. This stage consists of a high gain,
drift corrected D.C. amplifier with a cathode follower output to match the low
impedance of the G.G.S. mirror deflection coils, the latter being re-wound to
give a resistance of 450 a. 'The overall steady state gain of the driving
stage is unity and the scale of the input is K2 = 2 volts/degree, taking into
account the optical gain of two between incident and reflected"angles of the
light generating the "missile flare". Included in the input circuit is a
phase advancing network C; R and R1 which improves the G.G.S. mirror fre-
quency response so that it is substantially level up to 3 c/s (see Fig.32),
i.e. slightly greater than the missile weathercock frequency of 2'.83 o/s.
Component values of the phase advancing network were determined empirically.

2.2.4 Rnge Unit Amplifier. The computation of missile angular posi-
tion frm lateral displacement and range information is carried out by this
unit. Consideration of the geometry of the sight line between operator and
missile when the latter is displaced by a distance y from a datum, at range
ry , gives the angle subtended at the operator's eye to be

e = ._ for amall values of e.rM

Re-writing the above equation we have

-_ 1 (1)
y

Referring to Fig.30 and using the symbols noted, the gain of the Range Unit
Amplifier can be derived as follows, assuming the open loop gain tobe. --
and that R3/R >> i. (In practice the open loop gain is > 105' and R3 1L = J0.)
Equating currents through R2  and R3 , we have

R 2 R3

where a is the position of the wiper of R expressed as a fraction of its
total movement, and N1  and K2  are the scAle factors for y and e
respectively. Thus the amplifier gain is

OK2  (2)

Y, ~ R2 a

* Comparing equations (1) and (2), it i.. seen that if a is proportional
to rM , the output of the Range Unit Amplifier is proportional to 8 . The
proportionality is achieved in practice by driving the wiper of k by a
velodyne (Pange Unit Velodyne in Fig.30) whose speed is scaled to the missile
velocity.

In equation (2) R sets the maxinmn missile range (i.e. when a = I)

and in this case it is equivalent to 19,500 ft.

The minimum range which can be simulated depends on the open loop gain
of the D.C. amplifier. When the open loop gain is -M and X is positive,
it can be shown that

[ 1]a (3)
a + kiMt+
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But the relations on which the simulation is based imply that

1 + 1 <<a

thus, if an accuraay is stipulated and M is known, the least permissible
is determined. There is, however, a practical lower limit for a

governed by increase in amplifier output drift and noise as the closed loop
gain increases. This is insignificant after about - second from launching.
Since the analogue is based on the assumptions that changes in sight-line
angle are small and that the normal distanoe between the operator's eye and
the light beam is negligible, it would in any case be contradictory to take
account of very amall ranges which invalidate these assumptions.

In the present study there is moreover no advantage in a simulation
from the instant of launch because aerodynamic control during the very early
stages of boost will be negligible.

A minimum value of a was chosen equivalent to a range of about 30
feet which corresponds to the distance travelled by the missie in 0.5
seconds of fliht. This gives from (3) a minimun a of - !-- = 6.5 x 10-3

adhneamxm R71 19500
and hence a maximum 3/aR2 from (3) of 45.2.

2.2.5 Iiissile Speea Programme. Fig.2 shows a graph of the estimated
speed/time characteristic for G.L.T.V. and a table of expected weight and
thrust figures, which were taken as data for the simulated missile speed
prograame. Referring to Fig.30 it can be seen that a Thrust Programme is
obtained from a potentiometer between H. T. and earth, the voltage tappings
being scaled to the boost and sustainer accelerations. The scale factor
chosen was 3.2 volts/'g' (K3  oil Fig.30) and the missile accelerations were
taken to be 6 .8'g' and 1.Ig', assuming mean weights for the boost and
sustainer phases. The programme of acceleration is obtained by indexing a
uni-.seleotor by means of a suitable time delay circuit to give a boost
period of 3 seconds and sustainer period of 14.5 seconds. The selected
acceleration is subsequently integrated to supply a "velocity" input to the
Range Unit Velodyne. Included in the input of the Thrust/Velocity integrator
is a subtracting term, proportional to minus the square of the missile velo-
city, which simulates profile drag. This voltage is derived from a multi-
plier in the Missile Unit and its amplitude was adjusted empirically until
the desired Speed/Time characteristic was obtained from the velodyne.

2.2.6 Initial Conditions at Instant of Launch. The distance between
the aimer and launcher, and the initial angular dispersion of the missile at
launch are represented by the addition of constant input voltages to the
Range Unit Amplifier and Driving Stage. The voltage sources are potentio-
meters denoted as "Set Lateral Displacement" and "Set Angular Dispersion"
on Fig. 30. The potentiometers are calibrated in feet fbr Lateral Displacement
and in degrees for Angular Dispersion.

2.2.7 Also available in the Display Unit are voltages proportional
to missile speed and range for use elsewhere in the siwulator. The deriva-

*tion of these quantities is indicated on Fig.30.

2._3 Missile Unit

2.3.1 Function. The function of the Missile Unit is to compute
lateral displacement from a knowledge of the missile aerodynamic properties
and the demanded wing angles. In other words, the unit is an analogue of

-.the missile subject to some approximations yet to be discussed. Fig.32
gives a detailed block diagran of the simulation; in Fig.29 the missile

*unit occupies the centre cabinet.
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2.3.2 Missile Aerodynamic Analogue. On the strength of previous
experience, the missile weathercock properties are disregarded for simulation
purposes. It is however assumed to have the following properties: (i) it is
subject to profile drag, (ii) a large part of its lateral acceleration depends
on developing incidence, which is assumed subject to an exponential growth,
(iii) lateral acceleration per unit wing deflection is pro " nal to vliz , and
(iv) there is a fixed maximum wing deflection. Condition (i) is satisfied
within the Display Unit (see para. 2,2.5), and (iii) and (iv) are dealt with
in paras. 2.3.3 and 2.3.5 respectively. Here we are concerned with (ii).

Referring to Fig.33, the summing amplifier Z1 is used to compute the
lateral accelei-ation of the missile from an input proportional to wing angle
8 . (No actuator is simulated, therefore 8D = 8 .) The transfer function of
Z, is

Vo  RF(2R2+) + P r2

8 -6  2R2 + p (4)

in terms of the symbols noted on ZT1g. 33. The voltage Vo  corresponds to the
lateral acceleration developed when vM 1000 ft/sec (see para. 2.3.3).

Substituting component values in (4) and expressing as a function of
time for a unit step of 8K6, we have

6 2.61 - 0.705 e736 . (5)

Fig.34 shows the above curve (plotted to a steady state value of 1243
ft/sec2 ) compared with the lateral acceleration response of G.L.T.V. This is
the estimated steady state lateral acceleration per unit step wing deflection
at a forward speed of 705 ft/sec.

The difference between simulator and G.L.T.V. lateral motion is more
easily seen in Fig.4, in which the lateral displacement response of G.L.T.V. -
without an actuator and weathercock damping - is compared with its analogue.
For 8 max of 0.2 rad. the difference in displacement when the steady state
is reached (t > 0.8 sec) is approximately 16 feet. However, in this general
study of the ship to air command link missile, it was considered that an
approximate representation of lateral response would suffice, given that the
lateral acceleration due to incidence had a time constant sufficiently great
to be pessimistic for this type of missile. Then, to some extent allowance is
made for unknown parameters such as wing actuator and guidance lags.

2.3.3 Variation of Aerodynamic Stiffness with Missile Speed. For the
purpose of investigating control during the boost phase, a method was required of
varying the lateral acceleration response with missile speed, to give a more
accurate simulation of its performance.

As shown on Fig.3

Y- = 1243 ft/sec2 /rad.
8

in the steady state when VM = 705 ft/sec. Mlaking the assumption that Y/8
varies as the square of the forward velocity we can write

-= 26.2 x10. ft/sec 2/rad. (6)

where vM is the missile velocity.
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The method used to give this stiffness law is shown in Fig.33 where
the output of E, is applied to the multiplying potentiometer of an eleotro-
mechanical multiplier. The second input for this unit is derived from a
similar multiplier which squares a voltage proportional to vM " the latter
obtained from the Display Unit. The transfer function of I. is arranged
to be the simulation of the missile for a forward speed of 1600 ft/sec and
similarly the maximum input to the multiplier is also equivalent to this
speed, The resultant scale factors are noted on the block diagram.

2.3.4 Computing Lateral Displacement. The missile lateral accelera-

tion analogue voltage, Y K , is integrated twice to produce a voltage
y I to feed into the Display Unit.

2.3.5 Wing Stops. The maximum values of 8 are given as ±0.2
radians. In the analogue the wing stops 'are represented in Z 1 by diodes
which limit the lateral acceleration to the value produced by the maximum
wing deflection. From equation (7), substituting 8 = 0.2 and vM = iOOO
ft/sec we have Y = 522 ft/sec2 which is represented by limiting at 52.2
volts (scale factor K7 = 0.1 volt/ft/seo 2). The diodes are connected to
'the cathode follower gid within Zi to obtain a sharp limiting
characteristic (Ref. 7).

2.4 Control. Unit

2.4.1 Function. The function of the control unit is to translate
joystick deflections into wing angle demands and where relevant to perform
a like operation on movements of the tracking monocular.

Fig.34 shows a block diagram of the control unit and for the purpose

of this description it will be sub-divided as follows:

(i) Aimer's Demand Channel

(ii) Tracker's Demand Channel

where the "aimer" is the man operating the joystick whose monocular is
controlled for him by the "tracker" (see para.8, Part I).

2.4.2 Aimer's Demand Channel. The aimer is equipped with a thumb-
operated joystick (Ref.8) by means of which he can demand, in pitch or yaw,

a wing angle 81 proportional to joystick deflection together with an angle
which, assuming linear operation, is

82 = pJ

I +pTO

where 8 is the wing deflection, J the joystick deflection and KI , T'
are constants. Since the lateral acceleration is proportional to wing
deflection at a given missile speed, this second channel may be regarded as
producing a change in lateral velocity proportional to joystick deflection,
subject to an exponential time lag of time constant T' . It will be
convenient in this para. to refer to this as a lateral velocity-demanding
channel while the direct application of the joystick voltage to the wing
actuator is defined as a lateral acceleration-demanding channel. If the
wing angle in the latter case is 8, we have for the combination

S= 81 +82 2 J 01 pJ TF)t +pT' t +pT'

where k, TF are constants. The arrangement may therefore also be regarded
as a phase-advanced acceleration demand - the form in which it has been

discussed previously. SECT25
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The lateral velocity demand is achieved by means of the closed loop
El, 1  and 1, shown in Fig.34, whose output is such that the time-
integral of wing-deflection demanded is proportional to joystick deflection,
but with an exponential lag.

Included in reversing amplifier P are limiting diodes. The effect of
these is to limit the demand for wing deflection to ±0.2 radian while ensuring
that the time-integral of wing deflection remains proportional to joystick
deflection, whatever the movement of the joystick. This is intended to miti-
gate any loss of the effects of phase advancing the joystick output which'
might arise if the demand for wing angle were excessive. Its operation and
validity are more fully discussed in Appendix D. Fig.35 shows the relevant
part of Figo34. The limiting voltages in R are asymmetrically controlled
about the steady state values by the total acceleration demand, i.e. the out-
put of Z . This is necessary to ensure that wing angle demands to maintain
the missiie on a rotating sight-line do not exceed the maximum wing angle
available (see para. 8.2.5 Part I). From Fig.34 it will be seen that Z2 and
Z3 compute the limiting voltages. The diodes L1 and L associated with
Z2 and Z£3 prevent polarity reversal of the limiting voltages which would

otherwise occur when the trackerts monocular rate was high. Fig.36 shows
recordings of demanded wing angle 58 for various amplitudes of stepwise
joystick deflection. It will be seen that when the demand increases beyond
the level at which the limits act, the demanded wing angle 8D is maintained
at its maximum for an increasing length of time. This ensures that the
desired time-integral of wing-angle and hence change in lateral velocity is
achieved, even though this takes longer than is the case in the linear regime.
A typical lateral velocity response to a stepwise joystick movement is shown
in Fig.37..

The lateral acceleration component of the aimer' s control is obtained
through R2 , Z4 in Fig.34 and finally added to the velocity wing angle
demand at Z5 . The output of R2 supplies a potentiometer which is calibrated
in terms of the aooeleration/velocity stiffness ratio, denoted by a =/T,
for values from zero to two.

To vary the aimer's control stiffness the joystick supply voltage was
made variable and coxuectea to a suitable meter which was calibrated in
lateral velocity stiffness. The maximum lateral velocity demand available was
450 ft/sec. A further requirement for the purpose of control system investi-
gation was to provide a non-linear output from the joystick (Ref.2). As shown
in MLg.34. this is accomplished by loading the output with a resistor denoted
as R' . Fig.26 shows a curve of the joystick output against deflection for
R1 ='11 KQ, the value used in the simulator work, when the joystick potentio-
meter resistance was 45 K approx.

2.4.3 Trackers Demand Channel. The principle and.design of the
Tracker's Demand Channel are dealt with in para.8 Part I and Appendix B of
this Note; the following paragraphs will only note the practical difficulties
encountered in setting the circuit in operation.

To simplify the mechanical construction required to rotate the mono-
culars, only tracking in the up/down plane was considered. The arrangement
used was a simple anti-backlash gear-box and attached to the appropriate
shafts were the monoculars, a D.C. generator and a handle. The gear ratio
between generator and monocular shaft was approximately 3600:1 and between
handle and monocular shaft approximately 200:1. No attempt was made to opti-
mise the latter gear ratio With respect to the operator. From Fig.34 it will
be seen that the Tracker's Demand Channel consists of generator G and coMpu-
ting elements R3, D1  and £6 , the output of the latter being added at the
input of L4 to the joystick acceleration demand.
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Generator G (in fact, an integrating motor) had a three segnent
commutator which immediately gave rise to noise difficulties when' the output

I Iwas differentiated by D . This led to the inclusion, in the generator
output, of a low pass f ilter to reduce the noise level to tolerable propor-
tions. Details of the filter are shown on Fig.38.

Further noise was introduced into the system by natural tremor on the
part of the tracker. To counter this, the inertia load on the tracker's
handwheel was greatly increased by adding a flywheel (para 8.2.3, Part i)
rotating at about 4.5 times the cranking speed.

A more elaborate Binocular Tracking Stand has been constructed which
will permit a more realistic and wider approach to this type of two-man
control system than was possible with the laboratory built equipment des-
cribed in the text. The new tracking stand is now in the hands of the
G.L.T.V. contractors.

2.5 Target Simulator

2.5.1 Function. To facilitate the study of possible control systems
for the ship to air cmnand link missile an idealised target is required
whose apparent motion can be accurately controlled. This type of target
then lends itself to analytical treatnent (Ref.9). The analogue useda.was
sot up to simulate a target flying towards the aimer at a given height and
speed so that it would pass directly overhead. Referring to Fig.29 the
Target Simulator is on the right hand side of the aiming stand and its
associated control panel is situated. in the centre of the left hand cabinet.

2.5.2 Target Analogue. Fig.39 shows the flight path geometry of the
type of' target considered, which has velocity vT ft/sec, crossing distance
d feet and is visually acquired at range rT ° . Then the aimer's sight-

line angle expressed as a function of time is

OT = • (7)rTo- t

Equation (7) auggests a method of simulating the target in which the sight
line angle is computed by the method of similar triangles. Fig.,].0 shows the
basic construction of the analogue where

eT = tanI d tan- ~ '
rTo - VTt ro - v t

The scale chosen for d', ro  and vI was 0.001" = 4 ft, which resulted
in a compact unit where r' = 5 inches ( a 20,000 ft), da = 0.25 inches'

xmax
('1 1000 ft) and v' 0.25 inches/sec ( 1 1000 ft/sec). Due to this

max

scaling precision manufacturing techniques were essential.

2.5.3 Description of Target Simulator. Fig.41 shows a schematic
diagram of the simulator. The leadscrew isdriven by a velodyne through a
10:1 reduction gear and the sight-line arm is spring loaded to maintain
contact with the pin attached to the leadscrew nut: movement of the nut
imparts the required rotational motion to the sight-line arm.

-To effect the target display a beam of light is directed on to the
mirror attached to the pivot shaft of the sight-line arm. The resultant
reflection appears on the display screen as a spot of light 1 inches in
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diameter with superimposed crossed lines. The axis of rotation of the mirror
coincides with the incident light beam so that the angle, between the incident
ligt and the normal to mirror surface at the point of reflection is constant
at all times; thereby ensuring that the angular movement of the Pight-line
arm is reproduced by the light beam to the screen.

The analogue of crossing distance d' (Fig.40) is set by a miorcmeter
adjustment which moves the datuxn level with respect to the centre line of the
leadscrew. Target speed is controlled by RV2 (Fig.41) and a suitable voltneter
connected to the control potential is calibrated in feet per second. Target
range information is obtained from RVI whose wiper is mechanically coupled to
the leadscrew nut; a meter is connected to the wiper and calibrated in target
range.

2.5.4 Computation of Impact Rang. Fig.42 shows a circuit of the method
adopted to compute the impact range of target and missile. A voltage propor-
tional to target range is obtained from RVI and to missile range from RV3 in
the Display Unit (Figo30), so that if the voltage scales are equal impact
occurs when the potential between wipers of RVI and RV3 is zero. In practice
the scale of RV3 was adjusted to equal that of RVI by -trimming resistors, and
equality of outputs was detected by a sensitive polarised relay, REL.i as
shown in Fig.42. It is appreciated that this method of computing impact range
is subject to errors due to the finite release current of RL.1, but it has
the obvious advantage of simplicity and in practice the errors were sufficiently
small to be neglected (see Fig.43). Initially the release current was adjusted
to be 4. A but this led to unreliability of operation; consequently it was
increased to 10 A Where satisfactory performance was achieved.

The release of. R3L.I at impact range is used to operate further relays
which stop both target and missile simulators thereby allowing a measurement
of the miss distance to be made. The target simulator was stopped by removing
both H.T. and 24 volt supplies and the fairly high friction load on the velo-
dne was used as a brake. The missile simulator was stopped by shorting the
inputs of f2  (Fig.33) and the Range Unit Velodyne (Fig.33) to earth and the
former holding the "missile" in its position at impact range. The finite time
required to bring the Range Unit Velodyne to rest resulted in a small movement
of the "missile" after the impact instant which was subsequently reduced by
addition of phase advance to the velodyne input. loever, ar future applica-
tions of this system would benefit by using an electramagnetic clutch between
the velodyne and range potentiometers.

3 The Field Simulator

3.1 General

3.1.1 The field simulator, which is installed in a trailer, is similar
to the laboratory simulator described in para.2, Part Ilin respect of missile
and guidance simulation. That is, the circuits connecting the joystick output
to a gyro gunsight mirror which controls the display of angular motion of the
aimer-missile sight-line, is similar. The methods of missile display and
target presentation are quite different.

3.1.2 In place of the artificial target used in the laboratory, real
targets are viewed through binoculars. This fact gives the field simulator
the advntage of enabling field experience to be gained and of providing a
realistic check on the laboratory work. The missile display is described
under the heading of the aiming stand (para.3.2 below).
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3.2 The Aiming Stand

3.2.1 The aiming stand (Fig.44) provides for two operators, each
having a pair of binoculars. These are constrained always to view in parallel
directions aid the assembly, being counterbalanced, is readily brought to
bear on the target, within a small cone whose angle is approximately 20
degrees.

3.2.2 As in the laboratory simulator, the missile is presented to
the observer as a spot of light representing a tail flare. It is necessary
to arrange that as the viewing direction is changed, the apparent position
of the missile in space is unaltered, as would of course be the case in
reality. It is also necessary to avoid the application of precessing
torques to the gunsight mirror other than through the action of its deflec-
tion coils.

3.2.3 The requirements of para. 3.2.2 are met. by a freely pivoted
arrangement of parallel bars which is illustrated diagrammatically for the
horizontal plane, in Fig.45. ABaDEF is this arrangement, there being free
pivots at the lettered points. Training the binoculars in atimuth consists
in their rotation, together with the two stools on which the observers sit
about the main pivot P W When this occurs, the member FO also rotates,
carrying with it a camera (d), the prisms (e) (f), the two binoculars and
the joystick. The member AE however is unable to rotate so that the member
BD only undergoes translational movement.

3.2-.4 A collimator and light source, together with the gyro gunsipht
(a) and a glass plate (b) are rigidly attached to BD and therefore these too
cannot rotate. The glassplate (b) reflects into the aimer's left eye, the
light reflected by the gunsight mirror (a) received from the collimator, and
it is this that represents the missile. If therefore the mirror is not
precessed, the apparent aimer-missile sight-line does not change its direc-
tion with respect to earth when the binoculars are moved. Nor is the mirror
subjected to any precession torques by this movement - only translational
motion is demanded of it.

3.2.5 The priam (f) which transmits light from the collimator to the
aimer's eye, also reflects part of it to the prism (e) which in turn reflects
into the camera (d). The image of the target is transmitted by the glass
late (b) and the prism (f) to the aimer's eye, and also it is reflected by
f) so as to reach the camera. Both aimer and camera therefore have images

of both target and missile in their correct relative angular positions.
Operation of the aimer's joystick preocesses the mirror so as to simulate
missile guidance and thus all necessary conditions are satisfied. The opti-
cal arrangements are shown in greater detail in Fig.46.

3.3 Missile Simulation

3.3.1 The missile simulation is carried out in the same way as in
the laboratory simulator except for two further simplifications: there is
no control during boost and the missile is assumed to have a constant forward
speed of 705 ft/sec.

3.4. Launcher Angle Storage

3.4.1 In the laboratory, the target analogue always approaches frcn
an accurately predictable direction and hence the missile flight path datum
can be preset. In field conditions however, the angular position of the
(real) target at launch cannot be accurately predicted. Since it is neoes-
sary to control the initial angular dispersion of the missile it is necessary
to simulate the effect of having a launcher "slaved" to the aimer's
binoculars.
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3.4.2 The methods used to simulate the tracking launcher are shown
diagrammatically in Fig.48. Voltages proportional to sight-line angles in
azimuth and elevation are obtained from potentiometers driven by the corres-
ponding angular movements of the aiming stand. These are fed to capacitors
01 and 02. When the firing button is pressed the condensers are isolated
from the aiming stand potentiometers and remain charged at voltages propor-
tional to the azimuth and elevation angles at that instant. These voltages
are then applied to power amplifiers as demands for mirror angle. The circuits
involved are of sufficiently high impedance that the exponential decay of the
capacitor chargeL over a period of one minute is less than 2%.

3.4.3 Dispersions of the missile off the launcher can now be set*
directly as angles from the launcher datum at the instant of firing. As with
the laboratory simulator, provision is made for simulating a launcher displaced
same distance from the aimer.

3.5 Target aiming point

3.5.1 To facilitate investigations of the effects of target crossing
distances an aiming point, in the form of a sodium lamp, is provided for the
pilot of the target aircraft. This lamp can be placed on the ground to one
side of the trailer at a distance equal. to the crossing distance being investi-
gated, in a direction normal to the agreed line of flight.

3.6 Communications

One member of the simulator team normally occupies a position from which
he is able to observe, through a roof trap, the air traffic in the vicinity
and he maintains V.H.F. counmunication with the target aircraft and Flying
Control at all times.

Conclusions

(i) Studies which have included the use of a simulated missile to attack
both simulated and real targets suggest +hat it is practicable to devise a
visual command link with manual guidance, to direct a guided missile against a
constant speed, approaching aircraft whose speed is not greater than 900 ft/sec
and whose crossing distance is not greater than 900 ft subject to certain
provisos. These are

(i) Miss distances of the order of 15 ft from target centre are

acceptable.

(ii) Launching Dispersions are small.

(iii) Acquisition ranges are not significantly less than about
15,000 ft.

(iv) Preparation times Tp do not exceed 5 seconds.

(v) A minimum impact range of 400Q ft is acceptable.

(vi) Some useful measure of control is available during, say, the
last second of a 3 second boost.

(2) Given that the other parameters remain unaltered, the minimum Impact
range could be raised to 4500 ft if the acquisition range were increased by
about 1200 ft. Clearly this is a critical parameter for hig speed targsts.
A similar increase gives the requisite 5 seconds of guidance time exclusive
of any control during boost. If the acquisition range remains unaltered at
15,000 ft relatively large changes in other parameters would be required to
give similar results.
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(3) Two systems are available for the guidance. One, which utilizes a
single operator, makes use of a special air look-out sight in order to
simplify the operator's task. Even so, it is distinctly more difficult
than an attack on a fixed target.

(4) The second system uses two men, one of whom, the tracker, is exclus-

ively concerned with tracking the target. By means of electrical generators
and networks, a supplementary guidance signal is derived from the motion of
the tracking monocular. This involves the use of a stabilized platform for

the aiming gear, or else sae form of compensation for rolling and pitching,
if the aiming point is aboard ship. On the other hand the task of the aimer,who operates the joystick, is rendered very little more difficult than that

of attacking a fixed target.

(5) There is little difference in performance to report between the two
systems discussed, but it is thought that the two--an system may be poten-
tially more accurate, there being more scope for development.

(6) 'While the studies described are very encouraging, it would be unwise
to assume, without further proof, that a weapon system of this type is bound
to be successful. In particular the capabilities of representative operators
in controlling a real missile need to be investigated under field conditions.
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APPENDIX A

The Lateral Acceleration of a Missile which is
maintained on the Aimer-target Line of Sight

I Let the aimer-target sight line make an angle e with some datum
IT

(Fig. i), The missile, whose forward speed is VM remains on this sight

line as the target moves. In order to do so suppose that instantaneously
its flight path makes an angle , with the datum. Then if rM is the

aimer-missile range we have by resolving along and normal to the sight line:

rM = vM sin (,-T) (IA)

h' Co (( 00 T (2A)

2 Differentiating (IA) with respect to time:

rM T +~ ;e6 = +M r ,M)

3 The range of tactical situations envisaged makes it justifiable to
assume sin (O-q) = (O.-E) and oos (O ) = I

Here from (2k) and (3A)

VM 9 = 2v1 'I + (iT M)T

But V.M is the lateral acceleration of the missile.

- 33 -
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APPNDIX B

Simulator Techniques for Applyirg Two-operator Guidance

I Networks for Maintaining Sight-line Coincidence by means af
Binocular Tracking, of the Target

1,1 We consider here the form of pick-off system and network required to
give the result referred to in para. 8.1.5 Part I of the main text.

1.2 From equation (4A) Appendix A the lateral acceleration of a missile at
range rM which remains on the aimer-target sight-line is

~~M ~ ~ M r+rM TM( e)(B

where 8  is the angle between the aimer-target sight-line and a line

through the aiming point parallel to the target flight path (Fig. 1).
(d-eT) is the angle between the sight-line. and the instantaneous missile

flight path. (q- ) may be expressed approximately as the ratio between

the missile velocity components along and normal to the sight-line; that is,

as ----- . Then

t MMT
M2vM IT + r. e - vM (2B)

1.3 Equation (2B) defines a relationship between missile motion and the
geometry of the situation. To develop the required lateral acceleration
however, it is necessary to deflect the wings of the missile, and the lateral
acceleration corresponding to a given deflection has been assumed propor-
tional to the square of forward speed vM . The steady-state lateral
acceleration is therefore

KV 2 8 (3B)

where K is la constant and 8 the wing deflection.

1.4 The forward speed is in its turn affected by profile drag, also
assumed proportional to .2 one effect of which is to make i variable

when the thrust is constant. The available data however suggests that -V
during boost is substantially controlled by the boost thrust alone and Gan
therefore be assumed constant. In subsequent flight the forward accelera-
tion, which we will term t' , is relatively very small, being about 7 ftkeo2

in level flight. Having regard to the effects of induced drag, and of
gravity when climbing, actual values of fl are no doubt considerably

smaller in many oases and may be reversed in sign. For example an angle of
climb of about 12.50 would suffice to reduce i.' to zero, and greater
angles are likely to arise. Ir is therefore a indeterminate factor but

it will be reasonable to assume - < I where v is the acceleration

in boost.
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'1.5 We arrange the shaping network, to whose input a voltage proportional to
Is applied, quite generally so that the wing angle

8+ m (4B)

The voltage proportional to is derived from a generator-geared to the

tracking binoculars. Vfe do not consider here the problemB 4f axis resolution
arising when the guidance problem in three dimensions is considered.

1.6 Eliminating 8 between (3B) and (4iB)

Equating coefficients in (2B) and (5B), we have during boost:
2

4 v. Mr (6B)-
K 3

*rM , m

KyVM

or since v. = tt anr. -f I'm t

3 (8B)
2Kit

m = .(9B)

2 K4,r

1.7 If the demand for wing angle is applied from the generator via a phase-
advancing network, we write (liB) in the form

8 O (+~~)(Ce)

and the phase-advance time-constant during boost is,, from '(8B) and (9B)

It (11B)

where t is the time from launch. During boost therefore, 'the phase-advance
tine-constant should increase at 13 see/see, while the D). C., gain (4t& should
vary inversely as the t:ime of flight.

1.*8 Subsequent to boost we have from (6B)

Z v. Mr (6B)
K 

3
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During this phase, if 't is constant,

= T + ' (t-T.)

and

T~ 2 +-jT- I )

rM TB B .(t ), + (t

Substituting in (6B) for v. and r. , and dividing numerator and

denominator by V we have

[T,() 2 (tTB)2  B (I[ + +t- T+t

K M [TB + .14 (t-TB]

which, since - I and t does not acquire excessive values, reduces
vM

very nearly to

2 (1 2B)

KMTB

where TB  is the duration of boost. That is, & is constant.

By a similar argument the value of m is

K T V, (TB ) + t B (-T2 K-
M, Y, M 2 MTB(3B)

The phase-advance time-constant is therefore

-ff (t-7TB) (14)

so that the phase-advance time-constant should increase at 0.5 sec/seo after
boost. A discrete change in value occurs on cessation of boost, fram

TB to T . There is likewise a discrete change in D.C. gain at the endB 3 2
of "boost, from - to ', the latter being the constant gain

2 IM 13 K t TB
required' from this point onwards.

1.9 The appropriate demand for wing deflection may alternatively be
obtained by differentiating the voltage generator output and adding the
result, to a suitable scale, to the original voltage generator output.
This leads to rather different and technically simpler time-variations of the
parameters involved (see para. I .11 below). Fig. 7 indicates schematically
how this arrangement was realized in the laboratory simulator. From (43) as
before

- 6 -
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During boost:

(16B)
2K M t

(17B)
2 K

The signal proportional to 6T  therefore should be inversely proportional to

time of flight While the gain m in the "channel" is constant.

1.10 Subsequent to boost

6 2 oonstant (1 8B)

and
t - -TB

m (19B)
KiM TB

The gain m now increases uniformly with time at a rate

= . (2on)
m (2B

K .WTB

IMB

i.1i The manner in which Z varies is therefore unaffected by the change of

circuit. In place of a time-constant "Y4 which must undergo a discrete
change of value and of rate of change at the end of boost, we now have a gain
proportional to m i.e. one which is constant during boost and thereafter
increases at a constant rate without any discrete change of value.

1.12 In practical terms there is little lost by giving Z a constant value

throughout, equal to 2 since (i) sight-line motion early in the
K M TB

engagement will be relatively slight; (ii) the gain through an amplifying
channel will necessarily be limited in any case, and (iii) the effectiveness
of arw unduly large signal in producing wing deflection will be limited by
mechanical stops.

2 To determine the Parameters of a Simulator Shaping Unit for converting
Sight-line rates into Missile Acceleration

2.1 Fig.30 shows schematically a suitable simulator arrangement. We have

a2 8 alT +2al T (21B)
2 R 1  21T

or

8 ~ ~ - 0 T~ ;.T +- a'& .(~
R 82  R2RT
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If (i) acceleration pubsequent to boost is negligible ahd (1i) 4
is given its post-boost value throughout, then from (15B), (17B), (i8B)
during boost:

6 2 + I(23B)
K v. 2K'M-

and after boost, from (15B), (18B), (19B):

where "M is the forward acceleration' during boost.

Equ tir g coefficients in (22B)., an (24B)

T: (2"-1)' ,2 2 ;

a B

If A0 is the constant value of 0 during boost, corresponding to

the coefficient of k in (23B) then-

R a (2)a2  -- r (27B)

R1  a a1  MK.

Thereafter

Tos a.an (2 (28

a=2 4 \ T. . (2oB)R 2 1 a M 1 Y M T

and

1 R1  62 1_

Now zM 235 ft/sec 2, K =2. 61 xl 13, TB 3,
MB

a 1 =38 volts/rad/sec and a 2 =86.4 volts/rad. if VIE is

constant = 705 ft/sec then from (25B)

!I. = 2 a 2.48 .(30B)R 2  X VM a1I

If %a is the ma iuz contemplated duration of flight, (say 20

secords) and 0 is allowed to increase to unity in this time, then from
(26B)

- 38 -
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Kt

a

or

T 23 sees. (31B)

Then fromn (27B):

- 0 - 0.0a (32B)

13 thus runs from 0.08 to unity in (tmjt-TB) 17,800a.

2.2 The maximumr value of' 6 ike:ly to occur is about 0. 05 rad/sec'2 . The
T

maxdimum output voltage from the differentia~ing unit would then be
38 x 0.05 T = 1.9 T . The simulator units will provide output voltages up
to some ±50 volts without loss off linearity. It is therefore convenient to

choose T = 23 seas and - 1 . If the iniput capacitanoe to the

differentiating unit is, 9-4Lt, the-feedbaok resistor, should be 2.55 megohms.

Sumnarizing

RR

C =9Lf; R =2i55megoh-ms

-39-
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APPENDIX C

Lateral Acceleration - Total Requirement

I The manoeuvrability of the missile depends primarily upon the
achievable lateral acceleration and upon the rapidity with which this can be
built up.

2 The lateral acceleration called for in the present application may be
considered in two parts namely (a) the lateral acceleration needed to
correct errors i.e. deviations of the missile from the aimer-target sight-
lne and (b) the lateral acceleration required to maintain the missile on
this sight-line assuming no deviations.

3 The lateral acceleration required to correct errors is not easy vo
establish other than from experience. It is in effect the lateral accelera-
tion required when attacking a fixed target, The missile characteristics
assumed tn the simulator study of Project "'Malkara", an anti-tank device
(Ref.2) gave a maximum lateral acceleration of about ±3g at a mean fcrward
speed of 450 f.p.s. There is reason to think that ±2g would have been
sufficient, even allowing for the need to gather the missile rapidly on to
the line of sight after firing.

4. Again, in the mobile simulator work carried out in the present
programme, in vhich the attacking aircraft made direct approaches to the
aimer (i. e. very low rates of sight-line rotation) the records suggest that
a maximum lateral acceleration of ±11-2g suffices apart from brief peaks
during initial gathering.

5 The lateral accelerations called for in paras. 3 and 4 above are
essentially transient and their provision is not inconsistent with the
requirements for a guidance loop in which a man can function with a minimum
of effort, HIowever, in the present context the aimer-target sight-line is
not fixed in direction; in fact its motion is such as to call for sustained
missile lateral accelerations and all higher derivatives thereof.

6 Fig. I depicts a situation in which an attacking aircraft is flying on
a straight line at a perpendicular distance d from the aimer. Its forward
speed is vT anrd when the range parallel to the flight path is r T , the

sight-line elevation is ' • It is then easy to show that if t is the

time of flight from initial range rT

8T tan1  -V t) (o

Td 2 (2C)
d + (r o-V t)

= d2  (rT vTt)'T d2 ,T (r T' t 2  (30)

S R 40 -
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d2

If, as in the present context, d ' 2 << I. at all times, theni (rTo-VT

av )
T 2(40

T (rToV. t)2  ,

2d2 VT (50).T rv T t)3
(rT 0 T A

ir
Hence from equation (2B) Appendix B, since << 2 vM subsequent to

VMvM
boost we have very nearly

2 v vT d(rT + 'ru

a MOM 2A vOT M ry9 (6C)

for (rT-vT t) = rT the instantaneous target range.

In a given engagement, if vM, v , d are constant, T.+-rV is

a constant. The lateral acceleration therefore varies as the inverse cube of
the target range and is a maximum at impact.

At impact rT = r. = r, , say, so that

2v M VT + --2 2 vT d (vl+vT)

S2 - 2 *(70)r 2ri

The maximum lateral acceleration therefore varies as the inverse square of the
impact range.

From para. 2.4 Part I, if rTo is the minimum acquisition range,

T, = 5 seas is the preparation time; TB = 3 secs is the boost duration;
and vM, v are taken as 705 ft/sec and 900 ft/sec respectively while

d = 900 ft, then we have for the minimum impact range

ri - = 4000 ft very nearly
mmn

Then in (7C)
2a 160 ft/sec , 5g • (8c)

Taking the result of equation (8C) in conjunction with the observed
acceleration requirements for error correction, we oonclude that a total
lateral acceleration capacity, less the requirement of gravity correction, is
about 7g. The missile analogue provided in the laboratory simulator was
capable of about 8g at the end of boost, rising to some IOg after a further
14.5 sees of level flight (Fig. 2).

- 41 -
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APPENDIX D

The Validity of 'Demnd Storage"

1 General

1.1 Experiments have shown that for the human operator, the type of
guidance system most likely to combine a well damped dynamic response with
a capacity to provide a measure of sustained lateral acceleration is one in
which, in principle, the joystick demands lateral acceleration directly, but
in which this demand is heavily phase-advanced. In producing this phase
advance it is convenient to incorporate also a small exponential lag so that
in response to very rapid, or even step motions of the joystick, the
instantaneous demand is bounded and known.

1.2 The equivalent of a step of joystick deflection may occur in a system
where the joystick is energized suddenly at a time when it is being held
away from its neutral position. The demarid 8D  applied to the wing actua-
tor may therefore take the form

15 X J(1+p T )
D \7i-pTFi

where J is the joystick deflection and K is constant. The time constant
Tt is generally required to be'small since it forms part of the overall
response lag of the system, which if excessive, adversely affects operation.

1.3 Having regard to the scaling usually necessary, the ratio TF/Tt May

well be such that for large and rapid joystick movements, missile control
surface deflections are demanded which exceed their capacity. In that case
the resulting lateral acceleration will fall short of what is demanded. It
is important to avoid this. We therefore discuss the validity of an
arrangement recommended for Project Malkara, whereby if an instantaneous
demand is so large that under linear operating conditions an excess of wing
deflection would be demanded, the demand is automatically kept within the
limits of possible wing response, but extended in time as necessary, to give
the demanded total time-integral of acceleration, that is, the demanded
change in lateral Velocity.

1.4 In Fig.35 we have a voltage limiter in a closed loop, together with a
Miller integrator across whose condenser a resistor R2 is connected. The

signal from the joystick is AJ and the limiter experiences an error input
e which, for e -< it transmits to the wing actuator. For a i the
demand, and also the input to the integrator is limited to ±, l

2 Linear Operation

2.1 For C < Z the system is a linear, phase-advanced acceleration
oon~rol, and

R2  1 ins = AJ 2 (ID)
.R 1 + pOR 2

or

9 = A +P(2D)

R 2/ +T/
R -- R

where T = CR2 and T1 = -

S42/
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The ti-me-relation corresponding to (2D) for a step input AJ A. s

2.2 This response can be divided into a steady state response 98 givring a

constant acceleration proportional to J anda a transient response 7 which

gives rise to a change in lateral velocity.

Then

AJ R1 R2 )~t 1 ~ .T!(

The corresponding wing deflections are

a, S

and

where radians of wing deflection per unit voltage applied (asstzned
a1

instantaneous).

2.3 The corresponding lateral accelerations (assumned instantaneously
proportional to wing deflection) are :.= K . an T =- K 8T where

K =lateral acceleration per unit wing deflection. Hence in '(4b)

a/ R1

and in(OD)

A J 2)A

or

\/ (5Da)

-1 ep(4)A

YT- '4-3
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2.4 The total change of lateral velocity due to the transient component
i.e. to phase advance is

jR
a J) p t ) =t(OM)

0

7_ (6D)

Vnen, as we consider below, demand limits are brought into operation,
equation (6D) must continue to be satisfied if the terms of para. 1.3 of
this Appendix are to be met.

3 -eration of Limits

3.1 The initial joystick demand is here assumed to be such that Ibr a time,
Ie I > I ZI . Divide the interval during which a demand for wing deflection
is made into two parts viz:

(a) Ie8 > II during which the limits operate, and

(b) JSJ 4 JZ1 i.e. the linear regime.

[ 3.2 lel > R1

3.2.1 From Fig.35,

.R1
a - AJ R1 (71))

Hence in response to a stepwise input,

e= AJ - + 1.- exP1 (8D)

R R

a
a :V AK :9+K- exp (9D)

R R +R

3.2.2 If in (8D) Ai- ;:I > Z i.e. AJ >! ,:!I) i.e. if

AJ R -

R+R > , then the limiting maximum value of demand voltage C will
1 2 AJ R I

persist indefinitely. If however - < 8 , then after some time

say, the system will restore to the linear regime. We now determine tL

3.3 Time for which Limits remain in Operation

3.3.1 The limits remain in operation until e falls to 9 . The
condition in (OD) is then

AJ R (I -ex[

(see para. 3.2.2 above).

-44-
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This gives

-log[ a AJ 1)] (o)

3.4 Change in Lateral Velocity during Limiting, due to Transient Demand

3.4.1 During this period we may subdivide the constant demand voltage
into (1) a component S as in par a. 2.2 of this Appendix, which remains

in being after all transients have disappeared, and (2) a component eI

due to the transient component in the demand. We then have

8S + T,

and from (4D):
RS

Hence

=* AJ ( 1+ 2 )

and the corresponding demand for lateral acceleration is

K T K R~ \ (1tD)

a, a

3.4.2 The change in lateral velocity due to e1 is the product of

FTI and the time for which the demand persists, that is, *T , . From

(iOD) and (11D) therefore the change in lateral velocity is

L --o "T TF loe

-R1  J RI 2/=T logel R' 1" "I j Y R-2) - a  (I 2D)

3.5 Change in Lateral Velocity subsequent to Limiting, due to Transient
Demand

3.1 The total velocity change due to phase advance is obtained by
adding te pLo as obtained in para. 3.4.2. above, the change (p- L) which

occurs in the subsequent linear phase i. e. when [l .c

3.5.2 The transition to the linear regime occurs when 181 II . We

my therefore use (6D) to determine (k-kL) if in that equation we replaOe

AJ by e , the nett input at the moment of transition. Then

-R I

EK / RI
=kk ai R+R )(T -Tt) .(13D)

2)
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3.6 Total change in lateral Velocity due to Transient Demand

3.6.1 The total effect of the transient in lproducing a change of
lateral velocity is, from (12D) and (3D):

~~ +

R K TV R1R A
=,2 )(T,-T +- AJ---i loge1, R2 [ R~(-~]

....... (14D)

If demand storage were to produce the desired result, namely a change
of lateral velocity due to phase advancing the joystick signal, which is
independent of limiting action, then equations (6D) and (14D) should show

the same result. This is evidently not the case unless R i - - 0

That is in effect, unless R2  o o0 for if Ai _I were zero the limits

would not be called into play.

3.6.2 Elimination of R2 results in a demand which, for a stepwise

joystick movement, tends to zero with time. That is, there is pure velocity
control with a time lag, in the linear regime, of CR1 . The achieved

velocity is given by taking the R.H.S. of equation (14D) to the limit as
R2 - , and it is

AJK R 1(11)a)o' =  a1

3.6.3 As would be expected, the same result is obtained by applying
the process to equation (6D). Thus in the absence of R2 , a demanded

change in lateral velocity is produced irrespective of the action of demand
limits, although the limits extend the process in time. The coritions for
demand storage are therefore satisfied.

4 Phase-advanced Acceleration Control with Demand Storage

4.1 We have now seen that the "demand storage" process is only completely
effective when operating so as to give, in the linear regime, the time-
derivative of joystick deflection alone, although small accretions of
acceleration control (R2 great but not necessarily infinite) can be

tolerated with small resulting error, Such an arrangement is therefore
imediately applicable in principle, where the acceleration demand is only
a second order effect as in "IMalkara".

4.2 More generally a phase-advanced acceleration demand with demand
storage is achieved by removing R2  in Fig.36, and applying to the wing

actuator an additional demand obtained directly from the joystick output.
This latter provides a sustained demand for control surface deflection when
the joystick is deflected. The two demands may then be combined to suitable
scales by means of a summing amplifier or the like. The additional
connections are shown dotted in Fig.36.

-46-
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5 Control of Limiting Amplitude -

5.1 The control surface deflection available for response to the demand
storage circuit depends at any instant on the sun total of demands from other
sources to which the control surfaces are called upon to respond. Strictly
therefore, the limiting amplitude Z in the demand storage circuit should be
reduced whenever there are demands from other quarters. For example in the
case of the arrangement shown in Fig.36, if Z demands full control surface
deflection, (that is /a, is full deflection) and the direct demand via the
dotted connection is for a deflection 8' in the same direction, then in
order to produce full response the limiting amplitude should be reduced from
Z to Z - a, 8 t . The limiting amplitude should therefore be controlled

continuously by the extraneous demands.

5.2 This implies that the limiting amplitude could easily vary during the
non-linear operation of the demand storage unit. We have not attempted in
this survey to examine the probable effects of this complication.

6 Minimum Velocity Response Time

6.1 If we consider only that part of the system which is designed to produce
a change in lateral velocity, i.e. the "demand storage" circuit, we may
readily ascertain the conditions in which this velocity is most rapidly
achieved. Quite generally, the most rapid velocity build-up would occur if
on deflecting the joystick, maximun lateral acceleration demand were applied,
this demand beingfully maintained until the desired lateral velocity was
achieved. Thereupon the demand for control surface deflection would be
instantly removed.

6.2 From para. 3.4.2 of this Appendix, the lateral velocity build-up
consists of two parts. In the first, the demand limits are in operation i.e.
maximum lateral acceleration occurs; in the second, linear operation super-
venes and the lateral acceleration falls off exponentially with time. Minimun
time of lateral velocity build-up will therefore be achieved to the extent
that the first or non-linear phase can be made to preponderate over the second.

6.3 We have from equation (13D) that the lateral velocity change during the
limiting phase is

A R AJ K, R 1  !K 1D2I  -A Rd 81

On proceeding to the limit as R 2 this becomes

limra o) = GR (_-i' (16D)
R2 * ia

and similarly for the linear phase

lim SK CK(7D

R2 -* 00&

6.4 If now we progressively reduce CR; (the integration time-constant), and
at the same time increase A (the voltage per unit Joystick deflection) so as

-47
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to keep the total change in lateral velocity A - JKR 1 oonstant,

AJKORI
then the value of k " o tends to . while S - tends to zero.

6.5 That is, an increasing proportion of the total change in lateral
velocity is developed during the limiting phase. But it is characteristic
of this phase that maximum permissible lateral acceleration is present and
hence lateral velocity grows at the maximum permissible rate. Hence to the
extent that we carry out the process described in para. 6.4 above, we
achieve a demanded velocity change in a reduced time. In the limit, this
time is sensibly the time tL for which the limits remain in operation.

This is given by equation (12D) after taking to the limit as R2  
0 0 , as

CR AJ

As might be expected therefoe, the time required is linearly proportional
to the demand J , and inversely proportional to the limiting amplitude I

- 48 -
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APPENDIX E

A Relation between Guidance Parameters and Missile Speed

I In applying the guidance parameters arrived at for one.missile to
another, it is'necessary to consider what changes may be required in. order
to ensure true equivalence. The criterion with which we are concerned here
is the dynamic stability; that is, in effect, the response observed by the
aimer to a given joystick deflection. It is necessary that this be the same
for both cases.

2 The quantities expressing the observer's impressions are angular
sight-line displacements. It is therefore necessary, if two systems are to
be equivalent, for a joystick displacement to affect the sight-line orienta-
tion in the same way for both missiles, at any given time after launching.
Fig.47 illustrates the implications of this.

3 We assume an idealized guidance system in which the joystick output
signal is applied, phase-advanced, to the missile so as to produce instant
proportional lateral acceleration. The effect of a step of joystick deflec-
tion then produces an instantaneous change in flight direction (i.e. of
velocity normal to the initial flight path) and a steady lateral accelera-
tion. If the change in lateral velocity is vA and the missile's forward

velocity is v (vj >> v) , the change in flight path direction is
vA/

4 If the missile's range is r0 when the demand is applied and the

boost duration is TB  seconds, we have

r = v (t *B) (IT)
0

at t seconds from launch.

The consequent angular rate of the sight-line is, after a short
further interval 8t (8t t-ITB)

= k (2E)

r 0, vM b M '

The angular rate of the sight-line due to a lateral acceleration A
is similarly A

7 . (3
Vuf~- TB)

5 From (2E) and (0E), to produce the same sight-line rate at a given
time after launch for missiles of different forward speeds but for which
TB is the same it should 1,e arranged that the lateral velocity and/or
lateral acceleration demanded by a given joystick deflection should vary in
proportion to the forward speed.

6 If one considers the problem of translating the missile on to a new
flight path which intersects the initial flight path at the aiming point, the
same conclusion is reached. Inapplying "Malcara" (Ref.2) g
to G.L.T.V., it follows that the former should be multiplied by . , that
is by 1.5 approximately.
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FIG.37. TYPICAL MISSILE LATERAL VELOCITY
RESPONSE TO A STEP JOYSTICK DEMAND
FOR A LATERAL VELOCITY OF 200 FT/SEC.
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FIG.39 &40.
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FIG. 41 &42.
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FIG.44. TRAINABLE AIMING STAND MOUNTED
IN TRAILER. (FIELD SIMULATOR)
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FIG.46.
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FIG. 46. OPTICAL ARRANGEMENTS OF
THE FIELD SIMULATOR.
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FIG. 47. IDEALIZED EFFECT OF JOYSTICK
DISPLACEMENT.
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