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CARDE has beenicarrying out a program to assess the effectiveness
of a supersonic interceptor system., The system is based on the AVRO
CF-105 aircraft armed with Sparrow II or Sparrow III air-to-air

missiles, An analog computer model has been made to study the AI radar
controlled phase of'the interceptions,

INTRODUCTION

The results of the three dimensional placement studies using this
model are given in the CARDE progress reports on the CF-105 Weapon
System Assessment, So that the order of accuracy of these results
may be appreciated, the REAC model is discussed in some detail in
this report, :

|

In order to fi% the problem to a 120 amplifier analog computer it
has been necessary to simplify the model, This report is intended to
describe the circuits which were used and to give some idea of the ef-
fects of the simplifications on the accuracy of the results,

Fig, 1 shows a block diagram of the computer layout,

SUMMARY

Thé simulation covers the following subjects,

The geometry of the situation in space with;

Target altitudes of 50,000 feet to 80,000 feet,
Fighter altitudes from 40,000 feet to 73,000 feet
Por ranges up to LOOK feet at all aspects for all
course differences,

The Fire control computer which is designed for the follow1ng
attack modes, lead collision, lead pursuit and snap-up,
\
The model is easily adapted to cover other attack modes involving
the system parameters°

The aerodynamic performance of the CP-105 interceptor based on
the latest available AVRO data., An overriding maximum speed of M 2.0
is assumed, The aircraft flies with maximum thrust until this speed
is reached, |

The capabilities of the interceptor weapons are used to define a
launch zone and to:judge the final success of the AI controlled phase,
\ .
The performance of a simplified target which can fly with constant
speed and constant|turn rate at altitudes from 50,000 feet to 80,000
feet at speeds up To M 4.0,

Calculations %nvolving the computer approximations have been
carried out, The effects on the placement zone boundaries are guite
small, Figure 26 gives a typical placement zone with the effects
of the errors shown on it, These errors er converted into place-

ment probability in Fig., 27,
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LIST OF SYMBOLS

horizontal component of aspect angle of fighter measured from
the tail of its target. --

inclination of the line of sight to the horizontal
fighter drag
drag at zero lift

vector distance travelled by a missile fired from the fighter
relative to the fighter

distance between missile and fighter tf seconds after launch
acceleration due to gravity

navigation Eurn-rate to error ratio (see equations 2% & 26)
maximum value of K' (see equations 21 & 22)

1ift

maximum allowable 1ift

interceptor lead angle see Fig. 2

fighter climb angle see Fig. 2

La* ideal valuesof Le and La for missile launch

vector miss distance T seconds from now
compoﬁent of M

component of M

component of M

position of fighter relative to target
slant range target to fighter
horizontal component of R

time-to-go  see equations (8 and 8a)
thrust of fighter

time of flight of missile

©

-
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i
Ve fighter velocity relative to ground

v fighter speedf

f
Vfo initial fight%r speed
XE target velocity
Vt target speed |
YE mean missile velocity
'V, mean missile speed
W weight of theifighter:

XYZ .coordinate syétem Fig. 2
X horizontaliand is parallel to RH

Y is normal io X and is in the same horizontal plane

| .
Z 1is vertilcally downward
. | '

Xp Yp Z, coordinate system (wind axes)
Xp 1is in the direction of the fighter velocity
\ .
£ is normal to Xf and is in the same vertical plane
Y. is norma% to Xf and Zf
For this study the fighter axis is assumed to be;aldng Xf

X Y.

f, f’

| -
in the plane 'of the wings
|

Z. but rotated sbout OX), until OY} is

t ' d
Y Z,' as X, Y e

fighter anglé of attack

: 1
approx. component of heading error
|

<

3,

B e approx. component ofvheading error
|

Bx

heading erroY at launch

ZXh altitude difﬁerencé - target to fighter
AV average incremental missile velocity
|
| ' \



(o . €e components of é.ngula.r heading error
€ antenna elevation gimbal deflection .
%] antenna azimuth gimbal deflection
;6 fighter bank angle
ﬁ)za components of fighter angular velocity
ﬁJ e components of fighter angular velocity

4.0 ANALYSIS OF THE INTERCEPTION PROBLEM

4.1 Geometry

Figure 2 shows the situation during an attack and defines some
symbols and reference axes.

R = Y_f. - V‘t A (1)
This vector equation may be resolved into three components
R_ = - , Fig. 2
g = vt cos A Vf cos L_ cos L (Fig. 28) (2)
A . 2_lV cosL sinL -V sinA (Fig. 29) (3)
RH f e a T .

* - =V . ig.

Np =  sin Le | (Fig. 28) (4)

If a lead collision course is desireciy miss is defined by
M = R+RT+F , (see Fig. 3) (5)

This equation is resolved into three components:-

M, = (vf T+ F) cos L,cos L, -V, TcosA - RHA (Fig. 28) (6)
M, = V, TsinaA - (Vf T+ F) cos L, sin Lé (Fig. 30) (7)
M, = Ah- (V. T+F)sinL, (Fig. 31) (8)
Time-to-go condition is determined by M = O ‘ (Fig. 28) (9)

In an airecraft the basic fire control equations are handled in
radar coordinates so that in practice, time-to-go would be defined by
equating the component of miss along the line of sight to zero.

j.e. M.R = O ' (10)
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The effects of this difference in defining time-to-go are discussed below.

The scheme outlinéd above (equations 1 to 9) is discussed in more
detail in "A General Description of the Universal Computer” Ref. 1.

|
4h.2 Heading Error ‘

| |
To find the ideal’ heading, consider equations (6), (7), (8). 1f T,
La) L are replaced by T* L , and L * yhich correspond to zero miss
distance, then .J . 8 -

0 = (Vo T*4 F) cos Le"f cos LJ’ - Vg T#cos A - Ry (11)
- - ‘ * *

0 = V, T sin A( (V, T+ F) cos L* sin L ' (12)

0 = AR - (V, T*+ F) sin L* (13)

Let ™* - T+ t, L* : Let e o’ L*' - L+ea
Substitute these values in equations (ll) (12) and (13) and solve for €
asd € _ from (6) (7) (8), (11) (12) and (13) similtaneously. This
solution 1s simplified by assuming €a, €. and t are small (as they must

' be for s successful attack). Hence products of these quantities are neglected
and cos L * 2 cos L -‘sinL e

a

; sinL*: sin L, +cosL6

L,* and Lg* are the ideal heading components and hencee and € are the
heading error components‘

RyA R A |
e | M (eos Lé-f- R.HA sin L)+ M sinl 4k (14)
e - : H R H

| o
(VfT"'F){cosL cosL+RHA cos L, sinL -4n sinLe

R'H RH

. Y (cos L, ‘- Ah cos L sip L, )+M sin L, (sinL
68 - ; RH
' cos Lg (V '1‘+ F)(cos L, cos L + HA cos L, sin L,

R°H
R a
+ ;lf cos L \)
N - (15)

h ‘
- ——— gin L
RH @
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The heading error components are used for two different purposes in
the study.

1. to provide steering information during the attack
2. to judge the success or failure of an attack by comparing the
actual heading error at launch with the error which the missile

gulidance system can compengate.

Aircraft Performance

Assuming thrust and drag act along the velocity vector, from the
geometry of Fig. L.

i

Ve = Tn -»D & - gsin L (Fig. 34) (16)
VoW, = L e sip¢ (Fig. 33) (17)
Vfwa = % g cosv?{ ~ g cos Le- , (Fig. 33) (18)

Avro estimates of performance Refs. 2, 3, 4 are the source ' of the information
from which thrust and drag functions were mechanised. The mechanisation is
described in Ref. 5.

Changes in the altitude of the fighter are determined by
[]
L - w, (Fig. 31) (19)
-L, = W, secL, -A (Fig. 30) (20)

If sufficient 1ift is available

wa = KO, (Fig. 30) (21)
we = KO, (Fig. 31) (22)
_where
Sa = (Fig. 30)  (23)
Ve T+ F
and M
. Z
8¢ = T o217 (Fig. 31) (24)
f

1)

Y

o
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If R is large compared with RpA and Ah ,.equations (1k4) and (15) give

H
_ M
65 e = £
.(Vf T + F) lcos L,
€a * ¥
(va+F)

In "A General Desc
Co. suggest that steering
and € . This is equivsg
steerin§ demand loops. T
zero so that the aircraft
steering demands are not

In the case where

cos L cos L
€ a

ription of the Universal Computer"”, Hughes Aircraft

should be controlled by § _ and b e instead of €

lent to changing the gain & of the

he steering is designed to make My and Mz approach
is steered onto a lead collision”course, but the

quite proportional to the angular heading errors.

a

insufficient 1ift is available for equations (21)

and (22)
We = X5, (Fig. 30) (25)
We = K3, (Fig. 31)  (26)
where K' is determined by
VK'Y - E:;_g‘gc_ g sin ff (Fig. 33) (27)
VoK' o = L&:{z g cos § - g cos L (Fig. 33) (28)

Lpsx is instrumented as a function of Mach no. and pressure, Fig. 34 Ref. 2.

Pressure is assumed to be

Launch Zone

a simple function of altitude, Fig. 32.

It is assumed that

the missile flies a distance F relative to the

fighter (in the direction of the fighter velocity at launch) in a time of

flight tp. F and t, have

circumstances. I

The approximate he

been assumed constant over a wide range of

ading error components 8 and 8 are not used

but actual values of L and L are compared with igeal values L ¥ gnd L ¥

determined from equatigné
the total heading error

8* = {(Le - L

This is compared with & s

¢ (11) (12) and (13), Fig. 30 and 31)

eing approximated by
#2+ (L, - La*)zf 1/2 Fig. 36) (30)

tandard allowable error given in Fig. 20.
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Radar Antenna Deflections (Fig., 5)

The azimuth and elevation gimbal deflections of the AI radar
antenna are determined from

R cos O cos €

(RH cos La cos Le‘ +n sin Lc) cosc - {(Rﬂcos La

sin L, - Adhcos L o) cos @ - R, sin L sin Q’} sinK (31)

"

R sin © cos £ RH sin L, .cos 7+ (RHcos L, sin L. ~4n cos L, ) sin ¢

(32)
R sim € {Ah cos L, RH.cosL s:.nL)cos¢+Rﬁs:LnL 'sinﬁ}
cos < - (RH cos L, cos L, + ﬁh sin L ) sin. (33)

See Fig, 35, From the IHS of these expressions. O and Fare

. obtained (Fig. 36). They are compared with their limits during each

flight and values at launch.are checked to determine whether the
nu.ss:.le can see the target or is blinded by the airframe, (See Fig.7)

AN ASSESSMENT OF THE ACCURACY OF THE REAC STUDY

In order to fit the problem to a 120 amplifier computer it was
necessary to make use of some trigonometric approx1mat10ns and some
other simplifications,

The effects of these approximations are discussed below,

The errors which have been calculated are not corrections to
be applied to REAC results., Generally they are order of magnitude

.calculations which have been computed from the worst cases which are

likely to oceur,

Errors due to approximations in vertical irigonometry are com=
puted for attacks from 40,000 ft.against a target at 60,000 ft.

Geometgz

In mechams1ng the geometrical equations (2), (3) and (4), L
is substituted for sin L and unity for cos L as the angle L is

usually small. Hence the REAC equations are

R, =V, cos A=~ V,cosL, 2(a) Fig. 28
A = .R_HL 6&, sin L, - V, sin A} | 3(a) Fig. 29
Anh = -V, L,
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If L is large, thesg equations give an optimistic picture of the
aircraft's ablllty, In partlcular it covers horizontal distances as though
its full velocity were in tpe horizontal plane. The error is shown in Figs.
9 and 10. This will result| in misplacement of fall—back minimum-fighter-
velocity and maneuver barrlfrs.,

,

These effects will be discussed in more detail below, as the barriers
are also affected by approximations in the other geometrical equations.
Equations (6), (7), (8) define the miss distance in a lead collision attack.
In the computer set-up time~-to-go is defined by Mx = 0 (equ. 9) instead

of MR =z O (equ. 10) as it would be in the aircraft computer working in
radar coordinates. : \

le M, = O defines time-to-go quite acgurately. In addition,xthe steering
1s designed to meke M, appfoach zero, so that once the interceptor is on

MR = M BRg+u An (10a) ‘
2' V - 2 \
= Rg+ Ry V, TcosA-Ry (v, T+ F) cos L, cos La+(dh) |
-Ah(v T+ F) sin L, ‘ |
- {R-p-k_g ‘(Vt.’.l‘cosA-{‘.lfT-f-.Fl cos L_ cos La)
v -An (V_T+F) sin L }
x® Tl e
. 1 A1 is smanl con‘lpared with R_ then 10a becomes Ry M. = O
\

cowrse Mé' ZXla is zero and hence M.R - O so that both systems give the
same answer for time-to- goT The vertical heading error is given approximately
b
v - z | ,
e ~ ‘ :
(vf T+ F) c-gs L,

If near the end of the attack M is not'sﬁall, the launch %one will be

erroneously defined owing #o thé error in computing time-to-go but the
attack will be a failure owing to the excessive’heading error.

In the equations dejinlng miss distance, it is assumed that L is
-a small angle and the equations which are mechanised are
\

1 1 [ (V.4 E) | 6(s) Fig. 28 °
7 ﬁ—-—{( st T) cos L, - V, cos A } (a) Fig. 28 |
;ﬁ = Vi sin A - (V_E,‘+ F) sin L, 7(a) Fig. 30 \
2= An - (v.+ E) 1 8(a) Fig. 31
- T T f+ B'f e -
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The REAC layout is a direct analogue of ﬁhese equations.

In one serles of problems, the launch zone was defined by time-to-go
T equals a constant corresponding to a constant time of flight for the
missile. In the REAC study, for a particular value of fighter speed, this

is a cylindrical surface instead of a spherical one as the climb angle
information in equation (6) does not appear in equation (6(a)). For climbing
attacks from long range the error involved in this approximation is very
small but it was felt that a study should be carried out to determine its
effects from shorter ranges.

This study relied on the fact that while vertical equations of motion
are agpproximate, the equations covering motion in the horizontal plane are
accurate. The pressure function was kept constant and the components of the
aireraft's weight were disconnected. A number of interceptions were carried
out for an initial course differénce of 180° , parallel courses 20 K ft.

apart and various ranges. Corresponding runs were carried out in the vertical
and horizontal planes. The runs were terminated at T - 8 secs. Values

of heading error, climb angle (or course Qiffergnce) and range were recorded.

In thé horiiontal Plane, time-to-go is defined by
M.R = O as An - o (see equ. 10(a).

In the vertical plane, this is not soc. In the REAC further
approximations are made in computing T.

Hence this study is a comparison between the behaviour of an aircraft
whose computer works on radar coordinates and the REAC simulation.

Results are shown in Fig. 11 - Trajectories; Fig. 12 - Final Heading
Error and Fig. 13 Final Climb Angle. Using the results of this section,

some calculations were made on the location of minimum velocity and fall back
barriers. The results of these calculations are given in Figs. 1k and 15.

In mechanising equations (23) (24%) (25) (26) on the computer gﬁ

and Mz to a scale factor of 0.2778 have maximum values of 100 v T
T (Fig. 30 & 31) Hence EX and M have maximum values of 360 feet/sec.
For an interceptor speed of T == M 2.0 this corresponds to a

heading error of 10.6° at zero aspect. If the actual error is greater than
this, the aireraft behaves as if the error were 10.6°. If the azimuth error
were hS and the climb angle error were 15 , instead of the aircraft banking
to reduce these proportionally, it banks to reduce them equally so that in
practice, near placement zone boundaries the aircraft tends to correct
elevation errors before szimuth errors. Hence the aircraft will initially
be banked to a smaller angle than it should be and then when the elevation
errors have been almost corrected, it pulls full g's in azimuth and banks

to a steeper angle than it would have in the absence of the limits on gﬁ
and M, This process produces pessimistic look angle barriers T

T  especially for course differences near 180°.
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For smaller initial course differences the look angle barriers are
closer to the idesal approach line so this effect is reduced. The results
are shown in Fig. 16.

Look angle barriers are sensitive to bank and hence to the sequence
in which vertical and horizontal errors are corrected. Generally it seems

preferable to correct horﬁzontal errors at a greater rate than vertical errors.

This limitation is| not so much an error in computing the problem as
a request by the navigation computer to fly a slightly different trajectory.

Aircraft Performance

In the section dea!ling with the geometry of the interception it was
shown that approximations in some of the trigonometric functions give rise
to an optimistic picture |of' the velocity of the &ircraft for large climb
angles. Similar approximations give rise to a slightly pessimistic picture

of the sircraft acceleratfion.
. . Th - D .
ie. Vo = 5 e-8&l 16(a) Fig. 34
V.ow . g sin;?f 17 Fig. 33
f7%a Ty
L | .
VeWe = 2 gcosf-g 18(a) Fig. 33

are the equations which are mechanised. In equations (16(a)) and 18(a) the
component due to the weight of the ajrcraft is too large when the aircraft
is climbing and in equation 20(a) -L_ = () , - A, the effective turn rate

of' the aircraft is smaller due to the approximation.

The Avro thrust and drag information is mechanised in the following

way.
It is assumed that thrust and drag can be represented by
2
Ty, - D L .
T, -D - B2 P-KL-3 Fig. 34
h P o 1 P
o] o
T -D > .
where _h °, K,, and F are functions of Mach number only.

1
P
o)
The sasccuracy of this approximstion for an sircraft flying at 50,000 feet
is shown in Fig. 6. Errors include inaccuracies in reproducing (Th - Do)

K’L and ? , ( Po )
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To give some idea of the error caused by substituting L  for sin L
in equation 16(a) a calculation has been carried for the case when L
final has its maximum value = 35°° Time of engagement = 20 secongs,
mesn fighter speed = 1400 ft/sec.

e

N

Error in final speed = 62 ft/sec i.e. 459
Error in mean speed = 16 ft/sec L

Launch Zone

In the CARDE model of CF-105 ihterceptions, the attack is stopped
when time-to-go is equal to the time of flight of the missile. The ultimate
success or failure of the attack depends on whether the orientation of the
sircraft at this instant will ensure that the missile ultimately kills the
target. This is necessarily a complex problem and has been the subject of a
separate study. The permissible heading error of the missile at launch,
that is the meximum heading error that the missile guidance can correct,
depends on many interacting parameters, target and interceptor speed, course
difference, altitude, range, ete.

Ideal Beading Cslculation

0y

This is the heading which would result in a successful attack if the
missile were not guided. If the target flies in straight line at a constant
speed, this calculation is quite straight forward. When the target is
maneuvering, the ideal heading is computed assuming that the maneuver ceases “
when the missile is launched. The error in making this assumption can be
compensated by permitting a smaller deviation from ideal heading in the guided
missile. (This presumes that the target is maneuvering to mske interception
more difficult). :

The heading error is computed by measuring the actual heading and
comparing it with the ideal heading. See equations 6, 7, 8, 9 and 11, 12, 13.

Calculating of the Compcnents of Heading Error

Changes in heading are produced by the aircraftfs answering steering
demands accurately as long as sufficient 1ift is available and otherwise
using maximum available liftxto turn in answer to steering demands.

The errors which result in steering demands are computed in the
My and Mz circuits. The ideal heading is computed at the end of each
T T  run by means of the same equipment that computes the steering
errors and is found by substituting the values of the heading components
which correspond to zero error.

Some approximations are made in computing M, s but as the same
equipment is used in computing L ¥ (ideal climb T  angle) no error is
introduced due to inconsistency.
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Fig. 18 shows the different launch zones which result from different

definitions for timé-to-%o.

Fig. 19 shows the| effect.of this on the maneuver barrier near the
ideal approach line.

Fig. 20 shows the| variation in permissible heading erfor with altitude.

Thevlaunch zone is mechanised in Fig. 37. Both range and time-to-go
criteria for launch may be employed.

Hleading Error CalculatiAn

f
The heading of the interceptor may be defined by its direction cosines
in the XYZ axis system qsee Fig. 2). Consider a point r feet along the fighter
velocity vector. If the interceptor is comsidered as the origin. The

coordinates of point ar%

L ‘ -
(r.cos L, cos I.a,| r cos Le‘sin L,, - r sin Le)
I . Co
Hence the direction.cosines of the heading are
( cos L, cos La,i- cos L, sin Ly, - sin Le)
with respect to XYZ axes. The direction cosines of the ideal heading are
* A E - * * o *
( cos L* cos L¥ §o§‘Le_ sin L ¥, - sin L, ).
'$he angle between the ideal ‘and the actual heading is given by
* * * i i *
cos 8 = cos Lg cos La cos Le cos La + sin La cos L, sin La
cos L * 4+ sin L * sin L -
e e e
= cos L, cos L_* cos (L, - La*)-+ sin L, sin L _*
= cos (ﬂé - Le*) cos (La - La*) + sin L_ sin L_*

(1 -cos(La-La*) --- 30

30%, L* = 0% (L, - L¥) = 10°

e.g. when Le e =

cos &F .- .97011‘+’ .00k9

If the first ter% only is used, 8§ * - 14.05°

If both terms are used 8* - 12.839

In the REAC apprf)ximation, (3* = [(La - La*)2+ (Lg - Le*)Q] 1/2

In this case 8 * - 1h4,14°

*
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This is very close to saying cos 8 * - cos (Le - Le*) cos (La - La*)

The major part of the error is in neglecting the term

3 i * - L %)

sin L, sin L, { 1‘ cos (La L, )}

The effect .of this error is shown in Fig. 17T.

The component of heading error owing to changes in angle of attack
w1th altitude and 1ift is neglected and ehanges in the attitude of the .
missile at launch are neglected. The ideal heading is computed assuming
the missile flies along the fighter's velocity vector as 1t Wlll tend to
wegther cock into this direction.
The ideal hegding is computed neglecting any evasion by thé target
subsequent to launching the missile. The effects of this assumption are

discussed below.

Effect of Neglecting Target Evasion After Launch

! Consider the spec1f1c case of M2.0 target evading with 1.25 g load
factor i.e. .75 lateral g's

'3

Rate of turn of target r, = .75¢ - .T12%/sec.
V. .
» : t
in 8 seconds time of flight it turns 5.7°. .

Average missile veiocity is M2.875

. v o
Hence missile has to turn 5.7 _t__ = 3.96
v
m
In the case of an attack from 40K ft against a 60K ft target from

the ideal approach line, heading error permitted at launch equals 22,00,
See Fig. 19.

New heading error at launch is given by 8* = j;2,62+ 3,9(52 = 22°9°

This change in heading error corresponds to a change in initial
fighter range of 300 ft as the slope of the heading error versus 1nit1al
range curve has a slope of 1° per 1000 ft for heading errors near 22°
(See Fig. 12)

In the case of a coaltitude sttack at 60 K feet, the change in heading
error due to target evasion is in the same plane as the heading error due

to initial placement. ?he allowable error at this altitude is only 8° so
that if an error of 4° is introduced by target evasion, the heading error

at launch should be only 4°, (Initisl range for 4° heading error) -

(Initial range for 8° heading error) = 2000 feet, as the slope of the
horizontal headlng error curve at this point is BOC feet per degree.

14




5.8

the Axis Transformation

Look Angle Barriers and

Because of the limits on the azimuth and elevation gimbal deflections
it is necessary to know [the angular position of the target with respect to
the fighter axes throughout an attack.

The axis system (;Xf, f, Z') is shown in Fig.5 Xf'. is measured along
the fighter axis, Y.' 15 : ., 7 in the plane of the = wings normasl to

X ' and Zf' is normal to Xf' and Y ',

When the aircraft'r flies with zero climb angle, zero bank angle and

zero angle of attack, the coordinates of the target in terms of gimbal
deflection angles © and € are given by

R cos @ cos€ = RHrcos La
RH sin La

I
When the aircraft flies!with climb angle L., bank angle ﬂ and angle of

attack o( , the appropriate equations are (31) (32) and (33).
These are mechanised on|the REAC assuming that the angles L and o( are small.

R sin © cosE

R sin €

- Rcos 8 cos€ - (RHcosL+AhL) {(R cos L L, - An)

cosﬁ Ry sin L_ sin }ff 31(a)

| By sin La cos }If + (RH cos L L, - Z.h) sin O 32(3)

R sin © cos €

R sin€ - (Ah‘— Ry cos L, L) cos y5+ Ry sin L sin/d -

(RH <i:os L, + A L) - . 33(a)
. ”

The circuit on Fig. 35, Axis Transformation I. produces the right hand

sides of these equations. .

“Axis Transformatlon II 1n Fig. 36 obtains € and 6 from .
R cos © cos€ ; R sin ©/cos€ , R sin€ . © and € are con’cinuously displayed
and compared with their limits.

For the latest s«nries of problems the look anglellmits were ta.ken
as © = *70° € = 75° and -45°
The missile cannot be launched successfully unless

€< 5.0°+ Jo.2s1l @°
Fig. 7.
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Errors in the Axis Transformation System

, The errors may be divided into two categories - random errors and
systematic errors. The random errors include amplifier and servo noise
and the systematic errors are those due to phase shift, frequency response
and non-linearity in the amplifiers and servos. The first two systemstic
errors may be reduced to any desired level by time scaling the problem,
since the rate at which the computer runs the problem may be chosen..

In this problem some additional systematic errors are present. The

bank angle & 1is derived from the velocity of the aircraft and the value of

L. X L is a function of Mach number alone see Ref. 13. Fig. 21

Po PO shows data deduced from this reference with the REAC
approximation,The errors are.small compared with other errors

in the system.

Owing to a shortage of computing equipment, it was necessary to make
some trigonometrical approximations. The angle of attack o{ is less than
16°.20' in the range M0.8 to M2.0 and the elevation angle L is small at
the long and medium ranges where look angle boundaries occu¥. Hence it was
decided to make the:approximations sin o« = o , cos & = 1 and

sin Ly = Lg, cos.Le = 1. »

A series of calculations were carried out for the case A\ h = 20,000 ft,
Ry .= 50,000 ft, Bank angle g = 60°, lead angle L, = L40°, angle of

attack of = 0, 5°, 10°, 15° and elevation angle L, = 0, 10°, 20°,

30°, Lo°, -

These are typical figures for the situation where errors in the axis
transformation will be important. Look angle failures result from two main
effects. .

R Look angle failure due to the proximity of a fall back barrier. When
R becomes positive 1/T goes negative and the control demands are
reversed. The fighter proceeds to_ steer away from the target until
it gains sufficient speed to make R negative again. Before this
happens, the target may be lost on the fighter's radar.

2. - Look angle failure due to a large value of lead angle. With the AI

radar look angle limits that were used in the last series of problems,
the most common look angle failure is € <- 45°. Ifthe bank angle is
large and negative say € 2 —( X+ L ). If oL is 15° and L, = L0°,
a bank angle of only 50° ( z 1.2 1aferal g's) is sufficien! to
ensure g look angle failure. ¥

In most of the look angle failures due to fall back, a change in look
angle limits or a small error in the calculation of lock angle components
will not affect the position of the barrier. The exception to this statement
1s when recovery from fall back is possible but even here, the change in the
barrier position is quite small even when the fighter has a potential speed
advantage.

4%

W
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Hence errors.in look angle calculation need only be considered in the
case of look angle fallure due to excessive lead angle.

: The error due to the range of values of ol is quite -small compared
with the error due to the range of vsalues of Le since o/ max = 16°.20¢.,
Figs. (22 & 23) give a plot of errdrs in € for different initlal flghter :
positions. . In this latter it is assumed that initially the fighter is -
flying level, banks to correct, equal horizontael and vertical brrors and goes
out on look angle Just beﬁsre it reaches its steady value of L

Dynamic Lags in the Systém

5.10.1 Bpurious Dynamic Lags

In some.parts of the system, the equations give rise to a
potentially unstable REAC layout. This often occurs when the REAC
is asked to perform essentially algebraic operations. When groups
of simultaneous equations are solved on the REAC, closed loops with
a gain around the]loop numerically greater than unity are stable if
the gain is negative. However, incidental phase shift in amplifiers
and servos will often result in instability.

Any such ciLcuit which has a finite negative loop gain at low
frequencies and is unstsble due to phase shift at higher frequencies
may be stabilised| by introducing a simple RC low pass filter. In the
REAC, this means placing a capacitor in parallel with the feedback
resistor. :

- The gain of a summer with a shunt feedback capacitor C is given

by
Eout _ ‘ 1
Ein U+ sM2 P c®Rr2)
and the phase shift is tan . =—2 TT fRC. Any loop can can be made

stable by ch0051ﬂg C sufficiently high that the gain around the whole
loop is less than unity before the phase shift ie 180°.

This form 4f stabilisation was necessary in the K' /K loop.
and in the circuit which derives L and ¢ from L cos ¢, L sin ¢P

(no resolver servo was available for this purpose).

The lag introduced by such a method may produce undesirable
effects. One way to check this is to double the size of the
stabilising capacitors (which should of course be the smallest
consistent with a stable set-up). If the performance changes
significantly it |means that the problem is being run too fast and
the scale must be changed.
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5.10.2 Real Lags

No attempt has been made to simulate the response time of the
pilot or autopilot and time delays in the system . ) -

The response of the aircraft to control demands was assumed
to be immediate. This assumption removes two awkward difficulties
and introduces no serious defect. ‘ ‘

(i) Detailed information on the response time wag not
available.

(ii) Had an attempt been made to simulate this andl other
results of the dynamics of the aircraft itself, the
problem would have been beyond the scope of CARDE'S
120 amplifier computer. It was argued that the time
delays involved would be small compared with the
duration of the attack and at the same time we would
be providing an ideal which the airecraft would approach.
Namely, the optimum achievement that the aercdynamic
performance can produce.

- In particular, the gain of the steering system is made very high
and a limit is placed on allowable lift. In practice, this high value
would probably result in instability in the saircraft owing to dynamic
lags in the system.. ‘

fa

Figuré 24 illustrates the effect of a change in the gain of the
steering system. The main consequence of such a change would be a
shift in maneuver barriers due to a slower approach to the ideal heading.

SNAP-UP ATTACKS

The model was originally designed to fly lead collision and lead
pursuit attacks but was easily adapted to cope with snap-up attacks. The
aireraft flies a lead collision course in which the vertical steering error
is disconnected until some predetermined time-to-go. See Fig. 39. From
this instant the aireraft climbs steeply flying a normal lead collision
course until it reaches the launch zone. .

A general study of snap-up attacks was carried out and several
important points were brought out. Some of these are given below.

The time-to-go at snap-up which was chosen for this first study was
some 20% larger than the time-to-go corresponding to the minimum successful
range. This was to prevent maneuver failures due to errors in time-to-go
calculation arising from incorrect heading etc.
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This circuit gives a slightly optimistic picture of the ebility of

the interceptor at height greater than 40, 000 feet or when there is a

residual azimuth error (when less than 3 g's are available for climbing).
However, it was found in practice that the exact value of this limit is

not critical as the K'/K servo loop quickly takes over. It is merely
necessary to prevent the initial large overshoot which would otherwise occur.

e

CONCLUSIONS

The approximations which have been made in the REAC simulation have
a small effect on placement probability.

Fig. 26 shows the effects of the trigonometric approximations on the
placement zone and in Fig. 27 these are reduced to placement probability.
The effects of errors in computing & are quite small as look angle barriers
do not occur at the short ranges where the errors are large.

Similarly the error in computing fall back and minimum velocity
barriers is small for the ranges at which these barriers are found.

The error in computing maneuver barriers is quite small. The error
shown is that due to approximating in the calculation of time-to-go but not
in-the_definition of time-to-go.

%7

i.e. assuming time-to-go is defined from M, = O

The main difference involved is due to the limit on %X - this is more
like another mode of attack in which heading errors are not corrected

- proportionally.

In snap-up attacks the errors are even smaller as the aircraft flies
level for most of the attack.

OUTPUT EQUIPMENT

The initial fighter position with respect to the target and its
subsequent motion in target coordinates are displayed on a plotting table
to a scale of 10,000 feet per centimetre. Range of up to 400,000 feet may
be displayed.

The target angular position relative to the fighter axis with Al
limits and m1551le blinding limits is shown on a smaller plotting table to a
scale of 20° per inch.

In addition to these, a four channel recorderb(and until recently
an 8 channel recorder) recorded the more important problem variatles for
points along the boundary between the hit and miss zones.

Boundaries are defined by marking the initial intercep%or positions
which correspond to a change over from success to failure.

1«

Y
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For convenience in operatlng,a remote control system is included.
(See Fig. 38).

This figure also shqws the relays which are used to enable L * and
Ly * to be computed at the end of each run.

|
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Figure 1 - CF—T(:)S Block Diagram Corfesponding to REAC Simulation
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Figure 2 - Fire Control Geometry




igure 3 - The Navigation Law

nienter . M T S F

<t

CFIGHTER Ru )\A>\
4 TARGET
YTsinle ) oh

'
I
!
|
{
(.




Figure 4 - Fighter Axes
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! Figure 5 - A.l Gimbal Deflections | o
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Figure 6 - Thrust and Drag Carpet for CF-105
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;igure 7 - A.l. Look Angle Limits
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Figure 8 - Final Climb Angle for Various Initial Fighter Positions
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Figure 9 - Errors in Closing Rate and Climbing Rate
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Figure 10 - Errors in Components of Fighter Velocity
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} ’ Figure 12 - Results of Trigonometry Approximation Study
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Figure 13 - Final Climb Angle vs Initial Range
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TTH
Figure 14 - Error in Location of Fall-Back and Minimum Velocity Placement Barriers G
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Figure 15 - Error in Location of Fall-Back and Minimum Velocity Barriers
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of Lok Angle-Barriers by MZand ¥ imi
Figure 16.- Displacement of Look Angle-Barriers by.—,Fan - imits
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Figure 20 - Variation in Heading Error with Altitude
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Figure 22 - Rotation of Look Angle Barrier About Offset Point
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Figure 23 |- Displacement of Look-Angle Barriers -
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_ EEEE Figure 24 - Effect of Steering Control Gain
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| Figure 25 - Effecf of Change. in T ime-to-Go at Snap-Up -
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Figure 26 - Effect on Placement Zone of Some REAC Approximations
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Figure}27 - Effect of REAC Approximations
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Figure 28 - R, Ah, F/T, and Yas Circuits
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Figure 32 - Atmosphere
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Figure 33 - Bank Angle and Lift Circuit
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. Figure 37 -‘Aufo:mafic_HoId and Plotting Boa;d
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Fy, FaGal Y- bLine Figure 38 - Remote Control, 5* Relays
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‘Figure 39 ° Time-ro-Gb for Initiation of:Shapv-Up ;
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