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A COMPUTER STUDY OF AUTOMATIC CONTROL ON THE I.L.S. GLIDE PATH
by
G, Musker

Marian Henman

SUMMARY

A computer study is described of the effect on I.L.S. glide path
performance of the addition of various damping termms to the glide path control
law of a typical autopilot. The control laws usod are analysed by a mumboer
of techniques and the results achieved by the different tcchniques are compared,
It is shown that the performance can be improved by the addition of elther o
vortical velocity term coupled with an acceleration term, or a vertical velocity
term couplod with a pitch rate term in the control law,
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1 INTRODUCTION

One of the more important performance parameters of an autometic landiug
system is the longitudinal position of the touchdown point of the aircraft
along the rurway, The mean position and the scatter of the touchdown point
should be such that the chance is extremely remote of tha aircraft either
1anding short of the runway threshold, i.e. urdershooting, or nfloating" down
the rurway so that it over-runs the for end, Whilst tho quality of the flare-
out manoeuvre cen affect the position of the touchdown pecint, the accuracy of
performance achieved on the I,L,S. glide path immediately prior to the flare
has a far greater offect, The positional error of the aircraft from the I,L.S.
glide path and the rate of change of this error, which is o measure of the
error in tho aircraft's rate of descent from that required to fly down the
glide path, each have a considersble effect on the point of touchdown' *%,

An assessment of the recorded results obtained fram full-scale flight
trials has shown that the longitudinal scatter of the touchdown point of
current automatic landing systems cen only be constrained within the limit
imposed by Civil safety standands by restricting the wind conditions in which the
systems are used, For operational use, wider wind 1limits are desirable snd so
an analogue computer study hes been made to investigate whether improvements can
be made to the accuracy of performance on the I.L.S. glide path, This Report
describes the results of the investigation,

One way of improving beam holding in Lhs presence of wind disturbances
ia to increase the gain of the coupling botween the airoraft system ard the
radio beam. However, increase of gain alone causes a loss of overall system
stability with the result that any improvement in performance by this manner
is extremely limitod, in faot the performance is morc likely to deteriorate.
However, the use of phese advance torms can increase systom stability and so
allow an increase of coupling gein, and the addition of such terms to the
basio glide path control law of a typicel autopilot has been investigated on
a computer. The terms used have ranged from the time derivative of the
glide path sigml to combinations of %terms obtained from a normal acceleromster

and pitch attitude gyros,

In this Report, emphasis is laid on frequancy response and statistical
response tachniques of analysis, since diffioculty has been encountered in
the past in the prediction of performance from time histories of simulated
approaches in the presence of steady or slowly varying wind conditions,

The criterion against which performance is measured is the performance
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achievod using the simulation of the ummodified control law of the Mark 10B
autopilot,

Seotion 2 discusses the analysis procedures sdopted, together with the
tochniques used for choice of gearings and the difficulties associated with
these aml past techniques, Seotion 3 gives a statement of the modifications
investigated, followed by a detailed discussion of results in Section X4

The modified glida path control equations used in this study are listed
in the /ppendix with the longitudinal equations of motion of the aeroplane
(Varsity) and th: kinematioc and wind equations,

2 AN.ALYSIS PROCEDURE

In tho past there have been marked discrepancies between computer studies
of control on the I.L.S, glide path and the results of actual flight trials.
For example, work done using the time history record amd single discrete wind
gusts as disturbances, erroneously predicted a possible gain factor of two or
three times the highest practical flight value, For some time these discrep-
ancies werc blamed on inaccurate or ircomplete simulation of the problem, but
recent work has indicated that inadequate methods of assessing the performance
achiovod on the computer were the main cruse of the differences, One difficulty
lies in the range dependence of the glido-path signal. The contours of
constant error signal are straight lines radiating from the transmitter, so
that the error signal received by the aircraft for a given lincar displacement
from the glide-path beam is greater at short range than at long range from the
transmitter, Thus the system gain is low at long range, giving sluggish control,
but high at short range, giving a tight control, In this situation it is
inadequate to examine the time history of an approach in which the only distur-
bance is the error at the start, since by the time the system reaches instabi-
1ity because of gain increase, there will be no disturbance to trigger the
instability, Similarly the injection of a step disturbance at a given range
is inadequatc since the eff'ect of this disturbance is critical upon the range
at which it is injected, and it itz not clear how to choose a range that will
be characteristic of the whole approach,

It is clear that the only satisfactory test is to subject the system to
random disturbances throughout a series of approaches (as would occur in
practice) and to examine statistically the results ol such a series, Subsid-
iary tosts could be used to indicate whether the beam capture manoeuvre was

satisfactory.



The method of analysis adopted in this Report falls into four distinot
of which the first three are additional to previous mothods:=
o be used in the modified control laws

stages,
(1) choice of control gearing volues 1
by a study of stability margins;

from the I.L,S. glide path caused
b) horizontal wind (c) radio moise;

(1i1) statistical results from simulated approachcs in the presence of random

(41) frequence responses of displacement
by three variables - (a) vertical wind, (

horizontal wind variations;
(iv) a study of opproach mano:uvres in the presance of various disturbances,
such as the beam join manoeuvre; the effcct of rate of descent datum errors,

and the effect of wind shears both from head and tail,

Fig. 10 shows a block schenatic of thc computer arrangement,

2.1 Choice of gearigg valuces
it is pointless to have a system waich gives good performance at

long range but is unsteble at close range, the gearing vealues chosen were
those which gave as high an overall ge2aring &s wes foasibla at close range,
since high gearings produce tighter control in tho prescnce of wind turbulence.
The general method for choice of gearings is jllustrated in the following

exampic. Vith a general control equition of the form:=-

Since

- - g
8, = K5(6+K6D+K1o1 DH

commanded pitch angle,

n

where ©

= glide path orror signal,

d

c

p

H = height of aircraft,
D = 3

K

5 KG’ K101 are control gearings,
assume that the required valucs are those of K5 and K101, the value of K6
boing invariant, Then K1 o1 is fixed at a partisular value and K5 varied

until the recovery of the system from 2 step disturbance is a neutrally damped

oscillation, The proccdure 1s rcpoated at other values of K1°1 ard the value

of K5 for neutral stability plotted =s a funstion of K101, thus giving the
noutral stability boundary in the 1(101/K5 plans, Since the winimum stability
oceurs at tha start of the ATTITUDE phase (100 £t) when tho ooupling to the
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glide path in terms of cammanded pitch attitude per foot of displacement from
the glide-path beam is a maximum, the above boundary is computed with a fixed
height of 100 ft programmed into the camputer,

Stability boundarios similar to the above have been plotted for each of
the different control equations listed in the Appendix, and the boundaries are shown
in Figs,1 to 7, It was found that in the casc of DH damping alone (Fig.1) the ocurvc
reachod a maximum, but for most of the other modifications, (Figs.2 to 5) the curve
was a monotonic increasing function of the gearing K101 (or K102, etc) up to a
point where the rate of pitch command excesded tho limit of 3°/secc, when the
neutrally damped oscillation suddenly degenerated into a rapidly divergent
oscillation at the slightest provocation, The value of K5 at which this sudden
change took place, was not consistent for a given value of K1O1 (or K102, ete) and
this arca of uncoertainty is shown by the hatched arcas of Pigs.,2 to 5. This effect
initially caused concern as to the restrictions it would apply to use of this
method of choosing gonring values and an inquiry was made as to its naturc,

With no rate linit present the boundary contimued amoothly with no
discontimuitics, Addition of the rate limit alone caused the system to baoome
divergent, but limiting the pitch commnd amplitude to its standard value of
3%0 contained the oscillation, although it did not damp it out.

While the possibility of such limit cycles might sppoar unsatisfactory, it
was found thot with the rate and amplitude limits both present on the piteh
comnand nand the finally cho- 'n gearings, an offset of LO ft from the glide-path
at a height of 100 ft was required to initiate the undamped oscillation, and
at greater heights the required initicl offsct was greater than the beam width,
This was considered to be a cordition rost unlikely to be met in practice since
both rate amd anplituds limits arc inserted for reasons of passcnger comfort

amd safety,

Flight cxpericnce hns shown that the optimum valuc of the terminnl gearing is
about half thnt vnluc which gives instability. The choice was thercfore
nominally hr:1f the maximum value of K5 attainzble on the stability boundary
plots, Untortunntely, due to the effocts of the lindit cycles reforred to
above, this was not always a claar choice. Hence the finnl choice was based on
the Judgement of the computer opurator with the erpirical criterion of half the
instability velue kept in mind, The valuea chosen ore m-rked on Migs,1 to 5.

2.2 Trequency responses

The frequency responscs measured are definad as the ratio of an output
parameter of the system, say displacument, to an input pnrameter, s-y wind



variation, at a particular frequency, Since a frequency response is only
valid for a lin2ar system, the convergenco characteristics of the glide path
hed to be ignored and a linear sensitivity assumed, Tor the reasons stated in
Section 2,1, the sensitivity chosen was that corresponding to 2 height of

100 f't,

Three different frequency responses were made for each modified cont-ol
law and the results obtsinad were campared with the results frum the other
analysis techniques, leasurem:nts were taken to establish the relationship
between the ciisplacament of the aircraf’ from the glide-path to:=-

(a) noise on the I,L,S, radic sigaal,
(b) horizontal wind,
(¢) wvertical wind

at frequencies in the range 0,01 to 1 c/s,

2,3 Statistical results

In order to verify that frequency rosponses measured at a fixed height were
representative of performance during the approach, a set of approaches was
simulated for each modified syatem in the presence of random horizontal wind
gusts, and the aircraft displacament and velocity at right angles to the beam
centre-linc at the start of ATTITUDE were measurod ard analysed, From these
measurcments, means and standard deviations were calculated for each set of
approaches and the results compared with those of tho frequency response
analysis,

The wind input used in the statistical mcasuremonts was produced from a
random vhite-noise generator., The output of tho generator had a Geussian
distribution of amplituds with a power spectrum which was sensibly flat fram
0.0l eps to 10 cps, Since all computing was donc in accelorated time (time
constants decrcased by a factor of ten) the effective spectrum was flat from

0,00L. cps to 1 cps,

The spectrum was shaped ty passing the output through a filter of the

form m where L is a characteristic turbulence dimension,
e

here = 1000 £t, V, is tho aircraft airspeed = 186 ft/scc, This gave a

filter of ) giving a cut-off at 6 dB per octave from 0,03 cps, The

—_—
1 + 5020-
transfer function characteristic of the filter is plotted in Mg, 9
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2,4 Time history

The time histories were intended to give an overall qualitative picture
of the approach from beam capture to start of AT"ITUDE in the presence of
wird shear, discrete gusts or in no wind, The purpose of these time histories
was not to difforentiate batwsaan tho systems but to cnsure that the other methods
of system analysis had not overlooked important aspccts of performarce.

3 MODIFICATIONS TO THI CONTROL LAWS

The first reguirement of any modification was to improve the beam holding
in the presence of turtulence without decreasing the stability at low height,
The socond requirement was that the modification should be a simple one to
engincer, Since displacement from the beam is preceded by velocity and acceler-
ation, then information about cither velocity or acceleration normal to the
beam will provide advance informntion on beam displacement errors. Because of
the consideration of engincoring simplicity it was decided to investigate the
use of a signal derived from an accelerometer positioned in the aircraft on the
centre of gravity so as to provide a measure of acccleration along the z-axis of tho
aireraft, Velocity along the z-axis was obtainod by integration of the acceler-
ometer signal, The information derived from the accelcrometer was used in
conjunction with that from a pitch rate gyro, to produce the effect of displac-
ing the accelcramcter from the centre of gravity, The complete control equations
usod arc listed in the Appendix, but in bric. the modifications irnvestigated were
the addition of:

(a) £ (DH)
(b) r (DH + D9)
(c) £ (DH + DH)
(@) r (0%)
(¢) 1 (D% 4+ 1)

to the basic oquation 8 = = K (e + ig—a> .

Included in the simulntion of the acceleromcter was a filter of time constant
0.2 soc, to represcnt the filter which would be needed in practice to attenuate

mechanical vibration of the accelerometer,

Tho possibility of adding a simple beam-rete term to the basic cquation
was considored, but this was rojected for o number of ruasons. Fig, 6, the plot
of the neutral stability boundary for boam-rate dwmping shows that a significant



incroase of overnll gearing is only possible if the lag on the signal is loss
than sbout 0,1 sec. Unfortunately, with such a amll lag the amount of noise
required to caise the demanded pitch rate to exceed the limit of 3%/sec is less
than 14 microamps at frequencies betwean 4,0 and 2,0 c/s, see Fig,8, This is
less than that allowed by I.C.A.0, so that glide path beams within the
specification would be likely to causc rate 1imiting, Purther to this, the
shape of the stability boundary is so sharply peoked that even assuming no
1imit problems, the practical difficulty of producing the requirud gearing
values would be oonsiderable, Another possible addition to the basic eqation
that was considerad was that of a simple pitch-rate torm, DO, However this
gave no improvement in stability as is shown in Tig, 8 und it was rejected,

4 DETAILZD DISCUSSION OF THE RESULTS

41 Fregnoncy responses

le1e1 Rosponse of the aircraft to boam signal

The criterion against which to compare the beam response caused by the .
various modifications to the control law was taken to be the beam response of
the unmodified system using the basioc control law, The requirements for beam
rosponse are (a) unity gain from DC up to about 1 c/s ard (b) a sharp cut-off
et about 1 ¢/s to attemate the effects of high frequency noise, Since the
closed-loop characteristic equetion of the aircraft/autopilot system contains
complex poles, such requirements aro not met sinco resonances produce
greater than unity gain ’5. Hence the requirements for the modified system
are that they increase bandwidth without increasing the resonant gain,

Pig. 11 to 1k show the effects of tiie various modifications,

It is clear that the addition of D%H only or (D2H + D26) each produce
unacceptoblo rosonmant gains at 0,11 o/s (Fig,13), indicating a poor beam holding
in tho presonce of disturbances at this frecquoncy, The addition of terms
DH, (DH + D8) end (D2H + DH) all give o widor bandwidth with a lower rosonance,
although thc prescnce of the pitch-rate torm appears to sharpen the peak
slightly,

4+ 1,2 Responss to horizontal wind

The froquency response measured was tho amplitude of displacemcnt
produced by a wind whose velocity varied sinusoidally, and was plotted as feot
displecoment per foot per secord of horizental wind (Tigs.15 to 18), Idecally it
is requirod that the aireraft response to wind is zero at all frequoncies, but
Pig, 15 shows that in the case of thoe basic urmodified systan this is cortainly
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not so, At gust frequencies around 0,1 c/s, an amplitude of *5 kts will
produce deviations from glide-path of about :12 Tt at a height of 100 ft.

The spectrum is such that between periods of 50 seconds and 8 scconds, a

5 kt varintion on the wind produces greater than 7 ft deviation from the glide
slope, and since 100 ft height is thoe start of ATTITUDE, this deviation will
carry through to produce a touchdown range error of about 150 ft.

The modificetions involving D?H and (DZH + Dze), sce Fig.17, cause an
unaccoptable resonance at 0.11 o/s, although the response away from the peak
is an improvement over that obtained with the unmodified control law (Pig, 15),
A similar resonance was obtained on the responses duc to beem signals. In the
case of the modifications with DH, (DH + D@) :\m(DZH + DH) (Figs.16 and 18) the
curves have moved bodily to higher frequencies rclative to the basic response
curve, and the gains decreased, This has the effcect of greatly improving the
responsss at lower frequencies while giving a slight degradation at frequencies
above chaut 0,2 c/s, i,u, zbout 5 scc period gusts, Fig,9 shows that at
0.2 ¢/s the anplitude of the horizontal wind is attenuated to about O, 14 that
at zero frequency so that a slight degradation of performance at this frequency
is unimportant, The greatest reduction in horizontal wind response was produced
by the (D2H + DH) modification (Fig,18), tho reduction varying from a factor of
ton at 0,003 ¢/s to a factor of 5 at 0.1 ¢/s. ibove this frequency the improve-
ment becomes loss until at 0,2 ¢/s the response curve of the basic system crosses
that of the modificd control law,

Le1e3 Response to vertical wind

The responac of the system to vertical winds (7igs.19 to 22) was measured
as a function of the height error caused by variation of the vertical wird
speed, The results as given by the vertical wind rcsponses are identical to
those of the horizontal wind case in thet oPH wnd (DZH + D26) give
exagreratol maxima while the lcast response is from (DZH + DH), The latter
modification gives 2 reiuction factor of about 2,7 at frogquencies less than
about 0,15 ¢/s when its response curve again converges with and crosses that of
the basic system, Vith the basic system the maximum displacement from glide
path is 2,8 7t/ft/sec for 0,1 o/s gusts, The greatest displacement with (D2H+ DH)
oceurs at a frequency of 0,185 c/s when the displacement is 1,3 ft/ft/sec, The
modifications with D°H and (D2H + D20) give a degradod responss, the displacement
produced by 1 ft/scc gusts being i £t fur (D2H + DEO) at 0,11 ¢/s.
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L.2 Statistical treatmont of responsc to random horizontal wind

In order to verify thc predictions given by the frequency responses,
simulated approaches werc made for each modification state in the presence of
random horizontal wind with an rms velocity of 4 ft/sec cquivalent tp a mean
wind speed of sbout 12 kts and a simple statistical anclysis made of the
displacement ard velocitics perpendicular to the glide alope at the start of
ATTITUDE, Twonty-five simulated approaches were made with each control law,
and each npproach'wns stoppad at a height of 100 ft and the above parameters
recorded from a digital voltmeter, The means and standard deviations of the
displacements and velocitics were than calouleatod, and from these an oatimate
of touchdown range error due to random wind variations was made,

Previous work2 has shown that the touchdown range error produced by a
vertical velocity error of 1 ft/sec at the start of ATTITUDE is about 175 £t
for a nominal rate of descent of 10 ft/sec (a 3° glide path and an approach
speed of 186 ft/sec gives a nominal rate of 9.7 ft/sec). Assuming such a
range error dus to velocity error, and assuming that displacement errors are
carried through geametrically to give 19,1 ft/ft of beam error for a 3° glide
slope Table 1 gives the stancard deviation of touchdown range caused by )
horizontal wind for the different control laws, ard Fig,23 gives examples of the

approaches in the presence of random horigontal wind of rms veloclity &4 ft/sec, /
. . }
Table 1
i
Touchdown error Total :
Additional | Velocity |Displacement
control  |error (Dh) | error (h) in £t duo to touchdown
function sror
(£t/sec) (£t) Dh h (£t)
None_ 0, 94 3ol 164, ub 176
DH 00 5k 1,53 94 29 98
(DH+ D) 0, 39 . 0.9 67 18 70 /
(DH+D%H) | 0,44 1,09 72 | 21 75
2
D g ) 0, 75 L 132 8l 156 i
(D°H+ D6) 0.71 2,34 124 45 132 !

All the above numbers represent stencard deviations,

Fig,2! illustrates in diagrammatic form the difference in range error
produced by the different modifications,

W
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L¢3 Time histo

Stmulatod beam captures and approaches were made from a height of
2000 £t for each control law investigated in threc different sets of wind
conditions:~

(1) zero wind,
(11) tailwind shear (i,e, tailwimd whose speed is dropping with heizht),
(111) headwird shear with a horizontal gust of 5 ft/sec at 300 £t height,

In each instance it was considered that if the beam joining manoeuvre
for a partiocular control law was not grossly different from that of the others,
then small differences in behaviour were only important at close range, i.,e.
at heights below 500 ft,

Le3.1 Approaches i zero wind

As seen from Mg.25 a1l of the modifications to the contrel law produce
improvements in the beam joining in zero wind conditions, Normal aircraft
instruments would indicate that the aircraft was established if the error from
the boam was 1less than about 45 microamps; this would mean that all of the
systams werc cstablisned immediately, Hence all ol the modifications produced
satisfactory beam joining in sero wind conditions,

Le3s2 Appronches in thc presence of a tailwind shear

The wimd simulation was a tailwind of 50 ft/scc at o height of 2000 ft
falling linearily to 20 ft/scc at ground level, and Fig,26 shows that if the
criterion of 15 microamps is taken, then those systems using cither no extra
t23rm of DH damping only are not established until below 500 ft height, The
other systems all rcach the 15 microanp critorion by a height of about 1200 £t
although the system using(DH + D) damping only just remains inside the
15 microamp limit after the second crossing of thc beam centre-line,

L4, 3.3 Approaches in the vpresence of a headwind shear and a gust

Fig,27 shows the combined effect of a wind shear and a horizontal wind
gust from ahead, the gust being a step of 5 ft/sec injected at a height of
300 ft, The wind simulated for the headwind shear was a headwind of 50 f't/sec
at a height of 2000 ft, falling linearly to 20 ft/sec at’ ground level,

All of the systems nchieved good beam joining performances, even the
unmodified system resulting ir the glide path error signal being less than
15 microoamps by a height of 1400 ft, Those control systens using (D2H+ D29),
(DQH + DH) and D2H only were within this limit irmediately and kept to within
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5 microemps after the third beam crossing, This is much better verformance

than that achieved in a tailwind shear, but it should be noted that the change

in performance is entirely due to the sign of the wind direction at 2000 ft
height rather than to the sign of the shear itself, Iven in zero wind the
aircraft ‘ovorshoots the glide path and a tailwind makcs the overshoot worse,
whilst & hoadwind reduces it, Nevertheless since the goncral tendenoy is for
wind strength to decrease as height is reduced, it is considered that the

method of simulating wind shear ropresents a disturbance likely to be encountered
in practice, '

The response of the systoms to a step gust followed approximately the
results prodicted by the frequency responses except for the response of the
systems using (D2H + D23) and D°H damping, whose gust responscs were
prodicted to be worse than those of the basic systan, It must be realised,
however, that the gust was injucted at a height of 300 ft to allow time for a
complete recovery while the frequency responses were measured at a height of
100 £t, Frequency responses measured at heights greater than 100 ft show that
the very sharp resonance in the responses of the system using DZH and (D2H+D29)
falls off repidly with increase in height (scc Fig,16) amd frequoncy responses

measured at 300 £t agroc with the results of the gust injeoction at 300 f¢,

Kxpios. N,

bl Effect of on error on the datum ra.te.-of-gescent in the control laws
using DH
The use of a rate-of-descent torm for damping in tho control equation
requires that the velocity signal derived from the acceloramoter be biased,
so that zero tignal is obtained when the aircraft is descending at a rate
approprinte to the glide-path angle and approach speod of the aircraft,

Since beam angles will vary between about 2,5° and 3.5° and aircraft
ground speed will vary according to wind conditions, approaches were recorded
for the control lew modifications involving DH, (D2H + DH) and (DH + DB) in
various wvind conditions, with errors on the datum ratc of descent of about
*30'3, equivalent to beam angles of 3° +1°,  This is also oquivalent to an

actual besm anglc of 3° *t 0, 5° plus a hend or toilwind of 28 ft/sec (16,5 kts),

The sign convention used is as follows:- if the datum rate of descent
set into the pitch computer is less than that required for the glide-path
angle, then the crror is defined as negative, Hence an error of -304 on &
glide path of nominal rate of descent 9,75 ft/sec moans that the datum is set
for a rate of doscent of 6,82 ft/sec. Figs.28 to 30 show the effoct, for a
glide-path with a nominnl rate of descent of 9,75 ft/sec, of an error of
+ 3 Pt/sec,
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Pig,28 shows the effects of such errors in the absence of any outside
disturbance, other than the beam join manoeuvre, and comparison with Figs,25
and 26 indicate the similarity of the effect of wind shears from head and tail
with no datum error, This is only to be expected since both effectively
produce ground speed errors if the airspeed is assumed to be constant, When
e 307% error on the datum rate-of-descent is coupled with either & head or
tailwind shear, Figs.29 and 30, the effect of the error is sdded algebraically
to the shear so that either an improvement or a degradation in the beam Jjoin
manoeuvre may be achisved, In both cases the effect of the error is only
evident during the first part of the approach, there being little difference
in the path flown with perfect datum and with a datum error below a height
of about 600 f't,

Even with as large an error as 307% on the datum, the performance in
glide-path copture using DH, (DH + DO) or 0%H + DH) 3n the control law is
ccuparable to that of the basic control law as used at present in the Varsity/

1k, 10B system,
5 CONCLUSIONS

The purpose of this study was to investigate the possibiiity of improving
the aircraft's performance on the I.L.S., glide path and so reduce the effect
of wind variations on the scatter of the touchdcwn point, The results obtained
confirm that such an improvement is possible for the simulated system using
the additional terms (DH + DO) or (DPH + DH) in the cantrol law,

While these tenns do not produce the best beam capture in the presence
of windshears, it is considered that the greater improvement in the presence
ot wind gusts, coupled to the higher probability of encountering wind gusts
than that of encountering wind shears, recommends the use ol aither (DH + 19)

2
or (D°H + DH),

"he use of either of these terms has been shown to reduce the standard
deviation of touchdown range due to horizontal wind turbulence in the ratio
5:2 and even allowing for practical deficiencies, a considerable reduction

should be achievable,

A {1light programmo is now in hand to investigate tho practicnl validity

of the conclusions,

e — ’ e . T A e AT S M A it A |
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Appendix
GENERAL ECUATIONS USED IN THE SDMULATION

Control law modifications
The basic control law aé used at present in the B,L.E.U, system is:-

-

=
5
% * (7+0.2D)(1+0.5D) {B + Kg %}

The modifications to the control law produced:-

X &,y DH
5 g 01
2 % - U+o.2n)(1+o.5D){B*K6D"(1+o.2D5}

[B s B TT?%E’DT [DH + K, Dﬂ]}
&, [5 .t o DH }

=K
38, = 7
c ﬁ + 0,2 D)(1 + 0.5 D)

b 8 = 77 +0,2D)(1 + 0.5D) + (1 + 0.2 D)
o e Box B “100 [0%H + X, ., D6
3 c * Fs0.2D)1+0.5D) | * 6D*'(_1_1+o.2n) + Kyo3

X 2

DH+K, ., D
F 5 10 ®
6 % = T ozDi+G50D) {ﬁ +Ke &+ gz H] .

The value of K. was fixed at 1/30 seo~! for all of the equations.

The values of the other coefficients, cptimised for each equation, were:-

Equation (1) K, = 0.02° ua

Equation (2) K5 = O.O}o/pa,K101 s 7 ua/ft/sec

Equation (3) K5 = O.Olf’/m,l(w‘I = 7 ua/ft/sec, K105 = 1,0 ft/sec/Fsec
Equation (4) K5 = 0,03%/ua, Kz = 3 ua/ft/seoz

Rquation (5) Ky = O.0%kaK o, = 5 Ha/ft/sec’, Ryos = 0175 £t/sed/° /oo
Equation (6) Ky 0.05°%h8,K,o, = 7Ha/tt/sec, Ky = 3 na/ft/sec?

o i
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Ae c &

After substitutio

tions

n for the aerodynamic derivatives of the V

Appendix

in the approach configuration, the equations are:-

Equation (7)

Equation (8)

Equation (9)

dat

g’—-t 0.0224 (u + u') - 0,338 + 0,562 -} c%

daw aé

0, 1068 (u+u') +0.958¢+a-g+-a—'-a+0.123h‘n =

LTl 5% + 2.2 8 +

Eggtiomof motion

Equation (10)

Equation (11)

Equation (12)
Equation (13)

Wind equatjons

Equation {14)
Equation (15)

Equation (16)

2
i:%+ 1.&31%%4- 6.52.m = O

g_}i ve (e-ﬂ)

at = 573

an _ d_}l+(ve'w)c

at -~ 4t 5763

R = ao-[v - (usu)lt
8 Rp

) b

Shear : W = W . -W) 2=
2= 2 13- "2’ H

Longitudinal wind ¢ u, = V- W1

Vertical wind : &

Control eguations

Equation (17)

Basic autopilot .

n

¥
Ve
1_(1_*'_01}—122—[(0_9)+
(1»0.113) ¢

Equation (18) P [(e -8, )+ g dt

Equation (19)

Equation (20)

Locking unit

Autothrottle

13

u

£ 2 2.\
=, l_a + Ko 5+ £(01,D°R,D0,D e)J
{7 + Ce2 D){1 + 0s5 D)

-7
i C D)(11+ 0.5D) | r(“ su)+ T,

]
T)

o]

3
Gy D]

D

71+ D)1 +0.5

D)

arsity aircraft

(u + uw)]



Appendix

Values of parameters

€ = +3°

R = 38200 ft
o

w1 = 50 ft/sec

U, = 2 ft/sec
Ve = 186 ft/sec
Ho = 2000 ft

BRF = 18000 millivolts

G = 2.0 degrees/degree

G, = 1/15 sec™!

T, = O (equivalent to about 180 1b/kt for Varsity of mass 1055 slugs)
T, = 0,03 seu™!

1‘5 = 0.35 (= 590 lb/degree)

17
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SYMBOLS

commanded pitch angle in degrees

forward airspeed change in ft/sec

VL in degrees, where:-
°

aircraft airspeed along its z axis
datun airspeed

pitch angle in degrees, relative to the earth's horizontal
elevator angle in degrees

height of aircraft above ground

initial height of aircraft above ground

perpendicular height of aircraft above or belaw the glide slope
renge fram glide path aerial
starting range of aircraft from glide path aerial

wind speed at a height H
wind speed at a height Ho

2z wind apead at ground level

C-1,G2,K5,K6 are autopilot parameters

T " L ,1‘3 are autothrottle parameters



No.

4

Author

I.C.A.0,

N. H., Hughes
G. P, Lazenby

J. K, 7brozek

Thaler

Brown

John G, Truxal

19

REFERINCES

Iitle, cte,
International standards and recommended practices,

Aeronautical Telecommunications Annex 10 to the
Convention of International Civil Aviation

A flight experiment to determine the affectc of flare
entry conditions on automatic landing performance,
R.A,E. Tech, Report TR, 65283

The relationship between the diacrete gust and power
spectrum presentations of atmospheric turbulonoce, with
a suggested model of low altitude turbulesnce

R & M 3216

Servo-mechanism amalysis,
VcCGraw Hill Electrical & Elactronic Engineering Series

Zontrol System Synthesis,
McGraw Hill Electrical & Electronic Engineering Series



BLANK PAGE



-

!

Fig.

ONIdWYG Ha H0d AdYONNOE ALTNIEVLS TYHLINEAN | OI1d

HFLIWAYS IWHDILIDOY 49 wWivD
a5 jed Py
& o g a

— 4]

LeR]

G, o Jemmopmes
wa ™ @™ T

601-900021

1
IMTA IHﬂnIu_.ﬂ s

e -G
IEYLENN

o7/, $% NiYD d001 234N0



Fig.2 601-900022
0!
009 <
J-J |-
008 5{1
BUTER LOOP GAN J
007 F
UNSTABLE /
006
° 7
/ .
005 |

/

0-04

003

B CREGEN VALUE

0-02

2
KB KgpO°H

-Ks
8. B+
(+0-20X1+0-5D)

+
D (+0-2D)

b

0-0

0:0

.
i

00

3 4 5 g
Koz Ma[ée[sec

6 7

QAIN OF ADDITIONAL PARAMETER

FIG.2 NEUTRAL STABILITY BOUNDARY FOR

02H DAMPING




Fig.3

ONIdWYa (8O+HO) HO4 ANVONNOB ALINBYLS TWHINEN £ ©14
BALIWYEYE IYNOILIGAY 40 MivD
[ apwv =y

I T

298/, [ 298] 31 = Zly Lo+ = tlw_nnﬂ.niﬁnﬂ,u:u. )

AT TeA +___u_m.ﬂ.ﬁ__...n.,4 _nln_nn__i-____.&_ - n .,

601-900023

7

B

o7 s Fx NivD g00T 22100



Fig.4 601 - 900024

016
014
T
—
4 012 = - -
i ra
™y /. "
Sy - /‘%/_\\
z / y N
«< |
Rt
é / ’{,’/‘fﬂrﬂ??_?h
= 3
/H"" “rRaan 'r"'tgcr-losevu VALUE
Kio) = Tpe/fe [sec
~.04 _l[
-‘5 { Ke B -o|°“‘Kloz°zH }
0-02 oc (IQO 20)X1+0°50) A+ ? (|¢°.2 D)
I I I
° ! 2 3 4 5 6 7 8

Koy pa/de [sec?
GAIN OF ADDITIONAL PARAMETER

FIG. 4 NEUTRAL STABILITY BOUNDARY FOR
(D?H+DH) DAMPING



601-9000 258 Fig.s
°‘|4 ‘ |
012 { ‘ - ;;}P- -

UTER LOOP GAIN ﬂﬁ / "
“'I' alr*"'q" A /I:I-l-!/
0-10 v 3, / o
/ Koy 04875 [nee?( Toac ®
008 et
8 //
006 //
CHOSEN  VALUE
0-04 ® 270 2
K 0" 0175 4 sec?[%[sec
2 2
“Kg KgB Ko, O Hek D)
0-02 .= A+ + —
(+0-20X1+0°5D) D G+0-20)
o) 2 4 6 8 10 12 14 16

Kog Ma[ét[sec?
GAIN OF ADDITIONAL PARAMETER

FIG. 5 NEUTRAL STABILITY BOUNDARY FOR
(D®H+0%6) DAMPING



Fig.6

DUIEE LOOP GAIM Wy Tua

008

a-on

oo

Q-0

(=B

a2

LRl ]|

g

i

601-900026

el A

WiTe &) s LAG

o] i 2 | i - &
Kigq HB/pa/sec
GAIN OF ADDITIONAL PARAMETER
FIG. 6 NEUTRAL STABILITY BOUNDARY FOR

DP DAMPING




08

04

o
¥
L]

OUTER LOOP GAIN xgiua
5
rd

Qi

000

60! 900027 Fig.7
o
""-u..‘\‘
-Ks K,
8= Be -8— & K'OSDG
(1+ 0-20X140+5D) >
10 15 20 25 30 35 40

K os p.o./°/ sec

D@ DAMPING

QAIN OF ADDITIONAL PARAMETER

FIG.7 NEUTRAL STABILITY BOUNDARY FOR



ONIJAVA €0 HLM LINM 31vd HOLd D35S/, 3HL g33OX3 OL d3dIND3Y INdNI 3SION 89Id

900029

801

Fig.8

——— §/2 AIN3ND3A4

ol ol 10 o,
L N
\ N
\\\ o
ot
A ov
d os
,- 275 €€C-G = ® M
— 11\0 $0.-0 = h! o9
L Aﬁnn:..uec qQ nv (QS-0+0QZ-0+D) , / oL
-+ L d Ee . ]
— da g% »- / os
L d 3 i 3 d 1 i om
T T T 1 1 | { A\ ] oo

or IUYNDIS WY3IE OIQVE —=—



NN s e e s ——— A

601 $00029 Fig.9

RELATIVE GAIN

001 01 ro
FREQUENCY IN CYCLES sec ™!

FIG.9 CHARACTERISTIC OF THE SIMPLE FILTER

Yoyr _ __ |
Vin I+5.4D



.l NOILVNIGWOD ¥31dN0D /1071do1NV/ Lavad dly J3LVINWIS 3HL 40 WVYYOVIa M¥Dog o194

4 @

o
o
o
o (]
w WINCETIITY Woad
@ HOUIWED dwj S0BLD wWoEd
rﬂhw...w-__nuu NOUNET1IIN Oy B nouwwatiM Five Houe B
ALICIEA WY INIT QWY IONLLLY Wi L
[ SIAYWANISE (2 LAWHT ALY i
SN Lm0z IHD DM Yydilaas

Fig.10



§01-9000 3! Fig.

n

//
//
RELATIVE GAIN /
10 ﬁ_——/_,/ -
V.._,*"_._ - ﬂ_ .,T,_ e
L HEIGQHT 100+t N U G N A U SN S S
001 0

FREQUENCY IN CYCLES sec™!

FIG.II FREQUENCY RESPONSE TO RADIO SIGNAL
OF THE BASIC CONTROL SYSTEM



e

e e o ST

Fig 12 €01-900032

FREQUENCY IN CYCLES sec™!

FIG. 12 FREQUENCY RESPONSE TO RADIO SIGNAL

Ay
1
e L O o 1
/X
A
PELATIVE GRiM -""H
_..nl"
(Re]
|
- LRSE A T 1 DAMPING \
| CURVE B B +DE DAMSEING _X‘ ;
HEIGHT 4 120 \
b Bl -



PR T TN P At 28 ¢ . - - - = - et

801-900033

Fig.13

10
¥°
N\
RELATIVE /1 &
GAIN
v
//
___—--/
l‘O \
\
-
\
CURVE A, D®H DAMPING \
curve B, (D*H +D’6) DAMPING
HEIGHT, 100 ¢ \
0-0! 0l

FREQUENCY IN CYCLES sec

FIG.I3 FREQUENCY RESPONSE TO RADIO SIGNAL



Fig.|4 601-900034
10
RELATIVE /\
GAIN -
—-—///
— \
\
\
\

(OH +.0%H)DA
- HEIGQHT 100 €t

04

MPING

00

FIG.14 FREQUENCY RESPONSE TO RADIO SIGNAL

ol

FREQUENCY IN CYCLES sec”



PN A Far T LR

60! 900035 Fig.15 "

Il
}
!
a
at
L
|
+ |
FEET DISPLACEMENT ,
PER FOOT PER SECOND p //-\
0 \
= \
_~ AV
i X
r \
A \
f \
/ \
L S ——
G0 S - .
\
| \
HEIGHT, 100 f¢ - 4 T._ 1
\
0-0! 0l \ -0

FREQUENCY N CYCLES sec

FIG. 15 FREQUENCY RESPONSE
TO HORIZONTAL WIND VARIATIONS OF THE BASIC SYSTEM



Fig.]6 601 900036
e 1 i | T H T i
T ! . 1 I H*ljr':.:
= | Eaajis
b — - Ii.ln i 4 ...I ....i_ | | : | —
— :- —!—-_ - 1-— —d F1—1 - 1 3 ] i t—
— ~ | 5 ¥ l | | I‘I T - & 'P'i -

] | 1] e
' 1 boow -+ T N T S
r!-” nr"'PLA:l‘MuT | |
FER FOOT PER SECOND

| |
o EE ES By Bk ) g 5 1 |
— il i £ 2 ey =t 2
. ¥ S 1 - e = B ==

2]

CURVE A DKW DAMPING AT 100fe HEIGHT
i e CURVE B (OH+0DB)DAMPING AT 100€¢ HEIGHT

' CURVE C (DH+DE) DAMPING AT 180fc HEIGHT

l U

L

L |

|

00l

FREQJENCY IN CYCLES sec™

'FIG.16 FREQUENCY RESPONSE TO HORIZONTAL
WIND VARIATIONS



60! = 900037

Fig.17

0l

— I ) T1] {J
PN 0 o
n i
!
% , ) i
FEET DISPLACEMENT 1 \ i
PER FOOT PER SECOND N ‘
;
V.
! 4
— l 1/ y |
) A~y — pd \ )
p% \ T
//;/
///'/
4% \ |
'//
— /)/ ; -t
+~ X ! H
|
CURVE A, D'H DAMPING T
| cuRVE B,(0*H+D?) DAMPING »
- -__;_+—.- HEIGHT, 100 b L 1
l |
| [
| ! |
U
0-0! 01

FREQUENCY 1N CYCLES sec”™

FIG. 17 FREQUENCY RESPONSE TO HORIZONTAL
WIND VARIATIONS



Fig.ls 801 -900038

FEET DISPLACEMENT
PER FOOT PER SECOND

~- L
- L | o I L :--.
T : f
e __,.#.-q'"f\-. |
L] pe=al \ | LU
| N
of e e — :
: = 1 i ! 1 ]
L | et 1‘\
:L i [ L ': . | N IL
»_—,_:}, . L |-IE-E1-|1IT n::r.: FII-. . I_J__ 1] !TL
‘ il
| P L | | L1 ] PR .'|.I
601 01 10

FREQUENCY IN CVYCLES sec

FIG.18 FREQUENCY RESPONSE TO HORIZONTAL
WIND VARIATIONS



601 900032 Flgl9 .

10
A\
T -
FEET DISPLACEMENT /
PER FOOT PER SECOND /
O X
4 N
AN
0 // N
//
o4 /
4
/
HEIGHT, 100 €t
0-00} 0-01 0-1 10

FREQUENCY IN CYCLES PER sec

FIG.19 FREQUENCY RESPONSE TO VERTICAL WIND OF
THE BASIC CONTROL SYSTEM



Fig.20 601 -900040

- e -4 e
Jﬁ\
- - , A)
FEET DISPLACEMENT IYa\
PER FOOT PER SECOND \
| o /) \
-+ \
5 \
R AT ALY _ N
L | // 8
_ o - ////
b i
" / y
t
Lo / /
0'\: - —T——‘—i* /
- T B
S S S 5 0 N V4
S Ay s
| ; VA
\ e
L~ vt Ayt - CURVE A, DH DAMPING
) / A ]
IS / _,_,#_4~ CURVE B,(DH+DO) DAMPING
} L 1 HEIGMT, 100 ¢t
! vi 4;‘ l +, Y\ i Ii i i It
|
| BEE |
39 ! I Lo il i | l
3-00! -0\ ot

FREQUENCY IN CYCLES PER sec

FIG. 20 FREQUENCY RESPONSE TO VERTICAL
WIND VARIATIONS



601 900041 Fig.21

[
FEET DISPLACEMENT A /
|PER FOOT PER SECOND

0 -
T

4
4 |
// '!x

h,
i
4

|
4
o ,,//
77
Yy
V4
7 CURVE A, D H DAMPING 1711
cURVE 8,(0*H+D’@) DAMPING 1
HEIGHT, 100 $t
-T—o—'
0-0f (o }] 10

FREQUENCY IN CYCLES PER sec

FIG. 21 FREQUENCY RESPONSE TO VERTICAL
WIND VARIAT.ONS



Fi

R e .

01

g.22 601-900042
- )
FEET DISPLACEMENT
PER FOOT PER SECOND /\
V4 \
7 X
X
——— - \\
] \
- Ll //
I
VA
7
~ (OH + D°H) DAMPING
HEIGHT, 1004t
|
o] 0l 10

FREQUENCY IN CYCLES PER sec

FIG. 22 FREQUENCY RESPONSE TO VERTICAL

WIND VARIATIONS



601-900043 Fig.23 ’

p":s ;,\ (o’mo’e)ompm:f\vf
-12-5 \../

D*H DAMPING

VAN [\ )
~ 7

2

+12:5 H*DO}DAMPNQ

-12:5 |-

n2:5 F (ov+ DE) DAMPING
QA o \_\/A\/’\\
-12:5 |

AMPIN
+12:5 F DH O ING

B o K—_—\L_________ff"‘xvf

.)2.5 =

NO DAMPIN
+12:5 | G

A ua 30 Wﬁﬁuf s

ST TIME $@C ——o
L 1 | i |
|
2000 500 o qui®®%eer X °

FIG.25 EFFECT OF ADDITIONAL DAMPING TERMS ON THE GLIDEPATH
PERFORMANCE IN THE PRESENCE OF RANDOM HORIZONTAL WIND



T g aRi N o a——

e

Fig.24 60! - 900044

200

180 I

140 |

120 |

Q
o
T

ol

[+ 2
(@]

“2LCHDOWN SCATTER , ft

40 -

2T

SIS

A
IS,

~

b &
a

NONE H  DH+D’H DH+D®O
DAMPING TERM

D2+ D0

FIG.24 EFFECT OF CONTROL LAW MODIFICATIONS ON
STANDARD DEVIATION OF TOUCHDOWN RANGE



S U AW Al

I ]

601 - 900045 Fig.25

12
',a"_'—"-: (0w +0%) DAMPING

A pa
--'|‘E= =
+|2'5 u 2
m D°H DAMPING
ﬁ;m e
-12:8
I 5.0
i ["'_'““\ (0®H + OH) DAMPING
A ua e ——
-.-|tﬁ -
-
L———._  (oH+DE)oAMPING
Jﬁ WG e o m———
"'|:'-'5 -
+12:5 |-
DH DAMPING
-lt.s =
R ] NO DAMPING
I s i i L
/3 na N = 200
-ig:s TIME Sec —
1 q g
2000 lsloo 500 )

1000
HEIGHT FEET —e

FIG.25 EFFECT OF ADDITIONAL DAMPING TERMS ON THE GLIDEPATH

PERFORMANCE IN ZERO WIND.



Fi9.26 801-900046

u::.{\ (% + 0"6) Savnm
s

“"'-_-"'"-_-

PO e

=B =

s o' DasmPg

mf.,, N

t'-'l-l . ﬂhi = Ll

L

Aun
i w

(s« DA)  Dasrmd
Aus

| Rt

e DLMPm
wifr b=
AT 2 . =
ik \/
ME DAMMIRG
viga
A
wimn k. \/
ML !"I'. —
L i
2000 ISOO 1000 500 00 0

HEIGHT FEET —»

FIG.26 EFFECT OF ADDITIONAL DAMPING TERMS ON THE GLIDEPATH
PERFORMANCE IN THE PRESENCE OF TAIL WIND SHEAR



sifs -

601 ~ 900047 Fig.27

(6" 0"8) DamPING it

A \\_’f’f
-1t

L

=108

oW DAMPING A
i —

e
o | \\—///'

25

(0%H + DH) DAMPING

.-'"_""-—-——-fﬁ\.

A ua ﬂ\______‘__,,.-r"

-12'5

+12'5 |

Bua

-5 F

...ma -

(OH + D6) DAMPING

DH DAMPING

Aps P
-|u—\/

wlF-5 b

MO DaMENMG
150

1] r]s] 50
‘du‘ | = — | | | |
plocd ) \%"‘t ML ==
San i lris) w00 ge o
L | | - | |

e£ono

1
HEIGHT IN FEET —e

FIG.27 EFFECT OF ADDITIONAL DAMPING TERMS ON THE GLIDEPATH
PERFORMANCE IN THE PRESENCE OF HEAD WIND SHEAR

AND A GUST OF 5 FT/SEC AT 300 FT.



-ay .

Fig.28

/3 pa

©01 - 900048

l.!.5 =
DATUM SET FOR 6:75 ft/sec

- 125
DM DAMPING
+12:8}
DATUM SET FOR 12-78 ft/sec
-|z5 -
N ;'/'_-H\
ATUM SE 75 ft/sec
Aua - ___‘_q__D____“gT FOR © /
_|2.5 -
(DH + D6) DAMPING
w25
/dun ,;-;.‘_q‘_‘___—__ﬂt'ﬁ_sj’_ron 1275 ft/sec
=125

A ua

=125

'-.-_-_-_-_-..-._

+125
DATUM SET FOR ©-75 ft/sec

(D®H +OH) DAMPING

+125F
DATUM SET FOR 12-75 ft/sec

ﬁ“n i 1 T 1 T

0 o0 150 200 250

-ie5r TIME S€C
HEIGHT FEET
[l 1 1 1 J
2000 1500 1000 500 )

FIG.28 EFFECT OF ERROR ON RATE OF DESCENT DATUM FOR A

39 GLIDEPLATH WITH NO EXTERNAL DISTURBANCE.



Fig.29’

€0I1=- 900049

i3
DATUM SET FOR 6:78 ft/sec
Aun i
21
OH DAMPING
+12:8
DATUM SET FOR 12-75 ft/sec
A ua ¥ N
-12:5 |
s128 )
nA'ruH:F R & TS FLisEC
Aua —
-12:5 -
(OH + D) DAMPING
Hes b DATUM SET FOR 12-75 ft/sec
fua
125 |-
+25
DATUM SET FOR 675 ft/sec
/3 ua S
-125
(D%H + DH) DAMPING
+126
DATUM SET FOR 12-78 ft/seC
Aua = -
| B 200 250

2000 1500 1000 500 100 0
HEIGHT FEET

F16.29 EFFECT OF ERROR ON RATE OF DESCENT DATUM FOR
A 3° GLIDEPATH IN THE PRESENCE OF TAILWIND SHEAR



Fig.30
+12:9

e
-12:9

+ie-§

Sua
|-

123

Aua
-12-5

L11-3-]
Ao

e =1

4151

/3 e
=125

«~|E5
A ua

-12%

601 - 200050

B DATUM SET FOR 675 ft/sec
g s

S

DH DAMPING

; Y il

DATUM SCT FOR 1278 ft/se

T

——

" DATUM SET FOR ©-75 ft/sec

(OH + DB) DAMPING

P

OATUM SET FOR 1275 Fr/aec

=

DATUM SET FOR 6-7% ft/aec

(0%H « OH) DaMPING
- i J"fr.-_-l‘-‘-_"—-ﬂ = |

50 80 150 oo £30

DATUM SET FOR I2-TH fr/seo

eoBo 1500 1900 3’50 136_6

FIG. 30

HEIGHT FEET
EFFECT OF ERROR ON RATE OF DESCENT DATUM

FOR A 3% GLIDEPATH IN THE PRESENCE OF HEADWIND SHEAR



