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This report deals with the simulation of ground controlled 
approaches and describes an investigation into possible defects zn the 
system which might lead to accidents. Two such accidents are described and 
in both of these the aircraft built up long period expanding oscillations 
about the glide path. This motion is then investigated by simulation 
techniques and its causes determined. The trouble is found to be inherent 
in the technique of using the throttle to control height and the elevator to 
control speed. This is demonstrated by systematic use of the throttle in 
response to height errors according to various logical schemes. It ia 
found that, in certain circumstances, entirely logical use of the throttle 
results in an oscillation of increasing amplitude no matter bon successfully 
the pilot controls speed with the elevators. It 1s concluded that accidents 
have sometimes resulted from use of the throttle to control height. 

Finally, a simple device is described, which led to a different 
flying technique giving much improved control of an aircraft making a blind 
approach. It consisted of an auxiliary spring;loaded throttle control. 
Flight tests of this device are strongly recommended. 

Replaces A.R.C.24 545 
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One of the most important problems in aviation today is the guidanoe 
of airorsftincloud so thattheycsnbebroughtto a safe landing inbad 
weather. Current practice requires a midmum visibility at ground level of? 
about a mile and a cloud base in the region of 200 to 300 ft. While the 
ultimate solution to this problem will lie in completely automatic controls 
coupled to electronic guidance systems the immediate aim is to reduce these 
distances. l@rovements in technique which allow slightly wxse weather to 
be tolerated may substantially decrease the number of flights which have to 
be cancelled, postponed or diverted snd so confer oonsiderable benefit upon 
aeroplane users. 

Of the many guiihnce systems inuse the best known and the most 
popular with the pilots is the ground oontrd.led approach or G.C.A. Inthis 
system the aeroplane is 'talkeddown' byanoperator on the groundwhoiskept 
continuously aware of the position of the aircraft by means of redar. He 
passes positional information and gives instructions to the pilot over the 
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i 
ordinery radio telephone so that no specml equipment need be csrrled in the 
aircraft. Moreover, the pilot flies the aeroplane in the ordinary way and 
is free to make full use of the normal blind flymg instruments. It is not 
surprising that the system is popular and that thousands of successful landings 
have been made by its use. 

Despite its popularity the G.C.A. system has certain shortcomings 
which have occasionally led to serious accidents. These arise from the fact 
that the pilot is fed periodically with discrete pieces of error information 
tiereas in making a visual approach he is continuously aware of his position 
relative to the desired glidepath. If the interval between successive pieces 
of information is not shad compared with the period of my mode of the motion 
a linear extrapolation based coi the last two items of information can be 
highly misleading as to the rate of change of error. Thus occasionally the 
pilot may be misled into believing that his error is increasing when he is 
already approaching the glide path - and so tempted into making corrections 
in the wrong direction In general the next piece of information will not 
be misleading and the mistake will. be quickly remedied. But it is easy to 
imagine that an exceptionally unfortunate choice of time interval between 
successive items of information and of their relationship to the phase of the 
aeroplane's motion could lead to the pilot being misled on several consecutive 
occasions. He would then undoubtedly use his controls to build up a motion of 
increasing amplitude. Another likely cause of instability lies in delay: if 
the controller is slow to pass on Womation to the pilot, or the pilot is slow 
to act on it, there is always a tendency for an oscillation to be built up. 

Two aocdents mvolving the crash of an aircraft at the conclusion of 
a ground controlled approach are well documented and the evidence leaves no 
doubt that oscillations of increasing amplitude about the glide path took place. 
But the cause of the accidents was not revealed by the detailed investigations 
which followed. In each case the mis-use of the controls which must have 
caused the oscillatxons to build up could only be attributed to rather vague 
combinations of possible errors and maccuracies. No definite mistake 1~1 the 
information given by the controller or obvious error in the techmque employed 
by the pilot came to light. 

At the time of the investigatzon it was commonly supposed that the 
control of an aeroplane performing a gmUna controlled approach was effected 
by two entrrely independent control loops, one on the ground and the other 
in the air. In other words it was assumed that the controller had but to 
provide accurate information, and the pilot to fly normally taking heed of it, 
for the aeroplane to maintain a close approzumation to the desired glide path. 
Consequently, the investigators concentrated upon possible errors in the two 
domains : errors in the observation of the aeroplane's position relative to 
the glide path and its transmission back to the pilot: and mistakes on the 
part of the pilot himself. The third possibility that accurate information, 
if unfortunately timed, could be so m&leading that entFrely logloal action by 
the pilot could lead to disaster does not seem ta have been suggested. 
However, the experiments to be described in this report point the way to an 
explanation of both accidents on these lines. 

2. Accidents to Stratoorwser and vulcan 

The find stages of the approaches which led to the accidents 
already mentioned are shown in Figs. 1 and 2. !l!he first aircraft was a B.O.A.C. 

Stratocnliser/ 
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StitocNlser which was destroyed on Chris+.mas Day 1954, when it struck the 
ground at the oonolusion of a G.C.A. talk-down'. The other aircraft was the 
prototype Vulcan Mk IB which orashed at Iondon Airport on 1st October, 1956 
when returning from a world tour'. In both cases there is a well-defined 
expanding oscillation with a period close to that of the phugoid of the 
respective aircraft. (The writer makes no claim to be' 

9 
the first to notice 

this, reference being made to it as long ago as May, 1957 .) 

These two flights might have been unique oases but Fig. 3 shows the 
last stages of two consecutive routine approaches selected at random fram a 
large number of G.C.A. recordings. Both show marked oscillatory tendencies. 
Thm does not mean that the aircraft were in any danger on these occasions 
as it is not known when they broke cloud. 

Thus it seems certain that this type of motion is quite COIIIILOII. 
Although comparison of its period with that of the phugoid has often been made, 
this can be misleading as it is not n&essarily a phugoid motion. Indeed since 
the phugoid implies an exchange of airspeed for height at the rate of 
approximately IO lolots per 100 ft at speeds in the region of 120 knots it seems 
unlikely that the motion could be pr3mszily a phugoid because the airspeed 
errors necessary to go with the flight paths shown would be too large to escape 
the pilot's attention. As will be shown later the motion is more likely to 
arise from deliberate throttle movements by the pilot while he keeps the speed 
reasonably constant. Thus it may be fortuitous that the period of the recorded 
motion was close to that of the phugoid although It may prove to be related to it. 

The purpose of the present experiments was to discover the cause of 
this oscillatory motion and the factors which controlled its damping. There 
appeared to be four quantities which might affect the behaviour of an aircraft 
making a G.C.A. approach and these are listed below. 

(i) The time intwvalbetween successive items of height 
information ti. 

(ii) The time taken for information to reach the pilot tD. 

(iii) The phugoid period of the aircraft T. 

(iv) The time to half amplitude of the phugoid t+ 

Before discussing the experimental systsm it is wurth considerjng 
what the normal values of these quantities are likely to be. The time interval 
is found to vary widely within the range 3 to 15 sec. It may depend largely 
on the aif'fioulty being experienced in aligning the aircraft with the runwsy. 
In any case it varies with each controller. In the Vulcan flight record the 
time was found to be a very consistent 10 sec. If the aircraft is flying 
particularly close to the glide path the interval may even be as long as 30 sso. 

It is rather more &iffioult td attach a value to the delay tims k. 
In the absence of any direct evidence a reasonable estimate seems to be fzvm 
1 to 5 sec.. It should not, however, be assumed that a pilot preoccupied with 
other tasks will alxays respond immediately to each new piece of information. 
Thus the effective delsy time may sometimes be nuoh longer than tD as &dined 
abed. 
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The period of the phugoid may vary between limits of roughly 25 and 

50 se0 for n0nns.l configurations. As the only lad down requirement for the 
phugoid is that it shall be &unped, the time to half amplitude may range from 
20 seo to several hundred seconds. 

3. Experimental system: The Technique and Difficulties 

The experimental set-up was based on the 
to simulate the longitudinal motion of an airtzzaf+~ 

e of ananalogue computer 
%a. The 'pilot' had 

normal elevator and throttle oontrols and care was taken to simulate 
realistically the lag in change of engine thrust. No attempt *as made to 
simulate Veel' in the controls but the 'stick' was given a spring force of 
about 1.45 oz/in. and the throttle was restrained by a constant friction force 
of about 8 oz. In front of the pilot were instruments indicating rate of 
climb and airspeed and an artificial horizon. In addition for some tests there 
was an altimeter. The computed height above or below the glide path was 
presented to the 'controller' as a trace on B pen recorder. This enabled him 
to pass back to the pilot height information at predetermined time intervals 
and with a speciried delay. Other provisions of the system included the 
ability to record either the throttle position, the stick position or the 
airspeed; a method of generating a redetermined. vertwsl gust cycle&, and the 
ability to simulate heti&s by altering the glide path angle. Fig. 4 shows 
a general view of the simulator showing pdot and controller at work. 

Before discussing the results it is worth considering the 
limitations of this form of simulation. An important one is the necessity 
to use constant aerodynamic derivatives. This means that stability 
characteristics will not change with speed. In the cases simulated the 
nominal approach speed was slightly higher than the speed for minimum drag. 
Consequently, some of the special difficulties associated with flying at 
or below the minimum drag speed must have been absent. Nonetheless, to the 
writer at any rate, the simulator was still as difficult to fly BS any 
aircrsft within his experience and moreover the difficulties were of the same 
nature. It therefore seemed likely that the simulator would provide a valid 
means of testing a guidance system even if i" pi was not fully representative 
of the aircraft type being simulated. Ahother shortcoming was the lack of 
complete inst~entation. The altimster might have been thought essential 
but tests with it showed that the pilot seldom referred to it and preferred 
to rely on the controller for height information. More serious was the lack 
of direction indication and any controls for yaw and roll. This left the 
pilot free to;conoentrate on the pitch task and he could therefore be expected 
to perform this task much better than when divviding his attention among the 
three contmls'. 

Despite its limitations this simple fixed base simulator was 
probably more effective for the purpose in hand than a much more elaborate 
and comprehensive system representing every feature of a modern aeroplane. 
More consistent results could be expected from a pilot giving his full 
attention to a specific task than from one subjected to a variety of 
distractions. In fact it seems reasonable to suppose that the results 
obtained with this simple simulator represented real trends and tendencies 
even if they had no precise quantitative significanbe. 

4./ 
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4. Experimental Results 

4.1 Using Wellington derivatives 

Some preliminary tests were now made using the derivatives for a 
WellingtonJ. These tests were aimed at establishing any connection between 
the time interval between successive items of information, the period of the 
phugo$I andIthe behaviour of the aircraft. As the time interval was increased 
from i; to.4 of the phugold period (3.8 set to Il.3 set) there was a slight 
deterloratlon in the pilot's performance but no special dtificultywas 
associated mth any particular value. Although his performme only 
deteriorated slightly this does not reflect the true situation as the pilot 
certainly had much greater difficulty when the time interval was long. The 
explmatlon of this lies in the remarkable ability of a pilot to perform 
difficult tasks nearly as well as simple ones with the expenditure of greater 
effort7. 

The effect of delay in telling the pilot his height ermr was also 
investigated briefly. A delay of 5 set produced significantly worse results 
but delays of up to 3 set produced no noticeable deterioration. Some of these 
preliminary approaches are shown III Figs. 5-Y and are discussed in greater 
detail later. 

At this point it seem right to state that all these tests and a great 
many subsequent ones were made using only one pilot, in this case the writer. 
Only three pilots were used throughout and this is perhaps open to criticism: 
particularly the use of the writer, who might have been biased. However, it 
is the opinion of the writer that the mmiber of variables in thm sort of 
investigation must be kept to a minimum and there was no doubt that the use of 
one pllot produced far more consistent results. As the writer had, of course, 
far more experience in the use of the simlator and since it was frequently more 
convenient for hm to spend the necessary hours of practice than for someone 
else, he performed. msny of the tests himself. All three pilots had had very 
simdar flying experience consisting of some 200 hours on Chipmunks, including a 
fair amount of instrument flying and experience of G.C.A. talk-down under blind 
flying conditions. The writer had also acted as ground controller in practice 
talk-downs and. spent some t3me watching 'live' talk-clowns. 

&.2 Using Vulcan derivatives 

The next series of tests were conducted using the derivatives for the 
Vulcan Mk IB. This was a much more drfficult aircraft to fly as is evxdenced 
by Fig. IO which is a record of the first approach made in the simulator with 
these derwatives, sfter some hours of practice flying. Even Fig. 11 which 
shows a flrght at a much later date when the pilot was completely familiar 
with the Vulcan, is much worse than any slrmlsr approach mth the Wellington. 

A study of the flight paths of the Wellington from the earlier tests 
had revealed two significant features. There was a comparatively short 
period oscillation about a series of mean straight lines. 
mean lines el.ther &verged from, 

Secondly, these 
or converged with, the correct glide path. 

The slope of these lines seemed to be connected with the throttle setting while 
the short pemod oscillations appeared to result from conflict between speed 
and. height informatron. 

In order to isolate the short period motion some tests were made with 
the Vulcan derivatives in which the throttle setting was fixed at the correct 

value/ 



-7- 

: 
value for an approach at 120 knots. The test started with the aircraft 
either 50 ft low or 50 ft high and the pilot was asked to do his best to keep 
the speed constant and to fly down the glide path. As these two demands were 
not tiediately compatible it was thought that this would produce the necessary 
conflict between hei&t and speed requirements to reproduce the short period 
oscillations. These tests were done with different values of time interval 
ranging from 1.7 set to IO set in order to establish the connection, if any, 
between the time interval and the period of the resulting motion. Fig. 12 
shows one approach at each of the time intervals and the periodic motxon is 
clearly evident. The perlods of this motion are sunnnsr ised xn Figs. 13 and 14.. 
These figures were compiled by estimating the periods of each complete 
oscillatxon and counting the number of oscillations with periods in bands of 
1 set width. 

The most probable period seems to be in the range I3 to 23 set and it 
can be seen that there is no obvious connection between it and the time interval 
between items of donnation although wxth very short time intervals the most 
likely period does seem to be at the lower end of the group. These tests 
were all made with one pilot and a subsequent analysis of all flights made by 
another pdot, the writer, with the throttle in use is shown in Fig. 15. This 
shows the most probable period to be 10 set and it therefore seems likely that 
the value of this period depends largely on the pilotq technique, decreasing 
as the pilot makes bolder movements of the controls either because of greater 
familiarity with the aircraft or because of greater confdence in the talk-down. 

The next stage ~TI the investlgatxon consisted of making approaches 
with the Vulcan conflguratlon, recording the throttle movements z.n order to study 
the relation between the flight path and the throttle settmg. Some of these 
are shown UI Figs. 16-18 where the close correlation between throttle setting 
and deviation from the gl;Llde path is again apparent. Although little 
quantitative evaluation can be made from the results so far presented some valuable 
conclusions can be drawn on the nature of the motion of alrcrsft making G.C.A. 
approaches and the flyzng tectique that gives rxse to it. The next section 
of this report ~111 be devoted to an analyst, with this axn in vxw, of the 
results so far obtamed. 

4.3 Analysts of motion and flying techrnque 

For the regulation of speed and height. the pilot has two controls; 
a stxk connected to the elevators and a throttle. In the early stages of 
his training he is taught to control speed by use of the stick and height, 
via rate of climb or descent, by means of the throttle. Ths results m 
continuous use of the stxk with occasional changes of throttle setting. 
Although this technique has to be modtiled for special purposes such as 
formatIon flying, it remarns the basis of a pilot's method of control throughout 
his career. Moreover, this is the recognlsed,technique for blind flying and 
is normally adopted on a blind approach. 

The ideal approach is one in which the aircraft 1s always on the 
glde path and the axspeed is constant at the desired value. Tl~s requires 
exactly the correct throttle setting. If the throttle settlng .IS not correct 
the approach could be maae at a different. airspeed wIthout the aircraft leaving 
the glide path but the pdot ~111 not tolerate this and therefore feels xnpelled 
to make adjustments until he finds the correct throttle position. !Che actual 
setting required ~11 depend on several factors of whxh the all-up weight of 
the aucraft and the wind velocity are the most important. 

Let/ 
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Let us now consider what the pdct does when making a G.C.A. 
approach. With the alrorsft flying level at some speoifled he&t he is told 
that he is approaching the glide path. When he judges that the aircraft will 
Just have settled down to its steady state by the tune that It reaches the glide 
path he closes the throttle by an amount tiich he thinks wlllbe correct in 
the prevailing conditions. His maxn guide to this setting is either the rev 
counter in a turbojet or the boost gauge in a constant speed propeller aircraft 
althou& other factors such as noise level may be of assistance to bun. When 
the aircraft has settled down It can only be in one of four conditions. 

(i) High with too great a rate of descent, 

(ii) Low ~72th too great a rate of descent. 

(iii) High with too small a rate of descent. 

(1~) Low with too small a rate of descent. 

Cf these four conditions the first and last are the most desirable sxnce the 
aircraft will steadily approach the glide path if flown at the correct speed, 
whereas in the other two conditions itwill diverge from it. 

Followmg this lnltial throttle movement the pdot ~111 fly the 
aircraft using the stick alone. If the throttle setting was incorrect the speed 
would steadxly change if the alrcrsft were kept on the glide path. It may be 
some time however before the pilot can assess what throttle movement is requFr‘ed 
as speed also changes with ermrs in height. For some time therefore while 
using the stick control alone the pilot may be continually alternating between 
getting on the glide path and keeping the speed constant. lbs will give rise 
to the short-period oscillations evident in all the approaches made and is 
almost certainly the explanation of them. Although, as mentioned earlier, the 
period of these -was not materially dependent upon the time interval, it was 
noticeable that the approaches in whxh the time interval was half the mean 
period of these oscillations tended to be either very good or very bad, 
depending on the initial stages of the approach. Thus It may well be 
unadvisable to give information at such intervals, but as the controller has no 
means of knowing this period the best he can do 1s to avod glvlng the 
information at exactly regular intervals. However, these short-period 
oscdlations associated with the stick control do not appear to be of great 
importance as they are of small amplitude because of their short period. 

After some time has passed the pilot realises that the throttle 
setting needs adjustment and will alter it accordingly. However, in order to 
alter the rate of descent by 50 ft/min the throttle need only be moved one-sixteenth 
of the movement originally msde to get the aircraft on the glide path. This 
is a very small movement indeed and so the pilot is quite likely to overshoot 
and the process will have to be repeated. It is II~ fact quite likely that he 
will never find the correct setting during the approach; and even if he does 
find it, gusts or flying at the wrong speed for some time will require him to 
alter it again. A 7 hot wind change for instance w-11 require the rate of 
descent to be changed by 50 fi&n and if this is not done the aircraft would 
be m e-r by 150 ft, 15 knots or some combrnatlon of both by the end of the 
approach (assuming constant drag). 

This correlation between throttle setting, mean glide path and short- 
period oscillations is clearly shown 111 all the approaches made on the simulator. 

Most/ 
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Most of what has been mentioned so far applies equally to visual approaches. 
The fundamental difference in a G.C.G approach is that the pilot is provided 
with discrete items of position information from which he has to assess his rate 
of change of height. This assessment may sometimes be quite wrongi indeed it 
may be in the wrong direction even if the information given is entirely accurate. 
But naturally if the information is incorrect or is delayed the pilot's task is 
made muchmore difficult. 

It is now possible to take a specific approach and analyse the pilot's 
reactions to the information he received. As an example the approach recorded 
in Fig. 8 has been taken. The flight path recorded by the pen recorder is 
plotted together with points representing the actual items of information as to 
height provided by the controller. These have been numbered. In this case 
there was no deliberate the lag but following normal practice height 
information was only given to the nearest IO ft. Initially the pilot did not 
close the mttle enough and so the aircraft overshot the glide path. !Che 
information at (1) however was well timed so that he easily judged the correct 
time to close the throttle. Thus at (2) and (3) he was slightly high but by (4), 
probably due to trying to get the speed correct he was 20 ft high even though he 
had by now perhaps luckily found the correct throttle setting. One may suppose 
at this stage that he pushed the stick forward to lose the 20 ft surplus height 
and shortly afterwards closed the throttle slightly as the speed started to 
build up so that the aircraft started to go below the glide path being 25 ft low 
by (8). By pulling the stxkback the aircraft came to within IO ft of the 
glide path at (9) but (10) saw it 20 ft low again and the pilot realised that the 
throttle needed adjust- and so he opened it. The rest of the approach was 
made at this setting with the alrcrsft eventually becoming too high. The small 
oscillations were probably due to the pilot trying to hasten the return to the 
glide path by using the stick. 

At this stage certain tentatxve conclusions can be made: 

(i) Any long period variations in height probably arise from 
the pilot's airrioulty in finding the correct throttle 
setttig. 

(ii) Short-peliiod oscillations in height caused by stick 
movements appear to be an inherent part of the approach. 
Their period is largely dependent on piloting technique 
but may be influenced by the frequency of information 
passed to the pilot and by any delay in its reaching him. 
Their magnitude may also be affected. by the timing of the 
information. Because of ita relatively short period thia 
mode does not appear to be darigesaus. 

(iii) Increasing amounts Dof delay in passing the information t 
the pilot lead to larger departures from the glide path. 

5. Simulated G.C.A. Approaches on a Vulcan with Planned Throttle Movements 

5.1 Continuous throttle movements 

!l!he problem of controlling the height of an ahraft under G.C.A. 
conditions is inevitably complicated by the fact that two controls, the 
throttle and the elevator are in continuous use and that three interrelated 

variables,/ 
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variables, speed, height and attitude, have to be controlled throughout. 
An error in height at any given moment may be due either to the cumulative 
effect of an incorrect throttle setting or to an error in speed. In the 
latter case being too low may be dFrectly associated with excessive speed so 
that the height error can be immediately corrected with the elevator, kinetic 
energy being exchanged for potential enera as in a phugoid. However, if the 
excess of speed has been allow& to persist mare work will have been done 
against drag, even if flying at the minimum drag speed, and so the correct speed 
and flight path can only be regained by opening the throttle even if it is 
already in the correct position for maintain5ng the desired flight path at the 
correct speed. 

In practice both controls are used although elevator movements are 
more frequent. This is because the pilot finds it much easier to make 
immediate corrections to attitude rather than waiting for errors in attitude to 
build up errors in speed and height, and attitude is of course controlled by the 
elevators alone. However, when the throttle setting 18 altered It is normally 
necessary to make a co-ordinated movement of the stick if errors in height are 
to be corrected without overshooting and if the speed variation is to be kept to 
a mixmum. The use of two drfferent types of control (stxk and throttle) to 
control a motion involving three variables (speed, height and attitude) not 
unnaturally gives considerable scape for variety in piloting techniques. 
There 1s no single correct method. Moreover, a considerable variety of actual 
control movements would produce substantially the same flight path without 
great variation in speed error. Consequently, experiments of the type so far 
described, although helpful in bringing home to the experimenter the nature of 
the problem, were not likely to lead to clear-cut results. Sometimes divergent 
height errors occurred, doubtless as a result of a momentary lack of 
concentration on the part of the pilot, but the same result was not obtained ip 
the experiment was repeated under identical conditions. Moreover, factors 
which made the pilot's task more diffxult did not necessarily lead to less 
accurate flyxng: he merely had to fly with greater concentration7. 

In view of these considerations and in order to eliminate the 
inevitable variations in performance arising from the state of mind of the pilot, 
it was decided to substitute a formal scheme of control movements fca: the 
'natural' flying techniques wh3.oh had been used so far. The formal drill 

would of Course have to be based on a logical method of piloting and might be 
confined to one control, or one source of error information. If both controls 
were moved only in accordance with a formal scheme on the strength of error8 in 
height and speed, the virtuosity of the pilot would be completely eliminated, 
and repeatable results obtamd. Alternatively, part of the task might be 
left to the discretion of the pilot. In either case it seemed possible that 
a close enough approximation to natural control movements would be used to 
enable the factors leadzng to instability to be msde clear. 

The experiments in which planned control movements were substituted 
for normal piloting were all based on the s-tandard technique of controlling speed 
with the stick and height with the throttle. 

In the first series of tests it was assumed that the elevate angle 
was maintained constant while the throttle was altered in response to errors in 
height. This is of course an unreslistlo assmptlon but it helps to separate 
the effects of the thrd5Qe from those of the elevator. It was tither assumed 
that the throttle setting relative to the correct position far flight on the 

specified/ 
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i 
specified glide path at the desired speed was directly proportional to the 
height error. The changes in throttle setting could either oppose the height 
ermr, that is the thrust was reduced when the aircraft was high ad vxce versa, 
or they could be in sympathy with it. In either case the record of the 
throttle position was an exaat replica of the flight path. In addition 
various amounts of time lag between the height error and the corresponding 
change in throttle setting were introduced. In order to do the experiment a 
single operator watched the pen record of the flight path and manually adjusted 
a potentiometer representing the throttle so that a second pen corrected with it 
produced an exactly similar record. Results obtained in this w were found 
to be entirely repeatable. They are summer ised in Figs. 19-22. The tests 
covered all poasible phase relationships between throttle setting and flight path 
and a wide range of the ratio between throttle movement and change in height. 
It ten be seen that all throttle movements of this type had a destabilising 
influence on the flight path. This is startling as it seems reasonable to 
assume that eny pilot's actual throttle movements must at least bear some 
resemblance to one or other of these piloting schemes. 

5.2 Step throttle movements: fixed. elevators 

The pilot's use of the thmttle would not, of course, be continuous 
but take the form of a series of steps. Consequently, a formal scheme using 
step movements was evolved. Once again the elevator angle was assumed constant. 
The pilot now moved the throttle only when the height had changed by some 
specified amount H,. In response to each change Hs the throttle was 
mwed. so as to increase or decrease the thrust by an amount Ts depending on 
whether the height had increased or decreased. Thus when the aeroplane, 
starting from the glide path, reached Hs ft high the thrust would be decreased 
by Ts. If it continued to climb to 2Hs ft above the glide path the thrust 
would be reduced by a further T,. When the aircraft returned to H, ft high 
the thrust would be increased again so that it was only Ts below the correct, 
value for flight down the glide path. As before the magnitude of the throttle 
movements was varied by altering the ratlo Tfis. The actualvalue of H, was 
also varied and, of course, the previous control plan witi continuous tbrottla 
movements was simply the limiting case of this one as H, tends to zero. 
In this case however no delays were introduced and the throttle movements 
always opposed the height changes. 

Eecause of the step nature of the control movements the results were 
not as consistent as the earlier ones. This was because smell changes in any 
of the variables sometimes resulted in an extra conixol movement at an early 
stage and on other occasions made practically no difference. All these tests 
started with the aircraft flying parallel to the glde path either 30 or 60 ft 
high. The times to half or double this amplitude were estimated end these are 
shown in Table 1. They are inevitably approximate owing to the irregder 
flight paths resulting from step movements. k this case it is seen that very 
smeJl throttle movements in certain circumstances improved the damping. 
However, large movements invariably caused it to deorease. In fact the system 
became negatively damped in all cases where T_/k- exceeded the value 
0.00067 T,, lb/k. ij ii 

So far these tests seemed to show that almost any throttle movements 
based upon height error had a destabilising effect upon the system. However, 
this conclusicm rests on the assumption of a constant elevator angle and Fig. 23 
shows that the speed changes which go with 100 ft errat+ in he&t are large 
and similar in magnitude to the changes which occur in the phugoid, that is 
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about 10 knots per loo ft. Wow a pilot making a blind approach would clearly 
endeavour to keep a close control of his airspeed and would certainly intervene 
with the elevator if the speed departed from the desired value by more than 
4 or 5 koots. Such intervention would clearly be stabilising and so had to be 
represented in the tests before it could be safely concluded that the use of the 
throttle in the manner described would lead to divergent oscillations. 

5.3 Step throttle movements: autopilot 

Consequently, it was decided to see what would happen to the motion 
when the elevators were used to control the speed. In order to represent this 
a form of autopilot was employed in which a pitching moment proportional to the 
rate of change of speed was applied. The efficiency of this system is 
demonstrated in Fig. 24 which shows the responses of airspeed to a step throttle 

c, 
change for various magcitudes of the ratio -. From this it csn be seen 

au/at au 
that a good response was obtained with CW = 0.0290 -. In Fig. 25 several 

at 
approaches are shown so that comparisons canbe made between the flight paths 
with and without this amount of elevator control. This showsthateven inan 

TS 
extreme case where - = 0.004 T- and the aircraft started 60 ft high, the 

Hs 
system is well damped. However, it transpired that this represents an upper 
lbit to the dsmping which could be used as examination of the record of the 
third pair of approaches in Fig. 25 showed that the largest pitching moment used 
was nearly twice that available. 

One other factor, although alre@y discussed, remains to be considered 
in this context. This is delay in information reaching the pilot. Although 
this was investigated in the case of contjnuous throttle movements it hsd not 
so far been considered for step movanents. Fig. 26 illustrates the effect 
of a delay of only 1: seconds on one of the approaches shown in Fig. 25. It 
can be seen that a reasonably well damped approach becsme negatively damped. 

As there were five variables in the problem, Ts, Hs, -, 
au/at 

Hi 

(the starting height) end t,, (the delay time) it was decided to keep three of 
these constants (Ts, H and Hi) snd to study the effects of delay time and 
autopilot gearing. W&h Ts = 0.02 T-, Hs = 10 ft and Hi = 10 ft, 

six values of tD were chosen in the range 0 to IO seconds and approaches were 
completed at each of these values with differing magnitude of elevator movement 

du 
covering the range G = 0 to s = 0.1 -. The times taken to reach 

at 
50 ft height error were estimated in each case snd the results are quoted in 
Table 2 and plotted in Fig. 27. It is evident that increasing amounts of delay 
can be balanced by increasing magnitudes of elevator movement so that any 
psrticular degree of damping canbe the result of numerous combinations of time 
delay and elevator movement. The rather non-conttiocs forms of the curves in 
Fig. 27 are due to the step nature of the motion as already explained. In 
general the mean lines through the points have been drawn as the discontinuities 
are mainly dependent on the value of H,. 
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4 
Although Fig. 27 shows that different combinations of delay and 

autopilot gearing can produce the same degree of damping it does not show that 
the chsnges 3n airspeed and attitude which go with the flight paths are not 
the same. This is shown in Figs. 28, 29 and Table 3. Acting on the 
assumption that the azrspeed changes 1~1 each approach were proportional to the 
height error the following figures were deduced. With no time delay and 
CM = 0.00628 au/at when the heqht error reached 100 ft the curresponding 
airspeed error would have been 9.8 knots: with 5 seconds delay and 
CM = 0.0181 au/at, giving substantially the same time to 100 ft height error 
the speed error would have been 4.5 knots: and with IO seconds deley, 
CM = 0.0438 du/dt agam giving the same time to 100 ft,the speed error fell to 
1.9 knots. This is of great significance for while It is difficult to imagine 
that a pilot would tolerate a 10 knot error in airspeed he would not only 
tolerate an errOr of 2 knots but would be well pleased with it. We have 
therefore demonstrated an instability arising frcan a logical set of throttle 
movements which never involve using an extra thrust of more than 2% of the 
total avadable. Even when applied to an aeroplane fitted with an autopilot 
making almost full use of the available elevator movement and keeping the speed 
within 3 knots of the correct value, they cause it to d_lverge fairly rapidly 
and become 100 ft too high simply because there was a delay of 7 seconds before 
the pilot acted on each piece of information. 

5.4 Step throttle movements: human pilot 

While it was useful to use an autopilot fmm the point of view of 
getting consistent results it was felt essential to see what happened when a 
pdot controlled the elevators to keep the speed constant while these throttle 
movements were being made. Fig. 30 shows the flight paths of some of these 
approaches and Table 4 summanses the results. It is seen that the pilot could 
keep the speed error much the same in all cases despite increasing time delays. 
The pilot, of course, knew nothing about the flight path or what was being done 
with the throttle. However, he was given a comparative score at the end of each 
run to show him how well he had performed. This was proportional to the mean 
of the modulus of the airspee error. 

With delays of up to 1.7 seconds the flight path was excellent and 
showed no particular characteristics, but with a delay of 3.3 seconds a fairly 
large amplitude oscillation with a 40 second period aeveloped. Thx oscillation 
was neutrally damped. With longer delays negatively ampa oscillations of 
35-40 seconds period were observed. As in all the previous slmulatea flights 
short-period oscillations were superimposed on the long-period motion, further 
confzming that they are due to manual speed control. Thus we have now reaches 
the stage of showing that in certain circumstances a completely logical set of 
throttle movements can lead to a divergent oscillation in height no matter how 
hard the pilot tries to keep the speed constant with the elevators. 

6. Vulcan with Self-centring Throttle 

It has been shown so far in this report that misuse of the throttle 
is the most likely cause of a build-up of height oscdlations under G.C.A. 
control. This misuse srlses for two reasons which have already been discussed; 

_L firstly, because the pilot has difficulty in finding the correct setting and 
secondly because, having found it, he is reluctant to move the throttle by more 
than a small amount. He has no such inhibitions about using the elevator. The 
principal difference between the stick and throttle controls is that the former 
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is self-centring whereas the latter is friction-loaded. It was therefore 
decided to introduce a spring-loaded throttle with a variable datum position 
and to do ccmparative tests. 

The spring loading had a rate of 15 lb per in. over a total range 
of 2 in. and the friction throttle requiredsa force of I lb to move it. 
Adjustment of the zero xn the spring loading was by means of a 2 in. diameter 
wheel behind the throttle. Simulated flights were made in the same manner ae 
before, the pilot putting the aircraft into level flight before each nm and 
having to Judge the correct moment at which to close the throttle 111 order to 
arrive on the glide path. Root mean square height and speed errors were 
evaluated for each approach for a duration of 160 seconds immediately after the 
aircraft first came within 20 ft of the glde path. The spring-loaded throttle 
was initially set to the correct datum position to make an approach at 120 knots 
in zero wind conhtions. The actual approaches were made in wind strengths 
ranging from 10 knots tail wind to 30 hots head wind and in the vertical gust 
pattern shown in Fig. 314. This would have produced the flight path shown in 
Fig. 32 if no control had been applied. Neither pilot nor controller knew the 
phase of these gusts relative to the initiation of the approach and their 
complete cycle lasted 80 seconds so that the r.m.s. errors were evaluated over 
tww complete cycles. Another quantity was also evaluated in each approach. 
This was the mean of the modulus of the throttle setting relative to that 
required for an approach in still air at 120 knots. III future this will be 
referred to as ST, the throttle score. It is hard to attach pecise 
significance to this quantity but it is felt that it should be as small as 
possible since a smaller number seems to indicate more economical use of the 
thmttle and less pilot effort7. This score has been presented in the form 

here t is the time in seconds, 

*s - To at 
TUV3X 

TS 
is the thrust corresponding to the instantaneous throttle setting, 

TO 
is the thrust required for the ideal approach in still air, 

TllUS 
is the madmum thrust available. 

Four series of appaches were made, the first tPro were exactly 
similar except for the use of different pilots, the first one being the writer. 
They oonsuted of 14 approaches, 7 with each type of throttle made in a variety 
of head winds 121 urder to study the effect of these on the accuracy of the 
approach. They were all made with height information being given at 6.7 second 
intervals with no delay. The results of these approaches are presented in 
Table 5. 

Throughout the two series there is a marked impmvement in speed 
control and a slightly less marked one in height control. This is achieved 
in all cases with a lower value of ST. Furthermore head winds, even up to 
30 knots appear to have had little or no effect with either type of throttle. 
The pilots were told to alter the zem in the spring loading if necessary 
but both found that they neither wanted to alter it nor would they have !uxown 
what alteration was required. 

These/ 
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? These tests provided very strong evidence for the superiority of the 
spring-loaded control under a variety of conditions. 
of 14 approaches was made with the second pilot. 

However, a third series 
Thesewere all made in a 

15.5 knot head wind with gusts which gave rise to a maximum height chsnge of 
30 ft. The talk-down information was now given as often as the controller 
felt necessary, and every effort was made to help the pilot so that the height, 
control was as good a8 possible. These approaches were made alternately with 
friction and spring loading so as to minimise the effects of learning and 
tiredness. 
Fp~ot33(a). 

The results WE shown in Table 6 and summarised statistically in 
In addition a fourth series of tests was made with the original 

. This time instead of a G.C.A. talk-down an I.L.S. amroach was simulated 
and the aircraft was provided with roll control. The pilot was required to 
maintain a constant heading, a task which was made more difficult by a disturbance 
in yaw similar to that in pitch giving rise to a change in heading of IO' over a - 
period of 80 seconds. The pitch taskwas the same as in the previous series. 
In this series those tests made with the frictzon-loaded thmttle were done 
separately from those with the spring-loaded throttle. This was to make it 
easier for the pllot to act objectively and also to make certain that he had 
time to develop the optjmum technique for each type of throttle. These 
results are shown in Table 7 and are summarised in Fig. 33(b). Clearly the 
spring-loaded system is much sqerior, reducing the root mean square speed error 
by almost one half and the root mean square he&t error by Dne quarter, with a 
throttle score only half that recorded in the approaches made with friction 
loading on the throttle. These results establish clearly that the spring-loaded 
throttle is easier to use in these circumstances than the friction one. Both 
pilots very much preferred it once they had overcome its initxl strangeness. 
And they were quite clear wily they preferred sprmg loading; the effect was 
that the pdot could now concentrate on contmlling height with the stick and 
keep the speed constant by using short bursts of power, knodng that the throttle 
would return to a sensible position as soon as he let it go. This 1s not 
possible with the friction-loaded throttle as too much concentration has to be 
applxed to returning the throttle to its original position after each correction. 

Two typxal approaches from the thti series are shown in Fig. 34. 
It is seen that in the approach made wxth the friction-loaded throttle there 
are large amplitude oscillations of speed with a period of about 40 seconds snd 
this was evident throughout the series. This is interesting because in these 
approaches the pilot was concentrating on height control with very accurate and‘ 
almost continuous talk-down information so that the height was controlled very 
much more accurately than would normally be the case. As he&t and speed ars 
to a certain extent interchangeable it is probable that ti the pilot were 
receiving very sparse height information these oscillatrons would appear in the 
flight path rather than in speed. This provides further confirmation of the 
cause of height oscillations and shows that the spring-loaded throttle may well 
provide a satisfactory cure for them. 

In fact it seems likely that the conventional technique used in flying 
is not the best possible for the control of a modern aircraft making an approach. 
A much better technique would appear to be to use the throttle for speed control 
and the stick for height control. As is pointed out in Ref. IO all autopilots 
and automatic landing systems use this method of control. The reason why this 
technique has never been adopted for manual control seems to lie in the inherent 
difficulty of operating a friction-loaded throttle. If this is so the 
introduction of a spring-lo&d throttle could mean that the conventional 
flying technique would be abandoned and a new one, based on the use of the 
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throttle to control speed introduced. For this reason it is felt that flight 
tests of the device sre urgently required. 

It should be anphasised that this self-centring throttle would be an 
auxiliarycontrd. The normal throttle lever, cr levers in the case uf a 
multi-engined aircdt would be retained. The auxiliary spring-loaded control 
would open or close the tbrottles on all engines by the same amount. An 
arrangement suitable for a four-engined aircraft is shcwn diae;ranrmaticslly in 
Fig. 37. In practxe pre-loaded springs giving a finite break-out force would 
be fitted to ensure that the friction in the throttle lines was overcome when 
the auxiliary throttle lever was released. The self-centring control would only 
be used for tasks where close control of speed and height are essential. The 
approach is Just one example: formation flying is another and there may be many 
more. 

7. Conclusions 

In this report ~WJ related matters have been investigated - the actual 
G.C.A. system and its possible faults, and the flying technique on approaches with 
G.C.A. control. These two aspects of the problem will be dealt with separately. 

7.1 The G.C.A. system 

While it is obvious from its excellent record and popularity that the 
G.C.A. approach aid is extremely safe there are several respects in which it 
could be improved. A potential danger lies in giving the pilot information which, 
although correct, leads him to postulate an incorrect rate of change of position. 
This 1s somethingwhich shculdbe brought home to controllers during their 
training. The aim of the controller should be to give the pilot two consecutive 
bits of height donnation which enable him to forecast his return to the glide 
path accurately. It is not suf'fxient to tell him when he has returned to it 
because he will then overshoot. Rx&her, the controller should not be tempted to 
act too quickly if the au-craft strays from the glide path as it may return of 
its own accord, If the departure was due merely to a speed error. Fig. 35 shows 
four examples of timmg: two very good and two very bad. 

The controller should be on the lookout for a build-up of oscillations 
throughout the approach. In this task he is not helped by the current 
presentation, for as can be seen in Fig. 36, while the Stratocruxser oscillations 
are quite evident when the presentation is of height above the g1d.e path to a 
suitable scale they are not nearly so obvious when the scale 1s reduced to allow 
the actual he&t above the ground to be shown. They would be even more concealed 
by the lack of definition and impermanence of a radar trace. 

It 1s therefore suggested that the presentation should be altered so 
as to show height above the glide path to a more suiteible scale. Consb3eratim 
should also be given to having a ccnnpletely independent observer, preferably 
a pilot, monitoring each approach with overruling authority to order overshoot 
action. The controller would then be fPee to concentrate on giving accurate and 
helpful information all the time, whde the observer could consider the safety 
of the manoeuvre as a whole. 

While it may be argued that he would spend most of his time doing 
nothing it seems most unlikely to the author that an observer viewing a picture 
like Fig. 36(a) at either of the crashes would. have allowed the approaches to 
continue beyond the '20 seconds to touch-down' pomt. However, the observer 
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? would need a convincing picture like that shmn in Fig. 36(a): the current 
type of presentation would hardly suffice. 

Looking at the.actual accidents it can be seen in both cases that 'the 
aircraft me scme 100 ft above the glide path with only 20 seconds to go. 
At this stage it was only 200 ft. above,the ground and should therefore have been 
breaking cloud. At this point the position must have seemed eminently safe to 
the pilots (100 ft too high with only 1000 yd to go); yet the aircraft would 
have hit the ground before reaching the runway had the same pattern of flight 
continued. Even so, had the pilot maintained a good view of the &round, it is 
most unlikely that he would have flown into it. It is felt that the actual 
crashes must,have occurred because visibility was bad at this stage or the 
aircraft ran into another patch of cloud. It is because of the apparent safety 
of the situation as assessed by the pilot at the very moment when the aircraft is 
in greatest danger that it is particularly desirable to have an independent 
cbserrrer. 

To sum up it is suggested that: 

(i) In teaching the controller particular emphasis must be laid on 
the importance of providing the pilot with rate information as 
it is this which helps him to dsmp out any oscillatory motion. 

(ii) The presentation be altered so that the controller has a more 
suitably scaled picture of the aircraft's height above the glide 
path. This could possibly take the form of a permanent pen 
recording. 

(iii) An independent observer should be provided to monitor the approach 
and decide whether it should be abandoned at any stage. 

7.2 The piloting technique 

This report has shown clearly that quite apart from errors in the 
talk-down procedure long-period oscillations sre likely to occur which can in' 
scme circumstances build up to large amplitude. These are caused by use of the 
throttle to control height. It is suggested that pilots be taught that during 
a blind approach the golden rule must be 'use the stick to control height and 
the throttle to control airspeed'. This is the reverse of normal flying 
technique but it is the writer's opinion that this is the best way of controlling 
a blind approach on a fast airoraf't. It may well be that many pilots already 
use this tie, at least sub-consciously, and some have suggested that it should 
be formally adoptedlO. However, it is very strongly felt that a spring-loaded 
auxilx+ry throttle wxild be of great assistance and that given it any pilot 
would automatically adopt the proposed flying technique and find himself making 
blind approaches mere accurately and with less effort. Flight tests of this 
device are strongly reccmnended. ,A possible arrangement for a four-engined 
aircraft is shown in Fig. 37. 
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Ts 
Hs x Tma, 

0.004 
0.002 
0.002 
0.00133 
0.001 
0.001 
0.00067 
0.00067 
0.00050 
0.00033 
0.00033 
0.00022 

- 

H 8 

- 

10 
20 
10 

30 
10 
20 

5: 
20 

:: 

30 
- 

Table 1 
I _ 

Step Throttle Movements: Fixed Elevator 

d5.7 41.3 
30.5 25.5 

60.7 
15.7 
30.5 

Table 2 

Step Throttle Movements; Autopilot 

Delay tine au 

tD 
seconds 

c&f + E 

0 
0.001~~ 
0.00289 

0 0.00578 
0.00825 
0.00876 

0 
0. ooz& 
0.00578 

3.33 .0.0087$ 
0,0li:55 
0.01 L&g 
~0:tl2701 

e- ~_ , R .I’&. _ ~;‘- 
-Lz I ;(yL:zz7; 
‘y~@g$ : 

J)~@$~ 

O.Oll55 
6.7 0.01701 

0.02890 

0.0413 

Time to 
reach 50 ft 

seconds 

41.5 
51.; 
56.9 
85.5 

168 
206 

36.8 
42.3 
47.8 
72.2 

Delay tme 

tD 
second5 

1.67 

5.0 

10.0 

13.4 
21.3 
19.6 
3?.l 
46.1 
50.4 
88.2 

au 
CM L - 

- at 

6 
0.00289 
0.00578 
0.00876 
0.01155 
0.01445 

O.:O,v 
0.00578 
0.01155 
0.01445 
0.01701 
0.02225 
0.02890 

0.:0578 
0.01445 
0.02225 
0.02890 
0.0402 

0.0413 
0.0578 
0.0963 

5 [ z-i-% 1 
21.7 
18.1 
37.1 
45.2 
72.4 
68.8 

120 

123 
274 

Time to 
reach 50 ft 

seconds 

38.7 

2; 
83:3 

173 
Damped 

37.0 
41.7 

$2: 
83.8 
93.6 

119.3 
23.0 

53.3 
54.5 

580 

:6;.&96.3) 
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Table 3 

Airspeed ana Pitoh ohmges for 6 Runs with similar 
Times to Reach 50 ft 

Delay time au ~leaa pariod The to reach 

+D %5; T seconds 

Ampof 1 Ampof 0 Ampof c& 
50ftin(&) at%0 in at%0 in 

seconds seoonas knots d0pes at E.0 

0 0.00628 33.2 97.8 4.87 2.24 O.Ql17 
1.67 0.00932 36.0 101.8 z-g: 2.13 0.0146 
::2 0.01807 0.01314 37.4 

k.E 

96.2 91.3 2126 I.93 1.86 0.0168 0.0153 

6.7 0.01926 94.7 1.87 1.63 0.0170 
10.0 0.0438 51.4 96.7 0.97 1.53 0.0175 

Table 4 

Pilot Contmllea Elevatarsr Variation of r.m.s. speed 
ExrorwithDela~~Time 

Delay time 
No. tD 

ran. 8. speed Score S 

seconas el-ror u knots (see text T 
Remarks 

1 

: 
4 
5 

: 

9 
IO 
II 
12 

0 

0 0 
1.67 
1.67 

::: 

5.: 
5.0 

I.67 

1.11 0.68 
0.97 
0.79 

0.78 0.60 
I.42 

4.64 
1.41 
0.98 
0.76 

:: 

42 
78 

E 

36 

Fig. 30 4 
Fig. 30 11 b 

Fig. 30(c) 
Check on learning 

Fig. 30(a 
Fig. 3O(e 
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Table 5 

CCmperison of Spring and Friction Loaded Throttles Fn Varying 
wind conditions 

(Gusts 1.96 knots up to 2.64 knots down) 

-10.7 

-10.7 0 
0 

1!0.3 
110.3 

c20.3 t29.a 

Mean 

0 
0 
0.5 

10.3 
18.5 

18.5 29.0 

Friction Spring FYiction Spring Friction Spring 

2.39 1.55 30.6 19.3 8.55 7.4 

1.82 ::g 19.2 19.7 9.75 1.77 22.5 22.8 12.2 3' . 
1.62 20.0 10.2 
1.64 1.20 29.9 21.3 a.8 4.0 

1.30 23.8 4.9 

1.72 1.26 29.1 27.0 2.51 1.30 33.7 17.7 1,':: z5 

1.92 1.37 26.4 21.7 lo.2 6.42 

Series II - Different pilot 

5.26 2.80 27.3 18.6 2.7 
5.01 2.26 30.4 25.7 12.9 6.8 
3.55 3.01 25.8 26.4 8.6 

Very large 2; Very large 28.8 13.6 t: 
3.47 

3:19 

2.; 18.1 8.5 

3.91 26.3 11.2 L.26 2.23 36:5 38.6 11.6 ::A 

Mean 4.24 2.83 30.3 26.1 I 11.1 1 4.76 

Mean of 

W/v r.m.8. airspeed twror (knob) r.m.s. height error (ft) Ts - To x 10% 

TUISX 

Table 61 



- 22 - 

Table 6 

Comparison of Spring and Friction Loading 
(15.5 knot wind with gusts 0.98 knots up to 1.32 knots aom) 

Pilot as in Series II 

'.m.s. airspeed error (lolots: 

Friction 

3.67 

2.63 

3.22 

4.33 

b-75 

4.92 

I ldesnt+-f 
Stand& 

deviation 
0. a1 

sprwt 
1.43 

2.05 

2.03 

2.06 

1.82 

1.98 

1.18 

3.79 

0.32 

r.m.s. height e- (ft) 

Friction 

21.6 

17.4 

16.2 

24.0 

27.8 

26.9 

12.0 

20. a 

5.4 

sprb 

13.7 

9.5 

14.6 

11.4 

17.5 

$6.7 

17.5 

14.4 

2.9 

Ta - To Y lOo$ 

TUICiX 

Friction 

9.7 

6.5 

7.8 

9.2 

9.1 

12.8 

8.9 

9.14 

1.79 

spring 
4.1 
5.1 

6.4 

4.4 

6.3 

4.5 
4.1 

4.98 

0.92 

7/ Table 
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Table 7 

Spring Throttle Compared with Friction Throttle 
Direotion Control and Pitch Control I I.L.S. Indxumentationr- Ckigind Pilot 

I Mean 

I 8hlbl-d 
deviation 

I r.m.~. airspeed error 
(ht.4 I r.m.e. height error I 

Mean heading erxvr 
demees 

Pkiotion 

3.22 

3.07 

2.52 

2.72 

3.13 

2.82 

2.91 

2.91 

0.23 

1.30 

1.19 

1.08 

I.39 

1.52 

1.01 

I.39 

0.23 

30.9 

26.3 

27.7 

26.9 

32.2 

27. a 

36.2 

29.7 

3.3 

1.37 

1.43 

1.50 

1.62 

1.33 

1.46 

1.45 

0.09 

APPENDIxI/ 
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AFTENDIXI 

Derivatives of Aircraft Simulated in the Investigation 

(a) Wellin&on 

Speed 

W%srea 

Aspect ratio 

Mean chord 

Wing lift-e slope 

Stick-fixed static margin 

Zero 1Fft drag coefficient 

Moment of inertia in pitch 

Induceddragfactor 

Tailplane mea 

Tail moment arm 

Rate of change of dowmash 
with inctienoe 

Tailplane lift curve slope 

Rate of chsnge af tailplane 
lift with elevator angle 

Non-rUmeneional equationa: 

V 

S 

A 

0 

=L - 
aa 

hn 

CD0 

B 

k 

I 

= 

= 

= 

115 kt 

840 sq ft 

8.83 

9.75 ft 

b-43 

0.04 

0.027 

97,200 slugs f+? 

I.39 

148 sq ft 

31 ft 

0.385 

3.2 

2.11 

change in fomsrd speed in ft/seo 
chsng? in rate of descent in 
ft/sec 

change in angle of pitch in 
radians 

change in thrustinlb 
change in elevator angle in 

aegrees 

au 
- 

at 
I 
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au AT 
-= - 0.0365~ - 0.0935~ - 13.960 + - 
at 76% 

dV a3 
- = + 0.331u - 1.083~ + 2110 + 9.53- 
at at 

age a0 h 
- = + 0.000674u + 0.0010% - 0.2138 - 1.488 - + -. 
at? 

(b) Vulcan 

Approach speed 

wing area 

Aspect ratio 

Mean chord 

Wing lift -e slope 

Stick-fixed static margin 

Zero lift drag coefficient 

Moment of inertia in pitch 

Induced drag factor 

Rate of change of thrust with 
.¶plXXi 

Maximum thrust 

v = 

s = 

A= 

acL -= 
aa 

hn = 

CD0 = 

B= 

k = 

dT 
-= 
d-7 

T- = 

at 12.7 

125 kt 

3446 sq ft 

2.86 

3k81 ft 

3.0 

0.042 

0.051 

1.0597 x I@ slugs fP 

1.105 

5 lb/H 

42,000 lb 

hIaximu pitching mcmentr Nose down CM = - 0.033 

Nose up s = + 0.063. 

Thrust decays exponentially with time constant 5 seconds when throttle is closed. 

Rate of climb. There is a lag~of 3 seconds in the rate of climb indicator for a 
change in rate of descent of 100 ft/m.i.n. 

Non-dimensional/ 
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Non-dimeneional equationa: u = change in forward speed in ft/eeG 
0 = change inpitchangle inrdiena 
v = change in rate of descent in 

ft/sec 
AT=changeinthruatinlb 
& = change in elevator angle in 

degree.3 

au 
- 
at 

av 
- 
at 

aae 

ai? 

AT 
= c 0.0471~ - 0.0397 - 23.88 + - 

3420 

= + 0.30&z- 0.783~ + 165.28 + 17.63: 
at 

= + 0.003585~ - 0.759 - 0.893 - + - 
at ED.4 

AETmDIxII/ 
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i 

APPENOIX II 

Specification of Computer Elementa 

Power eupply:- Two 300 volt D.C. stabilised power unite 

Maxinnunoutputcurrent500mA 

Stabilised T 0.02% 

Amplifiers:- Open loop D.C. gain I@ 

Phase shift up to 100 o/e at unity gain 0.05O 

Drift cmction faotcr 1000 

Img-term drift at unity gain - hetter than 25 fiV 

Drift over 24 brs at unity gain - better then IO I~V 

Input current lui' amps 

Wximm input capacitance for stability 2000 pF 

lJaximm output capacitance for stability 10,000 pF 

Output at 10 inA 2 100 v 

Noise input 200 /lv 

Resistance elements:- ?r I$ carbon 

Capacitance elementa:- + 1% silvered MiCA 

Instrumenta:- +- 5OpA full-scale microammetera - ex tdrcraft i.mtrumenta 
recalibrated 

Twc-channel pen recorder 

Eva-shed ad Vignoles me QU/CRD 5 

OscjJ.loscope. Solartrm Type AD 557. 

D 3lOEM./Wt.80 R4 U/84 XL k CL 



FIG.1. 3ghtpath of Stratocruiser. 
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I50 1 FIG.2. Flightpath of Vulcan Mk 18. 
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FIG. 7 Simulated approach with Wellington. Time Interval-ts9.2 seconds 
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FIG. IO First simulated approach with Vulcan, Time interval =I0 seconds; 

delay = 5 seconds 
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FIG. 12(b) Vulcan with fixed throttle. Time interval=3*3 seconds 
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FlG.l2(e) Vulcan with fixed throttle .Time interval=lO.O seconds 
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FIG, 13 Distribution of pariods in motion of Vulcan with fixad throttla 
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FIG. I3 Distribution of periods in motion af Vulcan with fixed throttle 
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FIG.13 Distribution of periods in motion of Vulcan with fixed throttle 

(1) Time interval = IO seconds 
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FIG, 13 Distribution of periods in motion of Vulcan with fixed throttle 

(a) Time interval = 1.7seconds 
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FIG. 13 Distribution of periods in motion of Vulcan with fixed throttle 
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FIG. I3 Distribution of periods in motion of Vulcan with fixed throttle 

(cl T ime interval 3.3 seconds 
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FIG. I8 Simulated Vulcan flight Time interval = 5eOseconds 

Time delay = 2.5seconds 
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FIG.20 Continuous throttle movements : AT in phase with H 

AT=O.O0102 H.T,,, 
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flG. 22 Continuous throttle movements : AT opposing H : No lag 
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FIG. 31 Vartical gust pattarn 
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FIG 32 Effect of gusts on flight path 
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FIG. 33 (a) Statistical comparison of spring and friction loaded 

throttles 
IS.5 kt headwind:-gusts 0 98 kts up to I-32 kts down 

G.C.A. presantation with no roll controll 
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This report deals with the simulation of ground 
controlled approaches and describes an investigation into 
possible defects in the system which might lead to 
accidents. Two such accidents are described and in both 
of these the aircraft built up long period expanding 
osoillations about the glide path. This motion is then 
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determined. The trouble is found to be inherent in the 
technique of using the throttle to control height and the 
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This report deals with the simulation of ground 
controlled approaches and describes an investigation into 
possible defects in the system which might lead to 
accxdents. Two such accidents are described and in both 
of these the aircraft built up long period expanding 
oscillations about the glide path. This motion 1s then 
xnvestigated by simulation techniques and its causes 
determined. The trouble is fcund to be inherent in the 
technique of using the throttle to control height and the 
elevator to control speed. This 15 demonstrated by 
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systematic use of the throttle in response to height 
errors.acccding to various logical schemes. It is found 
that, in certain circumstances, entirely logical use of xhc 
throttle results in an oscillation of increasing amplitude 
no matter how successfully the pilot controls speed with 
the elevators. It is concluded that accidents have 
sometimes resulted fram use of the throttle to control 
height. 

Finally, a simple device is described, which led to 
a different flying technique giving much improved control 
of an aircraft making a blind approach. It consisted of 
an auxiliarg spring-loaded throttle control. Flight tests 
of this device are strongly recommended. 
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systematic use of the throttle in response to height 
errors according to various logical schemes. It is found 
that, in certain ciroumstances, entirely logical use a? 
the throttle results in an oscillation 13 increasing 
amphtude no matter how successfully the pilot controls 
speed with the elevators. It is concluded that accidents 
have sometFmes resulted frcan use of the throttle to 
contrcil height. 

Finally, a simple device is described, which led to 
a different flying technique giving much improved control 
of an aircraft meking a blind approach. It consisted of 
an auxiliary spring-loaded throttle control. lQkw 
tests of this device are strongly recommended. 
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