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Sumar

The advantages and disadvantages ariszinz from the usc of variable amd
non-lincar gearing arc considercd, mainly in relation to a reduction of the
pilots eontrol moveients required during an spproach under bumpy conditions,
to reducing over—-scnsitavity of control at high speoed and mitigating the
cffects of friction amd backlash.

Many complaints of control difficulty cen, of course, be attributed
to defects in the design of the control system c.g. friction and backlash in
the control rung of cither marual or power operated controls; friction and
backlash in the force fecl systen, coxccssive centering force or unsuitable
feel system on power controlled aireraft. Assuming that the cbvious steps
have becn teken to cradicate these defcets, then some further improveisent
in respect of sensitivity may be obtained by the usc of non-linear gearing
and the disadvantages arc not considered scrious provided that the degree
of non=-lincarity is kent reasonably small,

With power operated controls, greater advantage can be obtained by the
usc of variable gearing. DBecausc of the mechanical complication involved in
systems in which such gear change is controlled automatically from airspeed,
undcrearriaze or flap operation, a gear change directly under the control of
the pilot is preferred whenever possible, On the rudder and clevator control
it oy, however, be necessary from safety considerations to link the gear
chanze to undercarriage or flap opcration. A pilot operated gear change
Zives positive advantage in that he can scleet eppropriate gearings for
dafferent operational taskKs and weather conditions, but reflects on present
methods of safepuarding structural strength. ath pilot sclection it may
therefore bo nccessary to regtrict the range of gear change used if the
aircraft structure is to be safogunrded and if lamtations arc not to be
put on the control surfacc angles that can be used at high speed or Mach
number.,

By combining some measure of variable and non-linear gearing and by
careful design to aveid friction and backlash cffects it should be possible
to overcome most of the difficultics that are likcly to arisc for some time
to cone, -
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1. Introcuction

On aircraft in the past thoere has usually-been a constant linear pearing
betiween the pilotts control stick, vheel or rudder pedals® and the correspond-
inz control surface. ith inercasc of the range of sirspecds over which modern
aireraft arc required to operatc, conplaints arc sometimes made, cither thet
control of the eireraft is unduly scnsitive at high indicated airspeeds (i.e.
thet very small movements of the stick zive very large effects in rate of roll,
piteh or yaw) or altcrmatively thet axccssively larre stick nmoverents are
roquired at low specds, primarily during approaches under burpy alr conditions
or on Naval sarcraft durin: approach to a carriecr where control is likely to
be diffacult because of the low approach gpeed. These two caplaints are in
the main, diffcrent facets of the same problen, the problew of providing the
desired control characteristics over a large speed range with 2 constant stick
to surface gearing; the problem is, however, aggravated if in additaon the
surface cffcetivencss falls off at slow speed duc to aerodynamic causcs. It
is also agmravated on power controlled aireraft, by many of the defects that
arc common on power control systoms c.p. frootion, backlosh, high centering
forces etc.

It is peossible that an improvement in the characteristics complained of
misht be cbtained in certain cascs by a straichtforward modification to the
pearing betwecen stick an? surfacc. TFor example, on an aircraft with a manual
control systen, the gearineg may have been chosen to mive desired stick forces
rather than desired stick moverents. By altering the surface acrodynamic
balance and the rearinn it might be possible to obtain reasonable values of
both forces and movements. Secondly, on an aireraft with very effective

controls, the effectiveness throughout the specd and Mach ngmber range riay
be higher than is really ncecessary. In this casc a loweraing®? of the gearing
nay be acceptable.

If, however, allcviation by such mecans is impossible and on, power con=
trolled eireraft, improverients to the power control and fecl system prove
ineffective then 1t may be nccessary to use a non-linear or a variable gearing
between stick and control surfacc; with future incrcases of indicated speeds,
the need for such dovices is likely to increase. The object of this report
is to consider the various possible applications of these non-linear and
veriable gearings, their relative mcrits for different applicationz and any
disadvantages or danzers in their use.

2, Possible methods of incorporatin? non-linear or variable gearinag into
control systoms

The various wethods of incorporating a non-linear or variable gearing
in a control systom are given in tabular form below, These sub-divisions are
of 1mportance sinecc they lead to differcnt relationships between stick force
and displacement and have various advantages and disadvantages.

/Table 1.0ess

¥ 7o avord eonstant repetition, the pilot's control will be referred to as a
stick throughout the remainder of this report. In general, however, the
ramarks will apply cqually to all controls, unless specifically excluded
by the text. '

£ 4 low gearing implics, in this report, a large movement of the stick for a
small movement of the control surface.



Tablc 4

Basic Manuol or Ffower oporated

type of  power boostod control

control  econtrol systen syston

Type of  None Variaeblec Non-lincar Vexriablo .
rearing  lincar

rosttion No focl systar Gutput Input side Cutput ' Input side

of non-  honec variable side to power srde to power .
+ lincer or gearing can be fron gontrol scrvo fron control scrvo

variable put anywhere in npower Before After power Before fAfter

guaring clreuit. control dinput input control input input

in recla- SCLVO fron frou servo froa  from
tion to artifi- artifi- arti- arti-

aircraft . cial cial ficial fiolel

fool fecl fecl fecl feel

™ . . . . .

_systen unit  unit unit unit

In this table, the term non~linenr gearing means that the gearing between
stick and control surface varies over the range of movement of the stick. The
non-lincarity will usually be such that a larpge movement of the stick is
required for a amall novement of the surface for control positions around the
central position, in the case of the aileron and rudder and ncar the position
for steady oruising flight in the case of the clevator. - The ratio of stack
to surface movenment would then decreasc prozressively towards both extremes
of the rangc of rovement. An illustrative example of the relative movaments of
stick and surface that mizht be used is given in Fige 1. The degree of non-
lincarity could,of coursc, vary over a wide renpge, boing limited only by
possible mechanical difficulties for large degrecs of non-lincerity and as is
shown later, by hecavy control forces in some appliecations.

In the ecase of variable gearing, the gearing between stick and surface
rcenains constant as control angle is varied, bubt the pearing nay be altered
by schenes such as:- (1) By a dircct control from the pilot. (ii) By a
scrvo systan controlled by indicated alrspeed or possibly by a combination of
indicated airspced and altatude., (i1i) By linkage with the undercarriage or
flap operation. In the casc of (ii) and (iii) the gear could be a two position
one and in the casc of (1) and (ii) a wmlti-position one, or could be continuously
Variable, The respeetive merits of various of thesc schemes arc considered
later in this report.

3 Resulting stick forces and movements

The stick foreces and stick movements required for various control surface
movenents have been worked out, using very simple asswmptions, for two speed
conditions, a high and a low spced condition, the ratio of the high to the low
speed being assumed to be 6:1 (rourhly the ratio of maxirnza to winimum specd
being obtained on present day fishters). For the variable gear curves, two
gears in the ratio of 281 have becn assumcd (Fiz., 2). For tho non-lincar
gearing, the aileron stick-surface relationship of Fiz, 1 has bceen uscd.

This gives a pgear retio of half the lincar gearing at the rmid-position and
twice the lincar gearing at the cxtrencs of travel.

In the casc of manual and nDower boosted control systems, it has been
assunied that the ceontrol hinge moment cocfficient docs not vary with indicated
speed, This assuwrption is obviously not truc in practice over sush a large
apeed range, bub since the resultant fipurcs are intended to be illuastrative
only, thc assumption ney be adequate for this purposc. For the power operated
systarms, curves have boon caleulated for varigus feel systaas: sirplc spring,
foree varying with V and forece varying with Ve, Arbitrary forec scales have
been added to the figurcs to show the order of the force variations that might
be obtained.

/The results.....
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Thc results arc shown in Figs. 3 to 11. FHach Figure gives, in addition
to the curves of forcc vnriation, diajrramatic sketches of the control layout
and formulac for the foree variation with digplacement. In the main tho
results (Pars. 3 to 9) apply to an aireraft without friction and backlash in
the centrol systen. In addition, results arc piven in Figs, 10 and 11 with
these offects included. In draving up thesc curves it has been asswiced that
the najority of the friction and bocklash will arisc in the control runs from
the basge of the stick to the power control scrvo rwitor and in the scrvo motor
valvc. On nost prescnt day aireraft, where the power control notors are
srtuated noar the control surfaco, this asswption will normally be truc.
Friction forces on the output side from the power eontrol do not, of course,
affect thoe pilot's control forecs.

The curves have becn included in the Report, as it is considercd that
they will be of geoneral interest, since they indicate what force variations
will be obiained fraa various types of installation, It is obvious that some
of these installations can be ruled out, since they rive characteristics
dieetrically opposcd to what is required. The optirmun layouts for various
control hroblems arc considered in mreator detail in the remainder of this
report,

The results are drawn for the ailceron control and for movaaent in one
direction only, sincc the curves are symctrical. Similar curves would be
obtained for the other controls.

L. Reasons for vanting variablc or non-~lincar gearing and methods of
obrtaining required characteristics

be1. General

bo1.1. M¥onual controls., On an aireraft waith mamiel controls, it
nay be shown that, rekin: wany suplifying assumptions, and asswning that there
is no contrel distortion, campressibility coffects or springz tabs, the control
force for a miven control angle will vary as V2 and that the control force for
a ;aven steady rate of roll will vary with V. At the sanc time, assuming
control cffcetavencas not to vary with control displaccrient, the control angle
for a given ratc of roll wall vary inverscly with spced. It as known that on
guch eircraft, the contrcl forces at hich spueds are hisher than pilots like
and it is probable that theoy would prefcr the control foree for a given rate
of roll to remain constanb. (1}. thigere is some evidence from aireraft on which
variable caring has been fitted, sbhey would prefer also a morc neerly constant
value of stick movaaent por unit 4&‘50 of roll. On these assuptions it would
be possable to achieve both of these aims Ly moking the gearing botween stick
and surface vary inverscly with V. The sinplifying assumptions made above are
unlikcly to bo truc in practice. Tven so, it noy be possible by suitable
choice of variation of gearing with speed to obtain nuch more nearly the
desired forec and movament characteristies than is given by a normal fixecd
gearing. Similar ersunments ~pply on an aireraft with power boosted ailerons,

ho1.2. Tover controls, On an aireraft with power cperated
controls, using similar asswaptions, the samc result can be obtained by using
.a pearing varyins inversely with V in conjunction with a simple spring
attached to the stick. For sireraft on which the reaponsc to aileron rnovcment
did not conforn to the simplifying asswiptions made above, it is nevertheless
possible Ghat a combination of a variablo gearing with a simple spring would
gave rouzhly the desirable forees anl moverionts over the spced range. Because
of the probable fall of cffectivencss at high spceds, a smaller gear change
than is su;nested by the sinple theory would nrobably be required end this
would obvaiously make the desisn of the variablc gearing casier.

i

Similar erpuncnts apply to rudder and clevator moveilents in tems of rate
of yaw and rate of pitch, From structural considerations, howover, it is
desirable that stick force should bear some econstant relationship to applied
normal aceeleration, rether than rate of pitch, as speed is chenged. This
characteristics could, of course, be obtained by a straightforward 'q' feel
system wath constant gearing, if conpressibility and distartion effects can-

/be i{mox‘ed-....
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be ignored. If, hovever, a constant ratc of pitech for a given stick movement
at all spceds 18 considercd desirable, then a constant stack forece per 'g' could
be obbtained at the samc time by a combination of a variable gearing inversely
proportional to ¥V with a stick foree per unit stick movaaent proportional to V.
This would, howvever, be cobtainced at the expensc of pgroater complication.

The need for variable gearing is likely to be increased for aircraft
vwhich arc to operate in the trensonic rogion. Becausc of the decreasc of con-
trol cffectiveness and the increasc of manccuvre margin in this range, large:
control surfaccs with large movements arc rcquired to give adcquate control.
The contreols arc tharefore likely to be over=cffective for higher indicated
specds but lowor Mach numbers, A lower gearing betveon stick and surface may
therefore be dasirable for conditions below the transonic speed range.

4e1.3. Other considerations. From the foregoing it will be seen
that if 1t can be assumed that apprecisble stick movements are essential for
accurate control there arc rcagons on gencrpal grounds for supposing that a
variable gearinpg between stick and surfacc mey give a feel system morc in
accord with what the pilot would like than is possible with faxed gearing and
that it might therefore give groater precision of control throughout the speed
range. A further possible advantage of variable gearing is that pilots might
wish to sclect e diffeorent gearing for different operational tasks., For
exaaple the gearaing that the pilot would like for an attack under radar control
at night might well be quite diffcrent from what he would like for combat
under visual conditions. Siwilarly the pilot might prefer a much lower gearing
for a bambing run urder marmal control at high altitude, comparcd with what he
would like for say a climb through cloud at the same indicated specd at low
lovel., TFor the pilot to take advantage of this facility, goar selection would,
of coursec, have to be under the pilot's control throughout, or hc would have
to be able to override any automatic sclcetion.

Azainst all this, thore is a considerable body of opinion that the amount
of control movement is of rolatively minor importance, the major factor of
which the pilot is awvarc being the control forees, and that optamun control
charactoristics erc, in fact, obtained by using a purc "“force control", in
which movenents of the control are negligibly samall, If this view is acccpted,
then there is no gencral case for variable searing but rather for the develop-
ment of purc foree controls.

However, the evidence in favour o the latter is not yot conclusive end
airernft will continue to have orthodox controls for some time to come; it is
uscful thereforc to consider ceortain conditions about which camplaints are
often made and to consider which of the possible variable and non-lincar gear
schemes would give the grcatest improvament.

L.2, Too largc stick ovements required at slow speeds or for landing,

L.2.1. Gengral.,  Coaplaints arc sometiacs made on certain aireraft
that excessive control novercents arce required at slow spceds or for landing,
particularly under bumpy eir conditions. The complaints arc particulerly rele-
vont to the carricr landing casc, bccausc cven when conditions arc turbulent,
it is still nccessary to make tho approach at a very slow speed, where a:l.lcron
e¢ffectivencss is likely to be fairly low. ‘/ath such turbulencc, the pilot may
make frequont large wovaaents of the stick to deal with the wing dropping that
occurs. It is obvious that the difficulty of naking thesce movaacnts will vary
with the stick foreces, the heavier the forces the morc tiring and diffiecult it
is to make large riovaments. If cither the forecos or the stick movements are
reduced the-condition .iisht -be accoptable, lut evidence suggests that even
with low forces pilots do not like to mave to wake frequent large stick move-
ments during the epproach.

4e2.2. Menual controls, The advaniazos accruing from variablc
gearing riny be considercd for various types of aireraft control systems.
Firstly on aireraft wath mamal or power boosted controls it is seen from Fig. 3
that a change of searins in addition to reducing the stick movement also

Jincreases.....
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inercascs the gtick forec per unit surfacc novenent. If the initial control
foroes were light, then this increasc of control forcc ney be acceptable,
However, in nany cascs it is probable that the hcavier control forces may be
ag objccticnable as the larze stick moveents and if acceptable control
characteristics are to be obtainced it 1ay be necessary to inecrcase the balence
of the control surfece. Since preswiably offorts will already have been made
to obtain light control forces, increasing the balance is not likely to be
casy and it is thercefore doubtful whether a change of control gearing will be
practicable as o general rulc on ranually controlled aircraft,

A non-lincar gearing might also be used to reducc the atick movement
required for large surfacc movaient. To achicve this, the gearing would be
kopt the sane as the linear gearing at the ccontral position, but would be
inercased tovards cach side. Thus, for small movenonts of the control about
eentral, the stick forccs would be virtually unchanged and hence the forces
required for manocuvring at high indicated speeds would only be slightly
increased. Such a gearaing night obviously pgive some iiprovement, but it is
not likely to be so effective as a variable one and 1t will have the same
liintations with regard to the increasc of control heaviness.

4.2,3. Power controls, On alrceraft with power opcrated controls,
various caribilnations of foree and rovement can be obtained, as will be scen
fron Figs. & to 9. Vith the fecl forces fed direct to the stick before the
variable gearing, reducing the stick movaicnt also rcduces the stick forces
required., With sliple spring fecl, and assuning that the low gearing is used
at high speed and the high gearing at low specd, this will give an inprovement
in control characteristics both in respeet of movement and force, since the
control forces can be made lipghter at low spocds without deercasing the for-
ces at high spoecd, Such a systa: right therefore be uscd instcad of, for
example, a V or M controllcd foree fcel systal. If the change of gearing was
directly controlled by the pilot, then the systun would probably be simpler
than the equavalcent foree feel systoem, If, however, the change of gearing
were automatically opcrated, then undoubtedly greater complexity would result.

& sunilar result might be obtained by the use of a non~linear gearing,

if the gearing is retained at its originel valuc over the central portion of

the wotion and inereascd over the oxtreaes of travel, so that the overall stick
moverent is decreased., In this casc, the foree for small surface movement would
be unaltered, but the force for large movenents would be roduced, Thus at high
speeds, where in generel only snall to woderatc movenents of the suwrface will

be required, the forces will remain reasonably heavy, but at slow specds where
large control movaients arc used the forces would be relatively lighter for large
control surface novements than when the lincar gear is fitted. However, since
the forec is still a lincar function of stick movaient, the pilot will probably

be unaware of the non-lincarity.

If the artificial fecl forces arc fod in after the gear change then it
will be scen from Fige 5  that when the stick movement is deoreased the con~
trol forees are increased as in the mamual control case, Assuming as before
that thc low gearing will be uscd at high speced the control force per unit
control swface movement will be heavacr at low speeds then at high specds and
these heavier forces may lirit the stick noverient that pilots are willing to
use. In the same way, a non-lincar gearing bofore the feel farces arc fed in,
will zive heavier forces for large control movements and will suffer from the

sarne disadvantages.

It 13 cvident fras this that for this case a varisble or a non-linear
gearing, with feel forces fed in before the gear, will give the optimun foel
characteristics, Of these, the variable gearing will mve more nearly linear
response against stick movanent and a better rclationship between forces at
low and high speed and is thercforc to be proferred, Since the large control
rnovements are requircd only at slow spoeds, a two position gearin@ could be
fitted rmonually controlled by the pilot. As an altematdve, if only requir(.ad
for the approach, the gear changoe could be linked to the flaps or undercarriage

opcration.

/The ranarks.....
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* The ronarks made above have related primarmily to the ailcron control.
Similar difficultics are possible on the rudder control, sincc rudder nay be
used to help raisc a dropped wineg, on the approasch. However, no casecs of
coamplaint have occurrcd to date and on gencral msrounds 1t is less likely thet
trouble would arisc fron this causc than on the aileron. However, if difficulty
was oxporicnced the sere ucthods eould be uscd.

On the clevator, large novenents arc reguired only on the actual round-cut
and providing full stick noveuent cen be obtained in this condition, little
difficulty is likely with the stick movencents requirced at slowv specds, unless
these are asscciated wath heavy forces.

4.3. Over-gscnsitivity at hich speeds

4e3.1. General, Over-sensitivaity at haigh speed is a different
facet of the same problen discussed in para., L4.2., since the gearing chosen
imtially 18 a corpronise bebween the conditions required for high and low
speeds and a solution satisfactory for onc end of the speed range, will
eutonatically cazse the problon at the other end of the range, However, it
iz useful to consider the application specifically to this case,

L,3,2.. Variable gcarinz, On a nmially or pover boost controlled
arroraft, inereasing the stick meovaaent by rcducing the gearang will mve
decrcased forces at high speeds, Since, in gencral, the force roquired for
a given manoceuvre {(c.g., rate of roll or TJltGh) is rrrcater ft high speeds than
at lov, and offon heavicr than desired at high speed, 2 ng will give a
desirable reduction. Hencc a reduction in carin: will almost ccrteinly be
beneficial both from considerations of stick movanent and stick foree.

On an aircraft with power opcrated controls with the fecl force fed
direct to the stick, it will be secen from Fags. 4, 6 and 8 that decreasing
the gearing gives an inercase of force for a given control surface movaaent.
Thus if a asimple spring fecl syston is used a beneficial inerocasc of control
force per unit surface movement will be obteinod at high speed. Since the
overscnsitavity 1s lzkely to be progressive with increase of speed, a
progressive deerease of georing, with airspecd is desirable, with allowance
for Mach nwiber cficcts where these are irportant. An autometic change of
gearing, opcrated from sirspeed pressures is thercforc indicated. 1ath such
a gystem 1t would be possible to get desirable co.binations of novements and
forces, vithout reecoursc to more complicated farce feol systems.

With the fecl forces fed in after the gearing, a roduction in stick
geering gives a deecreascd foree. Tith a variable yearing, spceed controlled
and with a sinple sprang fecl, the forec for a given control movement will
decrease vith speed., To obtain satisfactory control forces on such a systan,
it would bc necessary to have a feel systan such that foree increased roughly
as V<. Although this mxght be acceptable, it would obviously be nore
complicated thot the simple spring attached to the stick considered above.

A further effcct of variable pearing is that if maximwa aveilable stick
movenent 1s kopt constant, then decreasing the gearing will reduce the aileron
angle that can be applied. On some aireraft where there is a stressing Limit
on the use of ailcrons at hizh specds, this may be advantageous since control
angles can be kept within design limits without the nccessity for heavy control
forces., Whore, howover, therc is no stressing limit on the silerons, such a
restriction on ailercn nmovenend might 1mposc limitations on the alrcraft's
rolling capacity at high specds and Mach numbers particularly if the control
effectiveness falls off, This would he objcetionable operationally and might
well be dangerouvs.

4,.3,3, Non-linear pearinz. Ls an altermative to thesc variable
gearing schcues, a non-linear pcaring might be uscd. On a mamually or power
boosted alrcraft, this woull glve rclatively lighter control forecs over the
central portion of the travel, with rcelatively hcavier control forces for
large control nmovencnts., Provided that the degree of ovir-scnmtivaty was not
great, and heneo that only moderate non-linearity was required, satisfactory
control charactoristics could probably bc obtrined by this means. Further

/fl1ght. ...
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flipht cxpericnce is necossary hefore a definite statoneont can be mede on how
mmch non=linearity ean bo uscd before the control charscteristics becano
objectionable.,

With power oporated controls, the foreso variation over the ranze of
movement will depend on where the fecl force is fod into the cireult, Vith a
spring attached dircetly to the atick, the foree per wnit surface travel will
be heavicr for small novements then for large onea; when the force 1s fod in
after the gearing the force per unit surface travel will be lighter for small
aoverents than for large oncs. The latter condition is probably preferchble,
provided that the spring forece is suitably varicd with speed (c.g. varying
as V) although this Jdoca ncan that the foree por unit stick riovenent is
non-lincer, 4s in the nmamual control ecasc, control characteristics will
probably be satisfactory provided only moderatc non-lincarity is used,

he3.ke Ruldor and clevator control., On the rudder similer arguments
will apply but since the rudders arc used less frequently than the ailorons,
fnd lergc rudder ongles arc nomally only used at low spceds, a variable
gearing is probably not justified and a non=lincar gearing may be the bost
solution in this crmsc.

It is doubtful whether the restriction that a variasble gearing is likely
to place on the aveilable movement of the clevator would, in general, be
acceptable, particularly in the transonic rcgion, although therc may possibly
be applications as for cxample, on high altitude transport aircraft on which
repid manocuvring is not required, where such a gearing might give sstisfactory
control charactoristics. On other types of aireraft, the only sirmle improve-
nents to the longitudinal control that could be obtained, assuming that these
aircraft already have the optirmm forec feel system,,would seem to be some
measure of non-lincerity of gearing between agtick end elevator or, if this is
insufficient, as a further oxtcnsion of the smie idea,a non=linear gearing .
between elevator and tailplane moverents. )

4.4 Friction anl backlash. Difficulty of control can often be
attributed to friction and backiash (2), particularly on cireraft with power
operated trols. Adverse charactceristics can arise in a number of ways.
Parstly;7friction is prosent, then a corresponding spring centering force is
necessary. Assuming friction is high, this mcans that a large foroe is
necessary to nmove the control. A further small increase in force may then
cauge a largo control movenent. The effect may be even worsce if, as is quite
likely, the friction force decrenses as soon as the control starts to move.
Secondly, with backlash prosent in the control runs to tho power control valve
and in the valve itself, a small novement of the stick, which mey require a
large force as explained above, 7ives no control movement, but a further
anall rovement with linht forces may produce a large effects In addition
there may be amprcciable backlash in the linkave to the feel systeme If the
lost notion is -reater then in the control run and valwve, then it may be
possible to make small -iovenents of the control surfaco, without having to
overconie the centering sprin~ force., Small movewents are madc azainst .
frietion only and procisce control 1s then likcly to be diffiocult.

It is obvious that thc best vey of overcoming control diffioultics due
“to these causea is to make tho friction and backlash as amall as possible.
It may not, however, be practicablce to climinato all adverse effecta by
thecse means. Further improvements mey be possible by modifications. to the
aircraft fecl systom (ceg. by increasing the spring rate and hence increasing
the ratio of totel foree required for a given control movanent to breakout
foree). It is uscful to consader, however, whab.inprovements may be

offocted by use of a variable or non-linear gcaring.

With friction in tho circuit end a variable gearing at the sfslcl.c, a
reduction of gearing would givc a proportionate decreesc in tl}e friction force
felt at tho stick, since the mejority of the fractlon will be in the control
runs end valve mcohanism., Scme improvamont in control characteristics in
low gearing might thercfore be expeotod. For meximum improvement, the fecl
systam should be attachod bofore the gearing so that the ratio of friotion
to fecl foree ill "be reduoed.

/‘I‘Ii‘bh.on-- !
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Tith backlash pregsent, the advantagcs of a variable gearing gystan are
lcas obvious., Vith the gear at the stick, a reduetion in gearing vill mive
proportionately equal increases in thc stick novenent necessary to overconec
backlash, and that required to nove the control surface through the desired
angle. (Fig. 10). ' This is likely to make control norc difficult becausc of
the incrcased backlash region. hen backlash is present in the linkaege to
the fecl systen, some iaprovement may be possible by putting the gearing
betreen the feel systam and the power control wvalve, since in low gearing
there villl be lesa possibilaty of obtaining control surface movement without
encountering the spring eccntering forcc.

Backlash effcects could, harever, be reduced by fitting the variable gear-
ing on the output side from the power control, since the ratio of backlash to
total stick movement required would be reduced (Fig. 11). ihere friction and
backlash are both present the best position for the gearing vill be determined
by the relative irportance of the friction end backlash contributions to the
adverse characteristies. However, it would appear that a variable gearing
after the power control mmast always give some improvanent of characteristies.

Similar arguicnts apply for a non-lincar gearing, This mey be expcected
to reduce the over-scnsitivity at high speed, provided that it is put in at
the right point in the circuit. As with the variable gearinz, the beat
position ean only be fixed by considering the relative importance of friction
and backlash, '

h.5. Manual reversion case. On power controlled or power boosted
aircreft in which emorgeney control is provided by manuel reversion, an
1mprovement in control in the cmergency casc nmight be obtaincd by use of a
variable gearing under the control of the pilot. On such sdreraft control-
dability is usually lamited by the hecaviness of the forces required. If
this means a scorious practical lamitation on the control anglos that can
be applicd, then it might be possible to iimprove the eontrol characteristics
by reducing the gearing., This would, of course, ncan that larger stick
movanents would be nccessary for a given surface movement, but it would
also mean that the foree required would be redueed and the nmaximum control
angle that could be aplied would be incrensed, provided that this is not
restricted with the reduced gearing. ' flthough thesc large stick movements
arc undesirasblc as a general rule, they may be norc acceptable than heavy
forces for the cmergency case. It is not possible to say whether it is
likely to prove advantagecus as a general rule as this will depend on the
aireraft controel characteristics.

5. Posgible dangers and disadvantages of variable gearing

5.1, Risk of fajilure of pgear change ricchamism

5.1.1, Pilot operated gear change. In the various applications
of variable gearing mentioned above, both monual and automatic changes of
gearing are considered, Fallures of two types can thercfore arisc. In the
first case, the pilot might forget to sclect the right gearing for lending
or for high speed flight. As a result 1t is possible to envisage cases in
which the pilot will fand huimself withiedequate sileron movement for landing
or even if sufficient ailcron movament is available, he might meke toc mmall
a corrective movaacnt beecausc he is in low instend of high gearings Similarly
at high speed he might overcorrect if he was in high instcad of low gearing.

Obviocusly the control systea rmust De such that 1t is impossible to
overstress the alreraft whatever gesring is selected. In some cascs this will
be covered automatically e.g. the ailerons and wings may be stressed for full
aileron movement at all specds or ailcron movement may be limited by 'q!
controlled stops. Recent experience suggests that on the sileron control one
or othcr of theae methods will be uscd in the majority of cascs. On the
rudder this is unlikely to be true, although stops moving as some function
of 'g' could be used if desared. However, as was explainod earlier, there is
at present no obvious need for variable gearing on the rudder control.

In the pitching plane it would bc very difficult to cnsurc that the nomal

/stick forccieens
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stick force per 'z' requirciicnts were et in all mearings. On a fighter with
an 14 of 8, thas would probably not he very inportant, sinee the chances of
inadvertently over-stressing the aireraft would be small., On aireraft with
lower n1 valucs it would Dbc nccessary to rely on readings of a visual
accelercneter or on a 'g' restrictor if such were available. Although a
visual accclerometur nay well be acceptable as a structural safepuard in some
cases, a pilot controlled variable gearinz to the elevator is likely to be of
only linited application for these structural recamns and the recasons mven in
p&ra- I—I—o}b

The degree of hazard involved on any of the controls is obviously a
function of the change of zearing used., For large gear changes {i,e, 3 or 4
to 1) the hazard would obviously bec a very real cnec, as tho pilot might not
rcalise his crror until cxccssive accelerations had been applicd or until he
had run out of availablc control noveent under burpy air conditions near the
ground or carrier and it is almost certain that such a systom would be
unacceptable for general Scrvice use, However, 1f the goar change isg small
(say under 2 to 1) then the dangers involved would be reduced and depending on
the control characteristics of tho sireraft, tho control available cven in the
lowest gearing might well be sufficient to enable the aircraft to operate with
reagonable safety even at slow specd close to the ground. In such cascs a
manual gear change would scem to be acecptable,

/

5.1.2. Automatic 2 posgition gear chanze. An alternative to the
pilot controlled system for such small gear changes would be a mechanical
control opcrated at a given airspecd or in conjunction vith undercarriape
retraction., Vith a sirple gear change mechanisn, it would be possable for a
change of gearing to give a sudden control surfece movement and this might
well be dangerous. It would probably be possible to overcome this in a number
of ways, For cxample, the gear change could be nade to teke place gradually
over several seconds or, on the ailcrons, only when the control was in the
central position, On the elevator the most promising solution would seem to
be to make the point of zero control surfacc movenient as gear was changed
move with the trirmmer and then to have a deviee that would only allow the gear
to change when the aireraft vas in trin. Al such systems would obviously
involve some machanical cowplication and therc would thercfore be some risk
of failure. The groatest danger in this casc would probably be if in the
event of failure, thc mechanian autometically changed gear (c.g. the system
mizht be preloaded to return to the landing condition), If such an asutomatic
change oceurrcd with aileron clovator or rudder on, there might be gome hazard,
as for cxarmle in formation flying or a ground attack. L system that failed
in such a way that the mechanism steycd in the goar solected at the moment of
failure, wath an cucrgeney wanual scleetion of the landing gearing would scem
to be the best solution. In vicw of the complioation anvolved, a pilot
controlled system as likcly to be preoferred, at any rate on the aileron control,
in viuwr of the other advantages, nientioned in para. 4, that it confors. Where
a pilot controlled systaa is unacceptable for rcasons mentioned above, then
it would be nccessary to usc an autonatic systaa with adequatc safcguards
azainst feilurc, .

5.1.3. Airspeed controlled gear chantc., Tor large changes of
gearing, it is very doubtful whether the pilot can be rclicd upon to make the
corrcet selcotion of gearing. This will be particularly important if stick
forces or movanents arc being rcliced upon to safceguerd the aircraft structurc.
In such cascs, it would sceu to be necessary to have soume ncans of autonatic
gcar change, preferably opcrated off the aireraft A,S,I. preasurc systor.
Unless the gearing was controlled autonatically, it would he almost irpossible
the the pilot to prejudge how rmch stick force or movement would be necessary
for a desired manocuvrc. It is, of coursc, debatablc how far the pilot rclies
on previous experacnce in determining the amount of control required for a
givon manocuvre, but it is lakely that when fully expericnced on an eircraft
type, precognition plays some part in sccuratc control. It scens probable, )
thercforc, that without automatic scleotion, therc would be some loss of flying

8CCUTBCY.
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Becauge of the dangers mentioned above, it would be neceasary to ensure
that the rnechanisn staycd in the gearang sclected at the monent of failure,
with a manunl override for sclecting the corrcct gearing for landing., It
would also be necessary to provide o warning to the pilot that failurc hed
occurred, Such a system would probably be acceptable, but it is cvident that
there would have to be very marked advanteges accruing from the variable gear-
ing to justify thc added caplication and the addition of yeot another warning
system to the pilot!s cockpit.

5.2, Instability cffects. If a gear chanze is fitted in the clevator
circuit, autoratically controlled fron the A.S.I1. systcn, then the simple
systom nay lead to instability, This can be seen from Fig. 12, If the line
ABC shows the relation between clevator movement end stick positaon and if
the clevator position for trim is given by point D, tha if speed decroascs
slightly, the clevator to stick gearing will change ané the elevator will
nove up from position D to position D'« This elevator movement vould cause
a further reduction in speed end hence the speed would diverse towards the
stell, Steady cruising might therefore be difficult. This difficulty could
bec overcome as far as the steady condition is concerned, by nalking the posi-
tion at which no movement of the clevetor occurs as gearing is changed (i. €,
point B in Fig. 12) correspond with the trin position. This would entail
linking the goar change to the trimmer. The nomal static stability condi-
tions would thon epply.

Howevor, this would not remove the difficulty as far as menoceuvring
flight is conecrned, : 'In a pull=out ar on untering a turn, the stick is
pulled back to achiove' the required nomel acceleration., If then specd
falls off, furthor up clevator will be progressively applied, It is
adnitiedly true that as speed deorcescs a progressively larger clevator
angle will usually be required to maintain a constant normal acccleration,
80 that the change is oporating in the corrcet sense in reducing the
progressive stlek nmovenent roquired, However in cases where the aircraft
epproaches ncutral nanocuvring stability in a turn, this bcehaviour would be
most undesirable since it would cause the turn to tighten progressively if
spced was allowed to fall off, Since wost present day swept waing aircraft
show a reduction in msnocuvring stability in turns at high Mach nuaber, such
a varisble gearing would undoubtcdly aggravatc the control problaa end it is
very doubtful whoether it could be accopted. This problen is not, of course,
insurmountable. The syston could, for cxemplc, be such that a gear change
could only take place when the clovator was in the frim position. However
any solution scems likely to involvc a good deal of corplication.

Somewhat similar offects would be obteined on avleron and rudder con-
frols, since as specd is reduced the silcron and rudder positions would
aubomatically alter. However, the alleron and rudder angles required in the
turn will in any event probably vary with speed, so this 1s probably not a
scrious objecotion.

H5s3. Pilot may not know how rmuch riore control ho has available. In

cortain circumstances thc pilot may want to know how much more control hc has
available, For cxample, if an approach is being nade with an extremc forward
Cegs position (c.g. duc to a bomb hang up or misusc of the fucl systag) then
on an airoraft without variable goarin<g, the pilot knows how much more
elevetar control he has available from the position of the stick at each stage
of the approach. Vith variable gearing controlled fronm the airspeed systam,
either the range of stick movement romsins constant, in which casc the
clovator angle for full movement of the stick will decrcase with inorease of
speed; the stick may be elmost fully back on the spproanch, but nevertheless
the pilot might still have sufficient control available for landing, bocausc
of the increased control anglc that would be avellable at the lower speed.
Alternatively the range of stick movanent will decrcasc with decreasc of
specd; in this ease the pilot is likely to think that he has further eontrol
novement availeblce when this is not so, In cither easce 1t will be morc
difficult for tho pilot to estiuvatc how ruch elevator control will be
available for lending then with a fixed gearing. If the ratc of gear change
with specd is snall, it is unlikecly that this will lead to any very great
difficulty in praotice. Vith a large change of zearing, it might bo neceassary
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to rostrict the autonatic opcration to spceeds above ary 200 knots, Even withe-
out this, thc pilot could, 2f in doubt, alveys cerry cut a check on the

anount of clevator available, at a safe hcight, so that it is unlikely thet
this "All prove a sericus difficulty.

Simlar arguments would apply to the rudder control on a landing undcr
agyrmetric power conditions and to the silcron when landing with an ssyrmetrie
fucl or bomb load. :

5.4 PFilot loses somo ncasure of abrlity to estinate spesd, On air~
eraft in the past, the pilot has been ablc to meke o rough estimate of his
airsneed vrthout recourse to his A.8.I, Hc has done this in part by an
asseaanont of the control foree requircd for a given stick movement, of the -
response of the alreraft to atick novement and also by an asscssment of noise

lovels, buffeting, control trcmors cte. 7ith some of the schemes suggested,
the forces for a given stick movaaent and the stick movement for a given
responsc 1ight be roughly constent over the gpecd range. The pilot would
therefore be bereft of sone of his mocans of cstinating speed. Even so it
is likely thet the pilot will still retain some irpression of speed since
apart from the indications from noise levels, cte., it is unlikcly that the
responsc charactoristies (i.c. acecleration in roll, steady ratc of roll)
W1ll in fact ranain constant over the specd range. The only time that the
loss of ability to estimatc speed is likdly to bo an cmbarrassncnt is when
making an approach after failurc of the airspecd systen, However, provided
that there is adequate pre-stall warning, this is unlikely to be of major
irportance and it is considercd that anyloss of ability to judge spocd is of
relatively minor inportance,

5:5. Recstriction of available control anrle, If the change of gearing
between high and low speed is large, either the stick movement at low speed
has to be cxtramely snall (i.c. of the order of 1 inch for full control surface
moverent) or elsc at high speed, full noveuent of the stick corresponds to
less than full movencnt of the control surface; Since a maxiru stick movement
of 1 inch ray well be unncecptable, it is probable that some restriction of
the control surface movanent would be ineviteble. As explained earlier such
restriction of control surface movament may give positive benefits on some
aircraft on structural grounds. In other cascs, restraction of the control
angle right well restrict the manocuvrability of the aircraft.. For exemple,
at high Mach nunber decrease of aileron or clevator effectiveness might mean
that full eontrol movement is roquired for adequate control and any restric-
tion of control movaaent would be unacecptable,

With a lower change of gearing between the high and low speed condi-
tions it may be possible to avoid unacceptably small stick movements at slow
specds while still retaining full control surface moveaent at high speeds;
such lower changes of zgearing arc morc likcly to be satisfactory on fighter
types of airecraft,

6o Digedvantages of non-linecar gearing.

6.1« PForece against surfacc displacement is not lincar, From Figs. 3 - 11
it will be scen that thc stick force per unit control displacement is non-linear,
both on the manually controlled aircraft and also in the power control case
whether the forces are fed in bofore or after the non-linear geexing. This
would lcad, for cxample, to a variation of stick forece per g with applied g
and a non-lincar recletionship between control force and steady rate of roll,

A morc or less constant relationship betwoen control force and response hes
in the past usually bc considered desireble. However, provided the non-linearity
is not too great, the varaations of response obtained would probably not be
objectionsble. In fact some relative inerease in control force for large
applied normsl accelerations, rates of roll and yaw would probably have
positive advantages from structural considerations. It will be sceen from
Figs. 3 and 5 that on mmually controlled aireraft and on power-controlled
eireraft where the artificial fecl is fed in aftor the non-linear gearing, a
forcc varietion of this typc is obtained. . It will also be noted from those
figures that there is 2 narked non-lincarity of stick farce against stick
movement; this may possibly restrict the degroe of non-lincarity that can
be used beforc adverse comment is made by the pilot.

' /6e200nnes
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6.2, Chanpgc of triiw pHosition with opcrating conditions. For the cruis-
ing flight casc, if the non-linear gearing is to bo effcclive in preventing
control over~scnsitivity, 1t 1s obvious that the centre of the low gearing
rance should coincide with the trii pogition of the sticks The clevator
poaltion for trin iy obviously vary veory considcerably with chenges of c.g.
position, airspccd and Mach nunber., On sone aireraft on which longitudinal
trin is obtaincd by movinent of the tailplanc, the stick is always in the same
position for trin and no difficulty will arise in this casc., On other instal-
lations 1t should not be difficult to overcome the problaa by linking the
position of the non-linear gpearing to the trim control, althouzh saic mechani-
cal caplicetinnwould obviously be involved. The linkages could, however, be
entirely nechanical with no risk of farlure and it is considered that any
problens in this direction could be satisfactorily overcoue,

6.3. Increasc of stick nmovenmt requirced for landines, It is evident
fron Fiz. 1 that the stick moveiwnt required for control angles less than the
maxirum will be increased by using a non-linear nearing, asswiing that naximun
moverient is unaltored. This will inerceasc the difficulty of control during
the landing approach under bupy conditions, However, for moderate amounts of
non~linearity, this objeetion may not be scricus provided that the overall
stick noveuwont is not cxccssive and stick forces arc kept light. No difficuldy
is cnvisaged on the clevator control fron this cause and on the rudder also,
the effects are likely to be less adverse than on the eilerons.

Te Conclusions

The nced for a none-lincar or variable gearing is based on the asswmption
that stick and rudder pedal movemeonts, as distinet froam control forces are
important for satisfactory control. If this werc not so, then all control
difficulties could be overcone by modifications to the foreces fed to the
pilots control. Jath friction and backlash present, spprociable control move-
nents arc neccssary for satisfactory control and with conventional control
systems, the nagnitude of the control movements required for various
nanoeuvres over the speed range of tho aireraft arc undoubtedly important.
Howwever, even so, considerable inprovearients in feel can be obtained by
reduction of friction and backlash and on power controlled aircraft by
modificetions to the force fecl system. Non-lincar and variable gearing
systems should only be rcsorted to when other methods are unsuccessful or
when positive adventages arc gained with greater simplicity than would
rcsult from modafications to the force fecl systan.

Over-~sensitivity of controls at high speed can be reduced by introducing
non~-lincarity into the contrel gearing. WNo serious objcctions are seen to
such a system, particularly on the elevator control, providing that only small
degrees of non-linearity arc used, and it may in fact give sanc improvement
in feecl characteristics by increasing the control forces required for cxtreme

control movements. At the same tame non-lincar gearing can also provide some
emclioration of the effects of friction and backlash.

With futurc inecreases in opcrating speeds, the advantages to be gained
from nen~lincar gearing iay be insufficicnt and it may thercefore be necessary
to consader spced controlled automatic variable gearing. However, the hazards
and disadvantages are such that it is consadered that these systems should be

avoided whenever possible,

A morc satisfactory solution, at any ratc on the ealeron control would
appear to bc the usc of limited variable gearing dircctly under the control
of the pilot using a mcchanical system of gear change. In some cases, parti-
cularly on the clevator and rudder control, it wny be neccssary for safety
rcasons to link the gear change autamatically to the undercarriage or flap
movement and such a systom should be acceptable provaded the system is adequately
safeguarded against failurc. If a sirple spring fecl systan is to be used on
a power controllec]thg_jsrcraft , then this should be fed into the system before the
gear change, as bysmcans hecavier forces will be obtained at high speed. However,
this would not give any advantage as far as backlash is concerned, cxcept when
the backlash is in the linkage to the feel systeam. If backlash in the control
run ard pover contrel valve arc riajor control problems and cannot be removed
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by recdesipn, then it is ncecssary to fit the variable gearing on the output :
side of the power control. In this casc for satisfactory control foree
variation with spocd, a nore corplicated fecl syston with force proportional
to some function cf speed would probably be neccssary.

W7ith the gear chango under the control of the pilot, there would be the
further advantage that he could sclcet different gearinps for dafferent
operational tasks and atnospheric conditions. It might also be posaible to
reducce forces in the manual reversion easc. On these grounds and also for
it's sinplicaty, a syston under the control of the pilot is preferred to one
controlled by urdcrcarriage or flap ovcration, axecepting when the fomer would
lead to unacceptable hazards.

Carc would, however, be nocessary to ensure 't:ha.t‘;éalrf'yIcl gearing selected,
the risks of overstrecssing the eirecraft were not cxecssive, either by cnsuring
that the normal force recuirercnts are met in any gearing or by the provision

of visual acccleromcters, tg! restrictors or control surfacc stops.

It is probable that by combining a smell measurce of non~linearity with
a s1all range of pilot controlled varisble gearing, it would be possible
to overcone most of the problass likely to arise for saue timc to come and
in cascs of difficulty this would scem to be the rost pramising line to
investigate.
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