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INTRODUCTION BY DR J A ] BENNETT

Mr Charrman, Ladies and Gentlemen,

It 1s a pleasure to mtroduce our lecturer this afternoon  Although as a
fellow-member he has remained modestly mn the background untl now,
Dr SissiNGH 1s known internationally as a leading aerodynamicist in the
rotary-wing field

Perhaps his first notable contribution was a paper published in ““ Luft-
fahrtforschung ” exactly 10 years ago , this was later translated into English
and became an N A CA Technical Memorandum In his calculations
Dr SIsSINGH was not content with a rough estimate of the average values
of drag coeffictent and 1induced velocity but took into account their distribu-
tion along the blade This unwillingness to make empirical assumptions
merely for the sake of mathematical simplicity 1s typical of his subsequent
work

For a number of years DR SISSINGH has devoted his attention to
helicopter stability and has written extensively on this important problem
His mvestigations were conducted first at the Flettner Company near Berlin,
then at the well-known Kaiser Wilhelm Institut at Gottingen, and recently
at the Royal Aircraft Establishment

There 1s no one more competent, therefore, to talk on the ““ Automatic
Stabili ation of Helicopters > We have all had a vague 1dea of the effective-
ness of certain devices developed for this purpose 1n the United States, and
thus afternoon DR SisSINGH has undertaken to clarify the position and to
tell us exactly what can be expected of automatic stabilisers 1 the future

* Crown Copynght reserved Reproduced with the permussion of the Controller of His Majesty s
Stationery Office
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DR G J SISSINGH
Mr Chairman, Ladies and Gentlemen

Before I proceed to deliver my papar, I would like to acknowledge that
I am greatly indebted to the Ministry of Supply, and to Group Captain
LIPTROT 1n particular, for permission to do so, and also for Faving given me
the opportunity and facilities for continuing my work on this subject I wish
also to express my thanks to the Council of the H licopter Association for
the great honour done me by allowing me to address you this afternoon

My lecture today deals with the automatic stabilisation of the helicopter
1n hovering flight and 1s mainly concerned with the Sikorsky configuration
You all know that this configuration 1s inherently dynamically unstable in
the low speed range and that after a disturbance an increasing oscillation
builds up Therefore, an automatic control device 15 very desirable It
would not only be a help to the pilot but would also be a very great advantage
for might and bhnd flying operations, which at present are only possible
under “ contact conditions > or with the use of instruments

During recent years some American firms such as Bell and Hiller have
already made an encouraging beginning with automatic control We know
that the results still leave something to be desired, but 1t 1s at least a start
We shall try to find out how these control devices work and what 1s still
wrong with them

I want to avoid going into the mathematical complexities of the problem,
in order to make the maimn points as clear as possible Any of my hsteners
who wish to go into the theoretical side more thoroughly are referred to

various R A E, reports on this subject which are to be published 1n the near
future

FUNDAMENTALS OF CONTROL DISPLACEMENTS NECESSARY TO
GOVERN AN UNSTABLE HELICOPTER

At first sight the problem of automatic control and stabilisation looks
very complex  But 1t becomes much simpler 1f we tackle 1t 1n a roundabout
way by first investugating the effect of given periodic control displacements
on the dynamic stability

The 1nvestigations have shown that 1t 1s sufficient 1f we restrict ourselves
to control displacements which are proportional to and 1n phase with

(1) the attitude of the helicopter, and

(2) the angular velocity of the helicopter,
and a combination of these two types  The former corresponds to a kind of
static stability and the latter to a kind of damping The control displace-
ments mentioned above are 1llustrated in Fig 1 for a disturbed longitudinal
motion (la being a sketch of the angle in pitch agamnst ttme) The curves
of 1b and 1c show the attitude and the angular velocity of the helicopter and
the broken lmes give the corresponding control displacements, where a
negative control displacement means the Ift vector of the rotor 1s tilted
forward

At present it does not matter how these control displacements are
brought about As an example we can mmagine that we have mstalled an
1deal autopilot which carries out the desired displacements without any
time lag

We shall now investigate the effect of our hypothetical autopilot by
means of stability charts These charts are calculated from the frequency
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equation, which (if we consider the flapping motion of the blades as a
sequence of steady motions) 1s of the 3rd order and fnay be written as
A A2 A4 A+ 4o=0

where for the Sikorsky configuration with the controls fixed 4, =0 Ido
not wish to trouble you with the calculation of the coefficients Ao, 4;, 4,,
but would like to point out that they depend on the layout of the helicopter
and can only be varied within certain limits for a given design It can be
proved that periodic control displacements effect a change of the coefficients
For the Sikorsky configuration 1t follows that

Ay 15 not affected by control displacements,

A; 1s proportional to control displacements 1n phase with the attitude

of the helicopter, and
4, mcreases with control displacements proportional to and 1n phase
with the angular velocity of the helicopter

Routh’s stability criterion requires that A, must be greater than Aq/4, ,
therefore we cannot achieve dynamic stability in the Sikorsky configuration
without control displacements 1n phase with the attitude

We will now go 1nto this problem more thoroughly with the help of the
stability charts mentioned previously, in which the dynamic stability of
the helicopter 1s characterised by the oscillation period T, and the times
Tp, Tr, 1n which the amplitude 1s doubled or halved, as the case may be
Let us take the single rotor helicopter as an example, because the conditions
for this type are particularly simple, but of course similar calculations can
be made for any other configuration
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For the longitudinal motion of the Sikorsky R-4B with the controls

fixed,

Ay = 01 sec-?® (approx)

A, = 02 sec ! (approx)
and thus we obtamn from Figs 2 and 3

Ty = 16 sec and Tp = 5 sec

or, m other words, the helicopter 1s unstable and has a period of 16 sec
The amplitude of a disturbance 1s doubled 1n 5 sec  As already mentioned,
the control displacements proportional to and in phase with the angular
velocity of the helicopter have the effect of an apparent increase m the
quantity A, It follows from Figs 2 and 3 that both the period of oscillation
Ty and the time 7'p become greater  The helicopter certainly becomes less
unstable, but stll remams unstable In this respect the control displace-
ments 1 phase with the angular velocity have the same effect as an increase
of the blade masses In the most favourable case (infinite control displace-
ments) the oscillation becomes neutral The reason for this perhaps
astomshing fact 1s that we cannot apply pure moments about the longrtudinal
or lateral axis of the helicopter With the present types of rotor control
(tilting of the hft vector) the moments are always coupled with horizontal

forces
0708 3 - T
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o 25 / //
// 28
/ 30’/
// Ay ™™
o 2 3 4 s

PERIOD OF OSCILLATION FOR A0
Fic 2

If we have periodic control displacements 1n phase with the attitude, the
stability chart 15 divided 1nto a stable and unstable range, where the stability
boundary 1s given by a straight line with the slope A4, passing through the
origm  The range above this boundary line corresponds to an unstable
helicopter and below it to a stable one  In the stability charts of Figs 4 and
5,4, =05 For the Sikorsky R-4B 1t means that the control displacements
in phase with the attitude amount to approximately 109, of the attitude
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According to the investigations made up to the present this range appears
to be the most promising for obtaimng the best results
If we apply Figs 4 and 5 to the Sikorsky R-4B we obtain for 4¢ = 0 1
and A, = 0 2 a period of oscillation of 9 sec  As the above figures lie just
on the boundary line, the helicopter 1s neutral However, the dynamic
stability can be considerably improved, if we apply addinonal control
displacements in phase with the angular velocity, 2 e, if we increase the
quantity A,
For 49 = 01 sec ?
Ay = 05 sec ?
A, = 07 sec™
we obtain, for instance, from Figs 4 and 5
To = 11 sec and Ty = 3 sec
This means that a disturbance 1s halved 1n 3 sec and we have a very effective

automatic stabilisation
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It can be shown that the apparent change of the coefficients 4o, 4y, 4,
of the Sikorsky R-4B from 4y =01 4, = A, =02
to Ay=01 A, =05 A,=07
requires an autoptlot, the control displacements of which are approximately

—(0 12« + 325 ) rad

where a, « denote the attitude and angular veloaity of the helicopter, and
Q the angular velocity of the rotor With an amplitude of « = 4-10° and
a rotor velocity of @ = 25 rad /sec this hypothetical autopilot would apply
the control displacements as given in Fig 6
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I would like to refer to two important facts at this pomt  Fig 5 shows
that the stability again decreases 1f the control displacement proportional to
and 1n phase with the angular velocity of the helicopter becomes too large
We shall see later that the unsatisfactory stabilisation of the Bell and Hiller
systems are probably due to this kind of “ overcontrol ” which 1s always
coupled with long oscillation periods

The other pomt 1s the control sensitivity, or, more accurately
expressed, the response of the automatically stabilised helicopter to the
pilot’s control  According to J STUART? we assume that the pilot applies
manual periodic control displacement with a period of 4 sec  These manual
control displacements impose on the helicopter forced oscillations of the
same frequency, and the control sensitivity 1s defined as the ratio of the
amplitude of forced oscillation of the helicopter to the amplitude of manual
control displacement  For sumplicity we will also assume that the helicopter
1s prvoted at 1ts C G, which means that only angular oscillations can occur
Our hypothetical autopilot may achieve automatic control displacements
such as

—(Cya + 02(_‘;‘) rad

and we wish to know the effect of the quantities C;, C, on the control
sensitivity  The answer (for the longitudinal motion of the Sikorsky R-4B)
1s given 1 Fig 7 The curves show the ratio of the amplitude of the heli-
copter with autopilot to the amplhitude of the helicopter without autopilot,
and thus give an idea of the effect of the automatic stabilisation on the
control sensitivity It follows that within the range of practical significance,
C; has only a small influence Large values of C,, however, decrease the
sensitivity This means that too large automatic control displacements 1n
phase with the angular velocity of the helicopter spoil both the dynamic
stability and the control sensitivity

BELL’S STABILISER AND HILLER’S SERVO CONTROL

I assume that the stabiliser of the Bell helicopter 1s fairly well-known
to my hsteners , therefore I shall confine myself to a brief summary of this
device (Fig 8)

The lIfting rotor has two blades which are rigidly connected with each
other and are attached to the rotor shaft by means of a umiversal jommt  The
feature of the Bell stabiliser 1s a bar with a mass on each end which rotates
with the rotor The bar 1s joned to the rotor shaft in such a way that 1t
may pivot up and down , this see-saw motion 1s provided with viscous
damping By means of a lever the bar 1s mechanically linked to the rotor 1n
such a way that the displacement of the bar changes the pitch setting of the
mam blades If, for instance, mass I rises, the pitch angle of blade I
increases  As the two rotor blades are rigidly connected with each other,
the pitch setting of blade II simultaneously decreases

How does this device work ? In the undisturbed condition the centri-
fugal forces tend to keep the bar 1n 1ts equilibrium position (plane perpendi-
cular to the rotor axis) in which the pitch setting of the rotor 1s not affected
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If, however, the hovering condition 1s disturbed, z e, 1f a pitching or rolling
motion occurs, the bar oscillates with the rotor frequency about its pivot
These oscillations are excited by the gyroscopic couple of the masses of
the bar  The oscillations impose on the blades a cyclical pitch which means
that an automatic control 1s applied  Automatic stabilisation can be achueved
by using a proper layout The mamn parameters in this respect are the
viscous damping of the bar and the linkage ratio between the bar and the
main rotor

ROTOR BLADE

UNIVERSAL JOINT

BLADE I

Fic 8

TSEE SAW PWOT

BAR 2
MASS T %

BELL  STABILISER

ROTOR SHAFT

Another automatic control device appeared recently This 1s the
control system of the Hiller helicopter The fundamental 1dea 1s the same
automatic control by means of the gyroscopic couple and the restramning
moment of centrifugal forces of masses rotating with the rotor The most
striking difference 1s that the bar has been replaced by servo blades, z ¢, the
viscous damping has been replaced by the damping of the airforces Another
feature of the Hiller system 1s that the flapping motion of the main blades
may be coupled with the pitch setting of the servo blades It can be proved
that this ““ feedback > has the effect of

(1) an apparent change of the damping of the servo-blades and
(2) an apparent increase of the disturbance of the helicopter

The latter effect 1s almost 1dentical with an apparent change of the linkage
ratio between servo blade and rotor This means that the two control
devices are very similar with respect to the automatic control and may
therefore be dealt with together For simplicity we investigate the Bell
stabiliser , the basic results, however, can also be applied directly to the
Hiller servo control
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Before going into the control device mn connection with the stability
of the helicopter, we first mvestigate the control displacements which occur
if a rotor with Bell stabiliser 1s subjected to an angular oscillation with
constant amplitude  Mathematically expressed, we will try to make a state-
ment on the magnitude of the quantities C; and C, for a given period of
oscillation The answer 1s given 1n Fig 9 where, following B KELLEYY, the
amount of viscous damping 1s expressed as the *“ following time > T%, in which
a displacement of the bar 1s reduced to a tenth of 1ts imual value Ty 1s
1nversely proportional to the damping, and 1t means that a large value of Ty
corresponds to a small damping and vice versa  The curves of Fig 9 show
the quantities C, (full lines) and C, (broken lines) for the hinkage ratio n (=
1 0) and a rotor angular velocity of & = 25 rad /sec against damping with
the period of the enforced oscillation Ty as parameter The graphs have
been plotted for Ty = 10, 20 and 40 sec , they allow the following state-
ments, which have a general application —

(1) C; =1 for zero damping (Tr = oo) and decreases rapidly with
increased damping

(2) C, =0 for zero damping and has a maximum at Ty = 0 36670

In the range of greater damping (r e , Ty <[ sec ) C,1s independent
of the period of oscillation T

(3) In the medum range, where both C; and C, occur, the control
characteristics depend to a great extent on the period of oscillation
C, decreases and C, increases with increased period of oscillation
Ty and vice versa

The automatic stabilisation of the helicopter requires both control displace-
ments 1n phase with the attitude and 1n phase with the angular velocity of
the helicopter , we are therefore forced to choose a small damping of the bar
In this range C; and C, are greatly affected by the period of oscillation  We
have seen previously (Fig 4) that large control displacements in phase with
the angular velocity of the helicopter increase the period of oscillation On
the other hand, Fig 9 shows that long periods of oscillation increase the
contro] displacements in phase with the angular velocity of the helicopter
It must therefore be suspected that the Bell stabiliser tends to increase the
pertod of oscillation to such an extent that only an unsatisfactory stabilistion
1s achieved and such proves to be the case in actual fact (Fig 10) The
curves are calculated for the longitudinal motion of the Sikorsky R-4B
fitted with a Bell stabiliser, where, according to B KELLEY, a following time
of Ty = 3 sec has been assumed The graphs are plotted against the
Iinkage ratio

n = (change of pitch setting of main blade)/(displacement of the bar)

and show that 1 the most favourable case (# = 0 3) a very shghtly damped
oscillation with a period of 26 5 sec occurs The amplitude 15 halved 1n
37 sec , which means that the longitudinal motion 1s almost neutral When
1n< 0 16 the helicopter becomes unstable, ¢ ¢ , 1n the stability charts (Figs 4
and 5) the helicopter goes over from the stable to the unstable range when
the 4, value 1s too small Summuing up, we can say that the Bell stabiliser
counteracts the mherent instability of the helicopter, but the results are not
yet up to expectations
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T would like to mention that the curves of Fig 9 may also be applied
directly to the flapping motion of the rotor blade for the case in which the
rotor 1s subjected to oscillations with constant amplitude The “ following
tume >’ Ty of the rotor blade 1s given by

Iy = % sec
where y denotes the mertia number of the blade and @ the angular velocity
of the rotor It can be shown that the coefficients a;, b, of the flapping
angle 8 (B8 = a9 — ay cosyy — by sin ) can be divided into components
1n phase with the attitude, and with the angular velocity of the helicopter
The coefficient a,, for mstance, may be expressed as

a, = —(Cya + Cz%)

For the blade of the Sikorsky R-4B the following time 7r amounts to approx
0 13 sec  The graphs of Fig 9 (the curves may also be applied 1n approxi-
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Fic 9

mation to an wncreasing or decreasing oscillation) show that for this degree
of damping, C; = 0 , which means that the flapping motion 1s proportional
to the angular velocity of the helicopter and may therefore be considered as
a sequence of steady conditions However, the flapping motion mn phase
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with the attitude of the helicopter can no longer be neglected if short oscilla-
nion periods occur The basic parameter in this respect 1s the frequency
ratio, (circular frequency of the oscillation of the helicopter) /(angular
veloaty of the rotor) It can be proved that the stabilising effect credited
to the downwash lag (Strahlablenkungs-Effekt) 1s partly due to the static
stability caused by the flapping motion in phase with the attitude of the
helicopter  Therefore, the results of model tests with oscillating rotors may
only be applied to the full scale helicopter if the frequency ratio just
mentioned 1s the same

How CaN THE PRESENT CONTROL DEVICES BE IMPROVED *?

To be able to improve the Bell and Hiller systems we must first know
what 1s still wrong with them Our example has shown that with a following
tme of Ty = 3 sec , a disturbance of the longitudinal motion of the Sikorsky
R-4B 1s, 1n the most favourable case (# = 0 3) halved in 37 sec, where a
period of oscillation Ty = 26 5 sec occurs It can be seen from Fig 9
that for 7y = 3sec Ty =265sec andn =03, C; =003 and C, =9,
which means that the Bell stabiliser 1n this case has about the same effect
as a hypothetical autopilot, the control displacements of which are

a
—(0 030 + 9—5) rad

We have previously seen that an autopilot with the control characteristics
C; =0 12 and C, =3 25 results 1n a very effective stabilisation (Table 1)
By comparison of the two pairs of values, C, and C,, 1t follows that

(1) the quantity C; of the Bell stabiliser 1s too small and must therefore

be increased, and

(2) the quantity C, 1s too large and must therefore be decreased
How can 1t be managed » Fig 9 shows that the desired changes occur 1if the
period of oscillation decreases  On the other hand, we see from Fig 4 that
this decrease of the period of oscillation can be attamned by a decrease of
the coefficient A4, of the frequency equation, 7 ¢, by counteracting control

TABLE I
LONGITUDINAL MOTION OF SIKORSKY R~4B
With Bell Stabiliser
Without With Tr = 3 sec,
control device autoprlot n =03
UNSTABLE STABLE NEUTRALLY STABLE
C, 0 012 0 03
C 0 325 90
To 16 sec 11 sec 26 5 sec
Tp, Ty Tp=5sec | Ty = 3sec Ty = 37 sec
A socia 101 of Gt biitay 15

https://doi.org/10.1017/52753447200000202 Published online by Cambridge University Press


https://doi.org/10.1017/S2753447200000202

displacements 1n phase with the angular velocity, or, more generally expressed,
by a decrease of the damping of the helicopter  This can be done by various
means It could, for instance, be accomplished by a counteracting second
bar (Provisional Specification 14988/48 of 3 6 1948) which has such a degree
of damping that only control displacements 1n phase with the angular velocity

80 seC
/ |
LT STABIITTY BOUNDARY
&0
Tw
( / P /
40 // INFLUENCE OF BELL STABILISER
\// ON SIKORSKY R 4B
A
20 f—
Fic 10
-»—LINKﬁGE RATI?TL_.
) 2 4 3 8 I

of the helicopter occur  The basic 1dea 15 1llustrated 1 Fig 11 The two
differently damped bars rotate with the rotor and are connected to the rotor
by a system of linkages 1n such a way that the change of pitch-setting of the
rotor blades is
8y + 1,

where 7;, n, denote the Iinkage ratios and §;, 8, the angular displacements
of the two bars In our example the quantities 7, 7, must have opposite
signs, which means that the heavily damped second bar counteracts the
excessive control displacements mn phase with the angular velocity of the
helicopter achieved by the shightly-damped first bar

As an example, calculations for the longitudinal motion of a Sikorsky
R-4B fitted with a double bar stabiliser have been carried out (Fig 12)
The curves are plotted agamst the linkage ratio #n, of the second bar and
show for the two modes of oscillation, the times Ty 1 which a disturbance
of the automatically stabilised helicopter 1s halved In this example

Furst bar Second bar
Ty, = 3 sec Ty, = 0 46 sec
721 = 0 25

This means that the first bar has the same degree of damping as in the
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previous example of the Bell stabiliser If #, = 0 the second bar 1s put
out of action and, 1n agreement with the previous investigation, a disturbance
1s halved m approx 40 sec Besides this mode of oscillation, a heavily
damped short period oscillation occurs , this mode of oscillation generally
has very little practical significance and has therefore not been mentioned
until now It can be seen from Fig 12 that the second bar affects the two
modes of oscillation 1n such a way that

(1) the ongimally shghtly damped oscillation becomes more stable, and

(2) the origimally heavily damped oscillation becomes less stable

UNIVERLAL JOINT

LINK/ ROTOR SHAFT
Fic 11
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The stability boundary 1s given by #, = —0 92 The optimum hes at or
near the pomt of intersection of the two curves (#, = —0 82) where the
amplitude of both modes of oscillation 1s halved 1 approx 8 sec The
optimum value found for the Bell stabiliser was 37 sec We thus attan
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a considerable improvement in stability, which 1n theory can be improved
still further by using other combnations of the damping of the two bars

However, I would like to make 1t perfectly clear that at present we are
dealing with purely theoretical investigations, and that their accuracy and
practical applications have still to be confirmed by tests

CONCLUSIONS

In conclusion I wish to summarise the essenual facts once again  The
control displacements necessary to govern an unstable helicopter may be
divided into displacements which are proportional to and in phase with the
attitude and the angular velocity of the helicopter respectively The former
correspond to a kind of static stability and the latter to a damping of the
pitching or rolling motion It appears that any helicopter can be stabilised
by a proper combination of these two types of control displacements

For the Sikorsky configuration some noteworthy statements can be
made In the 1deal case where there 1s no time lag 1n the control device and
m the flapping motion of the blades, control displacements proportional to
and 1n phase with the angular velocity of the helicopter alone are not sufficient
to stabilise the single rotor helicopter  The reason for this perhaps astonis-
hing fact 1s that we cannot impose a pure pitching or rolling moment  With
the present systems of rotor control (tilt of the lift vector) the moments are
always coupled with horizontal forces  Fffective stabilisation of the Sikorsky
configuration requires a certamn combination of the two types of control
displacements  The stability again decreases if too large control displace-
ments 1 phase with the angular velocity of the helicopter are applied

Contrary to fixed-wing aircraft where the automatic control and
stabilisation require the nstallation of a special gyroscope, the helicopter can
make use of 1ts rotor, which 1s 1n 1tself a gyroscope  Examples of this group
are the Bell stabiliser and the Hiller servo rotor It 1s obvious that automatic
stabilisation can be achieved by using a proper layout  The results, however,
are not yet up to expectations The present gyratory stabilising systems
require a compromise which 1s usually such that the control displacements
1n phase with the angular velocity of the helicopter are too large 1 relation
to those 1 phase with the atitude  This kind of automatic ““ overcontrol
spouls both the dynamic stability and the response to the pilot’s control
It 1s to be expected that within the next few years some more control devices
will appear and that the present state of automatic stabilisation will be
considerably improved
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DISCUSSION

MR ] S SHariro (Founder Member) There are many people who
doubt the necessity for developing a stable helicopter and I would Iike to
hear the views of the department for which Dr SissINGH works, on the
subject Personally, I have no doubt at all, that a stable helicopter 1s essential
for widespread private ownership, and a great help for commercial operation

Stability 1s measured by two parameters, being the natural period and
the damping factor of the oscillation of the machine I would like to know,
whether, 1n the light of the department’s flying experience, they have specific
views on desirable values for either parameter and whether they know to
which of the two the Pilot 1s more sensitive

In the paper DR SISSINGH mentions a criterion of control sensitivity,
being a ratio of machine amplitude to control amplitude 1n forced oscillatory
motions of the helicopter , our own method of judging control sensitivity 18
by means of the ratio between the moment produced by unit displacement
of control to the moment of mertia of the machine, 1 other words, the
angular acceleration imposed by unit displacement of control I am wonder-
ing whether the lecturer’s criterton 1s more significant than our own,
especially as 1t 1s bound to be a funcuon of frequency of oscillation

I would also like to add another question referring to the hypothetical
‘ autopilot > namely, the effectiveness of automatic contro! displacements
proportional to the angular acceleration of the machine

MR R HarnerR (Member) I believe that there 1s a need for positive
stability 1n forward flight, but one might perhaps be satisfied 1n hovering
with only a neutrally stable rotor I would like to point out that the stability
cubic in DR SISSINGH’S paper applied to two dimensional movement and the
coupling between the longitudinal and lateral motion has been ignored

I would also like to pomnt out that the lack of stability m a hovering
helicopter can be clearly recogmised even during very small displacements
of the awrcraft It 1s quite clear, however, that the minute translational
velocities caused by such movements are much too small to produce a
significant flapping motion of the blade, if indeed friction 1n the flapping
hinges and similar marginal factors do not entirely overshadow this effect
I am of the opinion therefore, that some of the fundamental reasoning 1n
conventional stability calculations breaks down 1n practice for very small
movements and the instability observed then 1s symptomatic not so much
of the mechanical features of the rotor (blade flapping, etc) as of an aero-
dynamic feature connected with the slipstream We know that a fast
climbing rotor or auto-rotating rotor 1s more stable than a hovering rotor
or indeed one operating in the vortex ring state I had hoped to learn more
about this aerodynamic derivative In fact, what 1s the stability of an
actuator disc carrying a weight underneath ?

DR J A ] BeNNETT (Founder Member) It would appear that the
helicopter 1s dynamically unstable so long as the tip-path plane oscillates
mn phase with, and with the same amphtude as, the body of the aircraft
We have two extreme cases to consider, therefore  The case of the tip-path
plane oscillating with the same amplitude as the body of the aircraft 1s more
or less typical of existing helicopters and, if the rotor were subject to complete
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gyroscopic control, the tip-path plane would remain stationary as the body
of the aircraft oscillates The stabilising device must control the tip-path
so that 1ts oscillation 1s only partly suppressed

Although 1n his analysis DR SISSINGH has assumed that the rolling and
pitching oscillations of the helicopter are independent, has he considered
the cases 1 which the undamped natural frequency of the flapping motion
1s not equal to the angular speed of the rotor, 2 e , the effect of *“ delta three ”
or flapping hinge offset  If an offset of the flapping hinge can give dynamic
stability, are the best results obtained with a positive or negative offset ?

Mr A McCLEMENTS (Founder Member) The lecturer has today
considered the case of the single rotor helicopter  In view of the possibility
of multi-rotor machines becoming available, I would like to enquire 1f
DR SISSINGH can advise us if the stability of the multi-rotor configuration
1s likely to present less of a stability problem than the single rotor machine
Also, 1s anything known about which multi-rotor arrangement 1s best from
the stability viewpoint ?

Mr D R Garraway (Member) The amount of damping apphed
to the stabilising bar can be adjusted to give the best response to lateral
oscillation, but since the wnertia of the helicopter 1s less 1n roll than pitch,
the stability characteristics 1n a lateral sense will not be as satisfactory as if
the damping were selected for optimum lateral stabiity In a typical
arrcraft having optimum longitudinal characteristics how do the resulting
lateral characteristics compare with the optimum ones ?

Dr THURSTON (Member) I would like to point out that from experi-
ments which 1 have made 1t 1s possible to stabilise blades 1n a similar way
to ordinary aircraft, and that the problem of stability of helicopters 1s very
similar to the problem 1in fullsize arrcraft, and 1ts solution appears to be
following on the same lines

Many years ago I constructed helicopter blades which were stabilised
by elevators and fins, and I feel that a great deal of experimental work could
be done with the use of models 1n this respect

MR W STEWART (Member) I would like to offer a few comments 1n
reply to several speakers, who have raised questions on the wider implications
of DR SIssINGH’s lecture and on possible alternative solutions

As Mr Shapiro has pomted out, the stability characteristics of the
helicopter—as of the fixed-wing aeroplane—go beyond the stick-fixed
motion discussed by DR SissINGH In fact, 1t can be divided into four
classes, w1z the static and dynamic stability under stick fixed and stick
free conditions, the lecturer having dealt with only one of these The
puots’ impressions of the flying characteristics are a combination of these
together with control response and effectiveness It 1s agreed that the most
important mfluence 1s the stick-free conditions However, to consider the
desirable handling qualities of a helicopter would require a complete lecture
on this subject

Dr Sissingh’s work has shown the control displacements required to
stabilise the helicopter motion and has indicated the influence of automatic
devices applying these displacements under stick-fixed conditions Never-
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theless, the work could be applied 1n a different form to stick-free considera-
tons An important pomt—perhaps not sufficiently emphasised by Dr
Sissingh—is that most automatic devices improve stability at the cost of loss
in the pilot’s control effectiveness Dr Sissingh’s method involves only a
small loss of control effectiveness for the stability gamn

The control sensitivity used by Dr Sissingh, 2 ¢, the control displace-
ments to produce a constant amplitude oscillation of a given frequency, 1s
not a good handling criterion but 1t constitutes a very good method of
mathematical treatment It 1s fully appreciated—and I thoroughly agree
with Mr Shapiro—that neither this method not the more usual response
to umt control method are satisfactory , but I have no better criterion to
offer as yet

Mr Fitzwillams has mentioned the possible solution advocated by
Professor Miller This 1s sound 1n theory but would be difficult to design
m practice It would be exceptionally difficult to arrange for the appropriate
twisting of the blades to provide the cyclic changes required The use of
stff blades with a spring support may well give rise to undesirable blade
oscillations and may even lead to flutter

I agree with Mr Hafner that the double bar 1s a considerable complica-
tion to ask of the designer The simple offset hinge does affect stability
but the improvements possible are very small For most blades a negative
hinge offset 1s required but for very heavy blades positive offsets can give a
Iittle improvement ~ Again, vibration must be considered

In reply to Dr Thurston, the use of auxiliary aerofoils to stabilise each
of the blades (and to Control them) has been tried The Landgraf system
could be considered as a step 1n this direction but there 1s a system with the
auxihary blades several chord lengths behind the main blades However,
while 1t would appear that this stabilises the blade motion and to a much
Iesser extent the helicopter, very little information 1s available Vibration
trouble due to possible dissymetry between each blade system should be
considered

Dr SISSINGH’S REPLY TO THE DISCUSSION

In reply to Mr SHAPIRO In the future the helicopter will probably be
engaged 1n a silent but tough fight for general recognition by the public
In my opmnion an effective automatic control device which stabilizes the
helicopter without too much loss of control sensitivity would be a very valuable
contribution towards making the public helicopter-minded and increasing
the applications of helicopters I fully agree with Mr SHAPIRO that dynamic
stability 1s one of the essentials for widespread private ownership From
the pomt of view of stability an aperiodic subsidence of the disturbance
would probably be desirable However, this requires such a degree of
damping 1n pitch and roll that the response to the pilot’s control becomes
msufficient This means that a compromise must be found, the final
deciston 1s left to the pilot, but owing to lack of practical experience 1t 1s
not yet possible to make any forecasts 1n this respect It may be assumed,
however, that very short oscillation periods are undesirable, and 1t 15 my
personal belief that with present knowledge the solution of the stick-fixed
stability 1s easier than that of the stick-free stability
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As already stated by Mr STEWART, the criterion for control effectiveness
mentioned 1n my paper 1s characterized by a simple mathematical treatment
The control period of 4 secs 1s taken from the paper by J STUART and
corresponds to average practical conditions I admit that this criterion 1s
by no means 1deal, and 1f, 1n spite of this, I have mentioned that criterion,
1t has been done to show 1n a sumple way that the loss 1n control sensitivity
1s mainly caused by the control displacements proportional to the rate of
change of attitude The criterion mentioned by Mr SHAPIRO only covers
the mitial acceleration Actually, what we want to know 1s how quickly,
to what extent, and in what way (with or without overshoot) the helicopter
responds to the control Unfortunately, neither of these criteria can give
the answer to these questions I would Iike to take this opportunity of
referring to a paper by R H MILLER (Journal of the Aeronautical Sciences,
August, 1948) dealing with automatic control and response of the auto-
matically stabilized helicopter to the pilot’s control, which appeared after I
had completed my manuscript

With regard to the control displacements proportional to the angular
acceleration, 1t should be noted that, although the vector of the angular
acceleration 1n an undamped oscillation has a phase difference of 180° 1n
comparison with the attitude vector, the effect of these control displacements
1s quite different from that of the control displacements proportional to the
attitude If we apply control displacements proportional to the angular
acceleration 1n the Sikorsky configuration, then 1t 1s only the factor of A3
which 1s changed 1 the frequency equation of the 3rd order , the other
coefficients remain unchanged Particular attention should be paid to the
fact that the coefficient of A remains zero, ¢ ¢ , dynamic stability cannot be
obtamed 1n this way In the most favourable case the coefficient of A3
becomes zero, which means that the helicopter 1s- neutral The control
displacements proportional to the angular acceleration have a certain similarity
to an apparent change of the moment of imnertta of the helicopter The
difference lies 1n the fact that a change of the moment of inertia only affects
the equilibrium of the moments, while the control displacements proportional
to the angular acceleration also affect the equilibrium of the horizontal
forces as well

In view of Prof MILLER’S suggested solution I should like to add the
following remarks on the statement by Mr STEwWART I presume that
Prof MILLER’s arrangement corresponds to a hypotheticel autopilot which
responds with a small time lag to the angular velocity of the helicopter This
fime lag has the effect that one component of the control displacement 1s 1n
phase with the attitude, ¢ , automatic stabilization 1s possible under certain
conditions However, here again we probably have the disadvantage that
the control displacements proportional to the rate of change of atutude are
too large i comparison with those proportional to the atutude  This would
mean that very shightly damped oscillations with long periods of oscillation
occur

Iagree with Mr HAFNER that for the Sikorsky configuration the coupling
between the longitudinal and lateral motion 1s very important For simplicity,
this coupling has been neglected 1 my paper, and this means I have assumed
that the hypothetical autopilot
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(1) applies the requured longitudinal control displacements, and

(2) compensates the lateral tit of the lift vector of the rotor at all
times

The 1nvestigations have shown that these effects can to a certain extent be
accomplished by various means, so that in the first approximation the
simplification 1s justified

If the hovering state 1s disturbed, we have a flapping motion of the
blades due to both the angular and linear velocity of the helicopter
Theoretically, the two components are approximately of the same order of
magnitude  As measurements on the flapping motion 1 the disturbed
hovering state are not known, 1t 1s very difficult to make any statements on
the influence of the friction in the flapping hinges I personally believe
that this effect may be neglected  As far as I know, the theoretical investi-
gations on the hovering stability compare fairly well with flight measurements
The main causes of discrepancies are probably the twisting of the blade,
play 1n the controls and—if the stick 1s not actually clamped—the involuntary
control displacements of the pilot

It 1s known that 1n the hovering state near the ground and in vertical
descent, the slipstream changes the rotor derivatives and, through this,
greatly affects the stability Unfortunately, the existing measurements are
not adequate to make further detailed statements mn thus respect With
regard to the stability of an actuator disc carrying a weight underneath , if
the actuator disc 1s defined as a hypothetical device, the resulting force of
which 1s always perpendicular to the disc and passes through the centre,
the motion 1s neutral

In reply to Dr BENNETT If we neglect the flapping of the blade due
to the Imear and angular velocity of the helicopter, the tip path plane of
a helicopter with the controls fixed oscillates in phase, and with the same
amplitude as the body of the aircraft  If the control displacement 1s equal
to the attitude (C; = 1), the Iift vector of the rotor always remains approxi-
mately vertical In the case of an automatically stabilized helicopter the
tip path plane oscillates with a time lag and with a smaller amplitude when
compared with the oscillation of the fuselage

Take the case where the undamped natural frequency of the flapping
motion 1s not equal to the angular speea of the rotor 1f a helicopter 1s
subjected to pitching oscillations we have an oscillation of the lift vector 1n
two directions, longitudinal and lateral Both modes of oscillation can split
up mto components m phase with the attitude and the angular velocity of
the pitching motion Any device or arrangement which influences the
undamped natural frequency of the blade effects a change of the oscillations
of the lift vector By using a proper layout this effect can be employed to
decouple the longitudinal and lateral motion of the single rotor helicopter
to a considerable extent

Regarding the effect of the offset of the flapping hinges, I would like
to add the following statement to the remarks by Mr STEWART For the
Sikorsky configuration with the controls fixed 1t follows that a positive hinge
offset has approximately the same effect as an increase of the distance of
the rotor above the C G of the helicopter and wice-versa  This means that
the coefficients 4, A, of the frequency equation are multiphied by a factor
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>1 i the case of a positive hinge offset and by a factor <C1 1n the case of a
negative hinge offset In the stability charts (Figs 2, 3), this change of
the hinge offset has the effect of moving along a straight line passing through
the origin with the slope Ag/4, An increasing positive hinge offset means
that we move to the right and an increasing negative offset means a move
to the left It follows that the stability 1s improved by a positive offset if
the slope of the 7p—curve 1n Fig 3 1s larger than 4,/4,, and by a negative
offset 1f the slope 1s smaller than this figure However, as the coefficient
Aj remams zero, the motion always remains unstable

Replying to Mr McCLEMENTS Due to increased damping multi-rotor
helicopters are generally less unstable than single rotor helicopters With
a proper layout 1t 18 possible to fulfil Routh’s stability criterion under certain
conditions, but even 1n this case the damping of the disturbed longitudinal
or lateral motion 1s generally very small A main parameter 1n this respect
1s the mutual inclination of the rotor axes  If we take the hovering stability
of a tandem rotor helicopter as an example, 1t follows that the longitudinal
motion has a certain similarity to an over-controlled single rotor helicopter,
which means that shightly damped oscillations with long periods of oscillation
occur The lateral motion (if we neglect the coupling between these two
motions) does not differ 1 principle from that of a single rotor helicopter

At present very little 1s known about the interference of the different
rotors 1n multi-rotor helicopters in forward flight Therefore I am not 1n a
position to formulate any statements about the best multi-rotor arrangement

In reply to Mr GarRrRaAwAY With regard to the comparison of the
longitudinal stability with the lateral stability, 1t can be stated that a decrease
of the moment of inertia of the helicopter improves the stability In the
case of the Sikorsky configuration fitted with a hypothetical autopilot the
coeffictents Ao, A1, A, of the frequency equation are inversely proportional
to the moment of inertia  For the Sikorsky R-4B the moment of inertia
1n roll 1s about eight times less than that in pitch, which means that in the
example 1n my paper (Sikorsky R-4B fitted with autopilot) the amplitude
of the lateral motion 1s halved 1n 1 7 sec instead of 3 sec for the longitudinal
motion A similar improvement appears 1n the case of the Sikorsky R-4B
fitted with a Bell stabilizer It 1s seen that the longitudinal stability of a
single rotor helicopter in hovering flight 1s a stronger criterion than the
lateral stability and we do not need to worry about the rolling motion if the
pitching motion 1s suffictently damped

In conclusion, and 1n reply to Dr THURSTON To stabilize a helicopter
we need certain control displacements proportional to the attitude and to
the rate of change of attitude, or the corresponding flapping motion of the
blades It does not matter how this effect 1s brought about Generally 1t
will be done, directly or indirectly, by the gyroscopic couple of rotating
masses This mass may be a gyro, Bell stabilizer, Hiller servo blade, an
auxiliary aerofoil attached to the blade or, as 1n the proposal of Prof MILLER,
the blade itself  All devices menuoned above respond mamly to the angular
velocity of the helicopter  The stability problem 1s solved if we succeed in
producing a sufficient time lag, which means that a proper component of the
control displacement (or of the flapping motion of the blades) proceeds 1n
phase with the attitude of the helicopter
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MRr Raoul HAFNER’S VOTE OF THANKS TO DR SISSINGH

Mr Chatrman, Ladies and Gentlemen

It 1s my pleasant task to express the appreciation of the members and
guests of the Helicopter Association to DR SIsSINGH for having given us
such an excellent paper, a paper which has helped his audience, to under-
stand, without the aid of complicated mathematics, 2 most difficult problem
For myself, I believe that the two factors mainly involved 1n the stability of
the helicopter are control displacements proportional to the attitude and
control displacements proportional to the rate of change of atitude Most
schemes evolved for achieving stability do involve the use of these two
separate variables but unfortunately do not permut fully their independent
use and so have met with only partial success I express the hope that
the double bar system will bring us the stability for which everyone 1s seeking

Finally I should Iike to congratulate DR SissINGH for without doubt
one of the most excellent papers ever read before our Association, and
propose a hearty vote of thanks to him, a vote of thanks which I am sure
has the support of everyone here today

London—Paris Helicopter Link

As most members are probably aware a demonstration to prove the
feasibility of the use of helicopters 1n restricted spaces was staged on the
30th September, 1948, by carrying a letter from the Lord Mayor of London
to the President of the Consell Municipal of Paris by air from city centre
to city centre Aircraft taking part in the demonstration were the 171
Helicopter (Bristol Aeroplane Company) from St Paul’s, London, to Biggin
Hill Aerodrome , the Meteor 7 (Gloster Aircraft Company), from Biggin Hill
to Orly Aerodrome , and the S 51 Helicopter (Westland Aircraft Company),
from Orly Aerodrome to the Place des Invalides, Paris

An Arr Mail cover commemorating this occasion has been presented
to the Association by MR N J G HiLL
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The World’s Largest Helicopter

THE Cierva “ AIR HORSE,” photographed during its first free flight on the
8th December, 1948, at Southampton, piloted by H A Marsu, AFC
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