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SUMMARY

A theoretical investigation of some discontinuous ysw dampers has
been made with a modified phase-plane method to investigate the effec-
tiveness of these devices in providing damping and to study the residual
hunting often expected of discontinuocus controls., In the cases of yaw-
damper operation consldered, the rudder runs at a constant rate and is
abruptly returned to neutral before starting to run at a constant rate
in the direction necessary for the next signal reversal. The points at
which the rudder starts to run at a constant rate and snaps back to zero
are governed by a system of conbacts actuated by a sideslip vane. Some
possible mechanisms for providing the types of rudder motion analyzed
are discussed. The four methods of auxiliary rudder operation are as
follows: to oppose the build-up of yaw, the refburn of yaw, buildup
and return of yaw, and to oppose the yawing veloclty with a limited
rudder deflection.

Conparison of the damping of the four cases indicates that opposing
the buildup of yaw results in poor damping, opposing the return of yaw
results in good damping, but the airplene is held at some finite side-
slip angle when a time lag is present. Such a situation would probably
be very undesirable. Operating the auxiliary rudder to oppose both the
buildup and return of yaw results in good overall damping and opposing
the yewing velocity with limited rudder deflectlon results in better
damping at high amplitudes of oscillation with somewhat reduced damping
gt smaller amplitudes for the one value of meximumm rudder deflection
considered.

The theoretical results Indicate that a discontinuocus control
similar to those investigated may be adjusted to bunt at sufficiently
small amplitudes so as not to bhamper the pilot during gunnery runs and
still remain effective in producing damping at larger amplitudes. The
device inherently provides adequate damping over & large range of air-
speed and does not oppose the pilot In steady maneuvers.




NACA RM L54B2hs,

TNTRODUCTION

Present design trends toward low aspect ratio and high wing loading
have In many cases had serious adverse effects upon the damping of
lateral oscillations. As a result, auxiliary devices to improve the
damping of lateral oscillations are coming intc widespread use on high-
performance alrplanes. However, the yaw dampers are, in general, complex
systems which usuaelly employ a rate gyro or other sensing element to
detect the motion of the airplane and to supply signals to an electronic
amplifler. The resulting amplified signal is then fed to the rudder _
servo to produce the corrective rudder motion.

It would be desirable from a reliability and maintenance standpoint
to arrive at a simpler type of yaw damper. Reference 1 presents one '
approach to the problem of simplification where & combination of a viscous
damper in the rudder system and adjusted hinge-moment parameters cause the
rudder to float wlth the relative wind so that it lags the sideslip angle.
This system was found to improve the damping of the control-free lateral
oscillation but rather accurate adjustment -of the hinge-moment parameters
was required. This system may not be satisfactory in the transonic
speed range because of the large erratic variation of hinge-moment
parsmeters which usually occurs in this range.

The present anaslysis is concerned with some discontinuous yaw
dampers in which an auxilisry rudder is run at a constant rate in a
direction dependent upon the direction of sideslip. The mechanical
system consists only of & sideslip sensing vane fitted with a system of
contacts to operate a reley which in turn controls the direction of
rotation of an electric actuator on an auxilisry rudder. In the systems
investigated, the auxillary rudder actuator is assumed to allow the
auxillary rudder to snap back to zero deflection before starting to run
at a constant rate in the direction necessary for the next signal reverssl.
Among the srrangements considered are systems in which the auxiliary
rudder remains at zero or some finlte deflection during part of the
oscillation cycle.

Discontinuous~type yaw dampers such as those considered in this
analysis would be expected to derive their adventages over present yaw
dampers mainly because of thelr simplicity. Therefore, greater reli-
ability, decreased weight, cost, and maintenance time would be expected
of the systems. Also, the discontinuous dampers would probably remsin
effective through the transonic speed range. Discontinuous mechanisms,
however, often produce steady hunting oscillations of small magnitude
which might be objectionable In this application. The present analysis
1s intended to study the degree of damping produced by these devices and
the amplitude of hunting oscillations associated with them. In addition,
the effect of changes in airspeed on the operation of the devices is
considered.
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SYMBOLS
I, aircraft moment of inertia in yaw
Ns
N yawing moment or ratio, —=
Ny
R constant rate of rudder movement in terms of s, %'E'-n
8 nondimensional meesure of time, w,t
t time, sec
Br rudder angle, deg
8 engle in phase plene, deg
£ damping ratlo
¥ angle of yaw, radlans
fi\ damped natural frequency in terms of time wunit s, |1 - §2
On undamped natural frequency of uncontrolled sirplane,
radians [sec
P period of the wncontrolied airplane, sec
Tl/2 time for oscillation to damp to half amplitude
Cy /2 cyeles for oscillation to damp to half amplitude
D differential operator, d/ds
N§ variation of yawing moment with yawing veloclty, -Z;N
¥
Nlb. varietion of yawing moment with yaw angle, —gE
¥
NSI- varistion of yawing moment with rudder sngle, oN_
' T
Vi indicated airspeed, knots
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Subscript:
o initial value or value at the start of an interval

A dot over a quantity denotes differentiation with respect to
actual time.

ANATYSIS

Types of yaw-damper operation considered.- The four cases of

auxiliary rudder operation considered in this report are shown graph-

ically in figure 1 and are summarized in the following table:

c Control operation | Signal to start Signal to return
ase to oppose - control moving control to neutral
Sign of DY when
I | Bulldup of ¥ ¥ goes through Df =0
zZero
Sign of Dy after _
IT | Return of Dy changes sign ¥ =0
TTT Buildup and Combination of Combination of
return of cases I and IT cases I and I1
¥ with maximum . _
Iv 5, limited Sign of Dy Dy =0

Equation of motion.~ The present analydis utilizes the modified .
prhase-plane method described in reference 2.-- In order to explasin the -
method of expressing the results in nondimensional form, the nondimen-
sional equation of motion of the system is first derived.

The equation is derived for a single-degree~of-freedom system
oscillating in yaw and controlled by an auxiliary rudder. In this form,
the equation readily lends itself to phase-plane analysis and period and
demping of the oscillating system may be predicted, It will be noted
that, in a single-degree-of-freedom system, the yaw angle ¢ is equal
in magnitude to the sideslip angle B; therefore, the two notations may
be used interchangesbly. ' i
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In the graphical solutions of the four cases, a constant time lag
is introduced to simulate the time that would actually be required for

the auxilisry rudder to decelerate and rebturn to zero deflection and to
The method of handling the time lag

accelerate to constant velocity.
will be discussed later.

The equation of motion 1s as follows:

Izi?-\igg-vggﬁr%g; (1)

The equation is usually written in nondimensional notation in order to
improve the generality of the solubtion.

Nondimensionalizing of equation.- First, equation (1) is divided
through by I,. The equation is then

G AR My e (@
4 Z zZ

By definition then

2. .o/
®n = I,
2§(Dn=-a_1;:‘&k

Z

Making the above substitutions in equation (2) yields

¥+ v(2twy) + wlag?) = —5r<:1; /a?yr)“’ng (3)
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Let
BN@SI- =N
/3y
then,
¥+ ¥(2twn) + ¥lon2) = -5pNo,” )
Introduce nondimensionsal time
5 = a)n'b
and let
pD=%_1 4
ds n dt

Equation (4) may then be written

D2y + DY(2L) + ¥ = ~ByN (5)

Consider the right-hand side of equation (5). When the rudder is
deflected at a constant rate,
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Let
L _R
®n
then,
8r=RS
The dimensionless form of the equation then becomes
(6)

D% + 2¢ Dy + ¥ = -RNs

In order to make the solution more readily applicable to a range of air-
speeds and flight conditions, equations (6) is divided through by RN.

(7

Then,
D% L 26Dy, ¥ _
RN RN RN

It is useful to plot the results of the phase-plane analysis in terms of
this new varisble v/RN. The following relations are readily determined

from equations (L&) and (7):
¥ = PEE ann2 (8)
RN
¥ = 2 Ry, (9)
RN
RN

gy
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Obtaining a graphical solution of a particular problem involves _
drawing a logarithmic spirel for the desired value of damping ratio and
a sulitable grid of lines for reading values of DEW[RN and DW[RN.

The grid is then superimposed on the spiral with the origin located in
accordance with the mode of operstion (constant rudder rate or constant
rudder deflection). The trajectory representing a solution may now be
traced in accordance with the method described in detall in reference 2.
Graphical solutions for the four cases of eauxiliary rudder operation
considered in this enalysis are presented in figures 2 to 5. Solu~-

tions 2(a) and 3(a) are plotted with zero time lag and all other solutions

are plotted with a constant time lag of s = 0.349. The value of s
is related to an angle 6 in the phase plane by the equatlon s = %.

Time lag s = 0.349 corresponds to an angle 6 = 20°. The quantity o
is the damped natural frequency of the uncontrolled airplane in terms
of the time unit s and is related to the damping ratioc £ by the

equation w = ﬂl - t2 (ref. 2).

Illustrative example.- In order to illustrate the method of
obtaining a solution of a problem utilizing the modified phase-plane
method, consider case I with zero time lag. The graphical solution is
presented in figure 2(a). The assumed parameters and initial conditions
apply to all the examples considered. ) ' -

The following parameters are assumed:

t = 0.05(w = 0.9987)

The initial conditions are: . . _

from which mey be derived from equation (7)

Yo

RN

= -0.5
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Initially, the yaw angle 1s building up in a positive direction;
therefore, the rudder receives a signal to run at a constant rate in
the positive direction. The origin of the spiral for the condition of
constant rate of rudder deflection is located at the intersection of

2
%ﬁ! =0 and g% = -1 (ref. 2). The spiral is now rotated to pass

through the initial point (E%Q =5, g;i = -0.5) and the first interval

may be traced es shown in figure 2(a). When the yawing velocity reaches
zero, the rudder receives a signal to snap back to neutral; thus, the

end of the first interval, designated by point 1 in figure 2(a), is fixed.
Whenever the rudder snaps to neutral, the yawing acceleration undergoes a

corresponding sudden change along a line of constant g%. The mesgnitude

of the change in %ﬁi is seen from equation (7) to be =S, Where s 1is
the time interval during which the rudder has been running at a constant
rate. The terms Involving Dy and ¢ do not influence this jump
because they do not change during the instantaneous motion of the rudder.
Values of %;i and Dy are read from the grid at the end of the interval

RN

and the angle © between the radial lines from the origin of the spiral
through the initial point and the end point of the interval is read.

Thus,

o = 76.9°

from which %% may be computed from equation (7) where

_ 76.9 - 1.3
(57.3)(0.9987)

)
i
glo
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Thus,

Y o - 1.3% = 4.
=N 5.6 = 1.34 = k.26 ) _ o

The start of the second interval is now fixed at %% = 0, é% = 4.26.

During the second interval, the yaw angle 1s decreasing during which
time R = O and the rudder remsins neutral. The origin of the spiral
is therefore located at the origin of the grids. The spiral is now
rotated to pass through the initial point of the second interval and
the second interval is traced. Since the suxiliary rudder remains
neutral only as long as the yaw angle is decreasing, the end point of

the second interval is at g% = 0, designated as point 2 in figure 2(@).

The location of point 2 is determined from.the fact (sﬁifn in ref. 2)
that, whenever the rudder is in neutrsl, the value of RN may be read

from a set of vertical grid lines, with the line g% = Q0 passing through
the origin of the grids for % and g—?{. This point is also the

initial point for the third interval. During the third interveal, the
rudder is moving at a constang rate In the negative directlion and the
origin of the spiral is at %ﬁi = 0, %% = 1, The Interval is traced

in the same manner as interval 1. The abové procedure 1s carried out
until the oscillation damps or reaches a steady hunting oscillation.
Time lag due to a dead space between vane contacts and time for the
rudder to respond is introduced in subsequent solutions by sllowing the
system to operate in its present mode for a constant time Interval after
it receives a signal to change its mode of operation.

It should be noted that the solutions presented in figures 2 to 5
are only single trajectories. A complete solution would consist of a
family of trajectorles passing through an infinite number of initial
points. The lines representing the tralectory in this analysis are,
however, sufficlently close together to allow intermediate solutions To
be interpolated in a qualitative mesnmer. For the caeses analyzed in this
report, a family of trajectories will terminate in the same hunting cycle.
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RESULTS

Theoretical Results

Time histories of DZ¥/RN, Dy/RN, ¥/RN and 5p/R are presented
in figures 6 to 9 for the four cases of auxilisry rudder operation con-
sidered in this anslysis. The time histories are obtalned from the
phase-plane analysis presented in figures 2 to 5 which are all plotted
for the same initial conditions and parameters as presented in the
previous illustration of the method of obtaining a graphical solution.

Comparison of the dasmping of the four cases is made for certain
amplitude ranges expressed in terms of hunting amplitude. A comparison
on this basis is justified in that it is the hunting amplitude that will
limit the value of R or N in a practical spplication of a discontin-
uous device of the type considered. The hunting amplitude msay be
readily adjusted to any desired value by changing the values of R and N.
The results of such a comparison are presented in the following table
as time to damp to half the initial amplitude over the indicated ampli-
tude renges. In case 2, where the alrplane spproaches a steady oscil-
lation about some sideslip angle other than zero, a value of twice the
maximum sideslip occurring during the steady oscillastion rather than the
hunting smplitude was used in determining the amplitude ranges at which
the comparison of damping is made. This method was used hecause the
system might settle down to either right or left sideslip depending upon
the initial conditions, and because the maximm sideslip would probably
be the characteristic most objectionable to the pilot. The values of
time to damp to half amplitude and cycles to damp to half amplitude
were measured by drewing an envelope curve of the oscillations (as shown
in fig. 6(a)), and measuring the time required for the specified change
in amplitude and the approximate period in the corresponding range. All
the cases considered in the following table are for a time lag of
8 = 0.3)4-9.

Damping over the indicated amplitude range of
multiples of the hunting amplitude

Case 20 to 10 10to5 || 5 to 2.5 2.5 to 1.25

Tifa| Cafa |l Taf2 [Cr/a || Toj2 | Co/a || To/2| Ci/e

I —— | ——— 9.3 | 1.6 g.2 | 1.7 9 1.9
IT 2.6} 0.k 2.5] .38 2.3 .7k 2 <Th
I1I ol .68 2.5 .49 1.9} .4t 2.1] .52
v 1.7 .34 1.7( .34 1.9 .u7 3 1.07
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Inasmuch as the uncontrolled airplane with ¢ = 0.05 requires
2.2 cycles to damp to half amplitude, the large improvement in damping
in cases II, III, and IV is appsrent.

Figures 6(a) and 6(b) show the motion of the system when the
auxiliary rudder behaves in accordance with case I. Figure 6(a) is for
zero time lag and figure 6(b) 1s for a constant time lag. Comparison
of figures 6(a) and 6(b) indicates that the effect of time lag is to
reduce the damping. o

Case II offers considerably better damping then case I over the
amplitude range Investigated. Reference to figure T indicates that -
this case tends to hold the hunting down to relatively small amplitudes;
however, the feature of opposing the return of yaw also tends to hold
the system at some finite sideslip angle when a tlme lag is present.

The damping of case III seems to be best gt low amplitudes around 5
to 2.5 times the hunting amplitude with a decrease 1n damping toward
higher amplitudes. Time histories of case III are presented in figure 8.
The irregularities of the oscillation in figure 8 from around s = 13
to 8 = 21 sgeem to occur during the transition from positive damping
to steady hunting. Durlng this transition perlod, the oscillation may
reach a value of w/RN lower than the hunting amplitude where the
system is unstable.- Therefore, the oscillation tends to build up again
to a value greater than the hunting amplitude. This procedure may
repeat for several cycles before the system settles down to & steady
hunting condition. - ' '

Case IV differs somewhat from the previous three cases in that the
rudder deflection is limited. Therefore, the equation of motion of the
system as presented in the analysis section for constant rate of rudder
motion does not apply exactly to this case. The theory of reference 2,
however, may be applied to this case. Time histories for & particuler

Sy,
case in which gax = 1.57 are shown in figure 9. This solution is less

8rmax

general than those presented previously inasmuch as the value of

ordinarily would not remain constant under various flight conditions.

o]
A constant value of _fgax would require the limiting rudder deflection

to increase directly with the period of the osclililetion. Additional

s}
solutions for various values of rgax would therefore be required to

determine the behavior of this system at various velues of eirspeed if
the maximum rudder deflection remalned constant.
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For the example shown, best damping occurs during large-amplitude
oscillations when the auxiliery rudder remains on its stop during part
of the oscillastion cycle. Since the auxiliary rudder runs at a constant
rate, the period of oscillation determines whether the auxilisry rudder
reaches its stop and how long it remains on the stop. Although there
is a reduction in damping at the lower amplitudes for this case, the
damping at emplitudes around 5 to 2.5 times the hunting amplitude remains
the same as for case III over the same range. However, at even smaller
amplitudes the damping decreased considersbly from the damping of
case IIT.

Application of Results to a Given Set of Conditions

Application of the results for given values of airspeed, rudder
rate, and so forth, may best be illustrated by an example. In this
exsmple, three values of airspeed are assumed along with the period of
oscillation and natursl frequency of the uncontrolled airplane at each
airspeed. A value for the quantity N of the psrticular airplane being
considered must be determined and the rate of auxiliary rudder movement
ér assumed. For this example

=
Il

0.53

Qe
I

o
r 5 /sec

when N, B®,, and w, are known, the quantity RN is determined for
each airspeed. The following table summarizes the above conditions.

Vi, knots | P, sec| wp, radians/sec| RN
100 L 1.57 0.029k4
200 2.5 2.51 0184
330 1.6 3.91 .0118

Since the values of ({) and (N) are essentially independent of
alrspeed, it is necessary to determine only the natural frequency of the
uncontrolled airplane m, and the quantity RN for each airspeed and
apply them to the resulits of the phase-plane analysis in accordance with
equations 8 to 10 to obtain time histories of the airplane motion at
the assumed sirspeed. The present example is worked out with the
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auxiliary rudder behuaving in accordance with case IIT by reading values

of %% and %% from figure 8 at regular intervals of nondimensional

time s. These quantities, along with gnd RN for a particuler

airspeed, are substituted into equations (9) and (10) to determine ¥

and V¢; also, & 1s converted to real time where *t = 5?. The
1

resulting time histories are presented in figures 10 to 12 for speeds
of 100, 200, and 300 knots, respectively. In general, only the yawing
velocity ¥ and the yaw angle  are of practical interest and there-
fore are the only quantities plotted in figures 10 to 12.

In applying the resulis shown in figure 8 to various values of air-
speed, the time lag in seconds in operstlon of the rudder must be .
assumed to vary inversely as the airspeed. In practice, this condition
might not be exactly fulfilled, although the time required for the rudder
to snap back to neutral from a deflected position would probably decrease
with increasing airspeed because of the increased restoring moment on
the rudder. ' -

Some effects of speed on the hypothetical airplane and yaw damper
combination (controlled airplane) mey be derived from e comparison of
the envelope curves of figures 10 to 12. A comparison of the damping
at the above three sirspeeds wes made from a common initlal yaw angle.
Time to damp to half the initial ampiitude and cycles to damp to half
the 1nitial amplitude were determined from edch figure with
¥ = £0.05 radian (or £2.87°) as the initial yaw angle. The above quan-
tities along with hunting amplitude are tabulated below to facilitate
comparison.

Hunting
Speed, knots Tl/2’ sec 01/2 smplitude,
rgdians

100 1.85 0.5 +0.004
200 1.6 T +.0025
330 1.35 .9 +.0015

From the above table it may be concluded that, over the speed and
amplitude range investigated, the effect of increasing speed is to
decrease the time to damp to helf the assumed initial amplitude, increase
cycles to damp to half the initiel amplitude, and reduce the hunting
amplitude.
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Although the preceding comparison was made for a given initial
amplitude of disturbance, there is some justification for meking a com-
parison on the basls that the initial amplitude varies inversely as the
airspeed, because disturbances due to rough air or aileron yawing
moments are likely to be greater at lower values of airspeed. For this
purpose, the entire time histories of figures 10 to 12 may be compared
directly.

PRACTICAL, CONSIDERATIONS FOR YAW-DAMPER DESIGN

Pogsible methods of auxiliary rudder operatlon.- The preceding
analysis has not been concerned with practical methods of achieving the
various types of yaw-damper operation considered. Although no attempt
is made in the present report to study the engineering problems
involved in the design of such mechanisms, some thought has been given
to possible means of achieving yaw-damper operation of the types
analyzed. The reasons for selecting these particular methods of oper-
ation are based on some practical considerstions which are now discussed
briefly.

In designing a discontinuous control, the first type of mechanism
usually considered is an on-off control which results in a square-wave
motion of the control element (in this case the auxiliary rudder).

Such a method appears undesirsble for the present application, however,
partly because of its jerky action and partly because the large power
required to move the rudder rapidly would probably require the use of

a pneumatic or hydrsulic actuator which can withdraw short bursts of
high power from a source of stored energy. These devices, although

they may be practical, introduce elements of questionable relisbility
which it was desired to avold. If the rudder were arranged to run back
and forth at a constant rate with the reversal points determined as a
function of yaw angle, & smoother type of control would be obtained and
the reduced power regquirements would probably allow the use of an electric
actuator. The triangular-wave form of the rudder motion introduced by
this type of operation, however, introduces phase lag of 90° behind the
control signal, whereas a phase lead of 90° ghead of the yaw is required
for obtaining optimum damping of the yawing oscillations. If.a yaw
sensitive device is used as the sensing element, some means to

introduce a phase lead of 180° in the control signal would be required.
No mechanism capasble of providing this much phase lead was found. There-
fore, an effort was made to reduce the phase lag associated with the
control motion. By use of the controls analyzed previously, which
require the rudder to run at a constant rate and then snsp back to neutral
before starting on the following cycle, the phase lag of the rudder
motion is reduced. No detailed consideration has been made of the power
requirements for these types of control operstion. Use of a preloaded
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centering spring on the rudder might be requlred to return the ruddexr
rapldly to neutral. The actuator which displaces the rudder would have
to overcome the restoring tendency of this spring together with the
serodynamic restoring moments on the rudder. It does not appear, however,
that the instantaneous power requirements would be as large as those
associasted with an approximetely square-wave type of rudder motlon.

Some possible means of achieving the yaw-damper operation of the
four cases considered in this report are presented in figure 13. The
gideslip sensing device for this illustration is & simple vane. It is
shown later that a vane offers certgin advantages as compared to other
sensing devices such as a rate or displacement gyro or & lateral
accelerometer. A set of light electrical contacts is fixed to the slde-~
slip vane shaft and the mating contacts are mounted on s yoke or psair
of yokes which pivots about the vane shaft. The yoke may be rotated by
the sideslip vane against a light friction restraint. A circult through
8 low-amperage power supply to one of the relay colls 1s completed
through the vane and yocke contacts. The relay shown in figure 13 will,
in turn, complete a circult to the auxiliary rudder actuator.

Case I,- The contact arrangement for opposing the buildup of yaw
is presented in figure 15(a). As the airplane yews, a vapne contact
closes & circult through one of the yoke cordtacts. The vane is repre-~
sented schematically 1n figure 13 as a streamlined airfoil section. The
vane drags one of the yokes with it while the other yoke'ls restrained
by a mechanical stop. One reley coil is actuated depending upon the
direction of yaw and, in turn, closes & clrcuit to the auxiliary rudder
actuator. When the yawing velocity becomes zero, the yoke 1s restrained
at its meximum deflection by friction. As the vane starts to return to
neutral, the circuilt is broken and the rudder is allowed to snap back
to neutral. The rudder remsins neutral as the yaw angle is decreased
and the displaced yoke is returned to its stop by the yoke return arm.
This arm incorporates a preloaded spring strong enough to overcome the
friction restraint on the yoke. The purpose of the spring is to allow
the vane to deflect by compressing the spring against the undisplaced
yoke which is restreilned by a stop.

Case II.- The contact arrangement for opposing the return of yaw 1s
shown 1n figure 13(b). As the yaw angle builds up in this case, there
is no complete circuit to either relay coil. The wiper arm contacts
the wiper strip and the opposite vane contect drags the yoke to a
deflected position depending on the yaw angle. As the yawing velocity
reverses, however, the palr of contacts on the same side as the wiper
arm is closed and s circuit through one reley coil 1s completed and the
rudder actuator 1s thus energized. When the yaw angle agaln becomes

before the cycle repeats in the opposite direction. A variation of this
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arrangement, simply & reversal of the connections to the wiper strip,
mey also be used to give the contact action required for case I.

Case ITT.- The contact arrangement for opposing the buildup and
return of yaw is presented in figure 1(c). This case is & combination
of cases I and II. The contact actlon required is obtained from a vari-
ation of case IT by simply connecting the wiper strips as in figure 13(c).
As the yawing velocity is increasing, a set of vane and yoke contacts
close the circuit through the wiper strip. As the yawing velocity
reverses, the circult is momentarily broken and the rudder is allowed
to return to neutral. The opposite set of varne and yoke contacts then
completes the circuit and the rudder runs in the opposite direction.

Case IV.- The contact arrangement for opposing the yawing velocity
is presented in figure 13(d). In this case the yaw damper opposes the
yewing velocity and the auxillary rudder deflection is limited. Limiting
the rudder deflection may be accomplished by a pair of stops on the
auxiliary rudder and does not affect the conbact arrangement. Depending
upon the direction of yaw, the vane contact will close a circult through
one yoke contact to the relsy. The vane will drag the yoke with it and
as long as the yawing veloclty does not change sign the rudder actuator
will recelve a signal to run the auxilisry rudder in the corresponding
direction. After the auxiliary rudder has reached its maximum deflec-
tion, 1t will remsin there until the yawing veloclty reverses, at which
time the auxiliary rudder will first return to neutral and then start
to run in the opposite direction.

A sketch of an auxiliary rudder actuator applicasble to this type of
control is presented in figure 1. All the gears from the motor to the
auxilisry rudder ceble drum ere in constant mesh. Gears A and B are
faced with a friction disk to mate the clutch facings C and D. The
three wlres from the clubtch solenoids are connected through a power
supply to the relay contacis shown in figure 13. When the yaw damper is
in operation, the motor continually turns in one direction. The direc-
tion of rotation of the suxilisry rudder cable drum is dependent upon
which pair of cluteh facings asre engaged (A-C or B-D). ZEach clutch
facling may be engeged by one of the clubch solenoids depending upon the
signal from yaw vane contacts. When neither clutch solencid is engsged,
the auxiliary rudder is free to float back to neutral. If desired, the
return to neutral may be aided by a preloaded centering spring on the
auxiliary rudder.

Discusslion of sensing devices.- Within the 1limits of approximation
of the foregoing theory, elther a sideslip vane, a lateral accelerometer,
or a displacement gyro might be used to operate the contact mechanism
for the yaw damper. The displacement gyro, however, would sense long-
period heading changes from a straight course as well as short-period
oscillations. Additional rather complicated mechanisms would be
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required to allow the device to function as & yaw damper during turns
or other maneuvers involving a change in heading.

The use of & sideslip vane or a lateral accelerometer avoids the
sensitlivity to heading changes. A relatively large accelerometer mass,
however, would probably be required to give operating forces for the con-
tact mechanism equivalent to those obtainable from a relatively small vane.

A rate gyro is not equivalent to the preceding devices inasmuch as
it gives a signal which leads the yawing displacement by 90°. The
additional lead provided by a rate gyro would allow the use of other,
perhaps slmpler, contact arrangements or methods of control operation.
The rate gyro, however, gives a signal in a steady turn which would
introduce additional problems. '

Comparison with conventional yaw damper.- A conventional linesar
yaw damper using a rate gyro as a sensing element tends to provide
incressed amounts of rudder deflection in oscillations at higher values
of dynamic pressure because the yawlng velocity for a given amplitude
of yaw variles inversely as the period of the oscillation. For this
reason, if such g device is adjusted to provide optimum dsmping in a
high-speed condition, it may, unless special provisions are made, be
relatively ineffective in the low-speed landing-spproach condition. For
the same reason, if the device is adjusted to provide optimm damping
in the low-speed condition, the effective large increase in gain with
increasing dynamic pressure, together with lag or dead spot in the mech-
anlsms, may result in instability or hunting in the high-speed conditions.
The ysw dampers investigated in the present report tend to reverse this
condition and provide increased rudder deflection at lower values of
alrspeed. As a result, no specisl provisions are required to change
gains as s function of dynamic pressure.

The yaw dampers considered herein have an inherent tendency to humt
at small amplitudes. As shown previously, however, the hunting amplitude
may be relatively small even though the damping at larger amplitudes is
adequate. A hunting amplitude of ¥0.0015 radien, or %l1.5 mils, may be
difficult for the pilot to detect except in conditions of very smooth
alr. Although conventional yew dampers are intended to operate as
linear systems, nonlinear effects such as deadspot or friction frequently
cause a similser tendency to hunt at small amplitudes.

A yaw dsmper using a rate gyro as e sensing element gives a signal
opposing the pllot in a steady turn. Therefore, additional equipment
is usually provided to cause the signal to disappear in a steady turn.
The use of a sideslip vane as a sensing device in the system studied in
this report avoids this problem.
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Effect of pilot control.- As shown in figure T(a), the arrangement
in case II, which opposed the return of the airplane to zZero yaw, pro-
duced excellent damping but resulted in a small steady-state sideslip.
If the pilot used his controls in an effort to reduce this sideslip,
the yaw damper would epply additional rudder to oppose him, and a con-
dition might develop in which the pilot was fighting the yaw damper.
Such a situation would probably be very undesirable and the arrangement
of case IT is therefore considered umnsatisfactory. This difficulty is
avoided with the other control arrangements studied.

CONCLUDING REMARKS

A theoreticel analysis of some discontinuocus yaw dampers has been
made to determine the degree of damping produced by these devices and
the relative magnitude of residual hunting to be expected of different
discontinuous~type conbrols. In the four cases of yaw-damper operation
considered in this report, the rudder rums at a constant rate and is
abruptly returned to neutral before reversing. The points at which the
rudder motion starts and reverses are governed by a system of contacts
actuated by a sideslip vane. The four methods of auxiliary rudder oper-
ation sre as follows: to oppose the bulldup of yaw, the return of yaw,
buildup and return of yaw, and to oppose the yawing velocity with a
limited rudder deflection.

Comparison of the damping of the four cases indicates that opposing
the buildup of yaw results in poor demping, opposing the return of yaw
results in good demplng, but the alrplane is held at some finite side-
slip angle when a time lag is present. Such a situation would probsbly
be very undesireble and therefore this case is considered unsatisfactory.
Operating the auxiliasry rudder to oppose both the buildup and return of
yaw results in good oversll damping. Operating the guxililary rudder to
oppose the yawing velocity with a limited rudder deflection results in
better damping et high amplitudes of oscillation with somewhat reduced
damping at smaller amplitudes for the one value of maximum rudder deflec-
tion considered.

The effect of change in airspeed was studied for the most promising
system, that of opereting the suxiliary rudder to oppose both the build-
up and return of yaw.

Over the speed end amplitude range investigated, the effect of
increasing speed 1s to decrease the time to damp to half the initial
emplitude, increase cycles to damp to half the initial amplitude and
reduce the hunting amplitude. The hunting amplitude can be mede suf-
ficiently small (about t1.5 mils at an airspeed of 330 knots) that it
would probably not be objectionable in gunnery runs, while good damping
is maintained at larger esmplitudes.

-
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Since the type of yaw damper considered in this report produces
rudder deflections proportional to the period of oscillation, the con=-
trol remains effective in producing demping at low speeds as well as
high speeds. Also, use of a sideslip vane as a sensing device does not
give a rudder control signal opposing the pilot in a steady turn as
would & linear yaw damper with a rate-gyro-type sensing element.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Lengley Field, Va., February 12, 1954.
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Figure 2.- Graphical construction for case I (rudder operating to oppose
the build-up of yaw).
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(a) Zero time lag.

Figure 3.- Graphical construction for case II (rudder operating to oppose
the return of yaw).
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(b) Time lag s = 0.349.

Figure 3.- Concluded.
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Figure 4.- Graphical construction for case III (rudder operating to oppose

build-up and return of yaw).

Time lag s = 0.349,
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Figure 5.- Graphical construction for case IV (rudder operating to oppose
yawing velocity). Time lag s = 0.349.
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Figure 9.~ Time history of % %, E%, and the rudder angle for

case IV (rudder operating to oppose the ya.wing velocity). Time lag
8 = 0.349.
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Figure 10.- Time history of yawing velocity 1]; and yaw angle ¥ for the
airplane yaw demper combination of case III (rudder operating to oppose
the build-up and return of yaw) at 100 knots Vj.
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Figure 12.- Time history of the yawing veloeity & and yaw engle V¥ for
the airplane yaw-damper combinstion of case IIT (rudder operating to
oppose the build-up and return of yaw) at 330 knots Vy.
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p Yoke return arm
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— ° = rudder actuator

(a) Case I — oppose bulld-up of yaw.
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(b) Case II — oppose return of yaw.

Figure 135.- Conbact arrangements for operasting the auxiliary rudder in
accordance with the four cases being considered.
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(¢) Case III — oppose build-up and return of yaw.
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(d) Case IV — oppose yawing velocity.

FPigure 13.- Concluded.
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Figure 1h.- Sketch of a type of auxliliary rudder actuator applicable to
a discontinuous control.
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