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NOMENCLATURE

Fourier Cosine Coefficients
Fourier Sine Coefficients
variable in Laplace domain
period of fundamental frequency
aircraft initial forward speed
forward speed

lateral gust ;elocify input
sideslip velocity

longitudinal gust velocity input
o loop feedback function

B loop feedback element

¢ loop feedback element

6 loop feedback function

angle of attack

vertical gust angle of attack input
total angle of attack

sideslip velocity

sidegust angle input

total sideslip angle

general input

aileron input

flap input

rudder input

stabilator input
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¢ roll angle

br Tofal roll angle

8 pitch angle :
o1 total pitch angle

Y yaw angle

w frequency

compensation,

shaping netwerk,

an artificial modification of a contro!l surface deflection
command such that the apparent vehicle dynamics are altered;
a device in a control system by which one can remove--or
compensate for--undesired dynamic characteristics in the
vehicle. The command may be modified by filtering and/or
by adding signal components proportional to vehicle
position, velocity, and acceleration to the command.

Simple feedback of position is not considered compensation.

a device for automatically altering a command signal

such that some aspects of a vehicle's dynamic character-
istics will be more heavily excited than others.

viti



INTRODUCTION

A recent design study (Ref. |) took as its problem the development
of a simple-to-fly, constant-attitude light aircraft. The concept which
evolved employs fast-acting, full-span, Fowler-type wing flaps--operated
together for lift modulation at all flight conditions and differentially
for roll control--a completely separate fuselage leveler driving the
elevator, and a turn coordinator controlling the rudder and differential
flap motions. A flap-power interconnect is also provided to permit ascent
at constant forward speed and airspeed changes at constant rate-of-climb.
The pilot has only two controls: a wheel and a throttle. Changes in a
throttle position change speed only. Sustained rotation of the wheel
produces a coordinated turn. Forward motion of the wheel causes descent
at constant forward speed and rearward positioning of the wheel resulfs
in a rate-of-climb at constant forward speed.

The effort to provide the aircraft with satisfactory handling
characteristics led to the specification of powerful, fast-acting servo-
controls. Such controls, however, can also form the basis of a gust
alleviation system. With safety of flight in turbulent weather an area
of growing national concern it was felt that an investigation of the
applicability of the constant attitude concept to gust alleviation ser-
vice was indicated.

The availability of a digital computer program (Ref. 2) to calculate
and plot aircraft time histories given involved transfer functions made
possible its frequent use in visualizing the response of an aircraft to a
variety of control imputs. The ease with which such results are inter-
preted when contrasted to the fransfer function representation led to a
search for ways in which analytical gust responses could be presented in
the time domain. (It is, of course, conventional practice to represent
_gust response as the product of the appropriate gust transfer function
amp | itude ratio squared and the power spectral density of the gust.) This
approach would also facilitate direct comparison with flight records.

It is generally assumed that the air motions associated with a gust
are stationary in time but vary from point to point in space. Thus the
aircratt will encounter angles of attack and sideslip due to gusts which
vary across the dimensions of the aircraft and with changes in flight ve-
locity. One common simplification to this picture is to assume that a
vertical gust, for example, does not vary in the span-wise direction. It
is therefore a one-dimensional gust. This gust is the one most frequently
used in analysis because of Its simplicity. |+ has been stated (Ref. 3)
that The effects of encountering different portions of the gust wave with
different portions of the aircraft--so called penetration effects--can
usual ly be freated adequately by including the effect in the stability de-
rivatives involving & or w. |f this is the case, it would seem reasonable
to conclude that one could obtain similar results by assuming the gust to
be stationary in space and variable in time. One would merely need to



include a time delay term--proportional to flight velocity--in these deriv-
atives. The stationary-in-space, variable-in-time model could be used in
any event for gust wave lengths much larger than the distance between the
wing quarter-chord and the tail quarter-chord. For most light aircraft

a gust frequency of less than 1.0 to |.5 radians/sec will insure that this
condition is satisfied.

The time response of a linear, uncoupled aircraft to a sinusoidal
disturbance of a control surface is usually fairly easy to determine.
Since the system is linear, response to complex control surface inputs can
be determined by superposition. Then if a gust can be considered tfo
represent a disturbance similar to that induced by a control surtface de-
flection, the time response of the aircraft to a gust input can be com-
puted in a similar fashion. This is the viewpoint adopted for the present
work. '



METHOD

Flight records of aircraft response to gusts have the unfortunate
aspect that the gust exciting that particular response is almost never a
"standard" gust. The principal differences will be in mean square ampli-
tude and in harmonic content at various frequencies. However, unless the
aircraft has highly resonant stability modes, the departure in harmonic
content with frequency from that of theoretical models or standards is a
second order effect compared with the variation in amplitude so far as
aircraft response is concerned. This will be shown aposteriori. Ampli-
tude variations of course are easy to standardize so long as the system
is linear. Thus it would seem that any well-documented sample of atmos-
pheric furbulence would provide a suitable forcing function.

A recent report (Ref. 4) contained measurements of vertical and
lateral gust velocities faken at relatively high altifudes during a storm
in the Rocky Mountain area. Since the gust velocities were rather severe
the records seemed to be well-suited for determining the harmonic.content
of the gusts. Accordingly, the period of time between about |5 seconds
and 90 seconds (see figures | and 2) was selected as the fundamental
period. The curves were photographically enlarged and the gust amplitude
read at 638 evenly-spaced time increments. The lateral gust amplitude was
read at 572 evenly-spaced time increments. Each of these data sets was
.then expanded by a factor of 4 by intferpolating linearly between suc-
cessive data points. The 2549 data points comprising the vertical gust
and the 2285 data points comprising the lateral gust were processed by a
Fourier analysis routine to obtain cosine amplitude, A,, and sine ampli-
tude, By, at each frequency. Approximately 1100 harmonics of 2n/75 were
computed, f(t1) was computed from the series and compared with the orig-
inal photograph. It was found that 200 harmonics were sufficient to re-
produce all except the very sharpest peaks of V! while 400 harmonics were
necessary to obtain a good fit to Wé. Table | “presents Ay, and B, for
the 200 frequencies needed to form ~ V!. Table || presents the same re-
sults for W!. . These tables give the amplitudes and frequencies of the
sine and coglne forcing functions used as +he |mpuTs to the aircraft trans-
fer functions. The quantity

T (A

2 2
an + By

w

can be shown to approximate closely the one-dimensional power spectral
density of the gust. Figures 3 and 4 show

L 2 2
n(Aw +Bw)

plotted against log frequency. Except for the scatter the plots are some-
what similar to those for the Dryden turbulence model.



This model predicts that the power spectral density will fall off as
frequency fto the -2 power above a certain frequency. The present data
show a slope of about -3. Note also that in the present case the verti-
cal and lateral gust amplitudes and harmonic content are somewhat dif-
ferent, indicating that the furbulence was not isotropic.

Measurements made during flights in clear air turbulence over the
Eastern Seaboard (Ref. 8) show a siope of about -2 at the higher fre-
quencies. Scatter in these data ranged from about *15% at high fre-
quencies to about #40% at low frequencies. The data in Ref. 8 covered a
frequency spectrum from about half the minimum value used here fo about 10
Times the maximum value used here. The low frequency ampliifude of the
~gust analyzed here was about an order of magnitude larger than that found
in Ref. 8. At the middle frequencies, v | Hz, the amplitudes were approx-
imately the same while at the higher frequencies the amplitudes in the
present case were less than those reported in Ref. 8. The fact that the
gust time histories of Ref. 4 were inferred from aircraft responses and
plotted in such a way as to obscure very high frequency information is
probably responsible for the more rapid attenuation in gust amplifude
found at frequencies above 0.13 Hz by the Fourier analysis.

|+ -may be noted that for the present calculation the frequencies of
the aircraft stability modes (except for the rolling mode) are all less
than | Hz. Thus, this more rapid attenuation in gust amplitude with fre-
guency has no significant effect on the displacement of the airframe cen-
_ter of gravity but rather will be felt primarily as a somewhat reduced
"shaking" of the airframe.

The time response of the system to the function

-t A
‘/sz + sz sin <w+ + tan l-49> where w = 20T (1
B T

W

was found by multiplying the aircraft ftransfer functions by the Laplace
transform of equation (I) and then solving for the time response by the
method of residues. The fime responses of the system for each value of
n, n=20,1,2,...200, were then summed to find the total system response
to a lateral gust. A similar procedure was used for the vertical gust.
The results are shown in figures 5 and 6 . |t may be seen that within
the assumptions used to develop the aircraft transfer functions (see next
section for development) the vertical gust alleviation produced by the
constant attitude control system is significant. The side gust allevia-
tion appears to be outstanding. The system does in fact reduce the B and
¢ errors to very small values. But because the air mass is moving rela-
tive to the aircraft, the gust alleviation capability is actually somewhat
more limited than it appears as will be explained in a later section.



AIRCRAFT TRANSFER FUNCTIONS

LaTeral-DirecTiona[

The analysis of the response of an aircraft with rudder and aileron
control loops to a lateral gust input has been treated in a very general
fashion by Onstott and Salmon (Ref. 5). In terms of the present problem,
the output variables chosen for minimization are ¢ and B. In their treat-
ment both B and ¢ must be measured in an inertial reference system. This
characterization of B is unfortunate because for simplicity and reliability
one would like to use a vane or other aerodynamic device to sense 8. A
vane, of course, measures the orientation of the aircraft body axis rela-
tive to the instantaneous air mass velocity over the aircraft and thus
does not give B in an inertial reference system. This is easily seen from
the following example.

Consider an aircraft with stable lateral-directional dynamics to be

flying along a straight line at constant speed in still air. Suddenly, a
step gust approaches from the right. Before the aircraft can respond,
it is subject to a positive B, which will be sensed by a vane. B as

given by Onstoit and Salmon i5 zero because the aircraft has not yet
turned with respect to the original heading. After a while the aircraft
will relieve the side force imposed on it by the gust in two ways: by
accelerating its c.g. fto the gust velocity and/or by rotating so as to
align itself with the resultant air mass velocity. When all the system
dynamics have decayed, the vane will indicate zero sideslip, but the sum
of the ground track angle and the heading will now correspond to the vec-
tor sum of the aircraft velocity and the gust velocity. [In the inertial
reference frame there will be a steady state final value of B equal to
—Bg. This is what the equations of Onstott and Salmon predict. Thus if
one wishes to use a vane as the feedback control element, he must rewrite
the equations to account for its behavior. '

The need for this rewriting makes it attractive to use a somewhat
simpler derivation than that presented by Onstott and Salmon to obtain the
required result. Since it is assumed that the system is linear, a sum of
elementary solutions is also a solution. 1t is a familiar school exercise
to obtain ¢, B, and ¥ in response to either a rudder or aileron deflection.
(See for example Ref. 6 for elaboration.) The response of a system to both

inputs simultaneously is simply a sum of the response of the system to the
inputs separately:

o = 2 5, + (2 8 @



- B 8
Br = B0 8y + B &y (3)

Sa 8g

The quantities in parentheses represent the indicated open loop
transfer functions. (See standard texts or Ref. 6 for development.) The
various open loop transfer functions appear in Table Il with numerical
values substituted. ¢ and By are the total response to combined rudder
and aileron inputs. The derivation of the transfer functions in Ref. 6
assumes the air mass to be stationary. Hence, ¢1 and By in equations (2)
and (3) are measured in an inertial reference system, even though B is
usually thought of as an aerodynamic quantity. The response fo a gust
input may be included in the fotal response simply by adding the term

<9L>B
By

to the bank angle equation and the term

[gg) + I] ‘89

to the sidestip equation. Since ¢ is always measured in an inertial
reference system the open loop expression developed by OnsToTT and Salmon
for .

¢
&
Bg

may be used unaltered. However, in order to describe the value of By
which would be sensed by a vane mounted on the aircraft, it is necessary
to add the sidewise air mass velocity to the sidewise aircraft velocity
in inertial space as computed by Onstott and Salmon; hence B, is added
to the right hand side of the equation for By in addition to”the term

B
() By
Bg g

For the purposes of this analysis it is assumed the pilot makes no
inputs to the control system during a gust encounter. The lateral-direc-
Tional confrol system used for the study is shown in figure 7. The basic
aircraft is shown in three views in figure 8 and its stability deriva-
tives are given in Table |V. Because no pilot inputs are assumed the
feedback elements in the aileron and rudder [oops can be represented by

71.4
= . (
Y¢ (0.117)(S + 3) (S " 50) 4)



_ 71.4 100
Yg = (3.2)(S + 3.4)(S + 3.4) (5 T 50> (s + |oo> )

respectively. Since the signals processed through these elements are fed
into the aircraft negatively, one can represent the aileron and rudder in-
puts to the aircraft as

Sp = ~Yy, b7 (6)

GR = -YB BT . (7

With these substitutions, the equations for ¢T and Bt may be solved simul-
taneously fo yield

RN CRIRCI
@ TR e ®

| O®®-]
L ey [s @] @ ®

I+ can be shown that the denominators of these equations are identical to
those one would obtain using the procedure of Onstott and Salmon. The BT
numerator, however, contains two additional terms,

|+ Y, (%;)

and the ¢T numerator has the additional term

s ()

(8)




to account for the fact that an aerodynamic B is sensed rather than an
inertial.

The responses By and ¢ are computed by evaluating

[t

-1 :
. =L 200 A W+ B [B(S) L o)
n=0 52 + 2 Bg(S)

c

-1 200 A w+B $-(S)
¢T=[ b w wl (ZF — D
n=0 52 4+ 2 B4(S) o

_ 27mn
T

Responses for both open and closed loop cases are shown in figure 5.

by the method of residues. w and Uy is aircraft flight velocity.

To accomplish the gust response attenuation noted in figure 5, the
aircraft is yawed sufficiently to develop a side force equal and opposite
to that imposed on the aircraft by the gust. |In turbulent air where the
gust approaches the aircraft first from one side and then the other in
fairly rapid succession, the oscillations of the aircraft will be much
larger than if the control system were not operational. However, the
oscillations are phased so that the lateral acceleration of the aircraft
c.g. is almost zero and ground track remains straight.

If one wished instead to exchange oscillations about a c.g. moving
along a straight line for lateral accelerations of the whole airplane and
an altered ground track this is easily done by measuring inertial B in-
stead of aerodynamic B. The control system will then deflect the rudder
only enough to develop sufficient yawing moment to keep the aircraft from
rotating (but not sufficient to rotate the fuselage so that it develops a
balancing side force.) While the heading remains essentially constant,
the fuselage is accelerated first fo one side and then to the other. Be-
cause of the aircraft inertia, however, the fuselage will not move as
rapidiy as the impinging gust.

The construction of an inertial B sensor is somewhat more complex
than is that of a simple aerodynamic vane. From the equations of motion
one sees that



(12)

Hence one requires a lateral accelerometer, a measurement of airspeed,
and an indication of bank angle. The bank angle signal multiplied by a
constant is subtracted from the accelerometer signal in a summing am-
plifier. The resulting signal is then integrated and fed to one terminal
of a divider. The other ferminal is fed with a signal proportional to
airspeed. The output of the divider is then the inertial B signal.

There is no clear-cut human factors evidence to support a choice of
which aircraft motion is inherently preferable in response to a gust.
Probably the magnitudes of the two motions will be the determining fac-
tor. |If the sidewise displacement of the c.g. is fairly small it would
seem to be preferable fto the aggravated rotation necessary to neutralize
The aerodynamic side force. During approach, however, one would probably
prefer a constant ground track.

It may be noted that the airframe dynamics are the same with either
aerodynamic or inertial B Input. The same compensation circuit may also
be used. (Compensation is defined on page viii.)

There is the problem, however, that the indication of an inertial 8
sensor constructed in the manner described above will drift over iong
periods of time. To use this sensor successfully, it will probably be
necessary to pass .the output signal through a high pass filfer and sum’
the result with the oufput of a low pass filter fed by the position in-
dication of an aerodynamic vane. The filter cross-over frequency should
be well below the natural frequency of any airframe oscillatory mode and
in fact as low as the drift level permits. Rigorousiy, the use of a vane
to provide D.C. error correction is possible of course only under the
assumption that the gust has no components with frequencies below the
cross-over frequency. Otherwise, fthe vane will force the aircraft to
track these low-frequency components. ' '

There is also the possibility of sensing a, directly rather than having
to calculate inertial B. The compensation required with acceleration in-
put has not been investigated, however.

Longitudinal

The longitudinal control system as designed modulates thrust so as to
keep forward speed constant during ascent and descent unless throttle posi-
tion is changed. For the purpose of this analysis, however, the thrust
will be assumed to be constant. The flap motion is then controlled



entirely by the a sensor and stabilator motion by the 6 sensor. This
simplified longitudinal confrol system is depicted in figure 9. In a
manner analogous to the analysis of lateral motions

)
0, = (——0 85 + (——0 Sg + (=) a (13)
- 0 o o_
o (3—4 6, + (S_q Sp + (a ) O + a4 (14)
S F g
' 0 a YL
[' 80| RIS
) o,
T > - 2 9 (15)

and (—)=

2 [ 3) | A e

("‘4 (e—) ©) -]
. GF "o °r/1\% (16)
ag | + Ye %— - Ye Y(l %— %—
s - 7 \%s) \°F
: 52 (S + 7105 +8) s+ 5.8 \[ 100 _
where Vg = (S + 50) (s ¥ 0. 58)(8 n |oo>('7)
5 (S + 3)(S + 4) '
Ya = S (S + 50) (18)

The six transfer functions needed for*The evaluation of ar/a_ and
OT/ag are obtained from the equations™ of motion in the frquency domain.

* The notation used in these equations follows that of references 2 and 6.
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Zs 8¢ + 28 8 + 2y @ (200
65 S GF F qg g

(MU - (SMg + Ma/Ug + (S2 = MS)E

Ms 8c + Mg S + My O 21
GS S GF F .ch g

From these equations two general transfer functions may be derived:

& - AaS? + BgS? + CoS + Do (22)

8 D)

N AgS? + BgS + Cg ,

5 B, _ (23)
where Ag = 2§ /Ug

Ba = [-Z8(Mg + X) + MgUo] /Uq

Co = [Xu(ZaMgq - MsUx)] /U

Do = [9(ZeMy - MsZ,)] /U

Ag = (ZgMy + Mg)

Bg = ZgMy = MaXy) - Mg(Xy + Z,)

Cq = ZgMyX, - MX) + Mg(X Zy - XwZi)

D, = AS* + BS® + CS% + DS +E



with A=

B = - (Mg + X, +Z, + UMy)

C = MgZ, = UM, + X, (Mg + Zy + UMg) = X,Z,

D = = Xy(MeZy = UMy) = MUK, + MgX,Zy + gMZ, + My)
E=gMZ, - MZ,)

The six individual transfer functions needed in the analysis are
obtained from these two general functions as follows:

() ForA(%EJ substitute Xs_, Zg , efc., for Xg, Zg, etc., in the

numerator of (%)

(2) For (=) substitute Xse» L5 s efc., for Xs, Zs, ete.
S

(3) For (%5) substitute Xag’ Zag, etc., for Xg, Zg, etfc.

A similar procedure is employed to find the 8 transfer functions.

The values of the longitudinal stability derivatives, XGF’ ZGF’

efc., are given in table V. Table VI presents numerical values of the
transfer functions (%— etc., as a ratio of polynomials.
F

The reader unfamiliar with this notation, the correspondance between
the dimensional stability derivatives given here and the more widely used
non-dimensional stability derivatives, and the equations of motion in the
frequency domain rather than in the time domain is directed to Reference 6
for a very lucid, comprehensive explanation. Those finding Reference 6
difficult to locate may find NASA Contractor Report 1975 more accessibie.
This work treats many of the same questions in a similar fashion.



DISCUSSION

it has been pointed out in the literature (Reference 3) that ef-
fective gust suppression in the longifudinal mode requires confrol of both
plunging and pitching motions. In the control system discussed herein
pitching motion is restrained by stabilator operation and plunging motion
by modulation of flap position. Unfortunately, in the lateral-directional
mode there is no simple means to modulate the side force on the airframe
without simultaneously yawing the fuselage. One can therefore suppress
either the sidewise velocity or the yawing motion, but not both. Ex-
perience with vertical gust alleviators has shown that suppression of only

one of the two motions involved is not very satisfactory. |t would appear,
therefore, that completely satisfactory lateral gust suppression using
this concept will require a substantial increase in vertical tail and

rudder area, a decrease in effective dihedral (so as to develop a yawing
moment due to rolling counter fo the yawing moment developed by the rudder
as it produces a side force to oppose the gust), and the use of B in-
ertial, or perhaps a,, as the control system input. As now constituted,
that is, with a vane’ input the lateral control system provides improved
capability to fly a given ground track in exchange for somewhat greater
oscillatory response fo a side gust.

Another possible means of lateral gust suppression which has not been
investigated in detail is the use of combined rolling and pitching motions
to develop the necessary side force. There are some indications that air-
crew members might find such motions preferable to either yawing motions
or lateral accelerations. A control system to provide the necessary mo-
tions would have to couple the lateral-directional system with the forward
speed-rate of climb system and would be useful only during gusts. For
this reason its cost is likely to be fairly high and therefore its employ-
ment on general aviation craft is less likely in the near future.

A third possibility is the use of movable vertical surfaces mounted
on the wings to modulate the side force on the aircraft. Two surfaces,
each with a 2' chord and a 3' height, will provide the necessary side
force generation capability for a typical 4-place general aviation craft.
The surfaces would be actuated by the control system upon receipt of an
(ay - g¢) indication. The vertical tail would then be responsible only
for control of yawing motions. An aircraft employing side force surfaces
is discussed in reference 7.

The suppression of vertical gust responses as shown in figure 5 is,
in some respects, very satisfactory and in others less than one would wish.
Note that the pitching response has been completely eliminated while the
vertical motion has been reduced about 50%. This can be explained by the
fact that the pitch loop (fuselage leveler) has a relatively high gain and
the stabilator a very high aerodynamic effectiveness. The plunge channel,
however, has the aerodynamic ability to compensate for changes in angle of



attack of only about + 10°. Now, when a vertical gust of 30 ft/sec en-
counters an airplane moving at 180 ft/sec it is equivalent, so far as the
airplane is concerned, to a 9.4 degree change in angle of attack. [If the
vertical gust velocity is greater or the aircraft speed slower, the air-
craft has insufficient flap effectiveness to alter the wing lift enough fo
compensate for the change in |ift due to change in angle of attack. The
aircraft will then seek to plunge (up or down) to relieve the excess lif*t
force.

In the example used, the vertical gust velocities reached 120 ft/sec
which at an aircraft speed of 200 ft/sec, corresponds to a change in angle
of attack of 31°. As the aircraft accelerates in the direction of the
~gust velocity, the effective forcing function is reduced so that after a
while the vertical velocity of the aircraft equals that of the gust. For
this very severe example it is seen that the aircraft's inertia tends 1o
fimit the vertical velocify in response to a gust while the control system
will negate about 10° of the induced angle. The remaining vertical ve-
locity divided by the forward flight speed is the response quantity plotted
against time (expressed as degrees) in figure 5. Because of the need tfo
scale gains for commands up to I0° and because of the presence of a well
~damped high frequency oscillation at the gain leve! chosen, it is not
practical to choose a higher gain for the control system. Thus, the level
of gust attenuation shown represents about the practical limit for this
system. '

The dominant time constant in the control system is about 0.6 secs.
Since the gust components begin to diminish in strength as their periods
fall below | second, it is evident that most of the gust energy can be
absorbed by this system if the gust amplitude is not too large. While a
somewhat shorter time constant (say 0.1 secs) would be desirable, there
is not a simple way this can be achieved because of the location of the
open loop zeros in the a/8g transfer function, the system gain limits, and
the presence of other poles and zeros along the negative real axis to the
left of -~ 5.0. Further study of this problem would be desirable.

A word about the possible mechanization of the compensation circuifts
is probably in order since those familiar with confrol systems will prob-
ably recognize some unconventional practices here. The longitudinal con-
trol system involves two compensators: ' ’ '

7 S+ 5.8
: + + :
° 5+ 76 8)<§+—O.5'8')
o (S + 3;(5 + 4)



The second of these presents few problems if an accelerometer is
used to measure w. It is seen that in addition to w itself, a first and
second integral are required. Since angular accelerometers are avail-
able as well as rate gyros and position gyros, the function in the 6 loop
(S + 7)(S + 8) is easily mechanized. (S + 5.8)/(S + 0.58) can be built
entirely with passive elements.

The lateral control system also contains two compensators:
b: (S + 3)
B: (S + 3.4)(S + 3.4)

the first of these requires only a rate gyro and a position gyro. No
instrument presently exists which can measure V. Thus it will be
necessary to develop this signal electrically either by differentiating an
accelerometer output or by multiplying the signal (S + 3.4) by itself.

It is felt that recent advances in solid state device technology will per-
mit this to be done successfully.

Finally, it may be mentioned that because the pifch attitude with
the control system operating is always near zero, the vertical acceleration,
a guantity of interest when evaluating vehicle riding qualities, is just
Uod. Examination of Figure 5 shows that while the control system does not
reduce the peak accelerations a great deal it is effective in suppressing
the low frequency components of the vertical acceleration. As a result,
the acceleration exceeds a given value for a much shorter period of time
with the control system on than with it off.



CONCLUSIONS

{. The control system for the simpie-to-fly, constant-attitude air-
craft can provide significant alleviation of both vertical and lateral
gusts, provided aircraft velocity is sensed inertially. Such a control
system seems capable of very beneficial application to low wing loading
STOL machines for gust alleviation.

2. The vertical gust alleviation is limited by the aerodynamic
capability of the flaps to modulate aircraft C_ and by the difficulty one
has in compensating electrically for inherently slow airframe dynamics.
Because of a very aerodynamically effective stabilator and the use of
high gain in the feedback and servo systems, pitching due to gusts is
very heavily suppressed.

3. Because of the inability of the aircraft and its conirol system
to generate significant sideforce without yawing, one cannot suppress
both sidewise motioh and yawing simultaneously. Either can be suppressed
separately, however, the choice being determined by which of the motions
is less objectionable.

4. The suppression of linear motions requires inertial sensing of
aircraft velocity. These signals then surplant those of aerodynamic
sensors in the feedback loops.

5. The representation of a gust by a specific series of sine and
‘cosine disturbances in angle of attack (or angle of sideslip) is an
effective means of developing a suitable forcing function with which to
excite the aircraft fransfer function and thereby determine the time
response of the aircraft to a specific gust. The method is easily modi-
fied to treat (a) lags in the build up of aerodynamic forces and (b)
"penetration" effects. By accepting additional compliexity the method
can be extended to permit spatial variations in gust amplitude.
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-001789

~-0.2117
0.0432

-000837
0.1381

-000205
0.0738

-0.0873

‘0.0606

-0.0132
0.0235

-0.,0955
0.1042

-0.0931

-000399

-0.,0933
0.0503

-0.1737

-0.,0046
0.0040

-0.,0001
0.,0745

-000789

‘000710
0.0103

_0-1576
0.0673

-0.1823
0.1241

 -0.0558

-0.0202
-0.0435
-0.0332
0.0385
0.0117
~N. 0474
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W

16,9656
17.0504
17.1352
17.22¢0C1
173042
17.3897
17.474%
17.5594%
176442
17.72¢0
17.8139
17.8987
17.983%
12.0683

8.1532.

18.2380
148.322%8
16.4077
18.492%
12,5773
13.6627
18.7470
l6.831¢
16.9166
19.0014
19.0863
1%.1711
19,2559

19.3408

19.4256
19.5104
19.5952
19.6801
19. 7649
19.8497
19.9346
20.0194
20.1042
2G.1890
20.2739
20.3587
2044435
20.5284
20.6132
20.6980
20.7828
20.8677
20.9525
21.0373
21.1221

A

w

-0.0331
-0.0053
-0.0697
0.1032
0.0505
0.1491
0.0543
0.0660
-000756
N.1347

0.0875
0.0169
~-0.0814
0.0760
0.0732
0.0153
0.1527
-0.0227
0.0779
0.0028
0.0914
'000129
-0.0935
0.1190
-0.0310
0.0859
-0.0378
0.1110
C.0161
0.0696
-0.0245
0.0878
-0.0223
-0.0102
0.G263
-0.0915
0.1294
-0.0234
0.0447
0.1147
0.0913
0.0143
-0.0272
0.1353
0.0824
~0.0234
-000404

B

w

‘000804
7.0126
-0.0868
-0.1626
0.0808
-2.,0231
~0.0546
0.0051
0.0365
-3. 0069

’000534'

-0.0647
0.0792
0.0045

-0.0%80
0.0082

‘000184
0.0143

-0.0503
0.0017
0.0714
0.0104

-0.0466

-0.0049

’001278

‘0.0137

-0.0433
0.0415

~0.0624
0.0204

-0.0825
0.0080
0.0187

0.0153

-0.0540
-0.0615
0.0576
-0.0712
-0.0518
-0-0308
-000384
0.0453
-0.0304
0.0161
0.0589
-0.0813
0.0436
-0.0423
2.0045

 TABLE II. (CONTINUED)

w

21.2079
21.2918
21.3766
21.4615
21.5463
21.6311
217159

.21 .8008

21.8356
21.9704
22.0553
22.1401
22.2249
22.3097
22.394¢
22.4794
27.5642
22,6430
22.7339
22.8187

- 229035

22.9864
23.0732
23.1580
23.2428
23.3217
23.4125
23.4973
23.5822
23.6670
23.7518
23.8366
23.9215
24.0063

24.0911.

2441799
24.26C8
243456
2444304
245153
2446001
24+6849
247697
2448546
24.9394
25.0242
25.1091
25.1939
25.2787

25.3635

A

w

0.1544
~0.0934%
0.0003
0.0900
0.0322

0.0374

0.0282
0.0054
0.0963
”0.0791
0.0266
0.0133
-0.G387
0.0795
-0.0061
0.0568
0.0414
0.0054
0.0099

~-0.0174%

0.0845
0.0900
~0.0845
0.0242
0.0198
0.0811
~-0.0506
0.0587
0.0617
0.0263

*0.0074'

~0.0002
0.0648
~0.0091
-0.0383
0.0281
0.0578
0.0423
0.0253
~-0.0154%
0.0947
0.0472

~0.0017

0.0149
0.0310
0.0803
~0.0449
’0.0541
0.0798
0.0938

B

w

-0.0266
0.0003
-0.0595
-0.0586
0.0269
0.0210
-0.0231
0.0581
0.0999
-0.0374
—000651
¢.0359
0.0732
‘0.0881
-0.0045
0.0732
0.0098
0.0005
-0.0348
0.0315
’0.0344
-0.0052
‘000408
-0.0150
‘0'0670
-0.0219
‘0{0662
-0.0018 .
-0.0109
-0.0327
0.0035
0.0048
0.0945
"0.1039
-0.1079
0.0742

- =0.0140

0.0312
0.0165
0.0294
‘0.0513
0.0834
N.0729
—000566
C.0331
-0.0374
0.0305
-0.0655
-0.0253



w
2544484
25.5332
25.6180
25.7029
25.7877
25.8725
2569573
20,0422
26.1270
26.2118
2642966
- 2643815
26.46¢€3
2645511
26.6360
26.7208
26.8056
26.89C4
2649753
27.0601
27.1449
27.2298
27.3146
27.3994
27.4842
27.5691
27.6539
27.7387
27.8235
27.9084
27.9932
28.07890
28.1629
2842477

2843325

28,4173
28.5022
23.5870
28.6718
28.7567
28.8415
28.9263
29.0111
29.0960
29.18908
29,2656
29.350)4
22.4353
29.5201
29.6049

A

w

-0.0307
0.0212
0.0319
0.0209

-0.0322

- -0.0249

0.0218
-0.0133
0.C129
0.0171
0.0160
0.G6797
0.0241
0.0887
0.0548
-0.0095
0.0291
0.0148
0.0612
0.0253
_000240
0.0134
0.0312
0.0464%
0.0156
0.0454
0.0776
~0.0260
~0.0449
0.0346
0.0178
-0.C174
-000813
0.0392
0.0149
0.0406
0.0022
0.0081
N.0828
0.0555
-0.0620
0.0108
0.0344
0.0351
-0.0382
-0.0184
0.0715
0.0279
<—000138
0.0151

B

w

0.0295
-0.0197
0.0268
-0.0488
0.1244

0.0092

“030680
‘000366

-0.0788
-0.0027

-0.0332
0.0708
-0.0070
~0.0343
0.0281
0.0408
0.0013
-0.0565
-0.0311

-0.0200

0.0340
—000429
-0.0791

0.0445

0.0122

J.0011
-000340

0.0481

0.0510
-0,0285
-000397

0.0614%
-000294

0.0013
-000156

0.0259
—0.0299

0.0119

0.0245

0.0312
-0.0669

0.0168
-0.0459
—000237

0.0141
~N.0447

0.0236
“000099

TABLE II. (CONTINUED)

w

29.689¢
29.7746
29.8594

299442

30.0291
30.1139
30.1987

'39.2836

303684

"30.4532

35.5389
30.6229
30. 7077
30,7925
30.8773
31,9622
3i.0470
3l.1318
31.2167
31.3015
31.3863
31.4711
31.5560
31.6408
31.7256
31.8105%

31.8953

31.9801
32.0649
32.1498
32.2346
32.3194
32.4043
32.4891
32.5739
32.6587

" 32.7436

32.8284
32.9132
32.99¢80
33.0829
33.1677
33.2525
33.3374
33.4222
33.50170
33.5918
33.6767
33,7615
33.8463
33.9312

A,
0.0460
0.3330

-0.3109
0.0762
0.0244

-0.0246
0.0030
0.0082
0.0384
0.0340
0.0228
0.0088
0.0429
0.0227
0.0010

-0.0170
0.0416
0.0289

’000319
0.0149

-0.72026
0.0081

-0.0069
0.0073
0.0493

-0.0513
0.0G044
0.0327

-0.0173
0.0043

-0.0053
0.0301
0.0130
0.0150
0.0508
0.0080

-0.0221
0.0592
0.0148
0.0219
0.0549

-0.0344
0.0115
0.0392
0.0156
0.0173
0.G009
0.0395

’0&0196

-0.0073

Bw
0.0106
-D.0046
0.0621
0. 0440
-000695
N.0244
0.0169
0.0116
-000097
0.0022
0.0613
-0.0202
0.0303
0.0034
0.0431
-0+ 0445
-Je«0104
0.0054
'0.0131
‘0.0054
-2.0199
0.0244
0.0110
-0.0052
-0.0029
0.0253
0.0276
‘000703
-0.00C0
0.0123
-0.0074
-0.,0009
0.0118
N.0333
0.0249
-0.0363
0.0234
0.0148
-0.0376
-0.0027
0.0020
-0.0002
-0.0086
‘000226
0.0266
0.0295
-0.0034
0.0522
-000178
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where:

D, = 0.998

0.998

26

B.. .079S® + 11.0.5* + 60.0 S - 2.04

D2

- 3.48 52 + 80.0 S + 33.]|
D2

_ - 0.168 S3 - 10.37 5% - 54.64 S + 0.868

Dy

_1.355% - 2.8 S - 58,9

D2

. 204.0 S% + 237.0 S + 1883.0

D2

_ 7.07 8% - 5,34 S

D,

s* + 6.70 S + 15.8 S%2 + 53.9 S - 0.868

(S + 5.6)(S - 0.016)(S + 0.564 + j 3.062)(3 + 0.564 - j 3.062)

TABLE 111, OpeN Loor LATERAL TRANSFER FUNCTIONS



Uo = 198 fj‘/sec N. = - 1.01
g = ‘32.2 ft/sec? - Ng = 9.27
6, = 0.0 Y§A = 0.0
Y, = - 0.167 , -Y§R-= 0.079
Ly = - 5.54 Lg, = 204.0
L= 1.35 | Lo, = 1195
Lg = - 7.06 | | N, = - 2.99
N, = = 0.156 Ng = =10.7

TABLE 1V, LaTErAL EquaTions oF MoTION PARAMETERS

27



28

Uy = 198 ft/sec My, ~ 0.175

g = 32.2 ft/sec? My == 5.56
X, = ~ 0.0466 ' Xgg = 0.0
X: = 0.0 Xs. = - 8.84
X, = 0.0793 - Xay = 157
Xq = 0.0 Zg, = 89.3
Z, = - 0.325 ' Zg, = -283.1
Z; = - 0.0154 Zog = = 305
Z, = - 3.045 | s, = 61.2
Zy=-8.12 Mg = =17.8
M, = 0.00079 Mo, = 0156
My - - 0.0106

TABLE V, LonGITUDINAL EQUATIONS OF MOTION PARAMETERS



o _ - 1.433 3% - 25.2.5% - 3.814S - 1.082
GF ’ Dl

O _ 0:452'S% + 61.29 S2 '+ 9.49 S + 3.354
Ss Dy

@ _-3.045 5% - 50.62 $% - 7.876 S - 2.13|
% Dy

& _-15.0352 -6.851 5 - 1.805

S D,

6 _61.22 5% +180.3 S + 28.1

Sg D,

6 __ -28.78 5% - 4,364 S

ag\ Dl

where:

()
1

1.015 S* + 10.85 S3 + 51.80 S% + 8.075 S + 2.3}
1.015 (S + 0.076 + j 0.1916)(S + 0.076 - j 0.1916)

x (S + 5.268 + j 4.65)(S + 5.268 - j 4.65)

TABLE VI, Open Loop LONGITUDINAL TRANSFER FUNCTIONS

29
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POWER SPECTRAL DOENSITY (ft¥sec)

LOG

5
4 -
- N
— S —_— TN
- —
5 P'//‘/// N\
2 .
90% DATA POINT BANDWIDTH

l.

0

-,4
-2
-34
-4 . .

-5 -4 -3 -2 -1 [+] | 2 3 4 ]

FREQUENCY - LOG w

" FIGURE 3. APPROXIMATE ONE -DIMENSIONAL POWER

SPECTRAL DENSITY OF VERTICAL GUST



POWER SPECTRAL DENSITY ({ ft¥sec)

LOG

90 % DATA POINT BANDWIDTH

-5 -4 -3 -2 -l o | 2 3 4 L]
FREQUENCY - LOG w

FIGURE 4. APPROXIMATE ONE-DIMENSIONAL POWER
SPECTRAL DENSITY OF LATERAL GUST
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FIGURE 5A. ANGLE OF ATTACK RESPONSE TO
VERTICAL GUST INPUT
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FIGURE 5C. PITCH ANGLE RESPONSE TO
VERTICAL GUST INPUT



CLOSED LOOP
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FIGURE 5D. PITCH ANGLE RESPONSE TO
VERTICAL GUST INPUT
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OPEN LOOP
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FIGURE 6A. AERODYNAMIC SIDESLIP ANGLE
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OPEN LOOP
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