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SUMMARY

The effect of serodynamic parsmreters on the ahlility of a pilot to
control a hypersonic research airplane capsble of flight at very high
altitudes is studied by means of an analog computer. In thils study, the
eirplane, which is a rocket-powered glide type, is flying e portion of
the exit phase of a high-altitude trajectory that was selected so that
the thrust cutoff cccurs about halfway through the flight. In addition
to aerodynamic effects, the influence of engine thrust misalinements,
damping, end display informetion arrangement cn the control task ere
considered.

The results, which are based on pllot opinion of the difficulty of
the control task, are i1liustrated by time histories of angle of attack,
angle of sidesliip, and roll engle. The pilot stitempted to hold these
gquantities at zero. In general, the findin ngs of this investigetion were
that the basic zirplane configuration used in this study was unflyable
because of the extreme concentretion asnd effort required to control the
airplane, increased directional sitebllity snd additional demping sbout
all three axes were necessary to make the basic airplane flyeble, and, in
addition, the arrangement of information in the pilot's display was
found to have an important influence on the control task and the evalu-
ation of the importance of serodynamic parameters.

INTRODUCTION

The joint research-sairplane program of the National Advisory
Committee for Aeronasutics, United States Air Force, and Department of
the Navy was conceived and conducted to obtain flight data and to define
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the operatiocnal problems associated with high-~speed—high-altitude
flight. It was decided to extend thils progrenx to include hypersonic
airplanes capeble of flight at very high altitudes. Preliminsry wind-
tunnel tests of proposed configurations revealed unususel magnitudes of
and relationships between the stabillity derivatives. When these data
were reviewed in light of the expected velocity, density, and altitude
charges of the assumed flight plans, 1t was felt that customery stabllity
and control criteriae might not apply to these ailrplanes. Accordingly, a
sirulator study rprogram was initisted in order to obtain some insight
into the stability and control cheracteristics of this resesrch alrplane.
These studles ranged from classical stability studies of the lateral and
longitudinal responses to pilot-controlled studles of simulated flights
uch as reported herein. These pllot-controlled studies range from two-
degree-of-freedom longltudingl simulations to five-degree-of-freedom
simulaticns with Mach number and dynamic pressure prograsmed to correspond
to an assumed flight plan.

The eercdyramic data for a proposed research configuratlion were
used as a starting point and then were modified as the study program
progressed to obtein more general results. The configuration is a
rocket-powered airplene of conventional design equipped with a hori-
zontael tail that deflects in the conventlional manner for pitch control
and differentially for roll control.

In the simulator study cf this report, the pilot's task was to fly
the exit phase of an assumed high-altitude-flight plan. The exlt phase
was chosen because of the wide range of flight conditions over which
the piiot must control the airplane and also because burnout occurs
during the clixb and can intrcduce violent trim changes. A flve-degree-
of-freedom simulation was used with the veloclity and dynamic pressure
programed to agree with that of the assumed flight plan.

The conclusions of this study are based on the opinions of the
NACA pilots who mrade the simulsted flights. BSpecifically, the pilots
attempted to evaluate the flyability of the airplane represenited on the
simuiator in the light of trelr experience with existing alrplanes.
Where possible, time hlstcries of the flights are used to illustrate
the pilot's opinicn.

This report includes an appendix by Robert E. Andrews, of the Langley
Lsboratory, which pyresents a discussion of the analog simulator programing.

SYMBOLS

ol altitude

43 dynaric pressure
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Ix’Iy’Iz

moments of inertia sbout the X-, Y-, Z-axes
engine thrust misalinement, vertical

engine thrust mlsalinement, horizontal

yaw angle or heading angle
Euler roll angle

Euler pitch angle

mass of airplane

Mach number

angle of attack

sideslip angle

incremental velue from initial condition (for example,
indicates increrent in pitch angle)

rolling-moment coefficient, Rolling moment

qdﬁb
yawing-moment coefficlent, J8W. moment
qﬁﬁb
pitching-moment coefficient, Zicching moment
quc

pitching-moment ccefficlent at zeroc angle of attack

horizontel-tall deflection for pitch control

48

differential horizontal-tail deflection for roll control

verticel-tail deflection for yew control



NACA RM I5TK21

Cy side-force coefficient, Side force
qgs

W
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span, 22.36 ft
wing area, 200 sq ft

mesn gercodynamic chord, 10.27 £t

1ift coefficient, Eg-*:

E%)

airplane angular velocities zbout the x, y, z body axes
airplane line veloclties salong the x, ¥y, z body axes

direction cosines relating the airplane body exes and
space axes (1 =1, 2, 3)

scceleration due to gravity, 32.17 ft/sec2

total velocity, duz + Ve + we

rocll-desmper gain
pitch-damper gain

yaw-damper gain
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81, deflection of left side of horizontal tail

R deflection of right side of horizontal tail

SS¢ roll control signel from control stick

Sse pltch control signal from control stick

SPW yaw control signal from rudder pedals

Wy oscilloscope display signal for horizontal component of wing
Wy oscilloscope display signal for vertical component of wing
TH oscilloscope display signal for horizontal component of tail
Tv oscilloscope display signel for vertical component of tail
W oscllloscope display sweep frequency, 300 cps

I.C. initial condition

STATEMENT OF THE PROBLEM AND DISCUSSION OF SIMULATION

The objective of this study was to evaluate in a quelitative menner
the effect cf the serodyneamic characteristics of the proposed research
configuraticn with respect to a pilot's ability to perform a specific
control task during e part of the exit phase, which includes thrust cut-
off, of a typical high~altitude-flight plan. In addition, it was
desired to deterrine the trends alrplane characteristiecs should take to
ease the control tasks and to determine the effect of information display
on the control task. The flight plan selected was essentially a ballistic
trajectory and, therefore, the control task assigned the pilot was to
maintain the angles of attack, roll, yaw, and sideslip et zero through-
cut the flight. The details of the simulation, including the equations
used, are presented in the appendix. The simulation ls summarized in
the following paragraphs.

Figure 1 is a simplified block diagram of the simulation that shows
informetion ficw. Reference to it shculd be of help in following the
discussion cf the simulation.
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The assumed veriations of Mech number, dynamic pressure, and
altitude used in this study are presented in figure 2. Engine cutoff
(burnout) has been arbitrarily set at 83 seconds. The part of this
figure between the vertical-dashed lines, that portion from 55 seconds
to 105 seconds, is the portion of the flight plen over which this study
was conducted. The data presented in figure 2 show the wide range of
flight conditions over which the pilot must control the airplsne. The
basic parameters, Mach number and dynemic pressure, vary from 3.2 and
350 pounds per squere foot to 5.5 and 20 pounds per square foot,
respectively, during the simulated flight. These varlations indicate
thet the basic stebility characteristics of the airplane are also subject
to wide variation. As indicated in figure 2, burnout occurs approxi-
nately 28 seconds sfter the start of the problem.

In this study, in order to simplify the analog, it was assumed
that the Mach number and dynamic-pressure variations would be those of
the calculated flight plan - that 1s, they would be unaffected by any
of the rendom motions occurring in the simulator flights. This assump-
tion permitted the velocity, Mach mumber, and dynamic pressure to be
expressed as functions of the flight time. The elrplane was represented
as a filve-degree-of-freedom system with time-varying coefficients (those
deperding on Mach number and dynamic pressure). These equations were
referred to the principal body exes. As the inclination of the principal
exis is very small, the effect of this inclination was considered
negligible. Programed varistions of mass and inertia were also used
to eccount for the large change in these quantities due to rocket
burning, and the variations in these parameters assumed for this study
are presented 1n figure 3.

The aerodynamic parameters used were obtained from the unpublished
results of wind-tunnel tests of an advanced research configuration.
The static stability derivatives were programed as funetions of Mach
number and were assured to remaln constant with angle of attack and
angle of sideslip. These varistions are shown in figures 4(a) to 4{f).
In figure U4(a) the curve lsbeled CnB is the basic Cnﬁ of the airplsne

and that labeled CnB represents the maximum value of CnB used.

A
Results will be reported for both Cnla and Cnﬁ . In figure 4(b), three
A
curves sre presented for C; . The center curve is the basic Cy for

the airplane and the other two curves bracket the verlations assumed in
the effective-dihedral paremeter. The assumption of constent derivatives
with angle of atteck is very good; wind-tunnel results show these psram-
eters to be constant from O to 9°. Since the assumed flight plan called
for zero angle of attack, it was felt that, if the range of angle of
aettack where the stability derivetives became nonlinear funciions of

; -
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angle of attack were entered, it would be only momentarily. Actual
sirulatcr runs showed this to be true, with a rarely exceeding 10°.
The assumption of constant derivatives with angle of sideslip was good
for smell angles of sideslip - that is, to the 5° maximum of the wind-
tunnel tests. Since successful flights rarely exceeded this value of
sideslip, the assumption is considered satisfactory for these simnlator
tests. Although no data were avallable for the rotary derivatives,
provisions were made in the setup for their eventual inclusion. The
control-surface-effectiveness coefficients were not programed with Mach
number since deta were avallable only at M = 3.5. These data are pre-
sented in table I. The actual moments and forces produced by the surfaces
were not constent, however, due to the programed chenges in the dynamie
pressure.

As noted previocusly, rocket burnout cccurs during the simulator
flight. BEerly rocket airplanes, such a&s the Bell X-l1A and Bell X-2 sir-
planes, have been troubled to a minor degree by the trim changes at
burnout caused by thrust misalinement suddenly reducing to zero. Since
the proposed thrust is roughly four times that of the Bell X-2, even
more trouble could be expected. In order to determine these effects,
engire thrust misalinements were included as constant moments in the
yawing~ ard pitching-moment equations. These moments were calculated
from date gliven in the engine progress reports and engine specificatlons
and were found to have a meximum value of about 5,000 foot-pounds.

The pilot's contreol station consisted of a seat, control stick, and
rudder pedals together with an information display (instrument panel).
A photograph of this station is shown as figure 5. When in use, the
station was enclosed in a canvas screen so that the pllot would not be
distracted. The stick and pedal feel forces were supplied by simple
springs ard were, therefore, indevendent of Mack number or dynemic
pressure. Table II summarizes the stick and pedal forces and travels
and the attendant ccntrol-surface deflectlons. It should be pointed
out that in the opinion of the test pilots the forces and mcments shown
in table IT do not represert good control harmony. Some ruas were made
with better Lermony after the investigation had been completed, and it
was found that the difference in control harmony did not appreclably
affect the results.

The informetion displaey consisted of three tightly grouped cathode-
ray tutes (fig. 5). This display was developed after preliminary tests
indicated a need for rapid scanning by the pilot. The details of the
informatior displey are shown in figure 6. The center cathode-ray tube
presented the angle of attack o, the angle of sideslip B, and the roll
engle ¢, while the upper scope presented heading angle vy and the left
one presented piteh attitude €. Hereinafter, this displsy is referred
tc as the B-¢ display. The marker used on the center scope was an
invertedéd T which may be thought cf as the rear view of an alrplane.
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This marker displaced vertically to present o« and horizontally to
show B and rotated about its own axls to show ¢. The scales for o
and [ were approximately 0.1 radien per inch. Negative sideslip was
to the right to make the displsy compatible with flight. For the
eauxiliary scopes, the heading merker moved horizcntaelly and the pltch
rarker moved vertically, both approximately 0.4 radisn per inch.

The B-¢ display was used for most of the ilnvestigation. However,
some tests were made with a display more akin to standerd flight instru-
rents. This displsey was called the attitude display end presented pitch
attitude 6, heading angle v, and roll angle ¢ on the center scope.
The angles of attack and sideslip were on the auxiliary scopes. The
scales for the attitude display were the same as those used on the

B~-@ display.

The pilot's display of roll attitude was set up for a moving air-
plane rather than the moving horizon that is used in most flight instru-
ments. The use of the moving sirplane wss based on previous experilence

t the Langley laboratory and on the results of reference 1, both of
which indicated that, on simulators which do not move the pllot, the
moving elrplane is the preferred type of display or roll attitude.

Since the angular velocities of the airplane are computed in body
exes, which are & roteting axes system, it was necessary to trensfer
these variables to space axes for the display. Equetions (9) to (11)
of the appendix were used to make the conversion.

A werning light which came on 3 seconds before thrust cutoff (burn-
cut) was included in the display. This light provided the pilot with
sore anticipation of the trim changes which cccur at thrust cutoff.

RESULTS AND DISCUSSION

Preliminery Anelysis

Anslytical investigetion.- The latersl end longitudinal stebility
of the airplene was Investigated by use of the three-degree-of-freedom
stability equations at several points along the selected itrsjectory.
These calculations shcwed that the basic airplane was always laterslly
unstable and that it hed gcod longitudinal stability at the lower
altitude flight conditions and had approximately neutral static sta-
bility at the high-sltitude flight conditlons. The sddition of estimated
rotary deriveatives increaesed the stability at the low altitudes and
delayed the onset of instability to moderate altitudes. The effect of
the rotasry derivatives at high eliitude was negligible.
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The effects of stability augmentation were approximated by adding
eppropriate increments in the rotary derivatives Cnr end Czp to the

latersl equations and Cmq to the longitudinal equations. The addition
of either Cnr and czp slone had little or no effect on the Dutch roll

mode. However, the addition of both resulted in large improvements in
stability. In the longltudinal equations, the addition of cmq pPro-

duced good stability throughout the flight realm. The values of each
of these parameters required to give good stebility are summsrized for
the flight conditions at burnout as follows:

ACmq = -221.15

LC -42.3

Dy

A0y = -2.602

P

These vealues give & roll damping of Tl/2 = 0.5 second, Dutch roll
damping of Tl/2 = 0.9 second, and pitch damping of T1/2 = 0.75 second

at a flight time of 28 seconds, the time of thrust cutoff. These values
of the demping derivatives were used to give an indication of the damping
required cn the simulstor.

Constant Mach number simulstor studies.- As part of & pilot femil-
larization program prior to making the trajectory flights, several
flights were made at constant Mach number and altitudes. These flights
were made at altitudes of 84,000 and 180,000 feet, the end points of
the trajectory. In these flights the pilots attempted to evaluate the
stabllity and control charscteristics during meneuvers. These meneuvers
were generally a return to straight and level flight from initial dis-
turbances in o and B and constant altitude turns with a bank angle
of 45°. At the low-altitude flight condition the pilots felt that the
basgslc alrplane was extremely difficult to control and that to avoid
losing control all meneuvers had to be very slow and deliberate. Three-
axls demping equivelent to 50 percent of the damping required for the
linear anslyses improved the handling characteristics under the afore-
mentioned conditicns. During these simulated pilloting tasks the pilots
complained of apperent low control power in yaw and roll control. This
apparent loss of control power to the pilot results because the dampers
are usling so much of the avaeilsble control-surface deflection to correct
disturbances that, when the pllot moves the controls, the airplane does
not respond to his input. Thus, as the magnitude of the artificial
damping is increased, the apparent control power of the surfaces, as
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perceived by the pilot, decreases. At high altitude the response of
the basic airplane was so slow that the plilot had no difficulty in
meintaining control.

Trajectory Flights

The procedure used in these flights was to have the pilot trim the
airplane at a flight-path angle of 31.5° as called for by the flight
plan. When trim conditions had been established, the pilot flew the
eirplane over the programed portion of the flight plan. In these flights
the pilot's task was to hold a, B, @, and the angular veloclties to
zero. Sufficient practice and repesat flights were made so thet the
pilots were completely femiliar with the similator cheracteristics.

In interpreting the results of the investigation made during the
trajectory flights, it should be remembered thet, as the airplane
accelerates and climbs, the alrplane becomes less steble and the air
density decreases. Both these effects Increase the periods of the
airplane's oscillation. The longer periods tend to ease the pilot's
control task as long as directional instabllity does not occur. How-
ever, 2 high degree of alertness must be malntained as motions develop
very slowly at these high altitudes and by the time the pilot detects a
devietion from the desired condition 1t may be too late for corrective
action.

The first trajectory flight was made wilith the basic airplane and
without disturbences - that is, there were no engine thrust misslinements
and no external disturbances were used with respect to the airplane or
pilot. The pilot was sble to control the simulator and to complete the
flight plan. However, the pilot stated that he hed great difficulty in
controlling the simuletor end, because of the extreme concentration
required, considered eirplanes with these cheracteristies unflyable.

The recorded notions of the airplane and of the control stick and pedals
did not show undue difficulty. In order to demonstrate this concentra-
tion level, flights were made in which an additional work load was given
the pilot. One additional work load imposed was the distracilion of the
pllot to tasks other than flylng. This was simulated by intercepting
the pilot's view of the display for not more than 5 seconds at different
times during the flight. Another additional work load was the control
of engine thrust asymmetries during burning flight and resultant trim
changes which occcur at thrust cutoff. As the engine thrust asymmretries
were constant, the pilot, as the altitude increases, must continuocusly
increase his control deflections in order to correct the out-of-trim
conditions. Figure T(=) shows the effect of the distraction end of e
vertical thrust misalinement on the pilot's gbllity to maintain control
of the airplane. When the pilot's attention to the control task was
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momentarily diverted, he lost control of the airplane. As Indicated by
the solid curve in figure 7(a), the addition of a vertical thrust mis-
alinement aprarently caused the pilot no additional &ifficulty over and
sbove those associsted with the basic alrplene. However, when a lateral
thrust misalinement was sdded, figure T(b), the pilot lost control of
the airplene before burnout. This result substantiates the results of
the linear asnalysis and constant Mach number f£flights which indicated
that the airplare was more sensitive to lateral disturbances.

Effect of directional stability.- One possible cause of the diffi-
culty experienced by the pilots can be seen in figure U(a), which presents
the variations with Mach number of the static lateral stebllity param-
eter C, . Shown are the basic wind-tunnel data and also the other

variations used in this study. The basic dets show that at a Mach
nunber of 4.4 the airplane becomes directionally unstable. This trend
in CnB accounts for the bulldup in sldeslip noted when the pillot wes

distracted. The rolling and pitching motions noted were due to the
high ¢/ﬁ retio and the inertis coupling of the airplane at these flight
conditions. An increased CnB, shown in figure 4(a) as CnB s which

A

made the configuration stable throughout the Mach number range considered
was also tested. With this increase in Cnﬂ the pilot was able to

maintain contrel over the progremed part of the trajectory, even when
romentarily distracted or when thrust misalinements were included.
(Compere figs. 7 and 8.) It must be noted, however, that many practice
flights were required before successful flights were obtalned with any
consistency. Although it was possible to maintain control, the pilots'sf
were of the opinion that an airplane with the characteristics simmlated
was still unflysble.

Damping studies.- As indicated by both the linear analysis and the
simulstor flights, additional damping was requlred. Investigastions were
made of both auvgmentation as obtained from control-surface deflections
and as increments in the rotary derivatives Cnr, CZP, and Cmq. In

the control-surface-sugrmentetion cases, the assumption was made that
the surface would deflect proportional to the angular velocity through
a perfect servo system. For similar amounts of damping, no difference
was found between the two types of augmentation; this indliceted that
the effects of the moments introduced by the cross-control terms cnﬁh
)

and Cza were small. This result is for the restricted condltion of
v

three-axls demping and small angle of ettack. If either of these condi-

tions i1s not met, the effects of these moments may become very lmportant

as they do when the yasw dsmper is not used.
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The amount of damping was systematically increased until the pilet
felt the airplane possessed the minimum stebility to fly the trajectory.
As a starting point, damping equivelent to the estimated rotaxry
derivetives was tested. This amount of damping had no noticeable effect
on the sirplane motions or the control task.

In the pilot's opinion, sufficient demping was obtalned with sbout
one-half of the reference values determined by linesr analysis. Fig-
ure 9 compares a flight with this amount of three-axis damping and a
siriler flight without damping. Thrust miselinements were included in
both ceses. It should be pointed cut that this amount of demplng was
sufficient during the climbing trajectory in which the pllot weas not
concerned with other f£flight tasks and could concentrate his entire effort
on the control tasks. Also, in the simulistor, the control system was
almost perfect - that is, no slop or lags « and, further, the pilot
was not subject to any random forces or motions. Thus, because of these
differences between simulated and actual flight and because the type of
display may have an influence on the smount of dampling required, the
megnitudes of demping reguired for good stability and control determined
in this study are only qualitative and based on pilot's opinion.

Further increases in sugmentation were made until the damping was
equivalent to reference values esteblished by the linear enelysis. The
pilots preferred thls damping to lesser amounts but with reservations
because of the adverse effect of demping on the response of the airplane
%o the pilot's control inputs. This increase in damping did not affect
the airplane motions to any noticeable extent, the added sugmentation
rerely reducing the work required of the pilot.

A brief study wes made of the effect of the individual dempers on
the control tasks. The following table shows the combinations tried
end the pilot's opinion reduced to a numerical scale, 4 being the most
acceptable and O being unacceptable:

Cese Damper Pilot's reting
A Roll yew pitch b
B Roll yaw 2, pitch osecillation bothersome
c Roll pitech 0, Dutech roll less steble
D Yaw pitch 3
E Pitch 2, difficult to control yaw
oscilletions

In this pert of the damping study both favoreble and unfavorable yawing
morents due to roll control were used. (See table I.)
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While three-axis desmping was the preferred conditlon, the pllot
felt the omission of the roll damper was least critical. In addition,
the pilot thought that if the yaw damper failed the roll damper should
be shut off imrediately. It was found that the roll damper caused the
Dutch roll mode to becore considerebly less stable when the yawing
nmoment due to the rolling tail deflection was fevorable. In this case,
the actiorn of the roll control surfaces to damp the rolling motion
caused 8 negatilve Cnp to be introduced which resulted In a detericration

of the Dutch roll damping. When s yaw damper wag used, 1t counteracted
the unfavorable (negative) Cnp effect and the Dutch roll mode was

found satisfactory by the pilot. These results indicate thait, when an
alrplane has low inherent damping and a favoreble yawling moment from

the roll control surfaces, tke roll damper and rudder should be inter-
connected so that the rudder deflects with the alilerons to compensate
for the unfavorable Cnp introduced by use of the allerons to oppose the

roll.

Inasmuch as the aserodynamic characteristics of this airplane vary
with angle of attack, the results of the damping study are limited to
the small perturbations about zero angle of attack for the aerodynesmic
characteristics cited in table I and figure 4.

Effect of dihedral parameter ngf- Another cause of the control

difficulty experienced by the pilot was the high ratio of roll to side-
slip of the configuration. A contributlion to thils ratio is the rolling
moment due to sideslip CZB. Figure 4(b) presents the varistion with

Mach nunber of this parameter for the basiec configuration of the tests.
Also shown are the extreme negative and positive variations studied.
The pilots' comments on the effects of CIB can be summarized as

follows: Increasing CZB from zero 1n eilther the negative or positive

direction increased the difficulty of controlling the airplane; however,
for the range of values cf Czp used the effect of this parameter on

the control task was of secondary importance.

Control-effectiveness studles.- Because of the lack of comprehensive
wind-tunnel deta at the time of prograsming, the control-surface-
effectiveness coefficients were assumed to be constant with Mach number.
Inforxzaticn now available Indicates that the ratlos used were fair average
velues with the low value at M = 3.2 s&nd the high value 2t M = 5.5.
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The direct momwents - that is, the moments caused by Czsh 3 Cmﬁh’
1
and Cn8v - gave adequate control power at the low-eltitude pert of the

flight; however, at the high-altitude high Mach nurber range, the pilot
feli that the roll and yaw control power was very low. The pitching
moment provided by the horizontal-tall coefficient Cmbh proved to be

edequate for the task of masinteining zero angle of attack through the
part of the flight that was simulated.

The effects of cross-control moments, yaw due to the roll control and
roll due to the rudder, provided by the coefficients Cnﬁ and 015
ht 'S

were also evaluated. The rolling moment due to the rudder was larger than
the rolling moment due to the rolling teil, and thils proved quite
objectionable to the pilcot until new coordinstion teehniques were
learned. After the learning period the pilots considered the Czav
effect on the control task to be secondary to the lack of directiomsl
stabllity and damping., although they indicated that & neer-zero value
of this pesrameter wes prefereble. The effect of yewlng moment due to
roll control wes not as obvious, the pllot noticing little or no effect
of megnitude changes and no difference between favorable and unfavoreble
velues of C « The lack of effect of C on pilot oplinion is
nsh' nshi

caused by the fact that the contribution of Cnsh to the total yewing
t

moment is small as compared with the contribution of the other parameters.
However, as previously pointed out, a favorable C, tends to meke

1
the Dutch roll mode less stable when yaw demping is omitted from the
systen.

The cross-control-effectiveness parameters C, and CZ heave
T

an effect on the ability of the rudder to produce e yawing moment. When
a yawing moment is applied to the system and 1t is desired to msintain
zero sideslip and wings level, the rudder deflection Sv to cancel the

applied moment is given by

Cn, C3
s o - onr By \_ x
Cz qu
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The term in parentheses can be considered the effective yewing-moment
coefficient due to verticel-tall deflection. Thus, when Cnsh and
t
Czsv have the same sign, the effective Cns is smsller than when
v
Cn8 and CZS have opposite signes and, thus, rore rudder deflection
h' v
is required to cancel the applied yawing moment. This condition can
become quite serious when the pilot is trying to control engine thrust
asymretries or large-amplitude lateral oscillatlons. Figure 10 is an
1llustration of this effect when the pilot is trying to trim engine
thrust asymmetries. In this case the rudder power becomes inadequate
Just before burnout and the pillot almost irmediately loses control of
the airplane. In this flighkt the physical stop on the pililot's control
was 5° instead of the 6° indicated in table II. This discrepancy was
caused by centering difficulties in the rudder pedals.

Display studies.- As previously noted, two different dlsplays were
vsed during this investligation. One of these was the ﬁ-¢ display used
for the study uvp to this point, in which a, B, and ¢ were on a single
inverted T marker on the certer oscilloscope and 6 and ¢ were on
auxiliary oscilloscopes. The second was the attitude displgy which
presented 6, V¥, and ¢ on the center oscllloscope and o and B on
the auxilisry oscilloscopes. Comparison flights of the displays showed
that the pillot when using the attitude display, found the control task
to be more &ifficult than when using the ﬁ—¢ display. F¥or instence, the
effective-dihedral parameter which the pilots felt to be of secondsry
importance with the B-¢ dispisy was found to be critically important
with the attitude displey. Figure 11 compares the motions of the alr-
plane for the two information displeys. These flights were made with
the baslic airplane modifiled by increasing CnB and CIB to the maximum

stable values of figure 4 and rctary derivatives with values of

czp = -0.2601, cmq = -11.05, and cnr = -0.873. No auxilary damping
was supplied. When the ettltude displey was used, the sirplene motions
have large amplitudes and the pillot loses control of the airplane Jjust
before engine thrust cutcff. When the B—¢ displey weas used, the motlions
have a much smaller amplitude altkough the frequency 1s sbout the same
and the pilot was able to maintain control of the airplane throughout
the f£light.

The major difference between the two displays is in the presentation
of informaticn. The airplene studied is characterized by a higk @/B
ratic ard low aileron and rudder power. These characteristics require
the plict to mailntain very close control over and to coordinate closely
the B-¢ motions of the airplane. Thus, the display that presents
and B by the motion of a single marker eased the pilot‘'s task by
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reducing the scanning and date-assimilation time wilith respect to the
nore conventional attitude display. This reduction of scanning and
desta-gssimilation tire was further decreased by including the o 1indi-
cator, the other critical control paremeter, on the same marker.

This display investigation was limited to the climbing phese of a
high-altitude flight plan where the specific control task was to hold
oy B, and ¢ to 0. TFor conditions studied, dats arrangement had a
large effect on the difficulty of the control task. This result is
corroborated by the simuletor studles of an entirely different control
task reported in reference 2.

Since other flight conditions will requilre different control tasks,
further investigations should be made, including flight tests, before a
final displsy arrangement for this project is evolved.

CONCILUDING REMARKS

The follcwing conclusions msy be drewn relative to the stebility
and control problexs of & proposed research configuration during the
exit phase of & high-altitude trajectory. These conclusions are based
on pilot-controlled similator studies of the airplane.

The proposed configuretion was considered by the pilots to be
unflyable because of the extremre concentration and mental effort required
to maintain control. It was the pilots! opinions thet directional
stability and increased damping sbout all three axes were required before
the airplane would attain a minimum stability for safe flying of the
programed part of the trajectory. The Investigation of the effective
dihedrel showed that this varameter had only a secondary influence on
the control task when the B-¢ displey was used, whereas it had a primary
influence when & more converntional attitude display was used.

Tre investigation of the effect of individual dampers on the control
task indicated that the roll dsmper was the least critical. In addition,
if the derivative of yawing moment due to the roll control is favorable
and the yaw damper fails, the roll damper should be cut off immediately.
The pitch demper, while not critical from & safety aspect, damped an
oscillatiorn that wes bothersome to the pilot and in doing so eased the
control task.

The pllots felt that the cross-control-effectliveness coefficients
Cz and Cy should be kept as smell as possible to ease the control
§72 1
task.
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As 8 result of a limited display investigation it was concluded
that instrument data arrangement can have an important effect on the
control task and that for the tests reported herein the display combining
together informstion for angles of attack, sldeslip, and roll was desir-
able. It is suggested that further tests, including flight tests, be
made to determine the instrument arrangement suiltable for the entire
flight plen of the alrplsane.

Langley Aeronsutical Laborstory,
National Advisory Commrittee for Aeronsutics,
langley Field, Va., November 5, 1957.
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APPENDIX

THE ANALOG SIMULATOR PROGRAMING

By Robert E. Andrews
INTRODUCTION

This appendix presents the eguations of motion which were simuleted
end & description of the mock cockpit. Also presented is =z discussion
of the difficulties encountered along with some of the checks performed
to verify the simulastor results. A complete schemstic diagram of the
analog simulstion is shown in figure 1l2.

REPRESENTATION OF THE ATRPLANE

The airplare was represented by the five-degree-of-freedom equations
with time-varying coefficients. The equetions were wrltten sbout the
principal body axes and are as follows:

I = (Iy- Lp)ar +q_dSb[CzBﬁ +czsh,(83 - 8) +czav8v+-% (czpp+czrr):l (1)

ch.l - (Iz" Ix)Pr""laSE [cmo +Cp & +% Cmﬁh(sn +8L) +% (Cmqq+cm&&)] +EMv
(2)

[l
]

e

-

g%( npt + Canj] + ENH (3)

e

. 5
= -r + ap + %[@3 - B + q‘—i—(cyﬁﬁ + c-‘fsva‘f)] (%)
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. 1 . s
a=q-pﬁ+$[sn5-Vm-q%CLm°ﬂ (5)

The coefflclents of these equations, whlch are functions of the
Mech number and hence the flight time, are presented in table III. These
expressions were obtained by fitting polynomials to the data presented in
figures 2 to 4.

It was necessary to compute the directlon cosines 15, mz, and nz

so that the gravity forces could be properly included in the airplane
representation. The following equations were used

t( 6
1z = 1 +u/\ mzr - nzq)dt )
3 30 o 3 3 )
t
D5 = M5 +j;) (nsp - ZBr)dt (7)
.t
N3 = 03 +./; qu_- mﬁp)dt (8)

where 150 = -sin 6, m3o = gin ¢o cos 8,, and n30 = cOS ¢o cos 0,

PIIOT*S DISPIAY AND METHOD OF CONTROL

The pilotts control stetion contained oscilloscopes to display the
roll angle, sldeslip angle, angle of sttack, heading angle, and pitch=
attitude angle. It also contained a conventional center control stick
and rudder pedals. Figure 5 is e photograph of the control station.

Two different display combinations were used during this Ilnvestigs-
tion, The same information was displayed in each but the locatlon wes
different. The information was displayed on a 5-inch duel-beam oscillo-
scope in the form of an inverted T which rotated esbout 1ts own axis and

also translated horigzontally esnd vertlcelly. Two rectangular oscillo-
scopes, each 3 by l% inches were arranged to show theilr dlsplays through
a mirror. One was mounted 1n a vertical poslition to the lefi of the main

oscllloscope and the other was mounted horizontally above the main scope.
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The first display combination, celled the B—¢ display, presented
engles of attack, sideslip, and roll on the center oscilloscope and the
pltch-attitude and heading sngles on the left suxlillary and top auxiliary
oscilloscopes, respectively. The inverted T rotates through an angle
equal to the roll angle of the eirplane, clockwise for positive angles.
The angle of attack translates the T vertically, upward for positive
angles, while the angle of slideslip translates the T horizontally, to the
left for positive sideslip. The displey on the left auxiliary oscillo-
scope presents & horizontal line which translates verticelly with the
pitch~-gttitude angle, upward for positive engles. The top auxlliary
oscilloscope presents a vertical line which translates horizontally with
the heaeding angle, to the rlght for positive angles.

The second display combination, called the attitude display, pre-
sents the roll angle, headlng angle, and pltch-attitude angle on the main
oscilloscope with angle of attack and engle of sideslip presented on the
side and top suxiliary oscilloscopes, respectively.

The sceles for angles of attack and sideslip were approximately
0.1 radlen per inch for each display. The pltch-attitude and heading
scales were approximately 0.4 redian per inch for both displays.

The angles presented 1n the display give the pilot the necessary
information for orientation with respect to space as well as with respect
to flight path. The Euler angles s 6, and ¥ glve the bank angle,
pitch-attitude angle, and heading angle, respectively, with reference to
space. The Euler angle equatlons have been simplified by setting sin ©
equal to zero and cos 68 equal to unity. These equations are

t
¢=¢O+j; pd‘b (9)

[o»
Il

65 +/;i(q cos § - r sin @)at (10)

t
¥ o=y +h/; (r cos § + q sin P)dt (11)

where ¢o =Y, =0 &and 845 = 31.5°.

The inverted T was genersted by using a dual-beam oscllloscope with
one beam genersting the wing end the other beam the tall. For the wing
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a sine weve was amplitude-modulated by resolving it by the sine and
cosine of the roll angle @, adding the translating voltage («, B, 6,
or V) to it, and connecting them to the horizontal and vertical plate
of the first beam. The teil was generated similarly except that a
rectified sine wave waes used. For the B-¢ display the four inputs
to the oscilloscope were

Wy =a+ A sin ot sin 1) (12)
Wy = =B - A sin wt cos @ (13)
Ty = « - B sin wt cos ¢ (%)
Tg = - - B sin wt sin ¢ (15)

where Wy and Wy are the signals applied to the vertical and horizontal
plates of the beam producing the wing and Ty and Ty are signals applied

to the tall beam. B sin w:t is the rectified slignal from A sin wt. The
details of this setup are shown in the schemstic arrangement in figure 12.

The pliot's controls were a conventional center position stick and
rudder pedels to provide serodynamic controls. Rell control was obtained
by the differential deflection of the horizontal tell; thus, 1t was
necessary to combine pltch and roll commands in the horizontal-tail sur-
face deflectlons. This was done by computing separate deflections for
the right and left sectlons of the horlzontal tall by using the following
equations:

Bg = 5 8y + By - Kyp + Ko (16)

By =-% 51 + 8, + Kip + Kpq (17)

Heading control was obtained by an all-movable vertical surface,
and the control deflection 1s glven by

By = 83 + Ksr (18)
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Artificisel damping is supplied to the airplane by feedlng signsls
proportional to the angular velocity to the control surfaces. The
terms Kip, qu, and Ksr are the demping terms for roll, pitech, and

heading, respectively.

The control surfaces were limited in travel to +15° and -45° for
the rolling tail and to +6° for the rudder. There were no rate limits
nor limits on the sutopilot authority. The physical propertles of the
control stick are given in table II.

A burnout warning lamp was lncluded in the pilot's display. This
lemp was provided to give the pilot a warning so that the trim changes
that occur at burnout could be anticipsted. This lemp came on 3 seconds
before burnout and went out at englne thrust cutoff.

ANALOG PROGRAMING AND CHECKING

A complete schematic dlagrem of the analog simulation is shown in
figure 12, Potentliometer settings for the dlagram are glven In table IV.
The total amount of equipment used is as follows:

Amplifiers (tot8L) « o o « 2 « « « « o o o ¢ o o s s o a « o s o« o 102
Integrators .« ¢ o ¢ ¢ ¢« o « o« ¢ ¢ o s o ¢ a o o & ¢ o o & o« s = 15
SUMMETYS « « « o s o o ¢ » o s s s a s = o = a s s &« s s s s & & bYi
Inverters « o« e s o o o o « o« o » o s a s o o s s s & &« o a s = 50

. e s T & @ e & 8 @& s & lo 9
s & & & @ 1_2

Potentiometers « « o« o o « &
Multipliers (shafts) .

Potentlometers « ¢ « ¢ ¢ o o o ¢ o & s s ¢ s ¢ a s s o« s ¢ s o & 33
Dual 7eSOlVEYS o o e o o o ¢ o« o« o« o & « s @« & o« o« s s & s s o a &= 2
Rele-y amplifiers - - . L] - L ] a L] L] * * - L] L ] - L ] a [ ] L ] [ ] L ] a [ ] L] - Ll'

In order to check the analog setup, statle and dynamic checks were
made. Several dligltal check cases were run also. None of the check
cases had any control inputs other than artificial damping.

For the progrem set up on the simulator, the dynemics of the problem
were found to be near the criticel region for the computer. Since the
computer wes to operate in conjunction with a pllot, a real time scale
had to be accepted. In order to determine the effect of the dymemic error
introduced by the analog computing elements, especiselly the servomultie
pliers, = digital check case without plloted controls was calculsted.

Runs made with different time scales on the analog setup showed that
running the analog slow by 5:1 and 2.5:1 consistently gave the same
results. Runs 8t a 1l:1 time scale gave different results, without much
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conslstency. By metlculous cholce of variables to drive the servo-
multipllers, the 1:1 time-scele runs were made to check consistently
those made at slower time scales. 1In this partlcular setup to obtaln
the products mzr, mW3p, N3P, and pr, the varlsbles driving the servo-

multiplier were changed: mzr from the mz Servo to the r servo,
mzp from the m3 to the p servo, nzp from the nz to the p servo,

and pr <from the p to the r servo. A comparlson of the digital and
enalog results for one typlical check case is shown Jdn flgure 15. In this
case the only disturbance is the engine thrust misalinement.

An inspection of figure 1% shows some difference between the finel
anslog setup and the digital calculation. In order to find if this mag-
nitude of error is within the sensitivity of the snalog equipment, two
check cases were made. For one case the Initlsl sngles of sttack and
sideslip were equal to 0.1 radian, and for the other case both angles
were 0,105 radian. It was found that this S5-percent difference in input
would more than sccount for the differences in the digltal and enalog
results of figure 13 and that final results similar to those of figure 13
could be considered reasonable. t was felt, however, that with the
availagbility of more servomultipliers or 1f electronic multipliers had
been avallable, the dynemic error could have been reduced.

Another trouble spot was the calculation of the directlion cosines.
Here 1t was found that the static nulllng error of the servomultipliers
was importent because of the output voltage possible for zero input to the
servomuiltiplier when a large voltage wes impressed across the multiplying
potentiometer. Thils was found to be partlcularly critlcal in the nzp

product in equation (7). Because of the dynamics involved, this product
was calculated on the p-multiplier but better statlec accuracy would
result if the product wes obtalned from a servomultipller driven by Dze

Thus, it was necessary that this multlplylng potentiometer be set care-
fully on zero. The use of dlode~type multipliers may be warranted because
of thelr good zerc output for zero-input characteristics and their good
frequency response.

The static stabllity derivetives which were functions of Mach number
could be expressed as functions of flight time (see table III and fig. U4)
because of the programing of Mach numbers. Terms such as CLBB and CLag

were then wrltten as the product of a polynomiel In + and o or p. As
shown in figure 12, this permits the static stability derivatives to be
genereted on servomultipliers driven by T and +t2 which are slowly
changing varisbles compered with o and 8.
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STARTING THE ANALOG

In the check case shown in figure 13 the motions start abruptly
because of the engine thrust misalinement in pltch sttitude and heading.
In the piloted runs which hed thrust miselinement, the pllot was allowed
to fly at a constant Mach number until the misalinement could be trimmed
out. Thne flight-plan trejectory was then started. This procedure allowed
a smooth controlled start on the trajectory with the only abrupt change in
trim occurring at burnout.

-
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TABLE I

CONTROL-SURFACE-EFFECTIVENESS COEFFICIENTS

[M=3.5 a=5=0

sperradian . . . . 0 0 0 e b 4 v e e s e e e e

sperradian . . ¢ 4 v i e e e 4 e e 0 4 e . .« .

NACA RM I5TK21

« . -0.0344

.. ~0.0144

(varied from 0.050k4

sperradian . . . . . i e 4 4 v e e e e e e e
per yadlan . . . 4 s s s« 4 e s e o s a2 s s s .

Per radian .« ¢ .+ ¢ 4 s 6 s e v e 8 s e o« s

Per radian . ¢« 4 4 s e 6 e s 6 4 e s s e s 0 e

PeI‘ I‘&dian "« & ¢ ¢ ¢ * a4 & & ¢ & s & = & & & @ @

to -0.01hlk)
. . =0.0172

. -0.2037

. . -0.143

. . 0.0527
(or -0.0527)
- -0.344



CONTROL~-SURFACE MOVEMENTS AND FORCES

TABLE II

Stick or pedal

Surface deflection,

Control movement, in. Force, 1b deg
Horizontal 2.5 10 45
Horizontal-tail roll control b 10 2k (total)
Vertical tall 1 50 6

TSILCTI W VOVN

L2



TABLE ITI

PROGRAMED DATA

03t <28 sec

28 £t S50 sec

Iy, slug-ft2 . . . . . .

I,, slug-ft2 . . . . ..

T, slug-ft° . . . . . .

m, 8IUES .+ ¢ ¢ ¢ o o o &
Czﬁ, per radian . . . . .

Cpys

Cnﬁ’ per radian . . . . .

3150 + 104t

3.2 + 0.082t

350 - 12.4% + 0.116t2
5519 - 17.8t

3425 - 298t

75563 ~ 299t

567.8 - 6.335t

-0.04469 + 0.0004699t

-0.009643t + 0.00003285t°
-0.6148 + 0.01908t - 0.0001L26t2

0.1015 - 0.00784Tt + 0.0000865t2
2.12 - 0.02678t

-0.7697 + 0.013Tt - 0.0001609t2

6062
5.496
350 - 12.4t + 0.116t2
5021
65110

67200

390.k4
-0.03153

-0.001246
~0.192h
-0.050k

1.370
-0.5122

gc

TSHLET WY VOVN
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TARLE IV.- DOTENTICMETER SETTINGS AND GATNS
Potenticceter Setting Galir Potentlameter tting Gain
1 0.013 1 50 .0k2 1
2 0 1 5L 050 L
3 659 1 52 500 1
L .560 1 53 -c80 1
5 -235 1 sk ol 1
s -537 k 55 308 1
T 537 k 56 .219 1
a8 .280 1 5T 064 1
9 -.125Cy,, 1 58 a8 1
-0, 0 2 2 ;
1 .65l 1 61 .500 10
12 .8co 1 62 R5:] I.C.
13 358 k 65 .500 1
ik ] Fecorder 65!; <500 1
o 5 500 10
15 1077g, 1 & 20 0
16 %38 L 67 .682 I.C.
17 -2 i 2] 500 L
18 .30T 1 69 500 10
19 -282 1 70 - 5Ky 10
20 -O7L 1
21 096 I T Sy 1
22 .082 1 T2 Bias 1
23 o 1 T3 .88 Recorder
2k 430 1 T4 702 1
25 430 1 T3 .702 1
26 257 1 76 573 k
P S o S iid Biag 1
8 -+0025C,, 1 75 -5 10
29 - 1 TS -5Kg 1
-0z g0 .616 Recorder
30 i 10 81 Eias 1
31 - k 82 674 13
32 -280 1 83 +625Ks, b
33 1028y, : & 2 I
z .508 L 86 .250 1
35 352 k a7 .c8o 1
35 432 1 88 116 1
37 736 1 89 315 1
38 .286 1 90 Ja19 1
= .286 1 9L 071 1
ko .1ko 1 92 .252 1
I -.025C, . 1 gz ;532 1
Lo 1 -T 1
.25Cy 95 .568 1
L3 .89k 1 96 320 1
Lh 1.000 1 97 253 1
L5 .50C 1 <8 .992 1
L6 .080 1 9 .032 1
by a8 L 1 e S,
48 428 1 0L 580 1
9 .100 1 ro2 -700 L
103 .700 T
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Figure 1l.- Block diagram of the problem as set up for study on the analog computer.

ﬂ-——'——‘——'——"-

Roll, yaw, pitch dsmpers el
g I.C. Py 4 r I"C'
Airplane Euler
P} QJ r pRm———
U —_ d
time 5 degrees of freedom » , angles
P, 4 r
Programed Direction -‘ o, B

information Coslines lat— I.C. v, 0, ¢

M, qd, V, Aero- li’ mi’ ni ]

og

TSMLET W VOVN



h BURNOUT
240 X103 16

| /4 M i;//////ﬂﬂ_-_
/

<

\qu
0O 40 80 |20 |60

TIME, SEC

Figure 2.- Variations of the altitude ; dynamic pressure, and Mach number with flight time
assumed for this investigation.
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Figure 3.- Assumed variations of the moments of inertia and mass with
time.
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Figure 5.- Pilot's control station.
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Figure 6.- Sketch showing details of information display.
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(a) Distraction and vertical thrust misalinement.

Figure T.- The effect of pilot distraction and engine moments on the
gbility of the pilot to control the airplane.
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Figure T7.- Concluded.
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Figure 9.~ The effect of three-axis damping on the abllity of the pillot
to control the airplane.
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