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EVALUATION OF PTIOT'S ABILITY TO STABILIZE A FLEXIBLE

TAUNCH VEHICLE DURING FIRST-STAGE BOOST

By Gordon H. Hardy,* James V. West ,** Robert W. Gunderson,**¥*
and Charles 0. Jones¥*¥**

A preliminary menual control system for the S-IC, or first,
stage of the Saturn V launch vehicle was designed and evaluated.
With the exception of fuel sloshing dynamics (for which the data

were not available), a complete fixed-base simulation was used.

The results indicate that satisfactory manual control is possible.
o~

¥

INTRODUCTION

There has been considerable speculation that pilot partici-
pation in guidance and control of large launch vehlcles could

conceivably increase the probability of successful mission accom-

. plishment. Some study of this question has already been completed,

most notably for the Titan III1~* and the somewhat earlier investi-
gation by Holleman and Armstrong.s These and other studies have
shown that, generally speaking, the guldance and control of large

booster systems is sufficiently within piloted system capabilities

*Research Scientist and Pilot, NASA-Ames Research Center,
Moffett Field, California A

*¥Research Scientist, NASA-Ames Research Center ,_Moffe’ct Field,
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as to warrant serious consideration. Other than by such general
statements, however, the question of pilot participation should be’
discussed only within the reference formed by particular vehicle
configurations and flight profiles. The Marshall Space Flight Cénter
and Ames Research Center are currently engaged in a joint research
study intended to determine pilot capabilities and the feasibility of
utilizing any such capabilities to obtain an increase in over-all
reliability of the Saturn V launch vehicle. In particular, the com-
pleted study will have investigated the ability of a piloted system
to accomplish attitude stabilization, structural load reduction, and
guidance functions for the entire Saturn V flight. profile.

The purpose of this report is to present results obtained on
investigation of the first (5-IC) stage of the flight profile. During
this part of the study the assumption is made that the guidance func-
tion is accomplished through conventional, sutomatic system, implemen-
tation. Consequently, the piloted system capability gquestion reduces
essentially to an investigation of the control tasks arising from
attitude stabilization and structural load reduction requirements. In
addition to the attitude stabilization and load reduction responsibil-
ities, the pilot was required to accomplish a roll maneuver at 1lift-off
and accomplish a pitch plane tilt program. The initial simulation was
carried out on a fixed time of flight, rigid body dynamics, two-degree-
of -freedom simulation. The complexity was gradually increased to the

final form consisting of rigid body, plus flexible body dynamics, five
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degrees of freedom, and continuous time of flight from lift-off to

the completion of the first stage. Fuel sloshing dynamics were not

considered and will be examined when the data becomes available. It

should be emphasized that the control system configuration, pilot

responsibilities, and piloting techniques discussed in this report

are not necessarily those which will be recommended in the final

analysis.
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NOTATION
center of gravity

time varying coefficients

.8ee level value of earth's acceleration

distance from vehicle c.g. to accelerometer

megsured positive forward, meters

rigid body bending moment at station x,
.normalized to design value

Iaplace operator

nominal vehicle velocity, meters per second

vehicle c.g. location with- respect to nominal
location, meters

aerodynamic angle of attack, deg |

component of angle of attack due to wind, deg

engine gimbal angle, deg

XERQ |
COPVJ'




. ® k- [

71 accelerometer output, meters per second per second

Ny generalized elastic bending mode amplitude

wn natural frequency, radians/sec

?; | total attitude angle with respect to a space Tixed coordinate
system, deg

Acpi attitﬁde error sensed by the inertial navigator, deg

Npy* rigid body attitude error, deg
Xy nominal vehicle attitude with respect to a space fixed

coordinate system, deg

¢ damping ratio
Subscripts
P pitch
Y yaw
R roll

DESCRIPTION OF SIMULATION

Vehicle Description

The example vehicle used in this study was the Saturn V launch
, vehicle as defined for the Apollo lunar landing mission. As shown in
Fig. 1, the vehicle configuration consists of three booster stages
and the Apollo spacecraft. Over-all vehicle length is 364 feet and
the maximum dia.mete:r- is 396 inches (not including fins). Fully fueled

weight is approximately 6,000,000 pounds.
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The launch vehicle is powered by three liguid fueled stages.
Five F-1 .engines with e total nominal thrust of 7,500,000 pounds power
the first stage (designated §-IC). The second stage (designated S-II)
is powered by five J-2 engines withia total nominal thrust of
1,000,000 pounds. One J-2 engine with restart capability and & nominal
thrust of 200,000 ;pounds power the third stage (designated S-IVB).

The Saturn V launch vehicle has an inertial navigation and guidance
system independent of the one contained in the Apollo spacecréi”b. A
control system computer and necessary sensors are also located in the

launch vehicle.

Detailed vehicle characteristics may be found in reference 6.
Trajectory Description

The primery mission of the Saturn V launch vehicle is to inject
the Apollo spacecraft, which weighs approximately 90,000 pounds, into a
translunar trajectory. This is accomplished by inserting the S-IVB

stage and Apollo spacecraft into a 100 pautical mile earth orbit which

requires a partial burn of the S-IVB propellants. A second burn of the

S-IVB ehgine then injects the S-IVB stage and Apollo spacecraft into a
translunar trajectory from i:he earth orbit.

However, for the present report, we are concerned with the
trajectory from lsunch through first stage (S-IC) burnout. This stage
burns for 150 seconds and stages at approximately 60,000 meters altitude
and at a velocity of 2,350 meters per second. The maximum thrust-to-
weight ratio is L.7 while the maximum dynamic pressure (3,650 kilograms
per square meter) occurs at an altitude of about 13,000 meters.

Detailed trajectory data are contained in reference 6.
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Wind Environment

The primary trajectory disturbance during first stage of flight is
the *wi:pd environment. The wind environment used in this study is spec-
ified in the Saturn V launch vehicle design data document, reference 6.
These wind profiles are based on statistical analysis of wind measure-
ments taken at the Atlamtic Missile Range,Cape Kennedy Launch Area.
Values of steady-state wind, wind shear, gusts, and turbulence are given.
Steady-state winds are always assumed horizontel with no restriction on
direction. For any particular system, the combination of steady-state
wind, wind shear, gusts, and turbulence which provides the greatest
excitation should be used.

Figure 2 presents the wind used for this report. The maximum wind
speed is 75 meters per second while the maximum value of wind shear

occurs near the point of maximum dynamic pressure.
Vehicle Design Constraints

The principal constraints placed on the design of the launch
guidance and control system are guidance accuracy and structural loads.
Since the study of the present report only considers the first stage
of flight the structural loads were the primary constraint. This fol-

| lows conventional design philosophy of letting the structural loads
take precedence during the early stages of flight and guidance take
. precedence during the final stages. |
Performence measures were specified and are intended to show

how well the system has satisfied the design constraints. The
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performance measures used in this study are described in the following
paragraphs.

The primary performance measure used was the rigid body bending
moment occurring at the critiéa.l location on the vehicle. This bending

moment was calculated with the expression

d 3
W - 2, Mg
da oB
where
My rigid body bending moment at station x
oMy
g— function of mass distribution and aerodynamic loading, constant
(0]
at a given time of flight at station x
My |
ﬁ function of mass distribution and thrust, constant for a given

time of flight at station x

The resultant of the pitch and yew moments, normalized to unity at '
the limit design bending moment , ‘is used for data presentation.

Flexible body dynamics also contribute to structural loading, but
data necessary for computation of the moment due to bending mode accel-
eration terms were not available at the time of the simulation. Conse-

quently, a design goal of minimization of the bending acceleration terms

was imposed. This is also important to reduce objectionable motion cues

sensed by the pilot. The amplitudes of the generalized bending accel-
eration terms, ni » Turnished the performance measure. Data are presented
in terms of the flexible body accelerations felt by the pilot.

A measure of how well the pilot could control to the nominal
trajectory was obtained by measuring the distance é,nd velocity disper-

sions normal to nominal trajectory at the first-stage cutoff point. As
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mentioned previously, however, trajectory control during first stage
of the b605t profile is considered a less stringent constraint than
structural loading.

The final performance measure used was the numerical Cooper Pilot
Opinion Rating System shown in Fig. 3. This rating is the pilot's sub-
jective opinion of how well he was able to control the system with
respect to the task assigned. Ref'erence T describes the Cooper Rating

System in detail.
Control System Description

Attitude control of the Saturn V during the powered flight of
the S-IC stage is accomplished by swiveling the four outboard F-1
engines. The maximum allowable deflection is five degrees for each
engine in any direction. The center engine does not swivel.

The roll control system developed during the study was a.simple
rate system.

Figure 4 shows the configuration of the pitch and yaw manual
control systems. It will be noted that the augmentation system con-
sists of a single (rate) loop. Attitude, attitude error, attitude
rate, and accelerometer signals from bédy mounted normal accelerometers
are diéplayed to the pilot.

The basic configuration, or loop structure, was determined by
rigid body studies. Introduction of elastic body dynamics dictated
the addition of two filters (rate augmentation filter and controller out-

put filter) in order to maintain system stability.
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The rigid body vehicle is inherently unstable because of the
aft location of the ec.g. This instability varies with time of flight
and reaches a peak value (wp® about-.15hear the time of flight cor-
responding to maximum dynamic pressure. The lowest flexible body mode
frequency is Jjust over one cycle per second.

The engine dynamics were approximated by the following transfer

function

B(s) _ 27,000
Bo(S) ~ (5 + 30)(52 + 185 + 900)

In addition, the engine was rate limited.

The fixed cockpit used is shown in Fig. 5 while Fig. 6 shows
instrument panel details. The two large instruments are standard air-
craft all-attitude indicators, with the upper one being used as the
primary flight instnmentf The upper Indicator is rotated clockwise
90° from the standard aircraft orientation to simulate the Apollo all-
attitude indicator gimbal order. Vehicle attitude is displayed on the

sphere of this indicator with pitch and yaw attitude errors being pre-

sented on the flight director needles. Scaling on these needles was 10°

attitude error per inch. Body mounted normal accelerometer outpu:. .
displayed on the flight director needles of the lower all-attitude
indicator a.nd are scaled il/B g per inch. The sphere of this second
instrument was not used. Vehicle attitude rates are presented on the

d.c. meters at the upper center and upper right of the display panel.

Deflection of a 45° meter corresponded to a 4° per second attitude rate.

A standard aircraft, elapsed-time clock is mounted to the left of the

primary all-attitude indicator.
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Figures 7 and 8 show the two-exis side-arm "pencil" controller
and rudder pedals used early in the study. The three-axis side-zxrm
controller used for the later phases of the study is shown in Fig. 9.
All the controllers had outputs that were nearly linear with

displacement.
Simdation Equations

The rigid body equations of motion simulated were a perturbation

set with respect to a reference frame moving along the nominal trajectory.

NOMINAL VELOCIT Y

Z(E///CA £ CENTERLINE

—

Xz
ACTUAL LOCATION
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Axes x;, Xp, X3 form a right-hand orthogonal system with x» alined
along the nominal velocity vector and axes x;, X, lying in the
nominal boost plane. While fuel sloshing modes were not analyzed,
up to two structural elastic modes weré included. The linearized,
time varying coefficient equations including the ith elastic mode

are given below.

Rigid body:
(1) %1 = -Fapp - Foivp ~ FgPp
(2) %5 = Faoy + FoMby + Faby
(3) DPy* = Mooy - MaBy
(l") Aﬁsﬁ* = "Mﬁ’BR - 5ZY
(5) £pp* = Ngap '~ MpBp

. - 1 " ¥
(6) 71 = -Fgop - Fbp- ‘5.7% Tao i

. 1 . o
(7) 73 = -Foay + FﬁﬁY + -5'—7—?'-3- Dy *
(8) oy =ﬁpy* + Op - 57\',3 X3
(9) QP=MP*+WP+Z%3—}.(1
Elastic body (ith mode)
(1) . ﬁ'iY + 2§wﬁiY. + wz-qu =Ky, By + Kje'ﬁ:y
(2) gy + 2oty + warliP = Ky, Bp + Ky _Pp

. R e ,>mcopvm
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Total perturbations (attitude angies only)
(1) | by = Mpe* + Kany
(2) o7 =

(3) N AP, = 29 + Kang,

Total attitude angles (for pilot display only)

1 O = O

(2) ' Op = A% + ¥R

(3) | q)P = A(DP + XP

vhere X and Xp are the nominal velues of roll and pitch, respectively.
- The symmetric configuration of Saturn V permitted inertia product

and aerodynamic coupling to be neglected. Nonlinear terms in the equa-

tions of motion were considered but found to have negligible effect for

the ranges of perturbations considered.

RESULTS AND DISCUSSION

Design Method

The design approach used for the preliminary manual control system
consisted of three major phases as follows:

Basic handling qualities.- The objective of this portion of the

study was to determine the basic control system configuration. In this
phase the type of stability sugmentation, rigid body sain coefficients,
and parameters \for pilot display were determined. A five-degree-of-

freedom rigid body, three axis, discrete time of flight simulation was

used.
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Filter design.- In this phase of the study, the design of the

filters as dictated by the elastic body dynamics was accomplished.
This included the rete loop augmentation filter, the pilot's control- !
ler filter, and an investigation of display filters. A single axis,
two-degree-of -freedom rigid body plus\ flexible body, discrete time of
flight simulation was used.

Primary manual performance.- From the basic handling qualities

and filter design phases of study a piloted control system was developed. :
The object of this last phase of study was to test this sirstem on a more
realistic simulation and measure system performance. A realistic three
axis, five-degree-of-freedom rigid body plus elastic body, continuous '
time of flight simuletion was used.v Emphasis was 'placed on developing‘

pilot techniques to produce the desired performaence.

Basic Handling Quali+*:==

Simulation.- The discrete time of flight chosen was that corresponding
to maximm dynamic pressure. Since the maximum steady-state wind and max-
imum wind shear both occur near this time of flight, it was felt, and
.la.ter justified, that this vbuld be the critical design point of the tra-
jectory. The wind disturbance used was similar to that shown in Fig. 2
but was idealized to a ramp input building from O to 75 meters per: second

at a rate of 10 meters per second per second. A random noise ger}érator
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supplied a turbulence condition which was éuperimposed on the basic wind
profile. Maximum smplitude of the turbulence was approximately 7.5 meters
per second, measured peek to peak. The wind was randomly rotated in
direction between each piloted run. The runs were approximately 30 sec-
onds t0 1 minute in duwration with the ramp wind disturbanc%/commencing
some random time after run initiation.

Initial results were obtained with the two-axis side-arm controller
and rudder pedals while the three-axis controller was used later. The
particular controller used is indicated on the results. The three-axis
pontroller'was more representative of Apollo hardware and was used as soon
as it became aveilable. DPerformance comparisons showed little relative
advantage for either controller.

Pilot task.- The pilot task for this phase of the study was to
minimize the rigid body bending moment, while stabilizing the roll atti-
tude, in the presence of the wind disturbance. This task is more diffi-
cult than attitude stébilization alone as it requires maneuvering the
vehicle through several degrees of attitude change. As discussed in the
design constraints section, aerodynamic angle of attack and engine gimbal
angle both contribute to the rigid body bending moment. The pilot
attempted to zero the angle of attack by utilizing the body mounted accel-
erometer signals displayed on the flight director needles, while minimiz-
ing engine gimbal angles by meking the minimum required controller inputs.

Experience indicated the proper magnitude of controller input necessary.
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Results and discussion.- Previous experlence, see reference 5,

_ \
indicated that with the relatively small static instability present

the rigid body vehicle could be comtrolled with rate augmentation only.
For this case, assuming satisfactory displays and controller, there
are only two gains per channel to choose in the combtrol system design.
These are the rate loop gain coefficient and the pilot's controller
sensitivity. Figures 10 and 11 present pilot rating and maximum rigid
body bending moment, respectively as a function of these two parameters.
The abscissas are controller sensitivity presented as the maximum engine
deflection angle obtainable ‘with full controller deflection. The ordi-
nates are the rate loop gain coefficient and are proportional to the
system demping, 2{w,. The parameter values were varied simultaneously
in the pitch and yaw channel. The rate loop gain coefficient in the roll
channel was set to correspond to a time constant of 0.9 second while the
roll channel controller sensitivity was fixed at about 15° per second?.
The significaﬁt result shown is the insensitivity of performance to
the two parameters. Design values of 0.75 for rate gain coefficient and
3.0 for controller sensitivity were chosen. This value of damping would
give a time constant of abqut 1.2 seconds for neutral stability. Because
of the dependence of rigid body bending moment on engine gimbal angle,
the best bending moment performance occurred at controller sensitivities
slightly lower than that for best pilot rating. At still lower controller
sensitivities the vehicle becomes uncontrocllable due to the inability to
command sufficient engine angle. At higher values the controller is

overly sensitive. Although the figures indicate that control is possible

we
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for no rate augmentation, it must be recalled that the simulation i

was highly idealized.

The body moﬁnted aééélérometers were mounted atw the ;ehiclés 3
instantaneous center of rotation for the data runs 'presented in Figs. 10
and 11. This location is about 15 meters forward of the vehicles center
of gravity (c.g.) at maximum dynamic pressure. At this location, the
accelerometer signal due to vehicle rotation resulting from an engine
deflection is exactly cancelled by the acceleration signal due to vehicle
translation. This may be seen by combining rigid body Egs. (5) and (6)
to give the accelerometer signal in terms of angle of attack and gimbal

»

angle.

. la‘ A la
ERCEE =98 (5 - 5oy )
For the instantaneous center of rotation (no B contribution) the

accelerometer location, 1y, 1s:

Tg
lg = 57.3 @

The remaining signal is then-proportional to a. Figure 12 shows the
effect in pilot opinion and bending moment of moving the accelerometer
from this location. The abscissa represents longitudinal location of
the accelerometer forward of the c.g., made dimensionless to the dis-

tance to the instantaneous center of rotainn. In the" first equation

‘above, changing 1 will cuase the coefficient of the B term to be

either positive or negative. By moving the accelerometer aft, vehicle

translation acceleration predominates whichv caugses a very confusing
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signal for pilot control. Consequently, the performence as shown in
Fig. 12 deteriorates rapidly. Moving the accelerometer forward causes
the rotation#l component of the signal to predominate which provides a
signal which tends to reduce angular accelerations and is not nearly
as confusing to the pilot. The figure shows that the performsnce is
‘relatively insensitive to accelerometer location over a range of about
15 meters and then deteriorates slowly. The design point for the
remainder of the study was arbitrarily chosen as the instantaneous
center of rotation at maximum dynamic pressure.

To validate the assumption that a rate augmentation only system
would not cause large decrements in performance compared with more
complex augmentation, an accelerometer loop was added to the control
system of Fig. 4. Figure 13 shows bending moment performance and pilot
rating as a function of the accelerometer loop gain coefficient. Posi-
tive values increased the stabllity and the value for neutral stability
is noted. Increasing the stability had little effect on bending moment
performance; but since the pilot's task of nulling the accelerometer
is eased, the pilot rating improves. As an indication of the control
system sensitivity to vehicle stability level, values of accelerometer
gein corresponding to decreased stability margins were also investigated.
Bending moment performance deteriorated slowly indicating insenéitivity
to a value where the pilot became saturated and the vehicle became

uncontrollable.
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Bending Filter Design

Rate augmentation filter.- The rate augmentation filter is

required to stabilize the elastic structwral dynamics present in the
closed rate loop. With respect to the Saturn V vehicle, this problem
is complicated by the relatively narrow separation of the first bending
mode natural ﬁ'equericy :E'rom the rigid body control frequencies. The
design of this filter for a manual attitude control system is, in
principal, no different from that normally used for automatic control
systems. The procedure involves finding a filter which attenuates or

shifts the phase of the bending content of the feedback signals such

that adequate stability margins are attained but which does not "signif-

icantly"™ alter the rigid body conmtent of the signals.
A satisfactory rate augmentation filter for the manual control
system was determined to be

336
(8 + 6)(s +7)(s + 8)

Fi(8) =

Any response modes introduced by this filter were heavily damped and
not objectionable to the pilot.

Controller filter.- The purpose of this filter is to smooth the

output of the pilot’s controller at elastic bending frequencies. In
conjunction with tﬁe augmentation filter described previously, this
reduces the magnitude of the structural oscillations or "springboard"
ePfect. This is important for three considerations:
(1) The rigid body control task is not obscured at the pilot's
displays by elastic oscillations. (Another approach to fﬁis

problem would smooth the sensor outputs.)

o
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(2) The component of bending moment stress due to elastic structural
motions is reduced. |
(3) Motions at the pilot's station due t0 elastic motions are
reduced. This may be necessary if the motions are severe
enough to complicate the pilot’s control task.
As seen in Fig. 4, the phase lags introdﬁced by the controller and any
displey filters will be additive. Therefore, the introduction of display
filters will affect the controller filter design. Based on considera-
tion (1) alone, it is not clear whet combination of controller and displey
filters should be used. Considerations (2) and (3) though, both require
the introduction of as much phase lag as is allowable atb the controller
filter. The best over-all solution then is to place the total allowable
phase lag, from rigid body control considerations, in the controller filter.
For the'present preliminary menual control system, a passive second-

oi'der filter configuration was chosen.
. w?
s2 + 2twpS + wpZ

Fo(s) =

Piloted simulation runs were made varying the natural frequency w, of
this filter, with a fixed damping ratio, £, of 0.5 to produce the results
shown in Fig. 1L. A fixed time of flight, two-degree-of-freedom rigid
body plus flexiﬁle body, single axis simulation was used. Other charac-
teristics of ti;e simulation and the pilot task were identical to tﬁat
used for the‘basic handling qualities investigation déscribed previously.
The upper curves of Fig. 1l show pilot rating and rigid body bending

moment performance while the lower curve presents the maximum amplitude
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éf the structural elastic motions at the pilot's station for the first

and second modes. ILowering the natural frequency of the filter atten-
uates the pilot's inputs which occwr at body elastic frequencies but the
phase lag introduced causes the rigid body control problem to b%come
more difficult with a corresponding increase in the maximum bending
moment. Based on preliminary dats on the relative significance of the.
rigid body bending moment and elastic motions, the design value indj.cated
was chosen for the remainder of the study.

To test the sensitivity of the control system to variations in the
first elastic mode frequency the results shown in Fig. 15 were obtained.
As expected, a lowering of the natural frequency causes a decrement in
the three performance criteria. The figure indicates, that for the
expected frequency variation of less than 20 percent, the design is
satisfactéry.

Figures 16 and 17 indicate that from a piloted standpoint, only the
first bending mode is significant as the elastic motion amplitudes for
this mode are much larger than for the second mode. Therefore, it will
be the dominant elastic effect seen at the pilot's displays and in his
motion cues. In later piloted simulations only the first mode was mech-
anized. It should be recalled, however, that all the structural modes

must be included in the design of the rate augmentation filter.
Manual Performance

Satwurn V first stage manual control performance was obtained during
this phase of the study. A complete simulation was used and different

piloting techniques evaluated.
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Simulation. - The controller used was the three-axis side-arm
controller shown in Fig. 9. The wind disturbance used in this phase
of study was dj_.s%cussed in Fig. 2 and was randomly rotated in direction
for each pilote:i computer run. The pitch and yaw channel coéntrol
system is shown in Fig. 4 while the roll channel was a simple rate
system with a time constant of 1.9 seconds.

Simulation runs commenced at lift-off with run duration corresponding
to the time of flight for the first stage. Strip recordings were mé.de of
significant parameters and a typical run is shown in Fig. 16.

 Pilot tasks.- Several pilot tasks were evaluated to determine how
they affected system performance. ZFEach task emphasized some particular
performance criteria while compromising on others. The tasks were divided
into two groups, a primary task (g.ttitude stabilization or load control)
being associated with each group. Within each group secondary tasks were
assigned. This breakdown of tasks is tabulated along the abscissas of
Figs. 17 through 2L.

Attitude stabilization: For task numbers 1 through 4 the primary
task assigned was attitude stabilizafion or nulling the attitude error
signals in pitch and yaw while maintaining the correct roll angle. The
roll angle program called for a LO® roll after 1lift-off to the desired
heading and zero roll angle therafter. About five seconds prior to
staging, the pilot let the rate: augmentation system take over and null
the attitude rates for staging.

For task number 1, no secondary task was assigned.

For task: numbers 2 and 3, the secondary task was control of trajectory

. dispersions. These were assumed to be the distances normal tc¢ the nominal
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trajectory at any given time in the pitch and yaw planes. TFor task
number 2, in addition to attitude stabilization, the pilot used the
signals from the body mounted accelerometers to m;nimize trajectory
diépersions in a manner similar to "drift minimum control® for an auto-

metic system.

For task number 3, the dispersiﬂo;xs”n‘c‘)-rx.xal to 'br:«e nomi;al trajectoryr
were displayed 0 the pilot to allow direct control to the nominal tra-
jectory. ZEmphasis was not placed on this task since trajectory guidance
is beyond the scope of this report.

For task number- L the rate augmentation loop was opened and the
pilot was required to supply rate augmentation by the use of displayed
attitude rates. With the p;resent preliminary control system, three-axis
control without rate a.ugmen‘ba:tion is marginal. Therefore, only single-
axis data is shown. The pitch and roll channels were controlled by an
automatic system and the pilot controlled th_e yaw channel.

' Load reduction: For task numbers 5 thféugh 7, the primary task
assigned was "load" reduction. As discussed in the section on vehicle
constraints, the vehicle structural load or bending moment is & combina-
tion of aerodynamic loads and engine induced loads. Since the aerodynamic
loads are only significant in the high MC pressure region, the
recommended pilobing procedure ubilized the signals from the body mounted
accelerometers during this period.

For task number 5,the pilot wes required to stebilize the pitch end
yaw attitude error signals from lift-off té 60 seconds. At 60 seconds

through 90 seconds he placed primery emphasis on nulling the accelerometer

’
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signals while maintaining zero roll angle. Figure 2 indicates that
this is the period during which extreme winds can be expected. From
90 seconds to 105 seconds, he gradually returns to the attitude error
signals while maintaining the accelerometer signals at a safe level.
After 105 seconds, the procedure is identical to the attitude stabiliza-
tion task. Throughout the flight the pilot minimizes the engine induced
loads by meking smooth, small controller inputs.

Task number 6 is identical to 5 except in the way the pilot
detects attitude error signals. The upper flight director needles were
deactivated and the nominal pitch attitude program was placed on a scale

around the pilot's clock as shown below. By reading the correct value

of pitch attitude as a function of time and comparing with the actual

value on the all-attitude indicator, the pilot could obtain the pitch

attitude error. Since the yaw attitude should be constant during first-

stage boost, the pilot controls yaw and roll attitude directly from the
all-attitude indicator. '
Task number 7 is similar to L4 in that the pilot must supply the

rate augmentation.
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Results and discussion.- Figures 17 through 24 present significant

trajectory performance parameters for the seven pilot tasks chosen. Five
pilots participated in the study and each flew at least three trajectories
for each of the tasks. At the end of each task the pllot was asked for

’a pilot rating for the task. Performance data for an automatic system
which had attitude and attitude rate feedback is also indicated for
reference.

Figure 17 presents the Cooper Scale Pilot Rating for each task.

As expected, the more complex tasks have the higher ratings. With the
exception of the no augmentation cases (nos. 4 and 7) the pilot ratings
were generally acceptable fc;r normal operation. Single-axis control
with no augmentation was acceptable for emergency operation while three-
a.xis_.no augmentation cases, which are not shown, were marginally
controllable.

The rigid body bending moment performance shown in Fig. 18 is the
meximm value attained during the trajectory. This normally occurred
near the peak wind value. Except for the no augmentation cases, the loads
encountered when flying the attitude stabilization task were comparable
to those encountered with the vehicle under automatic control and for the
wind used, slightly exceeded the design load. For the load reduction
task, the loads were significantly reduced. The no a.ugment-a.tion cases
indicate that with the wind used, loads are likely to exceed design

values.

—
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~- -angles to reduce the aerodynamic angle of-afta.ck.

® = @
' Figure 19 presents the mééimﬁm value of elastic body accelerations

attained during the trajectory. They are presented as the component
of acceleration et the pilot's staxion-due to elastic motion for the
pitch and yew planes. Prelihinary estimates-indicate the st;uctural
stress contribution due to these accelerations to be negligible. It can
be seen that except for the no augmentation cases fhe values are well
below 0.1 g's. Tt is anticipated that these motions will have negligible
effect on pilot control capabilitigs. o

The trajectory dispersions at first staging are shown in Fig. 20.
The dispersions fo; task 3, where the distances normal to the nominal
trajectory were displayed to the pilot, are significantly lower. These
distances were ‘displayed on the small meters built into the left and
top of fhe upper all-attitude indicator as shown in Fig. 6. The load
control tasks had much largér dispersions thén the attitude stabiliza-
tion tasks sinée the vehicle is maneuvered through rather large attitude-

Figure 21 shows the maximuh value of attitude_réte obtained during
the trajectory while Fig. 22 presents the meximum value of engine angle.'
The average engine angle (about 3/4°) was less than the meximums indi-
cated, hence the thrust vectoring velocity penalty will be negligible.

The maximum values of attitude error are presented in Fig. 23. As
expected the values for the load reduction tasks are much greater than
those for attitude stabilization.

For reference, Fig. 24 shows the meximum angle of attack. While

not too significant, since the aerodynamic load contribution to structural

‘load is proportional to the product of dynamic pressure and angle
- : 5

t
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of attack, it is seen that values for the load reduction tasks are
lower.

The results of Figs. 1T through 24 indicate that a manual control
system can possess a high degree of flexibility. The pilot may choose
to minimize structural loaed, trajectory dispersions, or attitude errors,
as the situation requires. The relative results for taesk numbers 5 and 6
Justify the addition of attitude error to the display panel. The results
also show that for an emergency situation, single-axis control is possible
for the no augmentation cases. With the present control system, three-

axis, no augmentation control is questionable.
CONCLUSIONS

The following conclusions are based on preliminary fixed-base

simiation results and may be modified after a more complete investigation.

(1) A piloted control system provides a high degree of flexibility
and is capable of successfully completing the control tasks
during the first stage of Saturn V boost.

(2) A significant problem area encountered is the design of the
rate sugmentation filter. Care must be taken to avoid adding
lightly damped oscillatory modes to the system response at
pilot control frequencies.

(3) sSingle-axis control can be completed without the aid of
rate augmentation, while with the preliminary system developed
for this study, three-axis control with no rate augmentation

is marginal.

.
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(4) Structural elestic bending motions sensed at the pilot's
station are low enough in amplitude that they should not
rresent a significant motion cue problem area.

(5) The three-axis side-arm controller and conventional aircraft
instrumentation used were satisfactory.

Future studies will include the addition of motion cues and fuel
sloshing modes to the simulation. An investigation of emergency situa-

tions will also be made as well as a more complete vehicle and control

system parameter variation.
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