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EV-ION OF PIUYI"S ABILITY TO sTABII;IzE A l?LEXlBLE 

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

SUlIMARY 

A pre l imim mmaal control system for the  S-IC, or first, 

stage of t he  Saturn V hunch vehicle was designed and evaluated. 

With the  exception of fuel sloshing dynamics (for which the  data 

w e r e  not available), a complete fixed-base simulation was used. 

I 

' I  

The results indicate that  satisfactary manual control is possible. 

There has been Considerable speculation that p i lo t  par t ic i -  

pation i n  guidance and control of laxge launch vehicles could 

concelvably increase the  probability of successful mission accom- 

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

most notably for the  Titan and the somewhat earlier investi-  

gation by H0llema.n and Armstr~ng.~ These and other studies have 

shown that,  generally speaking, t he  guidance and control of large 

booster systems is sufficiently within piloted system capabili t ies 
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as t o  warrant serious consideration. Other than by such general 

statements, however, the  question of p i lo t  participation should be 

discussed only within the reference formed by particular vehicle 

conf'igurations and flight profiles. 

and Ames Research C e n t e r  are currently engaged i n  a joint  research 

The Marshall Space Flight Center 

study intended t o  determine pi lot  capabili t ies and the  feas ib i l i ty  of 

u t i l i z ing  any such capabilities t o  obtain an increase i n  over-all 

r e l i a b i l i t y  of the Saturn V launch vehicle. 

pleted study w i l l  have investigated the  ab i l i t y  of a piloted system 

t o  accomplish a t t i tude  stabil ization, s t ructural  load reduction, and 

In  particular,  the  com- 

guidance functions far the  entire Saturn V f l ight  profile.  

The purpose of this report i s  t o  present results obtained on 

investigation of the first (S-IC) stage of t h e  f l i gh t  profile. 

t h i s  part of the study t h e  assumption i s  made that the  guidance func- 

t ion  i s  accomplished through conventional, automatic system, implemen- 

tation. 

essentially t o  an investigation of the control tasks  arising from 

During 

Consequently, t h e  piloted system capability question reduces 

at t i tude s tabi l izat ion and structural  load reduction requirements. In  

addition t o  the  a t t i tude  s tabi l izat ion and load reduction responsibil- 

ities, the p i lo t  was required t o  accomplish a r o l l  maneuver at l i f t -o f f  

and accomplish a pitch plane tilt program. 

carried out on a fixed t i m e  of f l ight ,  r i g id  body dynamics, two-degree- 

of-fYeedom simulation. 

final f o r m  consisting of r igid body, plus flexible body dyna.mics, f i ve  

, 

The i n i t i a l  sirmilation was 

The complexity was gradually increased t o  the 
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degrees of f'reedom, and continuous t i m e  of flight from l i f t -o f f  t o  

the  completion of the  first stage. 

considered a& will be examined when the  data becomes available. 

should be emphasized that the  control system configuration, p i lo t  

responsibil i t ies,  and piloting techniques discussed i n  this report 

are not necessarily those which w i l l  be recommended i n  the final 

analysis. 

Fuel sloshing aynamics w e r e  not 

It 

WCTPATION 
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g sea level value of eartgs acceleration 
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wn natural frequency, rzadians/sec 

'pi 
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coordinate system, deg 

5 m i n g  r a t i o  

Subscripts 

P pi tch 

Y Yaw 

- 

R r o l l  

DESCRIPTION O F  S m I O N  

Vehicle Description 

The example vehicle used i n  t h i s  study w a s  t he  Saturn V launch 

*vehicle as defined for t h e  Apollo lunar landing mission. As shown i n  

Fig. 1, the  vehicle configuration consists of three booster stages 

and the Apollo spacecraft. 

t he  maximum diameter i s  396 inches (not including f ins ) .  

weight i s  approximately ~ , O O O , ~ ~ O  pounds. 

O v e r - a l l  vehicle length is 364 fee t  and 

Fully fueled 

_- 

C O P Y  
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The launch vehicle is powered by three l iquid fueled stages. 

Five F-1 engines with a total  nominal thrust  of 7,500,000 pounds power 

the  first stage (designated S-IC). The second stage (designated S-11) 

is powered by f ive  J-2 engines with a t o t a l  nominal thrust  of 

1,OOO,OOO pounds. One 5-2 engine with restart capability and a nominal 

t h r u s t  of 200,OOO pounds power t he  th i rd  stage (designated S-IVB). 

The Saturn V launch vehicle has an i n e r t i a l  navigation and guidance 

system independent of the  one contained i n  the Apollo spacecraft. 

control system computer and necessary sensors a re  a l so  located i n  the 

A 

launch vehicle. 

Detailed vehicle characteristics may be found i n  reference 6. 

Trajectory Description 

The primmy mission of the  Saturn V launch vehicle is  t o  inject 

the  Apollo spacecraft, which weighs approximately g0,OOO pounds, i n to  a 

translunar trajectory. 

stage and Apollo spacecraft into a 100 nautical  mile earth orbi t  which 

requires a partial burn of the S-IVB propellants. 

This i s  accomplished by inserting the S-IVB 

A second burn of the 

S-IVB engine then injects  the S-IVB stage and Apollo spacecraft i n to  a 

translunar trajectory f r o m  the earth o rb i t .  

Huwever,  for the  present report ,  we axe concmned with the 

trajectory from launch through first stage (S-IC) burnout. 

burns far 150 seconds and stages at approximately 60,000 meters a l t i tude  

and at a velocity of 2,350 meters per second. 

w e i g h t  r a t i o  is  4.7 while the maximum aynamic pressure (3,650 kilograms 

per square m e t e r )  occurs at an a l t i tude  of about 13,000 meters. 

Detailed t ra jectory h t a  are contained i n  reference 6. 

T h i s  stage 

The maximum thrust-to- 

- 
COPY 
XERO I 
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The primary t ra jectory disturbance during first stage of f l ight  is 

the  wind ewironment. The Kind environment used i n  t h i s  study is  spec- 

i f ied  i n  the Saturn V launch vehicle design data document, reference 6. 

These wind profiles are based on s t a t i s t i c a l  analysis of wind measure- 

ments taken at the Atlantic Missile Range,Cape Kennedy Launch Area. 

Values of steady-state wind, wind shear, gusts, and turbulence are  given. 

Steady-state winds are always assumed horizontal with no res t r ic t ion  on 

direction. 

wind, wind shear, gusts, and turbulence which provides the greatest 

excitation should be used. 

For any particular system, the  combination of steady-state 

Figure 2 presents t he  wind used for th i s  report. The maximum wind 

speed is 75 meters per second while the maximum value of wind shear 

occurs near the  point of maximm dynamic pressure. 

Vehicle Design Constraints 

The principal constraints placed on the  design of the  launch 

guidance and control system are guidance accuracy and s t ructural  loads. 

Since the study of t he  present report only considers the f irst  stage 

of f l i gh t  t he  s t ructural  loads w e r e  the  primary constraint. 

lows conventional design philosophy of l e t t i ng  the structural. loads 

take precedence during t h e  early stages of f l ight  and guidance take 

T h i s  fol- 

. precedence during the final stages. 

Performance measures were specified and are  intended t o  show 

how well the  system has sat isf ied the design constraints. The 
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p e r f m n c e  measures used i n  t h i s  study are described i n  the  following 

wagraphs - 
The primary performance measure used was the r i g i d  body bending 

moment occurring at t h e  c r i t i ca l  location on the  vehicle. 

moment was calcftated with t h e  expression 

This bending 

r i g i d  body bending moment at s ta t ion x 

function of mass distribution and aerodynamic loading, constant 

at a given time of f l i gh t  at s ta t ion x 

function of mass distribution and thrust, constant for a given 

t i m e  of f l i gh t  at station x 

The resultant of the pitch and yaw moments, normalized t o  unity at 

the l i m i t  design bending moment, i s  used for data presentation. 

Flexible body dynamics also contribute t o  s t ructural  loading, but 

data necessary for computation of the  moment due t o  bending mode accel- 

eration terms were not a v a i l a b l e  at the  t i m e  of the simulation. Conse- 

quently, a design goal of minimization of t h e  bending acceleration terms 

was imposed. This is  also important t o  reduce objectionable motion cues 

sensed by t h e  pilot. 

eration terms, vi, furnished the performance measure. 

i n  terms of the flexible b o a  accelerations f e l t  by t h e  pi lot .  

The amplitudes of the  generalized bending accel- 
.. 

Data are presented 

A measure of how w e l l  the p i l o t  could control t o  the  nominal 

traJectory was obtained by measuring the  distance and velocity disper- 

sions n o m 1  t o  nominal trajectory at the f i rs t -s tage cutoff point. As 
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mentioned previously, hatever, t ra jectory control during first stage 

of the  boost prof i le  is  considered a l e s s  stringent constraint than 

s t ructural  loading. 

The final performance measure used was the  numerical Cooper Pi lo t  

Opinion Rating System sham i n  Fig. 3. 

ject ive opinion of how w e l l  he was able t o  control the  system with 

respect t o  the task assigned. 

System i n  detai l .  

This ra t ing is the p i lo t ' s  sub- 

Reference 7 describes the  Cooper Rating 

Control System Description 

Attitude control of the  Saturn V during the powered f l igh t  of 

the  S-IC stage is accomplished by swiveling the  four outboard F-1 

engines. 

engine i n  any direct ion. '  The center engine does nut swivel. 

The maximum allowable deflection is  f ive  degrees for  each 

The r o l l  control system developed during the study was a simple 

r a t e  system. 

Figure 4 shows the configuration of the  pitch and yaw manual 

control systems. 

sists of a single ( ra te)  loop. 

r a t e ,  and accelerometer signals *om body mounted normal accelerometers 

a re  displayed t o  the p i lo t .  

It wil l  be noted that the augmentation system con- 

Attitude, a t t i tude  error,  a t t i tude  

The basic configuration, or loop structure,  was determined by 

r ig id  body studies. 

the addition of two filters ( ra te  augmentation filter and controller out- 

put f i l t e r )  i n  order t o  maintain system s tab i l i ty .  

Introduction of e las t ic  body dynamics dictated 
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The r i g i d  body vehicle is  inherently unstable because of t he  

aft location of the  c.g. This ins tab i l i ty  varies with time of f l i gh t  

and reaches a peak value ( ~ 1 ~  about-.15)near t h e  time of flight cor- 

responding t o  maximum aynamic pressure. 

frequency is just mer one cycle per second. 

The lowest f lexible  body mode 

The engine dynamics were approximated by t h e  following transfer 

function 

I n  addition, the  engine was rate limited. 

The fixed cockpit used is shown i n  Fig. 5 while Fig. 6 shows 

instrument panel details .  

c ra f t  a l l -a t t i tude indicators, with the  upper one being used as the  

pimary flight instrument. 

90' f'rom the  standard aircraf't orientation t o  simulate the  Apollo a l l -  

a t t i tude  indicator ginibal order. Vehicle a t t i tude  i s  displayed on the  

sphere of t h i s  indicator w i t h  pitch and yaw a t t i tude  e r r o r s  being pre- 

sented on the f l i gh t  director needles. 

a t t i tude  error per inch. Body mounted normal accelerometer out.=r-- . 
displayed on t h e  f l i gh t  director needles of the  lower a l l -a t t i tude  

indicator and are scaled &1/8 g per inch. The sphere of t h i s  second 

instrument was not used. Vehicle a t t i tude  rates are presented on t h e  

d.c. meters at the  upper center and upper r igh t  of t he  displsy panel. 

Deflection of a 45' m e t e r  corresponded t o  a 4' per second a t t i tude  rate. 

A standard aircraft ,  elapsed-time clock is mounted t o  the  le f t  of t he  

primary a l l -a t t i tude  indicator. 

The two large instruments are standard air- 

The upper indicator is rotated clockwise 

Scaling on these needles w a s  10' 
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Figures 7 and 8 show the  t w o - d s  side-arm "pencil" controuer  

The three-axis side-arm and rudder peaals used early i n  the study. 

controller used for the  later phases of the  study is s h a m  in Fig. 9. 

All t he  controllers had outputs that were neasly l inear  with 

disphcement . 

Simulation Equations 

The r i g i d  body equations of motion simulated w e r e  a perturbation 

set with respect t o  a reference frame m a r i n g  along the  nominal trajectory. 



Axes xl, xz, ~3 farm a right-hand orthogonal system with x2 alineci 

along the  nominal velocity vector and axes 

nominal boost plane. 

ug t o  two s t ructural  e l a s t i c  modes were included. 

time vaxying coefficient equations including the i t h  e l a s t i c  mode 

XI, x, lying i n  the 

While m e 1  sloshing modes were not ana.lyzed, 

The linearized, 

+ ( 9 )  aP = e* + "Dwp v 

I 
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T o t a l  perturbations (attitude anglea only) 

(1) cypy = my" + m y  

Total  a t t i t ude  angles (for p i lo t  display only)  

(3) Tp = WP + x, 

where XR and Xp are t h e  nominal values of roll and pitch, respectively. 

The symmetric configuration of Saturn V permitted ine r t i a  proatlct 

and aerodynamic coupling t o  be neglected. Nonlinear t e rms  i n  the  equa- 

t ions  of motion were consiWed but found t o  have negligible effect  far 
. .  

the  ranges of pertiirbations considered. 

. - _  

RESUIU'S AND DISCUSSION 

Design Method 

The design approach used for the preliminary mual  control system 

consisted of three major phases as follows: 

Basic handling qualities.- The objective of t h i s  portion of the 

study was t o  determine the  basic control system configuration. I n  this 

phase the  type of stability avgixeatatica, rut& B&.y 8313 coo?f:cir~fa~ 

and parameters for pilot display were determined. 

freedom r i g i d  body, three axis, discrete time of f l i g h t  simulation was 

A five-degree-of- 
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Filter design.- In  t h i s  phase of t h e  study, the  design of the 

filters as dictated by the  e las t ic  body dynamics was accomplished. 

T h i s  included the  rate loop augmentation filter, the  p i lo t ’ s  control- 

ler  filter, and an investigation of display filters. A single axis, 

two-degree-of-freedom r ig id  body plus f lexible  body, discrete time of 

flight simulation was used. 

lwmary manual performance.- From the  basic hantiling quali t ies 

and filter design phases of study a piloted control system w a s  developed. 

The object of t h i s  last phase of study was t o  t e s t  t h i s  system on a more 

r e a l i s t i c  simulation and measure system performance. 

axis, five-degree-of -fYeedom r ig id  body plus e l a s t i c  body, continuous 

t i m e  of f l i gh t  simulation was used. 

p i lo t  techniques t o  produce t h e  desired perfanuance. 

A r e a l i s t i c  three 

Emphasis was placed on developing 

Basic Handling Qual? 5 -” 

Simulation.- The discrete time of f l i gh t  chosen was that  corresponding 

t o  maximum ay,?amic pressure. 

i m u m  wind shear both occur new t h i s  time of f l i gh t ,  it was fe l t ,  and 

later just i f ied,  t ha t  this would be the c r i t i c a l  design point of the  tra- 

jectory. 

Since the maximum steady-state wind and mix- 

The wind disturbance used was similar t o  that shown i n  Fig. 2 

but was idealized t o  a ramp input building from 0 t o  75 m e t e r s  per’ second 

at a rate of 10 meters per second per second. A random noise generator 

i ! 
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supplied a turbulence condition which was superimposed on the besic wind 

profile.  Maximm amplitude of t he  turbulence was approximately 7.5 meters 

per second, measured peak t o  peak. The wind was randomly rotated i n  

direction between each piloted run. The runs w e r e  approximtely 30 sec- 

onds t o  1 minute i n  duration with the ramp wind disturbance commencing 

some random time after run ini t ia t ion.  
i 

Initial resu l t s  were obtained with the  two-axis side- controller 

and rudder pedals while the  three-axis controller was used later. The 

particular controller used i s  indicated on the  results. The three-axis 

controller was more representative of Apollo hardware and was used as soon 

as it became available. Performance comparisons showed l i t t l e  re la t ive  

advantage for either controller. 

Pilot task.- The pilot task far t h i s  p e e  of t h e  stm was t o  

minimize the  r i g i a  body bending moment, while s tabi l iz ing the  r o l l  atti- 

tude, i n  the  presence of the wind disturbance. This  t a sk  is  more diffi- 

cu l t  than a t t i tude  s tabi l izat ion alone as it requires maneuvering the 

vehicle through several. degrees of a t t i tude  change. 

design constraints section, aerodynamic angle o f  attack and engine gimbal 

angle both contribute t o  the r ig id  body bending moment. 

attempted t o  zero the  angle of attack by uti l iz ing the  body mounted accel- 

erometer signals displayed on t h e  f l igh t  director needles, while mfnimiz- 

ing engine gimbal angles by making t he  minimum required controller inputs. 

Experience indicated the poper magnitude of controller input necessary. 

As discussed i n  the 

The p i lo t  

%a 
CCOY i 
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Results and discussion.- Previous experience, see reference 5, 

indicated that with the relatively small s t a t i c  ins tab i l i ty  present 

the  r i g i d  body vehicle could be  controlled with r a t e  augmentation only. 

For t h i s  case, assuming satisfactory displays and controller, there 

are only two gains per channel t o  choose i n  the control system design. 

These are the  rate loop gain coefficient and t h e  p i lo t ' s  controller 

sensi t ivi ty .  Figures 10 and ll present p i lo t  ra t ing and maximum r ig id  

body bending moment,respectively, as a function of these two parameters. 

The abscissas are controller sensit ivity presented as the  maximum engine 

deflection angle obtainable with full controller deflection. 

nates are the r a t e  loop gain coefficient and are proportiondl t o  the 

system damping, 

i n  t he  pitch and yaw channel. 

channel was s e t  t o  correspond t o  a time constant of 0.9 second while the  

r o l l  channel controller sensit ivity was fixed at about 1.5' per second2. 

The ordi- 

The parameter values w e r e  varied simultanemsly 

The rate loop gain coefficient i n  the r o l l  

The significant result shown is  the insensit ivity of performance t o  

Design values of 0.75 for r a t e  gain coefficient and 

This value of damping would 

the two parameters. 

3.0 for controller sensi t ivi ty  were chosen. 

give a time constant of about 1.2 seconds for neutral  s tab i l i ty .  

of the dependence of r ig id  body bending moment  on engine gimbal angle, 

t h e  best bending moment perfarmince occurred at controller sensitivities 

slightly lower than that for best pilot rating. 

sens i t iv i t ies  t he  vehicle becones uncontrollable due t o  the  inabi l i ty  t o  

command sufficient engine angle. A t  higher values the  controller is  

overly sensitive. 

Because 

A t  s t i l l  lower controller 

Although the figures indicate that control i s  possible 
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fo r  no rate augmentation, it must be recalled that the simulation i 

was highly idealized. 
_ _  .- --. 

The body mounted accelerometers w e r e  mounted at the vehicles 

instantaneous center of rotat ion for the  data runs presented i n  Figs. 10 

and 11. This location is about 15 meters forward of the vehicles center 

of gravity (c-g.) at maximum dyna.mic pressure. A t  t h i s  location, t h e  

accelerometer signal due t o  vehicle rotat ion resulting from an engine 

deflection i s  exactly cancelled by the acceleration signal due t o  vehicle 

translation. T h i s  may be seen by conibining r i g i d  body Eqs. (5)  and (6) 

t o  give the  accelerometer signal i n  terms of angle of attack and gimbal 

angle. 

For the  instantaneous center of rotation (no $ contribution) the 

accelerometer location, 2,, is: 
- _  

The remaining signal i s  then proportional t o  u. 

effect i n  p i lo t  opinion ana bending moment of muving t h e  accelerometer 

Figure 12 s h m  the 

from t h i s  location. The abscissa represents longitudinal location of 

the accelerometer forward of the c.g.; made dimensionless t o  the  d i s -  

tance t o  the  instantaneous center of rotation. I n  the  first equation 

above, changing 2, w i l l  cuase the  coefficient of the t e r m  t o  be 

ei ther  posit ive or negative. 

t ranslat ion acceleration predominates which causes a very confusing 

By moving the  accelerometer a f t ,  vehicle 

I 
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signal far p i lo t  control. 

Fig. I2 deteriorates rapidly. M o v i n g  the accelerometer forward causes 

the  rotat ional  component of the signal t o  predominate which provides a 

s ignal  which tends t o  reduce angular accelerations and is not nearly 

as confusing t o  the  pi lot .  The figure shows that the performance is 

re la t ive ly  insensit ive to accelerometer location over a range of about 

15 meters and then deteriorates slowly. 

remainder of the  study was a r b i t r a r i l y  chosen as the  instantaneous 

center of rotation at mximum dynamic pressure. 

Consequently, the  performance as shown i n  

The design point for the  

To validate the  assumption t h a t  a r a t e  augmentation only system 

would not cause large decrements i n  wfo2rmance conpaxed with more 

complex augmentation, an accelerometer loop was added t o  the control 

system of Fig. 4. Figure 13 s h m  bending moment performance and p i lo t  

ra t ing  as a Amction of t h e  accelerometer loop gain coefficient. Posi- 

t i v e  values increasedthe s t a b i l i t y  and the value for neutral s t ab i l i t y  

i s  noted. Increasing the  s t a b i l i t y  had l i t t l e  effect  on bending moment 

performance; but since the p i l o t ' s  task of nulling the  accelerometer 

i s  eased, the p i l o t  rating inprwes. 

system sensi t ivi ty  t o  vehicle s t ab i l i t y  level,  values of accelerometer 

gain corresponding t o  decreased s tab i l i ty  margins w e r e  also investigated. 

Bending moment performance deteriurated slowly indicating insensi t ivi ty  

t o  a value where the p i lo t  became saturated and the  vehicle became 

uncontrollable. 

As an indication of' the control 



-18- e 
Bending Mlter Design 

Rate augmentation filter.- The rate augmentation filter is  

required t o  s tab i l ize  the e l a s t i c  structural  W c s  present i n  t h e  

closed r a t e  loop. 

is complicated by the  relat ively narrow separation of the first bending 

mode natural  Frequency From the  rigid body control frequencies. 

design of t h i s  filter for a manual. attitude control system is,  i n  

principal, no different flromthat normally used for automatic control 

systems. The procedure involves finding a f i l t e r  which attenuates or 

shif'ts t he  phase of the bending content of the  feedback signals such 

that adequate s t ab i l i t y  margins are attained but which does not "signif- 

icantly" alter the r i g i d  body content of the signals. 

With respect to the Saturn V vehicle, this problem 

The 

A satisfactory rate augmentation f i l ter  for the  manual. control 

system was determined t o  be 

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

= 

Any response modes introduced by t h i s  f i l ter  were  heavily damped and 

not objectionable t o  t he  pilot. 

Controller filter.- The purpose of this filter is t o  smooth the 

output of the pilot's controller at e l a s t i c  bending Frequencies. I n  

conjunction with the augmentation f i l t e r  described previously, this 

reduces the  magnitude of the structural  oscil lations or "springboard" 

effect. T h i s  i s  important for three considerations: 

(1) The r ig id  body control task is not obscured at t h e  pilot's 

displays by e las t ic  oscillations. 

problem would smooth the sensor outputs.) 

(Another approach t o  t h i s  
e 
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(2) The component of bending moment stress due t o  e las t lc  structural 

motions is  reduced. 

Mations at the  pilot's station due t o  e l a s t i c  motions axe 

reduced. 

enough t o  complicate the  pilot's control task. 

(3)  

This mq,r be necessary if the motions are severe 

As seen i n  Fig. 4, t he  phase lags int rduced by the controller and any 

display filters K i l l  be additive. 

filters w i l l  affect t he  controll- f i l t e r  design. 

t i o n  (1) done ,  it is not clear what combination of controller and aispm 

filters should be used. 

the introduction of as mch phase lag as i s  allowable at the  controller 

f i l ter .  

phase lag, from r i g i d  body control consiaerations, i n  the controller filter. 

Therefore, the introduction of display 

Based on considera- 

Considerations (2) and (3) though, both require 

The best aver-all solution then i s  t o  place the  total allonable 

For the  present preliminmy mual control system, a passive second- 

order filter configmat ion was chosen. 

Piloted simulation runs were  made varying the natural fYequency % of 

t h i s  filter, with a fixed damping ratio,  5 ,  of 0.5 t o  produce the results 

shown i n  Fig. 14. 

body plus f lex ib le  body, single axis sirmilation was used. 

A fixed time of flight, two-degree-of-freedom r i g i d  

Other charac- 

t e r i s t i c s  of the simulation and the  pilot  task w e r e  ident ical  t o  that 

used for  the  basic handling qualities investigation described previously. 

The upper curves of Fig. 14 show pi lo t  rating and r ig id  bo* bending 

moment p e r f m c e  wbile the  lower curve presents the  maximum amplitude 
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of t h e  s t ructural  elastic mations at  t h e  pilot's stat ion for the  first 

and second modes. 

uates the pilot's inputs which occur a t  body e las t ic  frequencies but the  

phase lag introduced causes the  r i g i d  body control problem t o  become 

LaKering t h e  natural frequency of the filter atten- 

*L 

m o r e  d i f f icu l t  x i th  a corresponding increase i n  the maximum bending 

moment. 

r i g i d  body bending moment and elastic motions, the  design value indicated 

was chosen for the  remainder of the study. 

Based on preliminary data on the  re la t ive  significance of the 

To test t h e  sensi t ivi ty  of the control system t o  variations i n  the 

first e las t ic  mode frequency the  results shown i n  Fig. 15 were obtained. 

As expected, a lowering of t he  natural frequency causes a decrement i n  

the  three performance criteria. The figure indicates, t ha t  far the 

expected f'requency m i a t i o n  of less than 20 percent, t h e  design i s  

sat i s  f act  ary . 
Figures 16 and 17 indicate that f r o m  a piloted standpoint, only the 

first bending mode is significant as t he  elastic motion amplitudes for 

t h i s  mode are  much la rger  than for the  second mode. 

be the  dominant e las t ic  effect seen at  the  pilot'sdisplays and i n  his 

motion cues. 

anized. 

must be included i n  the  design of the rate augmentation filter. 

Therefore, it will 

In  later piloted simulations only the  f i rs t  mode was mech- 

It should be recalled, however, that all the s t ructural  modes 

Manual Performme 

Saturn V first stage manual control performnce w a s  obtained during 

t h i s  phase of the  study. 

piloting techniques evaluated. 

A complete simulation was used and different 

i 
I 
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Simulation.- The controller used 

controller shown i n  Fig. 9. The wind 

was the  three-axis side-arm 

disturbance used i n  this phase 

of study was discussed i n  Fig. 2 ana was random rotated i n  direckion 

for each piloted computer run. 

system is shown i n  Fig. 4 while the  r o l l  channel was a simple rate 

system with a time constant of 1.9 seconds. 

The pitch and yaw channel gontrol 

Simulation runs commenced a t  lif't-off with run duration corresponding 

t o  the time of flight for the  first stage. 

significant parameters and a ty-pical run i s  shown i n  Fig. 16. 

S t r ip  recordings were made of 

Pilot tasks. - Several p i lo t  tasks w e r e  evaluated t o  determine how 

they affected system performance. 

performance c r i t e r i a  while compromising on others. 

i n to  two groups, a primary task (att i tude s tabi l izat ion or load control) 

being associated with each group. 

assigned. 

Each task emphasized some particular 

The tasks w e r e  divided 

Within each group secondary tasks w e r e  

T h i s  breakdown of tasks is tabulated d o n g  the  abscissas of 

Figs. 17 through 24. 

Attitude stabilization: For task numbers 1 through 4 the  primary 

task assigned was attitude stabil ization or nulling the  attitude error 

signals i n  pitch and yaw while lllaintaining the  correct r o l l  angle. 

r o l l  angle program called for a 4.0' r o l l  after l i f t -o f f  t o  the desired 

heading and zero roll angle thersfter.  

staging, the pilot let t he  rate<augmentation system take mer and nul l  

the a t t i tude  rates for staging. 

The 

About five seconds pior t o  

For task number 1, no secondary task was assigned. 

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

dispersions. These w e r e  assumea t o  be the distances normal to the  nominal. 
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1). 

a 
t ra jectory at any given t i m e  i n  the  pitch and yaw planes. For trisk 

number 2, i n  addition t o  a t t i tude  stabilization, the pilot  use& the  

signals f'rom the  body mounted accelerometers t o  mlnimize trajectory 

dispersions i n  a manner sirnilax t o  ''drift minimum control" for an auto- 

-_ - - __ - matic system. _ _  - 

For task number 3, the  dispersions normal t o  the nominal t ra jectary 

w e r e  displayed t o  the  p i lo t  t o  allow direct  control t o  the  nominal tra- 

jectory. Emphasis was not placed on t h i s  task since trajectory guidance 

is  beyond the scope of t h i s  report. 

For task number. &,the r a t e  augmentation loop was opened and the 

p i lo t  was required t o  supply rate augmentation by the  use of displayed 

attitude rates. 

control without rate augmentation i s  marginal. 

axis data is  sham. 

With the present preliminary control system, three-axis 

Therefore, only single- 

The pi tch and r o l l  channels were controlled by an 

automatic system and the  pilot controlled the yaw channel. 

Load reduction: For task numbers 5 through 7, the primary task 

assigned was "load" reduction. 

constraints, the  vehicle s t ructural  load or bending moment is a combina- 

t i o n  of aerodynamic loads and engine induced loads. 

As discussed i n  the section on vehicle 

Since the aerodynamic 

loads are only significant i n  t h e  high dynamic pressure region, the 

recommended piloting procedure uti l ized t h e  signals f'rom the body mounted 

accelerometers during this period. .. 

For task numb= 5,the p i lo t  was required t o  s tab i l ize  t h e  pitch and 

yaw a t t i tude  error signals f'rom l i f t -o f f  t o  60 seconds. 

through 90 seconds he placed primmy emphasis on nulling the  accelerometer 

At 60 seconds 

< * .  
I 
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signals w h i l e  maintaining zero r o l l  angle. 

t h i s  i s  the period during which extreme winds can be expected. 

90 seconds t o  105 seconds, he gradually returns t o  the  a t t i tude  error 

signals while maintaining t h e  accelerometer signals at a safe level. 

A R e r  lo5  seconds, the procedure is  identical  t o  the attitude s tabi l iza-  

t i o n  task. Throughout the flight the pilot  minimizes the engine induced 

loads by making smooth, smal l  controller inputs. 

Figure 2 indicates that 

From 

Task number 6 i s  identical  t o  5 except i n  the way the p i lo t  

detects a t t i tude  error s i g n a l s .  

deactivated and the  nominal pitch at t i tude program was placed on a scale 

around the  p i lo t ' s  clock as shown below. 

The upper flight director needles w e r e  

By reading the correct value 

of pitch a t t i tude  as a function of time and comparing with the  actual 

value on the a l l -a t t i tude  indicator, the p i lo t  could obtain the pitch 

attitude error. 

stage boost, the  p i lo t  controls yaw and r o l l  attitude directly from the  

Since the  ;yaw at t i tude should be constant during first- 

a l l -a t t i tude  indicator. 

Task number 7 i s  similar t o  4 i n  that the  pilot  must supply the 

rat e augment at ion. 
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Results and discussion.- Figures 17 through 24 present significant 

t ra jectory performance parameters for the  seven p i lo t  tasks chosen. Five 

pilots participated in the study and emh f l e w  at least three t ra jector ies  

for each of the tasks. A t  the end of each task the p i lo t  WEIS asked for 

a pilot rating far t he  task. Perfurmance data for an automatic system 

which had a t t i tude  and at t i tude rate  feedback is a l s o  indicated for 

reference. 

Figure 17 presents t h e  Cooper Scale Pilot Rating for each task. 

As expected, t he  m o r e  complex tasks have the  higher ratings. 

exception of the no augmentation cases 

With the 

(nos. 4 and 7) the p i lo t  ratings 

m e  generally acceptable for normal operation. 

with no augmentation was acceptable far emergency operation w h i l e  three- 

Single-axis control 

axis no augmentation cases, which are not sham, w e r e  m g i n a l l y  

controllable. 

The r i g i d  body bending momeat perfornrance sham i n  Fig. 18 is  the 

maximum value attained during the trajectory. 

near t h e  peak wind value. 

encountered when flying t h e  att i tude s tabi l izat ion task were comparable 

t o  those encountered with t h e  vehicLe under automatic control and for t h e  

This normslly occurred 

Except for the  no augmentation cases, the loads 

wind used, slightly exceeded t h e  design load. 

task, the loads were significantly reduced. 

indicate that with the  wind used, loads are l ikely t o  exceed design 

values. 

For the  load reduction 

The  no augmentation cases 
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.. 
Figure 19 presents the  maximum value of e l a s t i c  body accclcrations 

attained during the trajectory. They are presented as t h e  component 

of acceleration a t  the  pilot's station due t o  elastic motion for the 

p i tch  and yaw planes. 

stress contribution due t o  these accelerations t o  be negligible. 

Preliminmy estimates indicate the  structural. 
4. 

It can 

be seen that except for the  no augmentation cases the  values are w e l l  

below 0.1 g's. It i s  anticipated that  these motions w i l l  have negligible 

--L 
effect on p i lo t  control capb i l i t i e s .  . 

The trajectory dispersions at f irst  staging are shown i n  Fig. 20. 

The dispersions for task 3, where the distances normal t o  the  nominal 

trajectory were displayed t o  the p i l o t ,  are significantly lower. These 

distances were'displayed on t h e  s m l l  meters b u i l t  in to  the l e f t  and 

t o p  of the wper a l l -a t t i tude  indicator as shown i n  Fig. 6 .  

control tasks had much larger dispersions than the a t t i tude  s tabi l iza-  

t i o n  tasks since the vehicle is maneuvered through rather large attitude, 

The load 

. -angles t o  reduce t h e  aerodynamic angle of attack. 
- .~ ._.  

Figure 21 shows the max& value of a t t i tude  rate obtained during 

the t ra jectory w h i l e  Fig. 22 presents the maximum value of engine angle. 

The average engine angle (about 3 / k 0 )  was less  than t h e  mvrimums indi-  

cated, hence the  t h r u s t  vectoring velocity penalty will be negligible. 

The maximum values of a t t i tude error a re  presented i n  Fig. 23. As 

expected t h e  values for t h e  load reduction tasks are much greater than  

those for attitude stabil ization. 

For reference, Fig. 24 s h m  the maximum angle of attack. While 

not too significant, since the  aeroaynamic load contribution t o  s t ructural  

load is  proportional to t h e  product of dynamic p e s s u r e  and angle 

i 
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of attack, it i s  seen that values for the  load reduction tasks axe 

lower. 

The results of Figs. 17 through 24 indicate that a manual control 

system can possess a high degree of f lexibil i ty.  The p i lo t  m y  choose 

t o  minimize s t ructural  load, trajectory dispersions, or a t t i tude  a ~ o r s ,  

as t he  s i tuat ion requires. 

justie the  addition of a t t i tude  error t o  the display panel. 

also show that for an emergency situation, single-axis control i s  possible 

for t h e  no augmentation cases. 

axis, no augmentation control i s  questionable. 

The relative results for task numbers 5 and 6 

The results 

With the present control system, three- 

CONCLUSIONS 

The following conclusions are based on preliminary fixed-base 

simulation results and may be modified af te r  a more complete investigation. 

(1) A piloted control system prwides a high degree of f l ex ib i l i t y  

and is capable of successf'ully completing the control tasks 

during t h e  first stage of Saturn V boost. 

A significant problem area encountered is the design of the  

rate augmentation filter. 

lightly damped oscillatory modes  t o  t he  system response at 

p i lo t  control eequencies. 

Single-axis control can be completed without the aid of 

rate augmentation, while with t h e  preliminary system developed 

f o r  t h i s  study, three-axis control with no rate augmentation 

i s  mxrginal. 

(2) 

Care must be taken t o  avoid adding 

(3) 



(4) Structural  e las t ic  bending llhotions sensed at the -pilot's 

s ta t ion are  low enough i n  amplitude that they should not 

present a significant motion cue problem area. 

The three-axis siae-am controller and conventional aircraft 

instrumentation used were satisfactary.  

( 5 )  

Future studies w i l l  include the aadition of motion cues ana f u e l  

sloshing modes t o  the sirmrlation. 

t ions  w i l l  also be mde as w e l l  as a mare complete vehicle and control 

An investigation of emergency situa- 

system parameter variation. 
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