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FOR E W 02D 
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NAS8-26772. 
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Mr. G. P. Gill was the project 
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The hybrid program- 

This report is divided into n v o  vciumes. Vohme I presents 

the optimization technique, the prooleni formalation and the results 
obtained. 
derivations of mathematical models and all peripheral studies 
related to contract performance. 

Volume I1 presents all the A2pendices which describe 
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Section 1 

INTRODUCTION AND SUMMARY 

1.1 OVERVIEW OF ENTIRE STUDY 

The basic problem to which Lockheed has addressed itself in this study 
is one of applying modern optimal control techniques to  design shuttle booster 
engine reaction control systems and aerodynamic control systems for both 
ascent and reentry. Fbrthermore, since each type control system has its 
own region of relatively major effectiveness due to the extreme range of 
environmental parameters, an area must d s t  between these in which a 
transition is made. 
is concerned; that of optimal blending of engine reaction control and aero- 
dynamic control. 
control blending problem including such basic items as what criterion should 
be used to judge the relative llgoodnessll of a blending scheme. 
criterion for both design problems (individual control system design and the 
blending of the two) that w a s  selected by Lockheed was that of reducing 
control system related weight penalties. 

This introduces a second problem with which this report 

Very little has previously been known concerning this 

The basic 

A very powerful design tool has been developed by Lockheed over the 
past several years, which allows direct design goails to be represented in a 

performance functional which, in turn, is used with optimal control tech- 

niques to design practical control systems. 
out on a hybrid computer. 
and computer time in future applications, considerable effort was expended 
under this contract in developing a very advanced computer software package 
that largely automated the handling of the raw data through to computer setup 
and checkout. 

This design procedure is carried 
In order to permit substantial savings in manhours 
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As mentioned above, the design approach taken was that of reducing 
control system weight related penalties. 
sensitivities were not available, experts from various disciplines were 
brought in for their derivations from available data. 
studies were reviewed, analyzed and reduced to a form appropriate for the 
high-speed simulations required for the optimizations. 
were then performed so that designers could be made aware of the most sig- 

nificant areas with which to be concerned and at an early stage of design work. 

Since most of the required weight 

Each of these peripheral 

General aMly6etB 

1.2 SUMMARY OF RESULTS 

A very versatile total hybrid software package was developed that 
significantly reduces off-line engineering involvement, and produced very 
rapid data processing through complete setup and checkout of the hybrid 

program, 
this package for investigations of the three axis engine reaction control sys- 
terns for both ascent and reentry of fully reusable "Phase B" Space Shuttle 
Configurations. 

The Lockheed direct optimization scheme was incorporated into 

Major control system related weight penalty sensitivities were  gen- 
erated. Analysis of these sensitivities indicated that for ascent, the most 
significant parameter was the structural weight required to carry the booster/ 
orbiter interface loads during the latter portion of the launch trajectory. 
Other weight penalties of lesser importance that were neverthelessiincluded 
in the ascent simulation were due to main engine gimbal angle requirements 
and trajectory position and velocity deviations. Analysis of the sensitivities 
for the reentry portion indicated that the most significant control system 
related weight penalties were associated with the hybraulic system a s  dic- 
tated by elevon deflection, deflection rate and rudder deflection tate. 
more, these become significant only in the transonic region of the reentry 
trajectory and may be largely ignored in favor of auxiliary propulsion fuel 
considerations, another direct weight penalty, until this period. 
sitivities analyzed and included in the reentry control study were the thermal 

Further- 

Other sen- 
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protection system (TPS) firing and nonfirhg effects, TPS requirements re- 
lated to aerodynamic control surface deflection rates, and structural weight 
associated with aerodynamic control surface deflection angles. 

1.3 OUTLINE OF THE REPORT 

Section 2 describes the optimimtion technique and its various options 
of operating over a total trajectory in one or several sequential steps using 
a floating optimization time interval, of using either a single or a two-level 
minimization scheme, and of generating either constant control g a b s  or gain 
rates. Grid and gradient search operations, sensitivity reduction to uncer- 
tainties and performance evaluation capability are described briefly. 

Section 3 is the complete formulation of the ascent study. Included are 
derivations of the 6U perturbation equations of motion, the control and blend- 
ing law selection and a large subsection describing and analyzing the ascent 
control related penalties. 
were two synthetic wind profiles. 
interkce were found to have a significant impact on shuttle booster structural 
weight and payload injection weight. 
of &is study was performed under anather contract which is reported in 

Ref. 2. 

Driving functions for the optimization process 
Structural loads at the booster/orbiter 

Much of the work on the ascent portion 

Section 4 is the formulation of the reentry portion of this study. It 
includes derivation of the 6D perturbation equations of motion and the process 
followed in the control and blending law selections. A subsection contains 

the derivation and description of a tool whereby initial gains for 3-axes APS 
and aerodynamic control gains are  syntherited as time-varying quantities 
for the entire reentry trajectory. These gshs were ured a s  initial 
guesses for the optimization, thereby ensuring initial stability and giving 

a good intuitive starting point for the procesb. 
describes in detail derivations of the various reentry control related weight 
penalties and analyses their relative effect ive~~es~.  The most significant of 

The f inal  rubsection 
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these were hydraulic system effects related to elevon deflection, deflection 
rate and rudder deflection rate during the tranlronic portion of reentry. 
Other sensitivities analyeed but determined to be of relatively less im- 
portance a r e  TPS weight related t o  engine firing6 and aerodynamic surface 
deflection rates and structural weight associated with aerodynamic control 
surface deflection angles. 

Section 5 contains a detailed description -: Lockheed'lr total hybrid 
software concept as applied to the incident lrtudy. 
to overcome several common problems in hybrid and analog computation that 

a r e  notorious time consumers, both of rnanhours and machine time. 
net effect is to permit an engineer to be relieved of most of his ordinary 
involvement during the problem programmhg and checkout phases as  well 
as to speed up this process through automatic programming methods. 
Furthermore, computer setup and checkout time is drastically reduced even 
for vehicle or trajectory changes where little or no wiring changes a re  re- 
quired. Maximum engineering interface is brought back in at the hybrid 
simulation level after checkout so that rapid engineered solutions may be 
found to the design problem. Program language and construction a r e  de- 
signed for maximum versatility and ease of off-line programming modifica- 
tion with high-speed on-line processing. 

This concept was dsvelopcd 

The 

Section 6 discusses the results of the two phases of the opthimtion 
Study. 

Section 7 cooltains the conclusions and recommendations obtained from 
this study. 

Section 8 lists all references cited, a i  well as other8 which were 
employed in the performance of this contract. 
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Section 2 
OPTIMIZATION APPROACH 

2.1 BASIC SCHEME 

The basic scheme of the Hybrid Opthieation program is a direct opti- 
mization method, whereby only forward integrations of the dynamic equations 
are performed. The vehicle system dynamics and control system loops are 
simulated on the analog console of a hybrid computer as shown schematically 
in Fig. 2.1-1. During each simulation, the performance is evaluated by com- 
puting the performance index, J, which has been selected to best reflect the 
design objectives. Af te r  the simulation, J is transferred to the digital con- 
sole where a minimization scheme is programmed to determine the minimum 
of J with respeci to the adjustable parameters, namely the controller gain 
slopes. 

2.2 UPDATE INTERVAL 

During development of the hybrid optimizer, it was found that although 
optimal results were obtained by carrying out the optimhation over the total 
flight time as one interval, better engineered results could be obtained by 

optimizing over a number of limited time intervals independently. For the 
ascent portion of this study, the total flight time was therefore divided intc* 

a finite number of update intervals of length 
5 second6 8 8  indicated in Fig. 2.2-1. 

(tv+l - tY) = At of typically 

While rigorous optimal gain schedules ar obtabed from calculus of 
variations will be general hurctions of time, the clarr of optimal gain rchedulee 
to be generated by the present method was restricted to piecewise linear 
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4+1 tut2 %+3 

Fig. 2.2-1 - Desired Polygoml Form of Optimal -in Scheduler 

fpnc t i~s  of time as in Fig. 2.2-1. This largely reducea the canpt r t . t id  load 
and at the -.-e time keeps the resultirrg optha1 s c h d ~ e s  closer to a practi- 
cal  form more suitable for implementatioa, Piecewima canttant schedules, 
as defined at break points tu, t,,+1, . . , , have been farmd to be umcceptable 
in this approach because of the t k n s h n t s  generated from large numbers ob 
step-type gain changes. 

2.3 OPTIMIZATION INTERVAL 

A t  each update time, t,,, the aptimixer performs a series of fast-time 
forward integrations while iteratively adjusting the controller gain slopes in 
order to evaluate the vehicle performance, A minimum duration is required 
for these forward integration intervale. Methods to establish this minimum 
look-ahead time interval, T, were discussed in Section 6 of Ref. 1. For the 

ascent shuttle dynamics, the minimum value of T which sufficiently detects the 
significant effects of a particular set of gain scheduler is betweem 15 and 20 

sec. Figure 2.3-1 ehows a general example. 

As sketched in Fig. 203-28 a number of slopes for each controller gain is 
simulated by fast-time forward integrations of the syrrtem dynamics with period 
To The gradient optimieationter' dqw chooses the optimum slope originating 
at t,, based on the J function, then the ayeten dynsmics are integrated in real 
time to ty+l at which time the p r r c e v  91. ;- s ;.t&d. Final optimieation results 
yield for each controller gain bein c * . a polygonal form a s  shown fa 
Fig. 2.2-1. 
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0 1. Fig. 2.3-1 - Total Mission Time (t , t ) Broken Down into Finite Number r 
of Updating Interval8 (to,tl), ( t lBt2) ,  . . , (tyBty+l) ( t r - l , tb .  
Optimization Intervals (ty, tytT) are  identical to updating 
intervals (tv,tp+l) as in (a) or are longer than updating 
intervals as in (b). 

2 -4 
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\ 
t v t  T 
\ 

%+l 

Fig. 2.3-2 - During Optimization Cycle at Flight Time, tr, a Large Number 
of Linear GainSchdules &re Evaluated for their Load Relief 
Per for mance 

2.4 GRID SEARCH 

In earlier development stages of the optimiter, it was found tb t  the 
gradient technique ran the risk of finding local minima rather than absolute 
minima for given dynamics and performance index J. 
avoid this problem resulted in a systematic grid search being added to  the 
program. A two-dimensional case is shown in Fig. 2.4-1. This modification 

reeulted into two basic optimization step6 at each update bterv81 t u ;  

Modifications to  

Systematic Grid Search 
All possible pruneter combination8 within 8 grid of specified 
limits and fineners are evaluated for J. This complete rurvey 
of parameter space largely reducer the rirk of fin- locd 
rrther th8n abrdute miniarl. 
Gradient Search 
A powerful gradient mbimitation rche~ne b r e d  on the method of 
con jugate g rrdientr urer the minimum of the grid re8rch 
a8 starting point for 8 modern method of rteepert dercent to locate 
the minimum more precirely. 
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Fig. 

0.1 

8 
0 

0 

.I 10.1 
.I 

.. - Parameter Combinationm Evdurted 
LDuring Grid Se8rch 

0.1 
1 8 

10.1 0 

'Grid Sear 
MinimUm 

Gradient 
Search 
Minimum 

'C h 

2.4-1 - Parameter Optimieation Performed in Two Phober: (1 )  Systematic 
Grid Search (0 )  for Complete Survey of Parameter Sprce; Grid 
Point of Minimum J (a Serves ar Starting Point for (2) Gradient 
Search Which Locates the 'nAi&xwn More Precisely (0). From 
Grid Search Contour mota (Liner of 3 = Conrt) can be Drawn for 
Better Imight into J-Tqoloyp.  
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The optimizer has been extensively modified under this contract and 
put into convenient modular form. A s  indicated in Fig. 2.1-1, both optimi- 
zation steps need not be taken. Furthermore the feedback law includes con- 
stant gains as well as gains which are a function of time. In this way, the 

user is permitted the choice of selecting the accuracy of the minimwi . ation 
;-rw$!ss and the type of feedback most appropriate for the incident problem, 

2.5 REDUCING THE SENSITIVITY TO PARAMETER UNCERTAINITES 

The hybrid optimizer has the capability to design a truly optimal sys- 
tem; that is, one which anticipates the occurrence of a number of possible 
conditions, tests performance against a criterion which is a function of these 
possible conditions, and adjusts the control parameters so as to optimize 
this performance criterian. For example, in the case of launch vehicle 
control systems, it might be desirable to minimize peak bending moments 
or to minimize control system weight related penalties, assuming ti&- possible 
occurrence of a variety of different environmental or  failure conditions. 

This capability of "Parameter Uncertainty Desensitization" was easily 
added to the optimizer. Instead of considering only one operating condition, 
the optimizer was modified to consider two conditions which may be defined 
as the two most adverse operating conditions. At each grid point, both con- 
ditions a r e  simulated, and the worst condition is chosen as the condition to  
be optimized. 
gradients a r e  being computed. Ekperience had proven that no radical change 
in performance could be detected by the small perturbations of the controller 
gain slopes needed to, compute gradients. 
adverse operating conditions can be readily expressed a s  solving a Irrninimuc" 
problem; i. e., minimizing the maximum of several functions. 

The gradient search performs in the same manner except when 

This method of considering two 
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2.6 PERFORMANCE EVALUATION 

The most practical feature of this hybrid optimizer is the ability to 
apecifv design goals in the moat direct manner with virtually no mathematical 
constrabts on its functional form, Tbir high degree of flexibility in selecting 
performance criteria of arbitrary form was fully utilized by choosing a 
minimax criterion for initial shuttle ascent rtudiee. The criterion selected 

for this e M y  was that of weight. That is# for the ascent portion of the study 
orbit insertion weight was maximited and for reentryD control eyetem related 
weight penalties were minimized. Aerodynamic coEtrol was optimized 
separately from control by means of engines. Both types of control were then 

blended as discussed in Section 3.2 for ascent and 4.2 for reentry. 
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Section 3 
FORMULATION O F  ASCENT STUDY 

The ascent blending study was performed with the use of an existing 
Minor hybrid simulation developed under another contract (NASS-25578). 

changes and additions were necessary to extend the capability of this simu- 
lation to include aerodynamic surface control. 

3.1 VEHICLE EQUATIONS O F  MOTION 

A set of 6-DOF perturbation equations of motion describing the dynamics 
of a la rge  shuttle ascent vehicle about a nominal zero-lift trajectory was de- 
rived in ReL 2. All assumptions and approximations a r e  given in this docu- 

ment. 
shown in Fig. 3.1-1. 

These equations a r e  listed as follows with sign conventions and notations 

Translations 
- 

x .. = -kp$ - kga + kxc6, t k 6 xe e 

3-1 
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Fig. 3.1-1 - Sign Conventions and Notations for 6-Degree-of-Freedom auttle 
Ascent Perturbation Equations of Motion 
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Rotation 

6 t k , b i t k  6 + k  mc 6 c m e  e 8 = kmaQ + kme e 

- 
qb SC 

k =  rB 
I P  IX 
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3.2 CONTROL .LAW AND BLENDING LOGIC 

The control laws used in the ascent study are simple position plus 
rate feedback loops with an additional sideslip feedback te rm in the yaw 
channel. 
was to establish adjustable ratios (kc for canard control, ke for elet - 
control, kr  for rudder control, and for aileron control blending), *--hich 
could be optimally adjusted to feed back the position/rate signals in parallel 
with the thrust vector control system. 
logic a r e  shown in Fig. 3.2-1 and are listed as follows: 

The initial approach to the blending of the aerodynamic surfaces 

These control laws and blending 

6, =-k H ( 8 )  a 9 t alee 
c c  L 06 

-k H (s) aoe6 t a 1) '1 
'e e e  c 1'J 

where 

k , ke, kr, ka P blending ratios 
C 

Refer to Fig. 3.2-1. 
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4 
CANARDS Ok 

"oe 

RUDDER(S) rr+ 

Fig. 3.2-1 - General Structure of Ascent Control System with Four 
Independent Blending Schedules for Canard, Elevon, 
Rudder and Aileron Blending 
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3.3 ASCENT CONTROL RELATED PENALTIES AND SENSITIVITY ANALYSIS 

The overriding d e s i p  criterion in all booater control problem ahould 
be to strbilise the vehicle while the orbital inrertion weight ir maximirsed, 
Such a payload mmdmizatioa criterion combines all the standard derign cri- 
teria (1md relief, minimum drift, etc.) in the most meaningful maaner and 
provider the key to a cot-pterized a p t h l  derign approach. Since there a r e  
virtually no constraints imposed on the mathematical form of the performance 
criterion 'n Lockheed's Direct Optimization approach d e r  than positive definite- 
ness, the following performance index war formulated which comprises the 
major aacent control system related payload penalties which should be mini- 
mired for optimam perfo- ==e: 

6 3 

m = l  

where 
- __I-- - 

p = payload penalty or decrease 

R. = forcer at the booster-orbiter interface 
1 

= main booster engine gimbal angles for roll, pitch, yaw 
control including btrim 

deviations from reference trajectory in x, y, z direction 

x, y, z direction 

= 
xm 

V = velocity errors  with respect to reference trajectory in m 

= hinge moment due to aerodynamic surface deflection *M 
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Thc subscript %It denotes design values corresponding to the nominal pay- 
load capability. 

The debign goal of maximum payload can them be achieved by minimiza- 
tion of this payload penalty functional J1. 

In order to avoid excessive anelar  rates by the vehicle in response to  

gust-type wind disturbances, an additional cost functional was formulated: 

dt 

r r .  

where 4 , 6 , 4, a r e  the roll, pitch, and yaw rates, respectively, and the 
uubscript %fE1l denotes maximum expected -lues. 
coefficients reflecting the design constraints imposed on the various vehicle 

rates. J" should be kept small to assure smooth flying qualities. 
(J)'md (J")can be readily combined into a single performance criteLron 

qb and q4 are weighting 

The criteria 

which makes possible the minimization of all paylcad penalties while a weighted 
flying quality criterion q P  is simultaneously satisfied. 

Engineering experience had shown that the major insertion weight penalty 
contribution would be the booster dry weight which is dependent upon the 
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structural loads encountered during powered ascent. 
transmitted through the attachment points between booster and orbiter were 
identified as  having a strong impact on the booster furelage weight. 
therefore necessary for the equations of motion describing these interhce 
loads to be derived and extended to the hybrid simulation studies to allow 
for continuous computation of these loads for vehicle performance evaluation, 
The general approach to the development of these interhce equations a re  
given in the following paragraphs. A more detailed derivation is included 
in Ref. 2. 

The interhce loads 

Bt was 

The structural design of the supports between booster and orbiter 
depend on the marimurn interface loading Q I ~  each of the supports during the 
entire ascent phase of the night. 
vehicle (@, b, from the 6-D ascent simulation for the nominal trajectory, 
the nominal interface forces and moments can be determined as part of the 
external force8 acting on the orbiter d y  (subscript 0 )  which lead to  the 
orbiter's known motion Go8 so : 

Knowing the motian of the composite 

For the actual trajectory (Leo8 perturbed trajectory), the perturbed interface 
forces and moments a re  given by 

where capital letters and lower case letters indi, Ate nominal and perturbed 
values, respectively, and PI and "jiI a r e  interface forces and moments. 
(Faero), and (Maero), a r e  the aerodynamic forces and moments acting on the 
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A 
orbiter alone. (Fcs offset ) 
from that of the composite vehicle, and (e), is the weight of the orbiter. 
The nominal interface forces and moments will be determined by the '6-D 
Shuttle Data program, whereas the perturbed forces and moments can be 
obtained from the analog simulation. 
support, as shown in Fig. 3.3-1, can be determined by: 

is the centrifugal force due i o  offset of orbiter cg 

The force components acting on each 

where 
A R ) are force com?onents actiug R2e' R3Z' 4e on the supports 
R = (RiXs Rlys 

[A] is a 6 x 6  matrix, where elernehts are hrnctions of 
* 12#l3,14 

Rear Attachment 
Point 3 

C.I. orbiter A 

Fig. 3.3-1 - Components of Interface Load at the Attachment Point8 of au t t l e  
Booster and Orbiter (MnAC-20 Configuration) 
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This derivation yieldr the total interface force at each station 8 8  listed 
as followlB. 

R l r  = i r  ' Fxl 

- Rly R4Y Y l  
= f  

A (lower case f f . . . , rn indicate 
perturbation interface forces and momenta 
acting on body 1 (orbiter) ) 

14/(11 + 14) xl' yl '  1 
1 gc1, + 14) 

-1/(11 + t4) 

1/(ll + 14) 

- 1/2t2 

-1cg/212 

1/2 

-1/2 

C 

14/(11 + 14) 

nominal interface force along x-uir  on body 1 (orbiter) 
due to  trajectory and vehicle configuration 

nominal interhce force along e-uti8 on body 1 (orbiter) 
due to trajectory and vehicle configuration 

nominal interface moment along y-axis on body 1 (orbiter) 
due to trajectory and vehicle configuration 
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3.3.1 Structural Weight 

This section deals with methods of obtaining the orbit insertion weight 
partials for implementation into the performance index b c t i o n  to realize 
maximum orbital payload. A structural analysis of the booster fuselage in 
the region of the orbiter attachment points revealed that the peak interface 
forces Rze, R32, R4y strongly affect the booster hydrogen tank design shown 
in Fig. 3.3-2. The hydrogen tank is compression-critical rather than pressure 
critical. The stress resultant Nx in the axial direction determines the design. 
In a first appr<utimation, no circumferential variatior: was considered and N, 
was determined by summing the effects of axial compression and bending 
from a. one-dimensional internal load analysis. 
sive loads, the stiffeners of each barrel  can bs  designed by using the formu- 
lation given in Re€ 3 . 
skin buckling, and web crippling. 
the design.point; Le., the dimensions w, b, and t, on Fig. 3.3-2. 
thickness F can be computed. 

Given the maximum compres- 

Three failure modes a re  considered: general hStability, 
Their simultaneous occurrence determines 

Then a weight 

To find the variatiozl of the tank weight with aft interface loads, the 
following procedure is followed: 

1. For each flight condition of interest, the interface loads and 
the complete set.of maximum axial compressive stress re- 
sultants Nx is computed. 

2. The weight thickness of each barrel  is determined. 

3. The total tank weight is computed. 

For the first step the internal shears and moments resulting from the exter- 
nal forces and momenta muat be determined. 

are diotributed aerodynamic effects obtained from model rneaauremmta, 
inertia effects computed from the rimulated accelerations and given m a s s  

The external forces considered 
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Aft Orbiter Attachment Pointr 

c 2: . . . -. - - - . 

N X --* N X (~omprearion) 

10.08 m 

. _  

16.36 m 
II- 

-- 35.34 m t 
-__t w Cross rection of 10 

0.533 stiffener ringr. 
b, t,, w are varied 
according to peak 
load distribution. 

Fig. 3.3-2 - Booster Hydrogen T n k  Stiffener Geometry 
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distribution. 
total force at the three rear attachment points 2, 3, and 4 must be computed. 

In order to account for general unsymmetrical loads, the 

2 2 
4Y RZz t R3,) t R 

Peak values of Rr can then be used to determine the booster's H2-tank weight. 
Th. m a s s  sensitivity of the booster H2-tank for changes in interface load Rr 
is then found to be 

= 0.0104 Kg/N , 
r AR 

which can be expressed in a payload penalty AP according to Ref. 

- &Tank AP = 0.0104 * 0.2 aP 
r dR AR r AwBooster 

- AP 
r AR a-- 

= 0.00208 

Since the tank center of gravity is only 0.6 m from the booster center of 
gravity upon burnout, no additional penalty due to hypersonic trim require- 
ments is necessary. 

3.3.2 Engine Gimbal Angle 

The major effects of maximum engine gimbal angles on space shuttle 
payload were determined in a recent study. An increase in engine 
deflection 6 requires a heavier actuator system, larger engine base area 
with associated increase in drag, structural weight and fuel requirement. 

3-14 

LOCKHEED - HUNTSVILLE RESEARCH 81 ENGINEERING CENTER 



LMSC-HREC D225700-I 

Typical ialues for the payload penalty 6P/db  
the order 

were  found to be of 

This wlue was also used in the present study for all total gimbal angles 

'Trim 
for the zero-lift trajectory used in the study (provided by MSFC, Aero- 
Astrodynamics Laboratory,- S&E-AERO-GT) a r e  shown in Fig. 3.3-31 

+ 6 which exceed the nominal design values. Trim gimbal angle8 

3.3.3 Impact of Trajectory Deviations on Payload 

Vehicle insertion weight variations from nominal, produced by vehicle 

state perturbations existing at the start of active closed-loop guidance, were 
assumed to be at t = 100 sec into ascent when atmospheric: disturbances 
have virtually died out. 

puted using a trajectory compdation program. incorporating a quasi-optimal 
guidance concept. 
parameter of the vehicle state taken singly. 
q r e s s e d  by a quadratic function of the form 

I 
These trajectory related penalty functions were com- 

Insertion weight deviations were  computed for each 
The insertion weight w a ~  initially 

Coupling terms had earlier been found to be not significant for thi8 particular 
reference eero lift trajectory provided by MSFC's Flight Mechanic8 Branch 

and were therefore neglected together with the quadratic terms which were  
two or more orders of magnitude smaller than the linear terms. 
following payload penrrlty coefficientr w e r e  calculated in recond stage burn 
time and converted to payload penalty for use in the performance criterion. 

The 
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J 

7 

n 

Fig. 3 .3 -3  - Trim Gimbal Angle 6eo acd Angle of Attack a. Computed by 
.Simultaneous Solution of Trim EOM from Zero-Lift Trajectory 
Data Provided by MSFC, Aero-Astrodynamics Laboratory, 
for MDAC Configuration 20 
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= -0.061 ; 6P 
x(100 sec) m 

P 0.035 9 ; 6P 
~ ( 1 0 0  sec) m - x(100 61' sec) = -6.8 a*; 

6P = 4.0 = 0.43 '* ; i ( lO0 sec) 
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Section 4 

FORMULATION OF REENTRY STUDY 

4.1 VEHICLE EQUATIONS OF MOTION 

The motion of a booster or an orbiter in reentry flight is determined 
by the propulsive forces supplied by the auxiliary propulsion systcmr, the force 
of gravity, the inertial characteristics of vehic12 and the aerodyrurmic forces. 
To derive the equations of the motion of the vehicle, it is necessary to  eqvate 
forces and moments acting on the vehicle to the vehicl- ractions,  according 
to Newton's law. 

derivation to arrive at linear equation8 about a reference trajectory. 
controls considered a re  elevon, ailerons, rudder, and auxiliary control pro- 

pulsion system. 

The theory of emall perturbations is introduced into the 

The 

The mathematical model, which is used to derive the perturbation equa- 
tions of motion for shuttle reentry studies, is formulated with the following 
basic assumptions and approximations, 

l e  

2. 

3, 

4. 

5. 

The vehicle is a rigid body airframe with negligible vsriation 
in mass during the reentry phase of the flight. 

The vehicle is symmetric with respect to the xb'zb ylare in 
the bodv axis system. 

Disturbances from the reference flight condition a r e  Smal l .  

The disturbance in flight path velocity is negligibly small. 

The reference flight condition has a negligibly snlall sideslip 
angle. 

The form of six-degree-of-freedom (three translational, three rotational) 
equations of motion of a reentry vehicle euch a s  a booster or an orbiter flying 
in the atmosphere is rigidly prescribed. However, there i s  freedom to select 

axis systema and variables, The efficient use of anal03 computer requires 
that care be exercised in selecting computer variables, since thc accuracy 

of the result is greatly affected by rcaling. The beet choice of axis systems 
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in which to write the equation depends on the predominant effect of the aero- 
dynamic forces and moments. ?: e use of flight-path axe8 (often called wind 
axes) as opposed to body axes for solving the trancWiona1 equations can be 
shown to make much lower demands on computer accuracy and bandwidth. 

Figure 4.1 -1 shows the interrelatimships of the various axis systems. 
The body=-, %, yb and zbrn are a right-hand orthogonal set rigidly 

attached to the airframe. 
body axes only by the angle of attack a. 
a re  often presented in terms of components along stability axes. 

path axes, s, yw and z 
sideslip B . 
of flight. 

The stabilit;. axes xs,  y, and es differ fromthe 
Ae*d**amie 4 -- %==a and moment data 

me flight- 
differ from the stability axes by the angle of 

W '  
The + windaxis is aligned, by definition, in the direction 

By using the flight-pirth axes to write the translational equations of 
A A  A 

motion, V, a, and g become the velocity szate variables, all of which a re  
directly needed for aerody-amic claculations. 
ponents along the wind axes be denoted by the symbols e-, FF, and Fzw. 
These forces generally include contributions from gravity, propulsive and 
aerodynamic forces. 
each wind axes, the following three equations can be ohtained: 

Let the external force com- 
(r e\ 

If the action and reaction forces are summed along 

A A 
V = F d m  

A h  A A 
A 3 = - (R A cosa - P s i n a )  t F hyw/mV 

A A A A A  A A A 
acosp = Q cosp - (Rsina  t P cosa) sins t Fz,,/mV 

(4.1-1) 

(4.1 -2) 

(4.1-3) 

where m is the m a s s  of the vehicle. Equation (4.1-1) simply states that the 
product of the mass and the time rate of change of the total vehicle velocity 
is equ.?? to the force along the flight path direction. Equation (4,l-2) states 
that 6. the time rate of change of sideslip angle, is equal to flight-path yaw 

rate, F 
p equal to zero, Eq. (4.1-3) statea that a ,  the time rate of change of angle of 
attack, is eqt-1 to  the body axis pitch rate Q ,  minus the flight-path axis 
pitch rate, -Fzw/mV. 

A A 
/mV, minus the body axis a n e r  rate along +. Finally, for 

A yw A 

A 

A A 
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N 
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The rotatianal equations of motion for vehicles symmetric with respect 
to xb'% P lane, and with constant moment and produce moment of inertia 
can be written in the body axis system as 

(4.1 -4) 

(4.1-5) 

where I., I 
respectively, and I 
the %, Yb and % components of external moment acting on the vehicle. . 

and I are the moments of inertial about %, Yb and 2i, axis, z 
A E A  

Y 
is the product moment of inertia; , M and N a r e  

xe 

Equations (4.1-1 ) through (4.1-6) are nonlinear since they contain products 

of the dependent variables and also because the depzadent variables appear 
as transcendential functions. 

analysis, these nonlinear equations a re  frequemtly linearized by assuming 
thatt the motion of the reentry vehicle can be written as  the sum of the state 
variable component during the reference flight caditian and a change in 
state variable component caused by disturbance. 

For the purpose of stability and control 

A A A A A A 
V =  V o + v ,  a =  aota,  p =  P o +  p, P = Po+pI Q = Qotq ,  R = R 0 t r  

A A 
F t fm; zwo + f F ,  F = F  

ZW 
= F  

Ywo 
A 

Yw F = F  t fxw, xw XWO 

A 
L = L o +  MxS 

A 
M =  M o + M  

Y 
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The zero subscripts indicate the referenct flight conditions, and the lower 
case arabic and Greek letters represent the changes in the state variables 
caused by disturbance. &, fF and fm represent perturbation forces alang 
the wind axes, whereas M., M , M 
the body axes. 
t o  be small so that their sqyares and products are negligible compared to 
first-order quantities. 
a r e  kept, then a s*- 
lational perturbation equations of motion can be errpressed as 

represent the perturbation moments along 
All the disturbance quantities and their derivatives a re  asst*.med 

Y =  

If only the first-order terms in disturbance quantities 

The resulting trans- .- linear equations can be obtained. 

]@ + E(-. she+ Rocotsao)tan@o a t  q 
0 1 t Rosinao) 

=os Po 

In most flight conditions, it can be assumed that Bo = 0, v=  0 ,  then the abwe 

equations a r e  reduced to: 
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f = o  xw (4.1-10) 

(4.1-1 1 )  

The resulting rotational perturbation equations of motion can be written as 

t I ) P  + ( I  e o  z z 
I f  - I  2 I 1  x e - 8  X t  x z xz 

(4.1-12) 

- 1 ) P  t 2 1  R M 
('2 x 0 

I 
Y Y 

I 
Y 

(I ( I  - IJ t 8 Q ' x x  xz 0 
2 I 1  - I  x 2 xz 

) t I L ) P  + I  (-I t xz 0 xz x * - 

L 
IxzMx t I M x z  

2 
I ( - I  t x z  x 

% t  x t  I 1  x 2 -I2 xz 

I f  - f  x z  XZ 

The perturbation forces and moments can be expressed in any convenient 
coordinate system, then resolve into appropriate components in the wind 
axes and body axes, respectively. The perturbation equations of motion 
used in this study can be written as: 

(4.1-1 3) 

(4.144) 

(4.1-1 5) 
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a = KIP t K2a t K3q t K44 + Ksf + K6fxCp, + %fz(P) (4.1-16) 

q = KZ9a t K30& + K316, t K32q .+ K 3 9  + K34r + K M 
35 Y(P) 

+ %SMx(p) + K43Mz(p) 

(4.1 -1 8) 

(4.1 -1 9) 

(4.1 -20) 

where Ki is time-varying coefficient. The detail derivation of shuttle reentry 
perturbation equations of motion and the detail expressions for Ki a r e  given in 
Appendix A. 

computer program "DATA PREPROCESSOR1' from the given raw trajectory, 

vehicle configuration and environment data. Some plots for input data and a 

complete set of the plots for output time-varying coefficients a r e  given in 
Appendix C for the GDC-B-9U reentry vehicle. 

These time-varying coefficients are computed by the digital 

For the purpose of verification, the above set of perturbation equations 
of motion is reduced to the conventional aircraft perturbation equations of 
motion and is given in Appendix B. 
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4.2 CONTROL AND BLENDING LAW SELECTION 

One of the most challenging of reentry study problems is the deter-- 
The problem is particularly tion of a control law for re-try shuttle vehicles. 

difficult because of the tremendous range of many of the variables, such as 
flight veiocity and because of the violent maneuvers. These a r e  the results 
of the h c t  that the flight environment change3 from a very high altitude to 
sea level conditions. The shuttle vehicle requires bath an aerodynamic 
surface controller, as well as an auxiliary propulsion system (APS) for 

reentry control and guidance. 
the environment and the vehicle dynamiq; state. 
only effective controller for the initial phase of reentry. 

pressure increases, the aerodynamic surface conk uller becomes more 
effective. However, all three aerodynamic controllers (elevon, rudder and 
aileron) may not become effective simultaneously because of the vehicle 
configuration and vehicle attitude. 
complexity but offer tradeoff solutions for blending the two systems in an 

optimal manner. 

The effectiveness of each system. varies with 
In general, an APS is the 

As the dynamic 

These additional characteristics add 

The problems associated with stability and controlability of a shuttle 
a r e  considerably different from that of an airplane. 
a r e  mainly as follo.vs: 

The reasons for this 

1. The dynamic reaction varies drastically during the entire 
shuttle reentry phase of flight but is fairly constant for an 
airplane in flight. 

2. Shuttle reentry flight covers hypersonic, supersonic and 
tramsonic phases of flight in a very short time. This is in 
contrast to the airplane in flight which covers a relatively 
narrow range of Mach number. 

3. The angle of attack for the shuttle reentry flight is very large 
for a major portion of reentry flight and changes fairly rapidly. 

The effort that is devoted in this study to ensuring that a finished shuttle 

They a re  directed at setting up and 
will have adequate reentry flying qualities is made in the direction of mathe- 
matical analysis and hybrid computation. 
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solving the complex equations which describe the behavior of a shuttle in 
reentry flight. 
upon the general perturbation equations of motion of the shuttle and its con- 
trol system. 

The analysis of the disturbed motion of shuttle reentry rests 

The perturbation equations of motion of the shuttle a r e  given in Appen- 
The reentry control sys?em controls angle of attack and bank angle in dix A. 

response to guidance commands occurring during various reentry pha8eS. 
The APS utilizes thrusters, which a r e  hard mounted to the airframe, to 
generate control moments. The basic feedback control laws used in the 

following analysis a r e  

r 

r 

r 1 

(4.2-1) 

(4.2-2) 

K 32 a re  the A P S  feedback gains; ac and 4, are the angle lx’ , where K 
of attack and bank angle commands, respectively; and Exc, E 
a r e  the roll, pitch and yaw thruster command signals. 
signals command the respective thruster to fire in either a bang-bang 
switching manner or a digitized switching manner, as shown in Fig. 4.2-1. 
The aerodynamic control is accomplished by the ailerons, rudders and 
elevons. The basic longitudinal and lateral-directional feedback control 
laws used throughout the hypersonic and transition flight regime a r e  the 

and EzC YC 
These command 

following: 

Kn 6 ec = -Ka(a - ac) - 
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I 

max M 

I -- 

Mmin = Nhirnum AvailaUo APS 
Coatrd Uonmar 1 

- 

k 

I __I_F 

E EsEd E 

Fig. 4.2-1 - APS Control Switching Lines 

where & and &,, a re  the aileron, elevon and rudder deflection commands; ec 
K K ; Kmj KDRj KRR a r e  the aerodynamic control 

Q 
and KVwS KDAS KmS 

feedback gains. These feedback gains can initially stabilize the shuttle reentry 
flight. 
controlability of the shuttle; however, the basic method used in analytical and 
hybrid computer analyses remains unchanged. 
surfaces and the hydraulic actuators can be expressed as: 

Additional feedbacks can be made to further improvs the stability and 

The dynamics of the control 

(4.2 -7) 

(4*2 -8) 
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where K6av, KgeV, and Khrv are the actuator time constants. 
control surbce  feedback gains in the above equations can be determined by 
mathematical analysis or hybrid simulation and optimization, 

discussion of feedback gain oynthesie for aerodynamic control which can 
yield desired closed-loop vehicle characteristics will be given in Section 4.3. 
It uses a simplified form of the shuttle equations of motion (Eqs. (4.1-16) 
through (4.1-20) ) and the aerodynamic control laws given in Eqs. (4.204)~ 

(4.2-5), and (4.2-6). 

All  the aerodynamic 

A detailed 

A block diagram of a digitized APS controller is shown in Fig. 4.2-2a. 
If the digitized switching line is approximated by a linear switching line with 
an abpropriate slope as shown in Fig. 4.2-2b and a random noise, then the 
original block diagram can be redrawn as shown in Fig. 4.2-2c. 
approximation enables tbe nonlinear digitized APS controller to be analyzed 
by linear techniques. 
approximately one-twelfth the square of a step. 
treated as uniformly districuted noise. 
tem is ignored in the analytical study but can be easily investigated through 
the high-speed hybrid simulation. 

This 

The mean-square value of the linearization error  is 
The random noise may be 

The random noise effect on the sys- 

To facilitate the linearized APS analysis, and the blending study of 
aerodynamic surface control and APS control, all the time-varying coeffi- 
cients and control signals related to  the APS are redefined as: 
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Nonlinear Control Element - 
Controlled 

I System I 

(b) Block Diagram of the Original System 

t 
Mmaz 

Mmin 1 

Ed = 1/2 Error S ina l  Deadband Width 

E, = Hyotrrcais Zrror Siinal 

Mmax = Maximum Available APS 
Coatrol Moment 

a hiinimum Available APS 
Control Moment 

The rtatrcara awttchine liw ir apptox- 
ha ted  by rtrailht fino. in the oimul.Uom. 

(b) Linearized Digitized Switching Lines 

Noie e 

Yl-1 Dynamic 
System 

C J 

I 

I Feedback 
Element 

5 

4 L 

IC) Block Diagram of the Linearized Syrtem 
Fig. 4.2-2 - Approximation of a Digitized APS Controll Z< System 

to a Linearieed APS Controlled System 
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where (&(k>j'- 8 . D  (6rImx are the maximum values of -tp), . . . 
6,, respecllvely. Equations (4.1-16) through (4.1-20) can be rewritten as: 

4 

a = KIP + KZa t K3q + K4$ t (4.2 - 1 0) 

4-1 3 

(4.2-1 1) 

(4.2 - 12) 

(4.2-1 3) 

(4.2 - 1 4) 
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* 6* = f are u u d  (Le., idealized APS * * * 
W 

c 'ec 'e 1 rc where baC 

control d~camics). Since K G ~ ( ~ ) ,  K; ; m d  K17Q(p), K 1 8 5 ( p )  
and K19fs(p) are of higher order of magnitude in comprriuon with the 
rest of terms in Eqs. (4.1-16) and (4. I -17), respectively, they a re  omitted 

to  simplify the investigation, 
(4.2-2). and (1.2-3) can k~ written as 

The APS control laws given in Equ. (4.2-1). 

* * cosao) - Kmp ac 

* 
6* = -K (a - ac) - ec a 

(4.2-1 5) 

(12-16) 

(4.2 - 1 7) 

where 

Clearly, -80 (4.2-10) through (4.3-14) are the linearized perturbation equations 
oc motion for shuttle reentry with linear cantrollers. The aerodynamic control 
laws a re  the Rame as those ginve by (4.2-4), (4.2-5), and (4.2-6). The 
APS control laws a re  given by Eqs. (4.2-Ir), (4.2-16), and (4.2-17). 

techique deveiooed for synthesizing aerodynamic control surface feedback 
gains  an be adapted to  the determination of linearized APS control feedback 

gains. 
to be zero; whereas in the APS control gain synthesis, &a, 6, and 6, a r e  * assumed to be zero. 
that they have the ei.me .maxima as 6,, 6, and 6, . Therefore, Kzz and 

The 

In the aerodynamic control gain synthesis, at ,  6: and 6; a r e  assumed 

From the definition D f  a:, 6, and 6 f ,  it can be ~ e e n  
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can be considered as the meamre Qf control effectiveness of the aileron 
and roll APS thrusters an roll, respectively. Similar relationships hold for 

KZ3 and KZ3 can be K31 and Kfl 
considered as the measure of the cross coupling effect of the rudder and 
yaw APS thrusters on roll, respectively. 

K3* and K38 on yaw. 

the time-varying control effectiveness coefficients of GDC-B9U booster 
for the entire reentry flight. 
general, be found for each axis: APS control dominant regime, and transition 
regime {both APS and aerodynamic control effective). 

* * 
onpitch, and Ks9 and K39 on yaw. 

A similar relatianship hoids for 
An order of magnitude ma lyds  its performed OSL all 

* 

Two regimes of control effectiveness can, in 

Since aerodynamic a e c t s  are vtry s m a l l  in the APS control dominant 
regime, the terms involving aerodynamic effects can be omitted from the 
control ;?nalysis. 

phase plane design of the APS controller can be easily performed. 
detailed design analysie will be given in Appendix E.) The rotational equations 
of motion reduce to 

The resulting equations of motion a r e  so simple that a 
(A more 

. A 

R = -  A L A M /i N P = I, 
A 

1: Y 

A 

t I Q = I, (4.2-18) 

All three equations a r e  similar in form. 
must be analyzed. 
command; then the errror  (e ) and the error  rate (e2) in angle can be 
written as 

Therefore, only one of the equations 
A 

Let P = 8 and 8, = c o n m t  angular displacement 

1 

= e - e ,  e2 = -e '1 C 

The rotatianal equations of motion for the x-body axis can be rewritten as 

(4.2- 1 9 )  

(4.2 -20) 
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I 
X The el - phase plane trajectory for c a s t  - is 2 L 

(4.2 -2 1 ) 

w h s e  Z ( 0 )  and rZ(0)  are the initial conditions in error  and error rate. 
The trajectories for various lI&/Il are given in Fig. 4.2-3. A sketch of 
the switching curves a r e  shown in Fig. 4.2-4. 

for minimum control torque levd based on minimum time criterion are two 

segments of the parabola given by 

1 

The optimum switch curves 

cmtrolled region is dictated by 
to be reduced to zero. 

L1 The size of this minimum torque level, 
the tolerable time for an error of <e ( 0 ) )  

the tolerable time for error (6 ( 0 ) )  

size of the controlled regim, etc. The optimum switching curves are 
determined by the trajectory passing through 

Similarly, 1 1 
to  be reduced to zero determines the 

1 2  

controlled by torque %, and trajectory passing through 

controlled by torque - Lz. 
defined by 

Thesr two segment-. of switchkg curves are 

(4.2-2 3a) 
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Fig. 4.2-3 - Phase Plane Trajectory for Various l&/Ll 

LI < Y L 3  
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Fig. 4.2-4 - Switching Zones far a Digitized A P S  Controller 

1 
Rate Gyro 

e - 

Fig. 4 2 - 5  - Block Diagram of the Digitized Roll Controller 
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and 

(4.2 -2 3b) 

The same approach can be applied to  the determination of the segments of 
the switching curves with higher control torque levels. 
grammed controllers a re  neither time u p t i m k  nor fuel optimum but can be 

considered as a compromise between the two. 

on a single torque level APS controlled rystem is analyzed in detail in 
Appendix E 
a r e  also derived in the same Appendix E. 
roll controller is shown in Fig. 4.2-5. 

The resulting pro- 

The effect of a time delay 

The optimum switching curves for a system with time delay 
A block diagram of the digitized 

The iineariaed APS approach provides feedback gain scheduler, whereas 
the phase plane approach gives o p t b u m  switching curves. 
can be easily implemented; however, the linearized APS approach provides 
a method to tailor the system for the desired closed-loop characteristics, 
and is capable of p--oducing (lin phasew1 uperation with the linear aerodynamic 
surhce control system, 

Both approaches 

A block diagram of the preliminary longitudinal and lateral-directional 
flight control system is shown in Fig. 4.2-6. Two blenriing logic schemes 
!cringle control system aperation logic and mixed systems operation logic) 
a r e  investigated iu the region where both APS and aerodynamic control a r e  
effective. 
disturbance, acd feedbacks to  select a system for control. 
effort, M, , for each axis can be expressed as the s u m  of aerodynamic and 
A P S  control efforts 

The single c a t  -91 system operatian logic uses input command, 
The tutal control 

and 

(4. 2 -24) 
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where 

* * *  
6* = 6,, 6e, 6, 

for roll, pitch, and yaw, respectively; (&(a)),, and (Mc(p))- a r e  the 
maximum aerodynamic and APS control efforts, respectively. 
puted aerodynamic control burface command 6, is smaller than the deflection 
limit, 6-, then aerodynamic control is used 

If the com- 

M C =K6, 

Otherwise, if diC2 > 6-, APS control is used 

as shown in Fig. 4.2-7a, where 6z2 corresponds to  the computed APS command 
with no aerodynamic control. 
input command, disturbance and feedbacks to decide whether aerodynamic con- 
trol effort is sufficient to meet the required performance and to provide 
appropriate APS fir ing commands if additional control effort is required for 
producing the desired performance. For 6,. > 6-, then 

The mixed control systems operation logic uses 

W C 2  - 6- ) /K* is used to determine firing command For hC1 < 6mx , 
then 

M = K bc1 
C 

Therefore, in this case, APS control can be viewed a s  an extension to aero- 
dynamic control as shown in Fig. 4.2-7b. 
control efforts a r e  assumed to  be the same as for aerodynamic control for 

The coupling effect of the APS 

. 
4-2 1 
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(a) Single Control System Operation -Logic 
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(b) Mixed Control Systems Operation Logic 

Fig. 4.2-7 - Two Blending Logic Scheme8 
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simplicity. This mixed control systems operation logic allows the chahge 
and 6.- without compromise in performance by increasing the 

Of dmax 
APS control effort, and ha8 a higher controlability and flexibility. 
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4.3 CONTROL GAIN SYNTHESIS 

The determination of stability and control characte ristics from vehicle, 
environment, and wind tunnel data has become an important part of flight study. 

As the reentry vebicle flies in wide range of Mach and altitude regions, there 
is the need to determine the various influences on stability characteristics 
and to predict flight behavior. The analysis and optimization of a reentry 
vehicle-control system is best accomplished through servo analysis techniques 
in which the vehicle is considered as a transfer element. 
the dynamic pr aperties of the vehicle a r e  defined by a series of transfer 
functions which relate output quantitiee (various vehicle motions) to input 
variables (usually control motions or external disturbances). 
fer functions a r e  readily derived from the linearized and Laplace transformed 

vehicle equations of motion (Eq. (4.1-16) through (4.1-20) ). The coefficients of 
these transfer functions a r e  composed of combinations of vehicle nominal states, 
vehicle stability derivatives, inertial, and gravitational pararnetcrs. These 
transfer function -arms a r e  widely used in work involving stability and con- 
trol, handling qualities, automatic flight control, etc. 
into ratios of first and second order polynomial products and gain factors. 
The gains, poles and zeros thus obtained define the fundamental properties 
of the dynamic elements. 
synthesis methods and in response calculations. 
is time consuming since most of the polynomials involved a re  of third or higher 
order and include time-varying coefficients. 
higher order polynomicrls a r e  difficult to define in terms 3f  the transfer 
fu-&ion coefficients or of the stability parameters. 
t o  the response characteristics in a very complex manner. 

In this approach 

These trans- 

They can be factored 

They a re  essential in most servo analysis and 
The factorization required 

The poles and zeros of these 

These a r e  both relatea 

It is highly desirable to decompose a fairly complete transfer function 
This simplification form by the use of fewer airframe degrees of freedom. 

can help in: 
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1. Dcveloping the insight required for the determination of 
airframe automatic control combinations whLbh offer possible 
improvements in overall system complexity. 

2. Assuming the effectr of nriatiofis in stability derivatives 
upon vehicle reeponses. 

3. Showing the detailed effects of particular stability derivatives 
upon vehicle responses. 

The linearized rigid body equations deccribing the pertuzbed lateral 
and longitudinal airframe motion about the reference trajectory (Eqs. (4.1-16) 
through (4.1-20)) with zero initial conditions and inputs due only to control 
surface deflection can be simplified by omitting insignificant terms, and 
are given in Laplace transform style. 

Longitudinal Set 

(S - %)a - K3q = Kg 'e (4. 3-1) 

Lateral Set 

-KZoP t (S2 - KZ4S)4 - KZ6r = K 6 t %3.3r (4.3-4) 22 a 

The longitudinal motions of rigid airframe can be. eeparated into long 
period and short period categories. 
derivation of translatiom1 perturbation equation8 of motion has essentially 
eliminated the long period motion. 
to yield an approximation to the short period motion which is 4 relatively fast 
oscillation of angle of attack and pitch angle. 

The assumption of v = 0 used in the 

Equationt. 4.3-1) and (4.3-2) are known 
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The'lateral motions of a rigid airframe can be separated into spiral, 
roll subsidence and Dutch roll modes. The spiral mode involves at least 
two-degrees-of-freedom yawing and rolling and results in a very small root 
of the lateral characteristic equatians. 
ciated primarily with the rolling behavior of the airframe and is a large 
root of the lateral characteristic equation. 
fast oscillation of sideslip angle and yaw angle. 

The roll subsidence mode is asso- 

The Dutch roll mode is relatively 

The development of m airframe-control system tailoring procedure is 
needed in the preliminary design of a stabilization system to make the air- 
frame satisfy the missicm and/or performance requirements. 
examination of the control loop system shows that the methods OL aquivalent 
stability derivatives is very suitable to this type of analytical treatment. 
In order to  force attention upan the airframe rather than the control system, 
it is assumed in the following analyses that both the actuator and the sensor 

dynamics a re  ideal, 

A detailed 

In the equivalent stability derivative approach to closed-loop flight 
control analyses, a controller deflection is made proportional to an air- 
frame output motion dependent variable. 
a force and/or moment upon the vehicle, which is proportional to  airframe 
motion dependent quantities. 
airframe motion dependent force and moment can then be thought of as 

modifying a vehicle stability derivative. (That is, it augments or creates an 
effective airframe stability derivative.) Since the airframe transfer function 
approximation factors a re  given in terms of airframe stability derivatives 
having a, f3, p, q, r subscripts, the entire effect of gain feedback involving 
these quantities can be assessed directly from the augmented transfer 
function. 
of augmented stability derivatives, inertial characteristics, etc., the ties 

between the gain feedbacks and closed-loop operation can be established. 

This controller deflection imposes 

The action of the control system in producing an 

Since the characteristic roots a r e  expressed implicitly in terms 
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For longitudinal stability analyses, consider a control system consisting 
of a rate gyro which is oriented to measure the pitching velocity, and an 
angular sensor to provide angle of attack information. 
then moves the elevon in response to the gyro and semsor signals. 
and sensor dynamics a r e  neglected and the system as8umed is linear, the 
controller transfer function is 

The servo actuator 

If servo 

6 = -K (a-a ) - K q q  (4.3-6) 
eC a C 

With no command or controller disturbance inputs, this becomes 

d e = -Kaa - Kqq 

and Eqs. (4.3-1) and (4.3-3) can be rewritten as 

(S - + (K3 - K a )a + ( - K 3 +  K5 -Kq)q = 0 (4.3 -7) 

Clearly, the action of the control loop in this case augments all the longitu- 
dinal stability derivatives. By considering the controller operation in the 
above manner, one can determine gain feedbacks for desired closed-loop 

roots. Let the desired longitudinal abort period characteristics be defined by: 

(4.3-9) 

where and o a r e  the desired short period damping and frequency, 
respectively. 
Eqs. (4.3-7) and (4.3-8) as 

SP SP 
The longitudinal characteristic equation can be obtained from 

K + a 3  K t b 3  (4.3-10) 
2 q  2 q  
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whcre 

0 Equating coefficients of S1 and S terms in Eqs. (4.3-9) and (4 .3- lo) ,  
respectively, there results 

a K + a K + a3 = 24spusp (4.3-1 1)  l a  2 q  

2 b K  t b K  + b 3 = t d  
l a  2 q  SP 

Therefore K and K can be obtained from Eqs. (4.3-11) and (4.3-12) in 
terms of the coefficients of the longitudinal net of equations of motion and 
the desired longitudinal short period mode characteristics. 

a q 

(4.3-12) 

(4.3-1 3) 

(4.3-14) 

The gains schedules Ka(t), K (t) can be easily computed by a digital computer 
from the known value D f  time-varying coefficients of longitudinal equations of 
motion with fixed o and 4 . 

9 

SP SP 
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If the lateral controller transfer fwrctions a re  given ao 

( 4 , 3 4 5 )  

(4.3- 16) 

With no command or controller disturbance inputs# then 

and Eqs. (403-3)s ( 4 . 3 4 ,  and (4.3-5) can be rewritten a8 

r-- 1 

r are used 
where JxCp  $2 

The action of the lateral control loop in this caue augment8 all the 
lateral stability derivatives. 
dure a8 for determination of longitudinal gain feedbacks to obtain gain feed- 
backs from the above set of equations for desired clooed-loop characteristics. 

In principle, one can follow the same proce- 
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However, the algebra involved may be quite complex, 
lateral characterietice be defined by 

Let the desired 

or 

2 

'-It 1 2Sdr T T  Wdr] + [ T T  "dr ] so = 0 
r s r  s r  T 

where fdr and o . dr  
mode, and T, and T, a r e  the desired time lags of the spiral and the roll 
subsidence modes, respectively. The lateral characteristic equatian can 
be obtained from Eqs. (4.3-19) through (4.3-21) as: 

a r e  the damping and frequency of the desired Dutch roll 

S4 .t A3S3 t A 2 8  + AIS1 t AoSo = 0 (4.3-2 3) 

where p sinao(b, - cosao4z is used in the derivation for simplicity. 

Equations (4.3-16) and (4.3-17) indicate that there a r e  six gain feed- 
However, by equating coefficients of same order backs to be determined. 

in Eqs. (4.3-22) and (4.3-23), there a r e  only four algebraic equationa. 
additional conditions must be supplied. 
a r e  so chosen that the effect of the nominal angle of attach, ao, can be eli- 
minated from the computation of the gain feedbacks: 

Two 
For this case, these conditione 

+K35 = 0 (4.3-24) K37KvIA + K38KVIR 

K21 KVIR + K22KVfR + K 1 9  = 0 (4.3-25) 
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or 

The coefficients of Eq. (4.3-23) can be expressed as 

- %4 K K  39 RR - K40%5 - K38KRAKz3KRR 

' K40K23KRR ' 5 6  K K  38 RA 1 

(4.3-26) 

(4.3027) 

(4.3-28) 

(4.3-29) 

' K40%3KDR K38KRA%3KDRt K38KDA%6 

(4.3 - 30) 
K38KDA%3KRR 1 

AO = b39KDRK22KDA - K38KDA%3KDR 1 (4.3-31) 

Evidently, the gain feedbacks for the desired lateral characteristics can be 
obtained from Eqs. (4.3-28) through (4.3-31) if 

(4.3-32) ,* 

(4.3-33) 
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2 1  1 drudr 
T T  (-+ t 

s r s r  A1 = @dr T 

AO 

2 
Odr 

T T  s r  

(4.3-34) 

After much algebraic manipulation, the above equations can be reduced to: 

(4.3- 35) 

'6.bDR ' D5KDR 5 ' B4K4DR ' B3K:R t B ~ K L ~  t B ~ K ~ ~  t B~ = o  

r 1 

r 1 

(4.3-36) 

(4.3-37) 

(4.3-38) 

(4.3- 39) 

; D , D a r e  complex functions of the B6; cos , c2 0 2 where Bo . . . , 
coefficients of Eqs. (4.3-3) through (4.3-5) as well as Ao, AI and A3 obtained 
from Eqs. (4.3-35), (4.3-34) and (4.3-32), respectively. A digital computer 
must be employed to  solve the above set of equations and to compute numerical 
values for the gain feedbacks. 

Equation (4.3-36) has six roots. It i6 known that only real roots a r e  the 
realizable gain feedbacks, and all the complex roots a r e  eliminated. 
more, since Eqs. (4.3-29) and (4.3-33) have not been used in the above algebraic 
manipulation, they a r e  used to determine the best set of gain feedbacks. The 
simplest logic is to substitute each set of gain feecbacks into right-hand side 
of Eq. (4.3-29). 
puted value of Eq. (4. _ -  33) is chosen as the best set a€ gain feedbacks. 

Fbrther- 

Then the set which has numerical results closest to  the com- 

A digital computer ltSynthesislt program is written to compute all the 
gain feedbacks used in Eqs. (4.3-6), (4.3-15) and (4.3-16). 
of the plots of all the resulting synthesized gain schedules for the GDC-B-9U 
reentry is given in Appendix E. 

A complete set 
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4.4 REENTRY CONTROL RELATED PENALTIES AND SENSITIVITY ANALYSIS 

A major element in the determination of space shuttle APS and aero- 
dynamic blending logic is the minimization of control system related weight. 
It can be obtained by direct optimization of penalty functions which are formu- 
lated by the coordinated efforts of many disciplines such as aerodynamics, 
thermodynamics, structures and control. The sensitivity of the penalties are 
determined by each discipline by relating weight to factors associated with 
performance penalties such a s  trajectory deviations, dynamic response, APS 
and aerodynamic control effectiveness. 

4.4.1 Thermal Protection System 

Both the auxiliary propulsion system (APS) and the aerodynamic control 
system disturb the local flow about the surface of the reentry vehicle which 
leads to substantial increases in the heating near the locations of the A P S  en- 

gines or  aerodynamic control surfaces. 
tional structure weight is required. 
in the determination of this increase in weight. 
the increase in heating rate and the associated heating duration. 
rate determines the heat shield structural configuration which must become 
heavier as the heating rate becomes more severe. As ~ e e n  i n  Fig. 4.4-1 there 
is an increase associated with material changes at discrete temperatures as 

well as that expected from additional thickness requirements due to property 
degradation a s  the structural temperature increases. 
pulses, the insulation weights necessary to protect the inner structure of the 
vehicle may be determined. 
face on the insulation thickness a re  shown on Fig. 4.4-2. 

been performed which provide inputs to the overall blending study concerning 
the increase i n  thermal protection system weight. 
firing of the APS engines and elevon deflection for the GPC-B9-U booster. 

To withstand this added heating, addi- 

Two variables are of prime importance 
These are, the magnitude of 

Peak heating 

By summing all the heat 

The effect of the total heat absorbed into the sur- 
Two studies have 

These studies cover the 
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400 800 I200 l600 2600 2400 2800 
Surface Temperature (Fahrenheit) 

Fig. 4.4-1 - Undisturbed TPS Weights for Typical 
Construction on Space Shuttle Vehicles 

4-34 



LMSC-HREC D225700-1 

4-35 



LMSC-HREC D225700-I 

A PS Related Heating 

The existence of APS engines disturbs tne environment and creates 

additional heating of the vehicle in both the firing and cutoff modes. Figure 
4.4-3 shows the associated flow fields and heating dietributions which are func- 
tions of nozzle chamber pressure and nozzle exit size for the firing case, ond 
nozzle exit size only for the nonfiring case. A detailed investigation of the 
interference heating near the APS engines indicates that little or no increase 
in heating rate occurs for the case in which an engine is located on the leeward 
side. When an engine is located on the windward side, two different conditions 
m a y  occur: (1) if the engine is :iring, there is a separation region in front and 
bsck of the nozzle exit and a shock impingement region on each side of the exit 
sweeping backward along the surface; (2) in the cutoff mode no influence of the 
nozzle is felt upstream but inside the nozzle and immediately downstream of 
t h e  nozzle an increase in heating rate can be observed. Figure 4.4-4 shows 
three regions of interest for an interference heating study of a thruster firing 
out the side of a plate into a supersonic freestream. A l l  of these regions re- 
quire different types of analysis, and test da ta  are relied on heavily to provide 
engineering estimates of the interference heating. 
increased heating behind the thruster, is due to the reattached boundary layer. 
The average heating rate in this region is about 30% higher than the undisturbed 
heating rate. (2) Region 2, an area just ahead of nozzle exit, is normally 
subjected to separated flow when the engine is firing. 
sure is high in comparison with the freestream total pressure, the heating in 

this region is very high just ahead of the nozzle exit and the average heating 
is abou+ twice the undisturbed value. (3) Region 3, an area in the shape of a 
I t V t  extending behind the APS nozzle, is subjected to an  average heating Of 

about 60% higher than the undisturbed value. 

(1) Region 1, an area of 

Since the chamber pres- 

. 
The average heating rates for clean body, q(clean)t near the yaw thrusters 

The heating rates for firing and cutoff modes can be approximated by 
can be defined for a reference trajectory and is given in Fig. 4.4-5 a8 a function 
of time. 
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Fig.  4.4-3 - Influence ob Firing and Nonfiring APS Engine on 
Local Surfixe Heating Rate 

Fig. 4.4-4 - Three Regions of Interference Heating Studies 
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. 
1.7 q 

Q (firing) (clean) (4.4- 1) 

(4.4-2) 

amd 20 

can be 

where 

2 The affected areas on each side of yaw thrusters are 300 ft for firing mode 
3 

Et' for cutoff mode, respectively. The equilibrium wall temperature 
computed from 

1/4 1 /4 T eq. wall = /(Qd 

e = 0 . 4 7 4 ~  Btu/ft2 - OR4 and 6 = 0.8. Then 

(4.4 - 3) 

- 1/4 
eq. wall(c1ean) - Qtclean) T 

1/4 = 1360 q eq. wall(nonfiring) (clean) T 

The equivalent wall temperature is then used to determine the unit shingle (or 
skin) weight, ws, as given in Fig. 4.4-1. 
can be expressed as 

Since the total shingle weight required 

(4.4-4) 

it can be computed for the entire reentry flight and is shown in Fig. 4.4-6. 

TPS shingle weight penalty due to firings can be expressed as 
The 
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(4.4 - 5) 

where t# is the time firing is actually taking place and 
& 

6(tf - t) = 1 for t = tf 

= o f o r t  #tf 

It can be seen that the maximum weight saving attainable is approximately 8ON. 
Evidently, the shingle weight penalty of TPS is very insensitive to the firing or  
nonfiring at anytime in the reentry flight. 

The increased insulation weight can be obtained from the curve of insula- 
tion thickness versus integrated heating rate (Fig. 4.4-2). It is computed for 
continuous firing for the entire reentry flight and is also shown in Fig. 4.4-6. 

The TPS insulation weight penalty due to firings can be expressed as 

(4.4-6) 

th where tfs(i) is the starting time and tfe(i) is the ending time, both of the i 
firing. The total insulation weight for yaw thrusters with continuous firings 
is approximately 100 N; therefore, the insulation weight penalty is very in- 
sensitive :? the number and durations of firings. 

Control Surface Related Heating 

The prediction of aerodynamic heating distributions on a deflected control 
surface is difficult because of the complex inviscid-viscous flow field inter- 
actions coupled with flow separation which m a y  be either laminar, turbulent 
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Fig. 4.4-5 - Heating Rates for Clean Body Near Yaw Thrusters  
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Fig. 4.4-6 - Sensit ivit ies  of Yaw Thruster TPS Weight 
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or transitory. A l l  of these require different types of analyses, and the en- 
gineering estimate of the interference heating depends on both theoretical as 
well as test results. 
From the results of Refs. 8 and 9, the heating trends i n  Region 1 are found to 
(1) decrease at the beginning of separation, (2) hold nearly constant over moet 
of the separated region, then (3) rise sharply near the compression corner. 
Though the consistency of the data leaves much to be desired, the net heating 
ir, 3-gion 1 appears to average quite close to the undisturbed value. 
length of the flap (Region 2) is large compared to the boundary layer thickness, 
the heating rate will rise sharply to a peak value then stay fairly constant until 
the expansion at  the back of the flap causes a sharp drop in the heating rate. 
The average heating in Region 2 was evaluated from a study of a variable span 
flap at Mach 8 and Mach 15 (Ref..5). 
to be about 50% of the peak value. A f t e r  the average heating rates have been 
defined for a nominal trajectory, the TPS weight penalty can be evaluated by 
calculating the equilibrium wall temperature as a function of time. 

Figure 4.4-7 shows that there are two regions of interest. 

If the 

The average heating in Region 2 was found 

Figure 4.4-8 shows the heating rate on the elevons as a function of tra- 
jectory time and deflection angle. 
deflection angle can approximately be related to the zero deflection angle as 
follow s 

The heating rate for a non-zero elevon 

where tie is the elevon deflection angle. 
be expressed as 

The equivalent wall temperature can 

(4.4-7) 
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Fig, 4.4-8 - Heacing Rates  for Elevon at Various Deflection 
Angles 
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where Taw is the adiabatic wall temperature which varies somewhat through- 
out the reentry trajectory, A constant value of 5500°R for the adiabatic wall 
temperature may be used which is a reasonable value during the high heating 

rate portion of the reentry, Figure 4.4-9 shows the computed equivalent wall 
temperature at various heating rates, The shingle weight penalty for elevon 
deflection can be determined from the equilibrium wall temperature as 

(4.4-8) 

2 where A6e = 478 ft, Also w can be determined from Fig. 4.4-1 for an 
equivalent wall temperature corresponding to the deflection angle and time ob 
reentry, The sensitivity ob the shingle weight penalty at the designed deflection 
angle can be obtained from the equation. 

8 

where A6 = 6, - 6 This sensitivity i r  computed for the mort important 
0 edesign. 

portion of reentry and is-shown in Fig. 4.4-10. The b6U&tiOn weight pslpalty 
for elevon deflections can be determined from the insulation thickness which 
i8 a function total heating 

(4.4- 10) 

are the required where P =3.5 1 /ft for Microquartz. Also t(a,) and t(6e=O) 
insulation thicknesses at 6, and 6e=O, respectively, which are determined from 
Fig. 4.4-2 for  the computed total heating corresponding to the deflection angle 
and time of reentry, The sensitivity of the insulation weight penalty at designed 
deflection angle can be obtained from 

b 3  
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Thir sensitivity ir computed for the mort important portion of reentry and i r  

ala0 shown in Fig. 4.4-10. This figure rhows the TPS related elevon weight 

penalties are very insensitive to the variation from derigned deflection angler. 

Following the same analyais as shown for elevon, the TPS related rudder 

weight penaltier are found to be very insensitive to the variation from derigned 

deflection angles. 
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4.4.2 Structural Weight 

The general analysis of weight-strength characteristics of metal structures 
with a large number of design variables, side constraints and hi lure  modes, 

such as buckling or maximum tensile stress, is not feasible for the purpose of 
this application. It would require efficient nonlinear computational algorithms. 
Instead, it is possible to generate design tables for a small number of candidate 
designs in which just a few design variables a re  left open. 
structural weight to be found instantly for a large variety of loading intensities, 
although the absolute optimum weight cousidering all possible design variations 
may not be reached exi*ctly. 
possible to predict weight trends caused by loading from fligkt control mechanisms. 
Figure 4.4-11 showsan additional aerodynamic control force near the tip caused 
by a control surface deflection. 
between the control surhce  and the main wing. 
bending moment through tension and compression Nx. The spars carry the 
shearing force V along. 
to  reduce their buckling length. 
which approximates the structure by bare and shear panels. Lockheed- 
HuntsvilXe's fully stressed design program can be I-. ed to determine the 
relation betweem the optimum design weight and the aerodynamic load condition. 

This allows the 

Design tables cf this kind, however, make it 

This force generates a moment on the hinge 
Wing skin carries the resulting 

The ribs provide intermediate support for the covers 
A finite element model can be constructed 

A finite element model for the Booster B-9U main wing has been con- 
structed and is shown in Fig. 4.4-12. It consists of bars and shear panels. 
For each bar an initial ar;d a minimum cross section area and an allowable 
tensile and compressive stress is chosen, and for each shear panel an 
initial and a minimum thickness and an allowable shearing stress is chosen. 

Lockheed-Huntsville's fully stressed design program iteratively finds a de- 
sign in which all elements a r e  fully stressed unless minimum gages constrain 
the redesign path, 

The current model has 158 joints, 516 bars and 143 shear panels, a 
total of 659 elements. 
an initial effort the foilowing design loado were Ch06en: 

The material properties of titanium a r e  used. In 
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Fig. 4.4-11 - Wing Weight am a Fuaction of Wing Load 
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1. 

2. 

2 2 Uniform pressure of 16,760 N/m and 23,940 N/m on the 
wing surface. 

Hinge moment of 867,700 N-m total (as indicated in report 
SD 70-403-8, page m-12, by NAR and GP). 

The distribution of the hinge moment a m k g  ths three elevons was assumed 
a s  indicated in the sketch shown in Fig. 4.4-13. 

The results for this initial case show that 

1. The initial and the minimum gages were very conservative. 

2. The structure has enough strength reserve to carry the 
superimposed hinge moments. 

This is expressed in the small slope of the curve in Fig. 4.4-14a for a wing 

pressure Po = 16760 N/m . 
Fig, 4.4-14b for higher wing pressure Po = 23,940 N/m2. 
tional design details a r e  given in Fig. 4.4-15a, b, c for a uniform pressure 
Po = 16,760 N/m . Figure 4.4-15a shows the results of a design with zero 
hinge moment and with a tip deflection of 1.504 m, 

results of a design with a nominal hinge moment of 867,720 N-m and a tip 
deflection of 1.524 m 
1.5 * nominal hinge moment and a tip deflection of 1.532 m. 

tation time for 10 redesign passes is 3.5 min, 

requires 21 sec computation time (CPU). 
four redesign passes due to rapid convergence, 
the design computation can also be performed for a vertical wing. 

2 The slope is seen to  increase slightly in 
The computa- 

2 . 
Figure 4.4- 15b shows the 

Figure 4.4-15c shows the results of a design with 
Total compu- 

One design point of the curves 

Similarly, if it is necessary, 
Computation can be stopped after 

Weight penalties for aerodynamic control surface deflections due to 
variation in hinge moment can be expressed in the following form 
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Fig. 4.4-13 - Hinge Moment Distribution Elevon 
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for elevons and the rudder, respectively. Equation (4.4-12) can be rewritten as 

(4.4-1 3) 

The terms in the squared brackets a r e  the structural sensitivities due to 
variations in control surface deflection from the designed value. 
is the slope of the curves in Fig. 4.4-14 and is a constant equal to 0.000365. 

'Hm( e )/a 6 e 
from an approximated equation derived in Appendix D. 

indicate that 

(aW/dHm(e)) 

is a function of time after separation and can be computed 
The computed results 

(T)s 0.025 (z) 
"e h 

(4.4-14) 

where (aW/a& ) 
variations in control surface deflection rates. 
weight pendlty sensitivities due to variations in control surface deflections a r e  
very small. 

is the hydraulic system weight penalty sensitivity due to 
e h  

It will be evident that structural 

To make the structure more sensitive to superimposed hinge moments, 
the minimum gage will be reduced. 
deformation will be checked for excessive tip deflection. 
sensitivity has been established, more realistic loading conditions will be 
formulated. 
moment, elevon deflection, Mach number, and sngle of attack. 
of this type of data has become available so far. 

In this case the effect on the overall wing 
When this weight 

This will require, most importantly, a relation between hinge 
Very little 

4.4.3 Hydraulic System 

Weight penalties for aerodynamic control surface deflection rate and 
deflection angle can be expressed in the following form: 
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where ~ i r  = i - idesign and A6 = 6 - bdesi.. The partials in the above 
equation a r e  functions of the aerodynamic control surface structural and 
hydraulic system weight which is determined by the control surfbce design 
hinge moment, deflection rate, and deflection angle travel. 
evaluate these partials, a weight analysis of the GDC/B-W booster hydraulic 
system has been performed for a range of hinge moment, deflection rate 
and deflection angle travel capabilities. 

In order to 

The weights of the various components of the hydraulic system were 
determined utilizing empirical formulas and data available. A block diagram 
showing the relationship between the hydraulic system component weights and 
the system parameters is presented in Fig. 4.4-16. 

The bulk of the hydraulic system weight is contained in the actuators, 
transmission lines, pumps, fluid, and accessory power unit (APU) weights. 
The remaining weight of valves, filters, switches, and accumulators is a 
small portion oflhe total system weight and may be neglected for the deter- 
mination of aerodynamic surface control related weight penalties. 

The design criteria used in determining the various hydraulic system 
component weights a re  presented as follows: 

1. Oz/% APU is used. 

2. Hydraulic system pressure is 3000 p s i  

3. The hydraulic system is designed to actuate the control sur- 
face at the design hinge moment deflection rate with a load pres- 
sure differential of 67% of system total pressure. 

4. Elevon and rudder maximum rates are not coincident. Hy- 
draulic maximum power requirements a r e  determined by the 
elevons. 

5. Hydraulic actuator6 a r e  sised by hinge moment requirements 
and not etifhress. 
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Hinge Deflection Line APUand Propellant Actuator 
Moment Rate Weight Pump Wt. Weight Weight 
(N-m) (deg/sec) (N+) (N) (N) (N) Surface 

20 9960 20,450 5790 24,400 Elevon 2.03% 10 

Rudder 1 . 0 8 ~  lo5 30 1342 ** . 360 1,310 

6 

6. 

7. 

8. 

9. 

Total 
Weight 

(N) 

60,600 

3,012 

APU weights a re  multiplied by 1.6 to include ducting and 
installation weightr. 

The servo motor in each servo actuator group requires two 
hor sepowe r. 

Typical elevon actuator moment a rm of 15 incher and rudder 
actuator moment a r m  of 12 inches a r e  arsurned. 

Fuel and oxidizer weightr a r e  multiplied by 1.5 to  include 
a hydraulic pump operation at reduced output and reduced 
e ffic iencr es. 

The detailed analysis of hydraulic eyetem component weight6 is given 
in Appendix C, As an example, results of this analysis for one hinge moment, 
deflection rate and deflection angle combination a r e  presented in Table 4.4-1. 

Table 4.4-1 

AERODYNAMIC CONTROL SURFACE CONTRJBUTION 
TO HYDRAULIC SYSTEM WEIGHT 

Includes weight of fittings, brackets, fluid, and rerervoir. 

System APU and pumps are sited by elevonr. 

* 
** 

The aerodynamic control eurface hyd'mulic ryrtem weight penalty 

partials derived from this weight analysis are prereated in Figs. 4.4117 
and 4.4-18. 

The payload penalty partials a r e  bared on hydraulic system component 
weight6 that were determined from the available design information. Ia 
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some instances it was necessary to make woight estimates based on genera’ 

assumptions and limited information. 
reviewed as the space shuttle booster hydraulic system becomes better defined 
and more design hforrnation becomes available. 

The payload penalty partials rhould be 

The elevon and rudder hydraulic system weigh+ penalties, given in 
F’igs. 4.4-17 and 4.4-18, can be expressed izr terms of hinge momants as: 

(4.4-15) e ) Ai Hm(e) 
AW = (100.0 t 7.80 * 

(4.4-16) AW = (-10.0 t 1.7 * %(e)) e 

AW = (20.0 t 2.5 * 1o04 ~ m ( r ) )  A i r  (4.4- 1 7) 
and 

t4.4- 18) *m(r)) r AW = (2.4 t 1 . 6 ~  

where AW is the variation of hydraulic syBtem weight, Hm(e) is the elevon 
hinge moment, and H is the rudder hinge moment. m(r) 

. . 
A& = &  - &  , A& = &  - 6  

e e ‘design e e eciesiga 

design r A& = &  - &  r _- r r desipd r A6 = iw - i 

Since the hinge moment coetficients and d.ynamic prenwrc alcng a given 
reentry trajectory a r e  functions of time, the hinge moments a re  functions 
of time and control surface deflection. 
deflection and deflection rate, the eenrritivities of the hydraulic system weight 
can be computed from the above equations. However, since the hinge moment 
coefficient data are not available at present, a method to approximate the 
hinge moment coefficients by using available aerodyno mic force coefficient 
data is obidned and is given in Appendix C. 

weight sensitivity data from 200 to 395 sec after separation a r e  shown in 
Fig. 4.4-19. 

For a given design control surface 

The co-pleted hydyaulic system 

Evidently the hydraulic system weight is very ~enlritive to 
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variations in the elevon deflection rate from 340 to 395 sec after separation 

(Le., from M c h  1.3 to Mach 0.75 range of flight). 
weight is sensitive to changes in rudder deflection rate and elevon deflection 
from 340 to 395 sec after separation. 

The hydraulic system 

4.4.4 Identification of Control System Weight Penalties 

Based on the control system related weight penalties and sensitivity 
analysis, the following results a r e  obtained: 

1. Thermal protection system weight is insenrritive to APS 
firing and nanfiring related weight. 

2. Thermal protection system weight is not too sensitive to 
maximum aerodynamic control surface deflection angle. 

3. Structural wei@t associated with aerodynamic control is 
not too sensitive to maximum aerodynamic control surface 
deflection angle. 

4. Hydraulic system component weight is very sensitive to 
maximum deflection rate from Mach 1.3 to 0.75. 

5. Hydraulic system component weight is rensitive to maximum 
deflection angle from Mach 1.3 to 0.75. 

From this analysis, then, it can be easily seen that the hydraulic system 
weight penalties associated with the elevon derlection, deflection rate, and 

rudder deflection rate a r e  of prime importance. 
can be incorporated into the control system optimization study by using 
them as components of a performance index 

These weight penalties 

= (E) Abe + (x) Abr + (E) Abe "e "r h 
Jhydraulic 
weight 

Since (aw/aa ) 

to  395 sec after separation, the computation' of this element of performance 
index can be limited to  the above mentioned time interval. 

(aW/abr)h, and (aw/@be)h a r e  important only from 340 sec 
e h' 
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Section 5 
HYBRID SIMULATION AND OPTIMIZATION TECHNIQUES 

5.1 PROBLEX AREAS IN HYBRID COMPUTATION STUDIES 

Several years of analog and hybrid computation at Lockheed's Huntsville 
Research & Ehgineering Center have pointed up a number of software problem 
areas that a r e  really cneountered throughout the entire simulation industry. 
Some of these are: 

0 Multiple human handling of data. 

0 High engineering involvement during the programming phase. 

0 Several single purpose digital programs a r e  developed for 
each study. 

a Setup time is very long. 

0 Verification of results is usually very difficult. 

Several of the computer manufacturers have s o h r e  packages that help to 

ease some of these difficulties but none cover all of them. Lockheed has 
developed a total hybrid softw, ,*e concept (Fig. 5.1-1) under this contract 
which is "user orieatedtn to largely eliminate all of them. It is a collection 
of very general digital programs that f%alk to each other" by punched cards 

or magnetic tape. 
of motion and prepare the hybrid computer for production simulation -80 

Raw data a r e  input to  a set of preprocessor programs (see Fig. 5.1-1) which 
manipulates it and produces a g8run tapet1 which permits very rapid setup and 
checkout of a hybrid problem. A digital simulation is employed in the pre- 
processing to estimate parameter ranges and to produce a dynamic check 

case. 

In this way they automatically process data for equations 

It is later used to verify the ultimate results of the hybrid simulation, 

All off-line programs a re  modularited and written in Fortran V for 
On-line programs ease of modification and understanding by an engineer. 
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a r e  written in Assembly language to save computer core space and to assure 
the shortest possible digital cycle time. 

5.2 STABILITY STUDLES AND PARAMETER RANGE ESTIMATION 

The initial t8guessest8 for the control system gains were synthesized by 

the program described in Appendix G. 

into the digital simulation program (Appendix H) along with a forcing function 
to generate the expected ranges of the program parameters. A diagram of 
this portion of the software is given in Fig. 5.2-1. 

These time varying gains were fed 

5.3 RUN TAPE GENERATION 

The single most important item that permits very rapid and automated 
digital and analog setup and checkout as well as rapid changeover from one 
vehicle or trajectory to another is the Run Tape. 
generation is given in Fig. 5.3-1. 
reduces the raw data and produces a set of punched cards which contain 
tables of the time varying coefficients of the equations of motion. 
coefficients, the expected parameter ranges and other miscellaneous data 
a r e  then input to the scaling and table setup program. 
that the programmer must produce his own wiring diagrams. 
set of data that must be input is a list of amplifier and integrator gains, 
both input and feedback. 
in magnitude. All inputs to integrators are from pots. This fact, plus an 

input time scale, a r e  used then to further scale the equations in time. By 
this method the problem may be time scaled over a continuous range from 
less than real time to approximately 1000 times real time. 

A diagram of the run tape 
The data preprocessor (see Appendix E) 

These 

It should be noted 
Then, one 

Using these data, all the parametere a r e  scaled 

After scaling the equations, each coefficient is scanned for its maxi- 
mum magnitude. 
time scaling. 
At this time the wiring may be changed to increase or decrease amplifier 
or integrator gains to properly size the coefficients. 

Then these values a re  scaled to reflect the magnitude and 
The equations of motion a re  then printed out with these values. 

It is a simple matter 
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to change a few gains on the circuit board and these can be reflected by data 
input card to the scaling and table setup deck. After any needed gain changes 
a r e  incorporated, the process of magnitude and time scaling is repeated, the 
coefficients scamed for maximum magnitudes again, etc. If the printout 
indicates the problem is scaled reasonably, then the total tables for all 
coefficients a r e  scaled. New tables a r e  produced for these coefficients 
using straight line interpolation, if  necessary, to produce a value of each 
coefficient for each Wata update point." These tables are then output to  the 
run tape. 

The term Wata update pointtt mentioned in the last paragraph brings 
This fast data up the subject of Lockheed's "Fast Data Transfer" method. 

transfer is one of the most significant feature of this software concept and is 
largely responsible for the rapid setup and checkout of the hybrid computer. 
Figure 5.3-2 illustrates this operation. 
the aileron control effectiveness coefficient described in Section 4.1 , is 
shown as it is produced by the data preprocessor. 
same coefficient as it is used by the analog side of the hybrid simulation. 
Instead of using diode function generators (DFG) to provide time wrying 
coefficients, tables are stored for each coefficient in the digital memory 
and these data a r e  periodically transferred to the analog computer by the 
digital-to-analog converters (DAC). 

The time varying coefficient Kzl, 

Below it is a plot of this 

The coefficients, as utilized in the simulation then, a r e  held constant 
over an update interval and changed by step input at the interrupt time points 
as shown in the blowup in Fig. 5.3-2. 

The frequency with which these data a re  brought over must be selected 
so that the dynamics of the system are not excited by the induced noise from 
the stairstep form of the coefficients. The shape of the time varying coeffi- 

cient curves a100 must be faithfully reproduced. 
'one-second (real time) update interval w a s  selected. 
carried out at 1000 times real time so that the updates were  made every 
millisecond. The digital cycle time w a s  short enough that the real time 

For the incident study a 
The simulation was 
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tasks could be completed in lees than one millisecond 80 that all coefficients 
could be braught over to the analog in parallel without putting the analog into 
tthold.lt As -'own in Fig. 5.3-2, the total 395 second trajectory was eimu- 
lated in 0. j;, seconds of computation time. 

A foolproof priority interrupt system is built into the digital side of 
the hybrid program so that if digital cycle time exceeds the update interval, 
the problem is put into hold and the computer operator is notified by the on- 
line printer. 
whatever increment required to allow the digital cycle time to again be less 
than the update interval simulation period. 

At this point the problem may be scaled down in time by 

Referring again to Fig. 5.3-1, the static check preprocessor deck sets 
At this point any up and prints out a complete list of the analog pot settings. 

wiring changes may be made to bring all pots to a reasonable setting, i f  

required. The pot settings a r e  then recalculated and printed out. 
ing this a complete static check is generated based on the gains, pot settings 
and initial conditions (IC) that have been determined. 
printout components are listed for possible overloads or other undesirable 
conditions and the IC's may here be altered to regenerate a more reasonable 
static check. 
the run tape. 

Follow- 

The output of all 

The pot settings and the static check are then both output to 

At this point the user has in one piece of equipment all he needs to com- 
pletely setup and checkout his analog boards in a very rapid and efficient 
manner. Assuming no wiring changes a r e  required, several run tapes may 
be generated for various vehicles and trajectories, each available for rapid 

setup and checkout interchangeability. 

5.4 HYBRID COMPUTER SETUP 

Assumming no hardware malfuncdona, the hybrid computer may be 

setup and checked out within five minutes, using the run tape as input. 
Figure 5.4-1 illustrates this process. The digital computer is first loaded 
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with the data tables, static and dynamic check instructions, and the 

digital program for the real time process. 
set and a list of their settings is printed out. 
tolerance a r e  flagged on the printout so that they may be corrected. A 
static check follows automatically, again with a printout flagghg out of 
tolerance analog components to simplify troubleshooting. 
a r e  then set and a dynamic check run is made. 
match a plot of the digital simulation output. 
and digital sides, a r e  now ready for engineering simulation studies. 

"he pots a r e  automatically 
All pots out of a prespecified 

Initial conditions 
This dynamic check should 

The computer, both analog 

5.5 HYBRID SIMULATION AND VERIFICATION 

k ,gure 5.5-1 illustrates the hybrid simulation and verification process. 
An engineer has several parameters that will ellible him to ttengineerlt his 
desired solution. 

Then one or  several parameters or paiameter ranges m y  be changed by 
card input as judged by the engineer and the runs repeated. 

Several trajectories may be simulated very rapidly. 

When the ultimate design or designs a r e  produced, the conditions pro- 
ducing them (disturbances, gains, etc.) are input io the digital dynamic simu- 
lation (Appendix H) and the resulting output is used for verifying the hybrid 
results. 
perienced for all simulations that have been compared. 

Very close correlation between the two programs has been ex- 

5.6 SUMMARY OF TOTAL HYBRID SOFTWARE CONCEPT FEATURES 

Considerable effor5 has been expended under this contract in che 
development of the very general set of programs comprising the total hybrid 
software package. This unusual amount of work was performed at this time 
to allow future studies to be much more efficiently handled to save manhours 
and computer time. 
follows : 

A list of the salient feature of this set of programs is as 
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0 

0 

e 

0 

e 

e 

0 

Rapid, automated problem and computer setup 

Flexible on-line engineering interface 

Minimum human off -line involvement 

Independence of vehicle configuration and trajectory 

High speed operation 

Ve rification capability 

Maximum flexibility for modification 

It is felt that this unusual effort has already paid off in efficiency and w i l l  

become of even greater importance in future studies. 
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Section 6 
OPTIMIZATION RESULTS 

This section presents the results obtained during the optinnitation of 
blending ratios for b& the Ascent and Reentry Phases of the shuttle. 

6.1 ASCENT 

The objective during this study was to maximize payload injected into 

orbit by optimizing the blending ratios of the aerodynamic control surbces 
of the shuttle subject to the possible occurrence of two adverse winds during 
ascent. were to be optimal time-varying The blending ratios k , k , k , k e r a c  
schedules which blend the optimal schedules of aoe, ale, ao+, al+, bw, ao6, 

obtained from Contract NAS8-25578. 
a14 

To achieve the above objective it was necessary to formulate perfor- 
mance criteria which a re  functions of all control-related payload penalties. 
Reference 1 details the formulation of the payload sensitivities associated 
with peak structural loads, peak engine gimbal angles, peak binge moments 
and peak trajectory errors. These formulations combined with the virtually 
free choice of selecting performance criteria, the realism of rapid analog 
dynamic simulatims and the powerful gr-.dient minimiation technique assure 
an ideal design tool to achieve the above objective. 

The following performance inder comprises the major payload penalties 
which depend upon flight control system performance: 
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6 3 

where 

P =  
- Ri - 
- bi - 

3 r  1 

m = l  

plyload penalty or decrease 

forces at the booster-orbiter interfrce 

-in booster engine gimbal angles for roll, pitch, yaw 
control including dtrh 

deviations from reference trajectory in x, y, t direction 

velocity e r rom with respect to reference trajectory in 
x, y, z directionr 

hinge moment due to rerodynrrnic eurfhce deflection 

The 8ubscript lloll denotes design value8 corresponding to the nominal pap- 
loed capability. 

The design goPC1 of maximum payload can then be achieved by minimia- 
tian of thia payload penalty functional J*. 

In order to avoid excessive angular rater by the vehicle in respase to 

gust-type wind disturbances, an additi-1 corrt functional was formulated: 

6 -2 

dt 
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- 0 .  

where 6, 9 ,  4, a r e  the roll, pitch, and yaw rates, respectively, and the 
subscript "MEn1 denotes maximum expected values. 
coefficients reflecting the design constraints imposed on the vmrioum vehicle 

rates. J" should be kept small to assure smooth flying qualities. 
(J) *and (Jn9)can be readily combined into a single performance criterion 

q i  and q$ a r e  weighting 

The criteria 

J = J' t qJ" 

which makes possible the minimization of all payload penalties while a weighted 
flying quality criterion qJWn is simultaneously satisfied 

All three weighting factors (q, 4, q 0 )  a r e  directly related to well- + 
established design guidelines concerning admissible angular rate8 and 
therefore easy to adjust after a small number of trial optimis8tions, 

This is a major advantage over quadratic form J htnctioarls, where 
a large number of wei@ting firctors with liffle or no physical meaning must 

be selected by trial and error. 

Figure 6.1-1 shows pitch plane results for %A where this J function 
for maximizing payload was implemented. 
booster/orbiter r8ar attachment points were found to  have the strongest 
impact on structural weight requirements and associated payload penalties. 
The dynamic simulation generates time histories of all  major terms in this 
payload-related performance measure. 
a r e  sampled during simulstion and trajsferred to the performance analyzer 

at the end of each run. 
Fig. 3.3-1. 

6 e  structural loads at the 

Peak values Ri-, bj-, . . , 
The interface geometry and notations a re  shown in 

The major payload penalty term 
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is arsochted with the resultant force R,, 

R r = d m y -  

A A 
which ia  the vector sum of %=, R3= and $4ye In the absence of sidewinds 

and lateral motion (yaw, roll, mideslip) , Rr acts in the t-direction of the 
vehicle. The 
nominrl design Vrlue for thio load was 8sswned to be 

-L 

A 
In general, however, Rr acts slightly out of the pitch plms. 

(Rrol = 4r 10 5 N 

m y  loads in exce86 of R were therefore accounted for in determining r0 
888OChted payload pe8l81tie6. 

The second largest effect on payload is due to maximum engine gimbal 
angle requirements for pitch plane deflections as required for pitch and roll 
corrections. It was asaumed that the vehicle design was based on 

gimba! ingle requirement. 
therefore accounted for in determining the payload penalty 

Engine deflections in excess of 7 degrees were 

and -%) are 
Time histories of these two major payload penalties (APR 

included in all recordings of vehicle response. 
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Typical results a r e  shown in Fig. 6.1-1, which shows responses to the 
headwind profile aw,(t) for constant gain pitch plane controller, optimal 
pitch plane controller, and optimized elevon blending ratio ke. 
shows some responses to headwind profile ctwB(t) . 
of aoe(t) and a 
under another contract (NXS8-255’78). 
the top two strips of Figs. 6.1 -Ib and 6.1 -2b. 
programmed on diode function generators and the blending ratio ke(t) was 
set up to  be optimized.. 

schedules is shown ir Fig. 6.1-IC and 6.1-2c for winds awA(t) and QwB(t), 

respectively. 
response using cor,stant gain controllers of a 

Figure 6.1-2 
The oDtimal schedule 

(t) (the pitch plane contra,.. .r feedback gains) were obtained 19 
The optimal schedules a r e  shown m 

These optimal schedules were 

The shuttle response to the resulting optimal ke(t) 

Figures 6.1 -la and 6.1 -2a a re  included to  show the vehicle 
= 1.5,  a = 0.5 sec, and oe l e  

k = O .  e 

Dramatic reductions in payload penalty due to  structural interface loads 
at the orbiter’s two rear attachment points were achieved ( 1200 kg). The 
elevons assisted the gimbaled engine in allowing the vehicle to rotate more 
freely into the wind. 
response of 8 and a 
magnitude of g imbal  angle 6eT when elevons a r e  blended in. 

analysis seems to  indicate this may be caused by rapid transients of the 

engine being superimposed on the nominal response. 
t o  react much Easter than the larger elevon surface. 
back te rm into the blending ratio K,(t) would probably improve the 6eT 

response. 
for these initial adverse effects of elevon blending on engine gimbaling. 

These trends are easily seen when examining the 
One adverse effect was noted, it being an increase in 

A brief 

The engines a r e  able 
Removal of the 8 feed- 

b 

More study in this area would be needed to  determine the reason8 
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Fig. 6.1-2 - Shuttle Ascent (MDAC-20) Pitch Plane Respon:e to awg (headwind) 
for (a) Constant TVC Gain Controller, (b) Optimized TVC Gain 
Controller and ( c )  Optimized Blending of Optimal TVC Gain 
Controller 
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6.2 REENTRY 

The primary objective ‘of this etudy was to perform optimization studieu 
on the problems related to the booster reentry. 
of the optimization of the control eystem performance, the minimization of 
APS fuel coneur*r?tion and control syetem related weights and the optimum 
blending of APS and aerodynamic control. 

These problems consiat 

The optimization of the control system performance requires the for- 
mulation of performance criteria which a re  functions of the closed-loop con- 
trol system error. For this study, mean-square error  i e  chosen. Since a 
mean -square e r r  or performance function, 
more severely than small ones, the resulting system reacte quickly to large 
errors  but resonates for an extended period with relatively small errors. 

, penalizes large errors  much 

Then, 

395 395 

0 0 

where a l  and a2 are weighting parameters which a r e  used to adjust flying 
quality. 

Total APS propellant consumption for the control of 3 reentry vehicle 

can be expressed as 

395 

dt 
I zw sp - -  - 

Y 
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395 

are the total propellant expenditures for 
e (PI 

and W 
x (PI ' wY (P ) 

where W 
the control of roll, pitch and yaw axes, respectively; g, Yand a r e  the 
moment a rms  of the APS thrusters for producing roll, pitch and yaw con- 
trol moments, respectively; and I is the specific impulse. The per- SP 
formance function for APS propellant consumption can be written as 

where bl ,  b and b a r e  APS control quality weighting parameters. They 
a re  used t o  prevent over emphasis of fuel consumption res\;;:.ing in deterrni- 
nation of con. rol quality about an axis. 
the integral uf the absolute value of control moment penalizes the axis reqciring 
large control moments more heavily than the axis requiring smaller control 
moment 8. 

2 3 

This might otherwise happen becave- e 

The control system related weight minimization depends on the flight 

control system performance. 
discussion given in Section 4.4 is comprised of the following important terms 

The performance function based on the detailed 

tk,, , re  (dW/X(pI) = 0.0035 sec", which shows the adjustment in system weight 
Alro, (aW/aT 1 0.15, which due to the variation in total impulse I 

shows the adjustment in aystem weight due to  the variation in total system 
thrust T 
given a s  

(p) (PI 

The changes in total impulse and total rystem thrust a r e  
(PI 

6 -9 

LOCKHEED - HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



LMSC-HREC D225700-I 

The above mentioned performance functions can be used separately or 
jointly as 

and c3 a r e  design goal weighting parameters which are  used c2 where c l ,  

to adjust design err,phasis and a re  related to  well-ehtablished design guidelines. 

In order to evaluate the phase plane design of APS control, the raw and 
fine control law designed in Appendix E for single-levd torque it3 used in tb.e 
hybrid simulation of a hypothetical vehicle with & = 2.007 x 10 , 
I = 1.41 x l o7 ,  and I 

(Eqs. (4.1 -4), (4.1-5) and (4.1-6) ) a r e  used in the simulation. 
shows time histories of the vehicle al.gular - -  accelerations and angular rates for 

7 5 = 1.33*10 , 
6 = 0.2 x 10 . The rotationaT eq~atione of motion 

2 xz 
Figure 6.2-1 

A i  A 
In this figure, P, #A, and R a r e  directly related to  APS 5 deg attitude errors. 

firings. 
reduce error  and increase the absolute value of the error  until the attitude 
error  and error  rate satisfy the switching criterion. 
firing to accelerate the vehicle and reduce vehicle attitude error  and the abso- 
lute value of erroi '  rate until they aze eliminated. 

The APS is seen firing continuously to decelerate the vehicle and to  

Then the APS revers..s 

If the dynamics of the fuel control valve, etc., a r e  approxima: ?d by a 
simple time delay, the optimum switching laws used in the above simulation 
is no longer optimum and limit cycle behavior occurs. 
laws, which coniper.sates for the time delay GI the control logic, a r e  used 
in the simulation. Figure 6.2-2 shows the time history of the vehicle angular 

acce!erations and angular rate8 with ard without the control law modification 
for 10 deg attitude errore. 
dynamic response are achieved by using the modified attitude, control laws. 

The modified control 

It ie seen that marked savings in fuel and imprwed 
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Fig. 6.2-1 - Vehicle Angular Accelerations and Angular Velocities Versus 
Time During the Elimination of 5 deg Attitude Errors 

6-11 



LMSC-HREC D225700-1 

A 
P 

(rad/rcc- ) L 

6 
(rod/rtc2) 

A 
R 

2 (rcdstc  

h 
P 

(rod/mtc) 

8 
( r o d r c c )  

h R 
( r r d / r e c )  

Contol Logic Unchanged 

- .02 

0 

t .OL 

+.01 

0 

-.01 

-.Ol 

0 

+.01 

+.02 

0 

- -02 

+.O2 

0 

- .02 

t.02 

0 

- .O2 

0 sec 60 8tC 

Wit .h Control Logic Compcnrrtion 
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Time During the Elimination of 10 deg Attitude Errors and 
with a 0.14 Second System Time Delay 
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A preliminary hybrid computer optimization of the GDC/B-9U APS has 
been achieved. 
feedback gains for roll, pitch and yaw thrusters. 
mization was to  minimize the fuel consumption and optimize the control 
system performance. 

The optimization parameters a r e  the position and velocity 
The objective of the opti- 

The performance function chosen is 

The blending strategy for this initial optimization was to leave the elevons 
on all the time, to turn rudder and aileron on at 220 sec, and to turn the APS 
off at 240 sec. 

pulses at 20 sec intervals. 
pulse width of 10 sec. 

are approximated by straight lines as shown in Fig. 4.2-2, 

The chosen pitch and bank angle commands are alternating 
These pulses have a pulse height of 1 deg and 

The staircase switching . .  lines of the APS controllers 

The aero control laws used during APS optimization a r e  listed below 

Kqq 
6ec = -Ka(a - ac) - 

where all aero control gains a r e  time scheduled and a re  obtained from the 
control gain synthesis program. Figure 6.2-3a E;hows the aero controller 
block diagram. 
e r ror  and rate form 

The APS control laws for the simulation a r e  of the attitude 
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where all APS control gains are used as the optimization parameters for the 
minimization of the performance index J. 
controller block diagram. 
the pitch feedback gains first. 

yaw gains. 
gains. The runs were performed at 100 and 1000 times real time. 
shows the preliminary results of the hybrid computer optimization of the 

GDC/B-9U APS. 
times real time and 1000 times real time runs are very small .  

the optimization runs can, in the future, be performed at 1000 times real 

time. 
body axis during the final portion of optimization runs. 
the components of the performance function. 

Jerror 
using optimized APS gains. 
requirements for nonoptimized and optimized APS firings. 
it is seen that a marked improvement in control performance and a sizeable 
minimization in fuel consumption has been achieved. 
APS laws for the alternating pulse type disturbances are 

Figure 6.2-3b shows the APS 
The optimization w a s  performed by optimizing 

Then using the optimized pitch gains, optimizing 

Finally, using the optimized pitch and yaw gains, optimizing roll 
Table 6.2-1 

The optimized results show L A t  the difference between 100 
Therefore, 

Figure 6.2-4 shows the history of control moment required for each 
Figure 6.2-5 shows 

J(c) is the sum of Jerror and 
shown in this figure. Figure 6.2-6 shows the simulation results 

Figure 6.2-7 shows the history of control moment 
From these figures, 

The resulting optimum 

E = 1.42 (4 - 4 ) t 2.41 r 
2 2 ZC 

where angles a re  in degrees and rates in degrees/second. 

Figure 6.2-8 shows the simulation results with alternating pulse type 

These pulses have a pulse height of 0.04 degree 
of pitch and bank commands which a r e  equivalent to a triangular wave of 
pitch and bank commands. 
and a pulse width of 50 sec. 

fairly closely. 

The vehicle is seen to respond to rate command 
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Fig. 6.2-6 - GDC/B-9U Two-Degree Alternating Pulse Perturbation Responee 
During Reentry to 395 Sec After Separation Using the Optimized 
APS Gains. (APS turned off at 240 sec and operated by linearized 
switching lines. Lateral aero-controller turned on at 220 8ec. 
Elevons in Dperation through reentry.) 
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Section 7 
CONCLUSIONS AND RECOMMEN DA T fONS 

A practical design tool, which combines realistic simulation of vehicle 
and control system dynamics with an iterative gradient minimization scheme 
for near-optimal adjustment of design parameters, has been developed to 

perform the required tasks (Appendix I). 
formulate the design objectives in meaningful engineering terms. 
often requires close cooperation and cross talk between engineers and 
various fields to provide and integrate the necessary data for performance 
evaluation. 
effort then a c c a u t  for all the major and oRen conflicting systems aspects 
early in the design, 
a more economical design due to this total systems approach practiced at an 
early development stage. 

The designer is only required to 
This 

The optimal designs evolving from such a broad multi-disciplinary 

Therefore, extensive use of this tool can contribute to 

A m j o r  shortcoming of this design approach is its initial development 
stage, namely the time-consuming tooling-up effort for each new application 
has been overcome after various preprocessor programs b v e  been developed 
to operational s t a t u s  during the study for quick reduction of the trajectory, 
vehicle configuration and environmental data into a suitable form for control 
gain schedules synthesis, as well as hybrid and digital simulation. Although 
the development of these general purpose service programs has hampered 
the progress in hybrid optimization and simulation, a very efficient and 

versatile design tool has now been brought to  operational status which is 
readily applicable to a wide class of new low-cost shuttle concepts. 

The requirements for blending aerodynamic surface and TVC system to 
achieve control of the composite launch vehicle have been investigated. A 
bleading logic to achieve integrated control of the vehicle h a 6  been studied 
and optimized for maximum payload. Analytical #studies have been performed 
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to detcrniinc APS/aerodynamic reentry control effectiveness and the optimum 
b l c ~ i i d  o f  APS and acrodynaniic control. 
rclatcd wcight pcmalty functions and thcir sensitivities havc becn derivcd and 

analyzed. 
were obtained. 

Blcnding logic and control systcm 

Optimal adjustments for major APS control system parameters 

7.1 ASCENT 

The major advantages of this design technique became evident in the 
analysis of the space shuttle ascent control requirements for blending aero- 
dynamic surface and thrust vector control. 

The true total systems approach was required to identify important 
tradeoffs and parameters influential to configuration design, 

zation of all payload affected by the ascent control system was therefore chosen 
as the overriding design goal and a corresponding performance criterion was 
formulated. 
affected by ascent control system performance. 
weight penalties as indicated by the dynamic loads transmitted through the 
booster/orbiter attachment points, weight penalties associated with engine 
gimbal angle requirements, aerosurface hinge moments and trajectory 
deviations in position and velocity. 

The maximi- 

It consisted of the sum of all major payload penalties that are 
These included structural 

In the course of the computerized design and optimization studies, 
substantial reductions in these payload penalties were achieved in the commonly 
most critical flight region of high dynamic pressure in the order of 1200 lig. 
At a later flight regime when atmospheric disturbances have virtually tailed 
off, a tAajectory and configuration dependent region of high structural loads 
was identified which is alnjost insensitive to controller design, 
gains of more than 2000 kg could be realized if  the trajectory or configuration 
design were modified. 
disciplinary total system design approach where flight and control system 

dynamics, structural loads, and trajectory performance characteristics a r e  

simultaneously considered during early stages of vehicle design. 

Payload 

Such a finding proves the merits of this multi- 
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Thc pitch planc blending studies showed the elevons assisting the 
~iiiibal~xl cmgincs in allowing thc vchiclc to rotate morc freely into the wind. 

One adverse effect was noted during this study - it being an increase in 
magpitude of the gimbal angle when the elevons were blended in. A brief 
analy.3is indicated this might be caused by rapid transients of the engines 
being superimposed on &e nominal response since the engines a re  able to 
react much faster than the larger elevon surfaces. 
feedback laws for aerodynamic and TVC control would probably improve 
the engine f:mbaling response. 
improve these transi.?at response characteristic 8. 

Selection of different 

More study in this area would be needed to 

7.2 REENTRY 

A hybrid computer program for reentry studies has been developed. 
The major features built into this program are: flexible on-line engineering 
interface, high-speed operation, and applicability to a wide range of vehicle 
configurations and trajectories. 

Several other hybrid computer service programs have been developed 
to speed up and to computerize thc preparatory processes prior to hybrid 

c ornputat ion, 

Hybraulic system related weight penalties are sensitive to elevon and 
rudder maximum deflection rates and deflections in the reentry flight from 
340 sec to 395 sec after separation, but thermal protection system and 
structural weight penalties a re  insensitive for the entire reentry flight. 

Phase plane design of the digitieed APS control system is very 
attractive for the APS control damhaat region. 
ing curves which can be implemented by a simple digital computer program. 
The switching curves a re  time optimal in the sense of eliminating small sys- 
tem errors  in the minimum period of time corresponding to the minimum 
torque level by a single switching. For l a rge  errorb, a tradeoff is made 

It provides optimum switch- 
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between time-optimal and minimum fuel switching. 
reduced in a time-optimal manner to a lower level, followed by a gradual 
reduction in control torque magnitude to save fuel. 

Large errors  a re  initially 

The linearized APS design approach is particularly convenient in pro- 
ducing APS gain schedules for the transition regime with both APS and aero- 
dynamic control effective. 
with d linear aerodynamic surface control system and provides a method to 
t-ilor the APS control to the desired closed-loop characteristics. 
transition from APS control to aerodynamic control can be achieved in a 
straightforward design approach. 

It is capable of producing I t i n  phase" operation 

A smooth 

By using augmented characteristic equations, the desired closed-loop 
characteristics can be obtained by using a digital computer to cornyate 
appropriate gain feedbacks. 
ascent or reentry can provide a controlled system with fixed characteristics. 

The computed gain schedules for tL- entire 

The mixed control system operation logic for blending APS and aero- 
dynamic control has a higher controlability and flexibility, and has lower 
fuel expenditure. However, the operation logic is considerably more complex. 

The hybrid simulation runs at 1000 times real time yield very accurate 
This hybrid optimization and simulation program can be used for results. 

additional feedback gain schedule synthesis (other than the basic feedback 
gains for initially stabilieing the vehicle) to meet special control and stability 

requirements. 

A variety of realistic excitations during reentry such as cg-offsets 
and a variety of likely guidance commands should be used in the hybrid opti- 
mization and simulation so that the resulting optimum control system will be 
capable of compensating for a wide range of disturbances. 

Phase plane design of the APS control system in the transition regions 
should be investigated further in order that the inherent nonlinear effects of 
the digitized APS control a r e  accounted for in the deeign. 
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The e LZCtS 0 llysteresis on the design of optimum response switching 
curves for the digitized APS control system should be analyced so that 
excessive APS firings due to limit cycle behavior can be minimized or 
eliminated. 

Practical experience and limitations on the control gains should be 
incorporated into the control gain synthesis procedure so that r eahab le  
control gain schedules for the desired dynamic characteristics a r e  obtained. 

This hybrid optimization and simulation program can be used to per- 
form vehicle handling quality design based on a model reference system 
(exhibiting desired handling qualities) used in conjunction with a performance 
index that penalizes model-following errors. 
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