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TECHNICAL MEMORANDUM X-64732
STRUCTURAL CONTROL INTERACTION

I. BASIC CONCEPTS

The basic concept of a space mission, and therefore a spacecraft for
performing this mission, dictates a predetermined goal. To achieve this gosi,
both a guidance system and a control system are usually needed (Fig.-1). The
function of a guidance system is to determine the desired velocity heading and
command acceleration heading (xc) to achieve or maintain the desired velocity

direction in an optimum way for the desired goal. This optimum condition
depends on the mission. One example is the maximum payload boosted into
orbit. The guidance function can be either an open-loop time function com-
mand, based on previous analysis, that is either zero angle of attack (gravity
turn) or special angie-of-attack shaping for loads (this includes both wind
biasing or aerodynamic trim loads), or a closed-loop system that periodicaily
updates the acceleration heading command, based on the vehicle state. The
control system, which is needed to oricnt the vehicle so that the actual vehicle
heading (x) lies along the desired acceleration heading (xc), has as its main

function the minimization of the effect of disturbances on the vehicle's orien-
tation. The system includes provisions for damping.

A. How a Control System Works

1. Rigid Body. The guidance command gives a set of reference tra-
jectory values which the vehicle control system compares with the vehicle
state, The differences between the desired vehicle state and the actual vehicle
state call for the control system to issue a control force command proportional
to this error, thus driving the error toward zero. Four basic vehicle states
are used for this function: attitude angle, rate of change of the attitude angle,
vehicle lateral acceleration, and vehicle angle of attack. For an orbiting
vehicle, such as used in an earth resources experiment, the desired atiitude
could be a Z-locai vertical orientation of the vehicle toward the earth for
carth-scanning. In this case, a different set of sensors, such as horizon and
sun sensors, might be used instead of the gimbaled gyro platform used for a
launch vehicle. In all cases, the rate signal is used to damp the system
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response and improve its accuracy. Body-fixed rate gyros are generally used.
The examples shown in Figure 2 are simplified but are given to show how a
control system works. In reality, many sensors, as well as elaborate signal-
shaping networks, are included to improve response.

2. Bending Dynamics Effects. Whereas Figure 2 illustrates the
control function where the vehicle is assumed to be rigid, this is ncver the
case. Therefore, Figure 3 is given to illustrate what happens to the control

. signal due to elastic-body effects. Spurious signals that originate in the

elastic body and also have the frequency characteristics of the elastic body

are fed through the control system along with the rigid-body error signals to
issue a control force command. These spurious signals can result in a
destablizing influence of the control forces on the bending modes. They can
also increase structurai loads, deteriorate riding qualities (in manned
vehicles), and require more complex control systems. For orbiting vehicles
that require high pointing accuracies, thesc effects can actually destroy the
effectiveness of the experimeut through pointing errors. However, as Figure
3 incicates, all is not bleak. If the spurious signals can be properly identified,
then an additional control function can be added, due to the add:tional informa-
tion of the vehicle state (elastic characteristics). Some of the benefits to be
gained from this model identification and additional control function are as 3
follows: ;

P e e €

a. The structural response to disturbances is decreased.  This is
accomplished by detuning the mode and the disturbances, increasing the
damping of the mode, or changing th¢ effective mass of the mode;

b. The handling qualities can be improved (for piloted vehicles);

c. The structural loads can be reduced and weight saved for a con- RPN N
trol configured vehicle; SRl
d. The structural (or fatigue) lifetime can be increased;
-+
e. Vehicle stability (or flutter suppression) can be improved;
f. Pointing accuracy can be improved; and
g. Vehicle dynamic characteristics can be determined. .,
i
It is possible to make use of this approach in the vehicle design (control con-
figured vehicles), and greatly reduce the weight and improve the overall per-
formance. Some of these aspects are discussed in later sections. ;
3 i -



rympem ey -

o . o AR

‘. “ .
M sttt e .

1
C e ‘uoneZIPYN WIISAS |0IIU0) °Z danBrg
-0
O I FININOIS NFANINVN SII2YN0SITY HIN¥VI
B. _ SININIVIIXI 43¥I ¢N 138 ONY \I‘
. 121A1-7 0L IANINVRM
~
< e am i
Q. 0% AN
. I.ML \ :Vc.-u
YN VOLYNINN3L [ | 1 NOLYNINNIL
__. AIUI . asnng | .u 028 ~_ 138008
| = - ., \
O xm..u»eq...muo: u..w”..-u \s
Y R L V/ J
— ]
m ! /Wﬁ..! \M\v\\%
U / P . 27400 -% /
” O — 04 MIANINYR
h_ _.V|| , @ . ¥O133A ¥VI0S ¢%..—.-_u..—.u
m <ﬁ .Wu aNYARNO) IMONZ
= _ 319IH3A 40 ——
PUL ) 3 NOILVE3T11320V  Iv¥3LVYY QIUNSYIN | | 1081N0)
) AYOoL23rvyL Q 379NV 3HL 40 39NVHD 40 3LvH
nﬁKU SM01704 mﬁ ONV 379NV 306nLILLV Q3YNSVY3IN
mu NFLISAS a
o JO¥INOD MOH
T J1HIA ONIDNINLS M¥IV 4G 319NV Q3¥ASYIN

WILSAS T04INOD NOV8 (G334

)
!

e L T B e D W, B S
. A
Tt *



0 U5 AN T R g« e i

‘Supuaq M WaYSLS [OIIU0D qorqpaa g ‘g oandig 0

\\ §0Lrn13vy
7= 70804 1041407 ™

ANIT H3ILN3IID 3TILH3A nmnzahm_nzal—w
]

SOV01 Tv¥NLINYLS S3ISVIYINL 'S
ALITYNO OSNIGIY S3ivy0oild3L3Q b
: AJVHNIIV ONILNIOd S3LVYOI¥3LIQ '€
_ ALIX3ITdNOD W3LSAS T0HINOD S3ISVI¥INI 2
SI0O0N ONION38 S3Z1718V1S30

TSHI1808d

NOIL1Y¥3T3DDY
. ONIGN3IB8 373JH3A T¥I07 Ad Q3¥3ILTV
3701H3A 40 NOILVH3ITIIOV vd3Lly A3WNSVIN

NILSAS
, 7081809

3ivyd
ONIGNIEG OGNV ONIONIE 3ITNHIA TvI0T A Q3IYILTV
‘IONYHI 40 31v¥ ONV 379NV 30NLILLY QI¥NSVIN

. 3T7JIH3A LN38 340 319NV A8
038317y "ITVIHIA ONINIYLS ¥IV 30 319NV QIUNSY3IW

[ -

A IR A -,




,

PR

B. Ascent Load Sources

1. DBasic Load Sources. As a space vehicle attempts to fly thesc
prescribed paths, structural loads result. These structural loads on a space
vehicle have their source in longitudinal acceleration (thrust) and the lateral
loads that result from following the desired path in the presence of disturb-
ances. These lateral loads are a function of the vehicle aerodynamic and mass
configuration, and the control system force source and logic. These ascent
load sources are: aerodynamics, thrust, trim (trajectory) and dynamics
(rigid body and elastic body). Figure 4 illustratles the three types of loadings:
aerodynamic, lateral acceleration, and control. In {lying a given trajectory,
the disturbances (winds) create an angle of attack that loads the vehicle aero-
dynamically. This is illustrated by individual force vectors distributed over
the vehicle length. The dynamic response of the vehicle to these aerodynamic
forces and the commanded «ontrol force creates an inertial force which is
illustrated as the mass element (cross-hatched) times its local acceleration
Z (x,t). This local acceleration includes rigid-body lateral acceleration,
lateral acceleration caused by rigid~body rotation about the center of gravity
(c.g.), and lateral acceleration from the vehicle bending. An additional trim
load occurs due to vehicle assymmetries as the vehicle trims itself about the
desired trajectory. A convenient means of expressing all these vehicle loads,
except the longitudinal load, is through the bending moment. Since rigid-body
accelerations (rotational and lateral) can be expressed in terms of their
sources (aerodynamic moment and control force), the cxpression for the
bending moment is a function of angle of attack, control force deflection, and
bending mode accelerations. There are some other terms, but they are
usually negligible. Although maneuver loads have not been discussed, they
can be treated in the same manner. In summary, as the guidance and control
systems exercise their functions of achieving a desired vehicle performance
in the presence of disturbances, the interaction between structure and control
produces loads on the vehicle.

2. Additional Load Effects.

a. Aeroelastic. In the process of maintaining a desired path in
the presence of disturbances, a space vehicle experiences at least two addi-
tional effects from the disturbance. These effects are easily seen if the wind
(disturbance) is considered as being made up of two narts: (1) a quasi-steady
or slowly varying part, and (2) turbulence. First, the aerodynamic moment
induced by a slowly varying wind is balanced by the control moment and
inertial acceleration moment, thus bending the vehicle. This bending increases
the angle of attack locally at some stations and decreases it at others. Depend-
ing on the vehicle aerodynamic and mass characteristics, this effect can make

B e st S8 B e b o e S e

i, s MM




SRR R ARSI A IO . = 7o MO 5 o R A R RNr™ e

4 P ms mem v e o A Rb AP a2 g s

\ 'Z“""’\.m'(x,:")"*f

p—
=

ud

=

o MB \
= T
%)

=

o

=z

LuJ

fee) >

VEHICLE STATIONS
BENDING  MOMENT
Mg = Maa +M38 + My
RLE
, 2z feg* TauYulx®+X 5
2%, Y, (X) = LATERAL ACCELERATION DUE TO BENDING DYNAMICS

Figure 4. Ascent structural loads.

a vehicle more aerodynamically unstable or more aerodynamically stable.
Thus, the bending can have either an adverse or beneficial effect on structural
loads and control authority requirements, depending on the vehicle character-
istics. The second effect, that of atmospheric turbulence exciting bending
dynamics, is complicated in itself. However, the fact that the vehicle pene-
trates the gust wave changes the gust wave phasing between the various aero-
dynamic lifting surfaces, either adding or subtracting energy. In severe cases,
the elastic-body modes can be driver unstable or near unstable by this cffect,
greatly increasing the bending dynamic loads. These two effects are illustrated
in Figures 5 and 6.
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b. Trajectory Trim Loads. Certain launch vehicles have special
loading effects. A typical Shuttle configuration exhibits this through signifi-
cant coupling between trajectory, guidance, and control so that trim loading
cannot be neglected in trade-off studies. The prcblem is to find the type of
trajectory to fly which best meets the stated objectives of maximum payload
with minimum disturbances.

The reason for the coupling is illustrated on the left hand side of Figure
7. That is, rigid body geomeiries are such that different local angles of attack
rre present on the major structural elements, such that a vehicle orientation
cannot be found which decrcases the aerodynamic normal force to zero on cach
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element simultaneously and thus unloading the vehicle. Although the summa-
tion of the aerodynamic normal forces can be brought to zero by proper orien-
tation (such as angle of attack, wind incideace, etc.), an aerodynamic
moment still exists because of the difference in distance of the individual
forces from the ceanter of gravity. This implies, then, that a particular aero-
dvnamic normal force and moment are inherent with the particular angle of
attack for which the trajectory is designed.

Other geometric considerations occur because of the placement of the
engines and mass properties offset and its movement with fuel depletion.
Because of the nonsymmetrical placement of the engines and thrust levels
about the center of gravity, cant angles are needed to trim the vehicle through-
out flight with a minimum of actuation angle requirements. These cant angles
and other thrust deflection angles required to trim the moments also produce
normal forces that load the vehicle.

A choice of how to balance the moments between aerodynamics and
engines, with the resulting normal forces and their loading, then exists for
given wind conditions (usually no wind). Zero aerodynamic lift trajectories
and zero aerodynamic moment trajectories are two possible choices which
have a large influence on the amount of gimbal angle required. More than
likely, however, a special angle-of-attack history which optimizes the total
problem (i.e., performance, gimbal requirements, and structural response)
will be determined. The results of one such special angle-of-attack history
are shown on the right-hand side of the figure. The angle of attack and the
resulting thrust deflection required to fly total (engine and aerodynamic force) - w
moment and force balance are chown also. By flying different angle-of-attack ‘
histories, the blend between aerodynamic and control loads can be changed.
The blending between aerodynamic and control loads is also influenced by the
control system logic and force application positions. If, then, a given location
becomes structurally critical, control and trajectory shaping can be used to
change to the proper blend that best reduces the criticality. On the other hand,
these different blends produce different normal force combinations which in
turn influence the trajectories. As a result, the point mass trajectories no
longer are sufficient for performance predictions. For realistic results,
provisions to balance the moments must be included, and since the moment
balance is dependent upon the control system, the total coupling problem must
finally be resoived.
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C. Method of Reducing Ascent Loads

1. Introduction

The previous discussions have illustrated the function of guidance and
control systems and how structural loads result from these functions and the
vehicle environment. This raises the major question of whether there are
means of achieving the vehicle performance goals and at the same time
reducing the structure-control interaction. The answer is definitely, yes.
Some of the methods to be discussed are:

2. Aerodynamic shaping and structural design

b. Trajectory biasing to the expected mean wind: monthly, daily or
inflight predictive

c. Active load relief through control function
d. Modal suppression through active control
e. Operational procedures, such as prelau.nch wind monitoring

f. Better analysis methods and environment description which allows
the design of a vehicle that produces smaller loads.

2. Aerodynamic Shaping. Figure 8 illustrates the effect of aero-
dynamic shaping upon the vehicle bending moment. Both vehicles are Saturn
V types with approximately the same total aerodynamic moinent and force
characteristics, yet one vehicle has more than twice the bending moment for
the _ame angle of attack as the other because the Saturn V can be approximated
by basically a three-point aerodynamic distribution while the Saturn V deriva-
tive has one force point at each end. Although a great deal of work has been
done in the area of aerodynamic and mass distributiona, much more effort is
needed to fully optimize the approach for launch vehicle design.

3. Wind Biasing. Wind biasing techniques can be used to reduce
loading when the wind can reasonably be assumed to have known directional
characteristics for the period of imc over which the biasing is being con-
sidered. In the extreme these techniques can be applied to onboard sensing
and computation of the wind mean, but more practically, they can be applied
to on-pad operation for a period of about 8 hours before launch using depen-
dence on wind persistence statistics where computer read-in can be verified
just before launch. Previous Saturn vehicles have made use of a seasonal bias,
but the loading gains are not so great when such a long time period for wind
change must be accommodated.

12
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Wind biasing essentially programs the vehicle to fly at its most load-
favorable angle of attack (as discussed on the rigid body loads chart) in the
high dynamic pressure region in the presence of the expected (or predicted)
wind. Before and after the high dynamic pressure region has been reached,
various compensations can be made for the expected off-trajectory drift
build-up while still maintaining the load-relieving angle of attack.

The angle of attack is determined by the change in the relative velocity
angle caused by the wind, the vehicle drift, and the vehicle attitude. The
vehicle angle of attack can then be manipulated by creating the correct rela-
tionship oetween these three variables. Since the wind is predicted (or the
expected value is known), the relative drift and vehicle attitude can be adjusted
to cancel the effects of the known wind to any desired degree. Still a fruitful
area of study is the most favorable relationship between the amount of drift
and the amount of attitude error to be used in counteracting the angular change
in the relative velocity caused by the winds. Two such choices for a typical
yaw plane bias are illustrated in Figure 9. Work on the Skylab indicated
whether too much drift or too much attitude angle was not optimum for that
vehicle.

Although up to now wind biasing has been used mainly to reduce the
loading, it may also be used to minimize the sideslip angle and the resulting

roll-yaw coupling inherent in many of the proposed Space Shuttle configurations.

This coupling, if not well controlled, shifts the loads from the yaw plane to the
pitch plane. In this case, it is possible to wind bias in another way. The
vehicle can be rolled around the wind vector to maintain minimum load or
minimum control system requirements.

4. Wind Biasing Via Optimum Control Theory. The technique of wind
biasing just discussed may be used in a different manner. If the wind disturb-
ance is described by Vw(t) = Vw(t) + Rw(t) , where Vw(t) is the mean

wind and Rw(t) is the random part with known statistical properties, the

vehicle loads and control problem may be formulated as an optimal control
problem. The controller, U, is selected to minimize a function which reflects
the allowable loads, attitude dispersions, and trajectory dispersions the vehicle
may have in flight. The only trajectory dispersion considered was drift from
the nominal point at burnout. The vehicle equations of motion are linearized
about a reference trajectory and the vehicle state; thus, the governing equa-
tions of motion are linear even though they may be time-varving. The per-
formance function chosen to be minimized is a quadratic function of the vehicle
states, their mean values, and their covariance functions. Figure 10 shows

14
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the resulting controller after minimization. The controller consists of two
parts: feedback and feedforward. The feedforward controller is exclusively

a functioi. of the mean wind, and simulations show that it is this term that
removes the effect of mean wind. It is, in effect, a "‘wind biasing'’ part of the
control system. This feedforward term, £(t), is shown on the chart along with
the drift it produces. It is obvious that f(t) allows the vehicle to drift with the
wind during the peak values of wind speed and thus reduces the structural loads
on the vehicle. After the peak winds have passed, the controller f(t) no longer
tries to influence vehicle drift, but gradually removes itself from active con-
trol, and the feedback gains then remove the vehicle drift before burnout. The
f(t) and its furctions are exactly analogous to the wind-biasing previously dis-
cussed. The shape of the curve is the same, but the relative magnitudes are
not symmetrical as before. Because these results are very similar, faith in
our own engineering judgment is increased.

5. Rigid Body loads. The most favorable flight conditions are those
that cause the vehicle to flv at such an orientation with respect to its velocity
vector and at such thrust deflection angles as to minimize the total loading at
the most structurally criticai locaiion in the presencc of disturbing winds,
while still meeting constraints on performancc and control deflcctions. For a
given configuration and aerodvnamics, this optimizing process invelves:

a. The basic trajectory shaping to give the mnost favorable velocity
vector orientation for performance, dynamic pressure.angle of attack product,
and longitudinal acceleration constraints by flying a given angle of attack
history either in a no-wind condition or for an expected wind (trajectory
biasing),

b. The control and dynamics philosophies and logic employed for the
system which determine the extent to which the reference attitude will be
enfor. 2u in the presence of disturbances (within the control force constraints)
and .e blc~d of control forces between the available sources to minimize the
loads at the critical stations and to stabilize the vehicle modes, and

c. The structural design which determines the more critical lcad
stations and the basic mass properties and mass imbalances.

Additionally, loads caused by the expected headwinds and tailwinds will need
to be balanced (or ihe nc-wind loads biased) such that an approximately equal
percentage of the vehicle capability is taken by head and tail wind levels of
equal probability. Control system philosophies have historically been looked
to for initial relief from rigid body load without excessive cost. With a
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Figure 10. Wind biasing via optimum control theories.

knowledge of the most critically loaded vehicle station, and the ratio of the
bending moment partial with respect to angle of attack to the bending moment
partial with respect to control deflection, a decision can he reached as to
whether reducing thrust deflection or reducing angle of attack (when one must
choose) will give the greatest load relief. Other vehicle characteristics may
influence the particular type of control that is chosen. Control logics, such
as an attitude control, will require large control deflections and pull high
angles of attack, but will give good trajectory following. A maximum load-
relief type of control will reduce the angle of attack and control deflections,
but will experience large gust responses. Since this control will build up
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large drifts, trajectory shaping is thereby lost. By relaxing a tight hold on
the attitude and causing the vehicle to nose into the wind by lateral accelera-
tion or angie-of-attack feedback, the angle of attack (or sideslip) can be
decreased. For many vehicles, such a reduction in angle of attack is suffi-
cient to decrease the loads. There are other control logics and state feed-
backs available which can also reduce loads and performance losses; for
example, lateral velocity or position feedback or integral of attitude position
feedback; but these are not discussed since they do not add significantly to
the concepts shown. For scme Shuttle configurations, however, turning iato
a pitch wind produces enough loss of altitude that the dynamic pressure builds
up faster than the angle decreases and excessive dynamic pressure-angle of
attack products {qo) are reached. Therefore, other means of load relief
must be obtained or the basic structure will have to be strengthened to take
the load. The lower altitude is not necessarily detrimental from a perform-
ance standpoint.

A third type of control is rotational minimum. It effectively minimizes
vehicle rotational response to disturbances so that little gust response is
experienced, but control deflections are large. Substantial drift is also
encountered. Responses such as those just described also have effects upon
the flexible body excitation of the vehicle so that selection of the basic type of
control will of itseif involve several trade-offs. These various control con-
cepts are shown in Figure 11,

6. Modal Suppression. The loads induced from elastic body accelera-
tions previously discussed under ioad sourca2s, are elastic body motions that
are usually driven by the atmospheric turbulence. Through the use of various
control sensors, located at appropriate vehicle stations, the bending stete of
the vehicle can be determined and appropriate signals sent to the control forces
to decrease the response. This can be done by adding damping to the mode,
increasing or decreasing the effective modal mass, or detuning the mode from
the gust frequency. Kate gyros can be used for damping, position gyros for
frequency shift, and accelerometers to change the effective modal mass.
Figure 12 shows the bending mode response to a sinusoidal gust for various
amounts of acceleration feedback using one accelerometer. In this case, the
response is reduced substantiaily by increasing the accelerometer feedback.
Obviously, a wrong choice of sensor location, etc., could have the opposite
effect. The same trend can be obtained by increasing the effcctive modal
damping through the use of rate feedback using rate gyros. Since the vehicle
response is determined by the zeros and poles, another way of lookiug at
closed-loop control effect on modal suppression is the freedom of locating the
closed-loop poles that results from sensor choice and location. The question
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of how pole-placement quality measures for a sensor complement relate to
measures of quality with respect to controller performance is too lengthy to
be discussed here.

In many cases, predictions of modal characteristics are so poor that
one cannot resort to the simple approach shown on Figure 12 for accelerom-
eters and rate gyros that use proportional feedback. This forces one to
take these same signal sources and use some form of modal identification
(spectral identification, for example) to build an adaptive system which ad-
justs the vehicle modal response to an acceptable level. The illustration on
Figure 13 shows the various steps for an adaptive system: (1) sense the
vehicle state, (2) identify the state, (3) make a decision based on the state,
and (4) adjust the control logic to control the response. This process results
in an acceptable bending dynamic response leve' without accurate pre-
prediction modal characteristics. It does, however, require a much more
complicated control system and logi~.

[f. SPECIAL PROBLEMS OF LAUNCH VEHICLES

The mission requirements of a launch vehicle dictate its design; hence,
the basic dynamics, loads, and control characteristics. These various launch
vehicle designs, therefore, have individualized special problems. The
following paragraphs discuss two of these launch vehicles and their asso-
ciated problems.

A. Skylab Launch Vehicle

The Skylab launch vehicle is. basically the Saturn V, S.'C and S-II
stages, with the Skylab re: 'acing the S-IVB vehicle. Because of the vehicle
changes required to launch the Skylab, structural capability for all-seasons
launch was not available without some form of load reduction. Many active
schemes were tried, but none with satisfactory results. Past experience in
wind biasing had been in the pitch plane oniy because of Saturn launch azimuths;
however, for Skylab, this is net sufficient due to its launch azimuth. To solve
this problem, a monthly mean wind bias in both the pitch and yaw planes is
being planned. Figure 14 shows the reduced ben ling moment obtained using
this procedure. The bending moment shown is the bending moment response
to 200 detailed wind profiles for varivus probability levels of occurrence. The
vehicle response values were sampled every 3 seconds of flight time for
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each wind profile to compute these values. Wind biasing changed the launch
probability from about 75% to 97% for the windiest month, which is quite a
gain in capability or corresponding loud reduction. It is significant that these
results were generated using measured winds instead of discrete synthetic
profiles. A recent high speed hybrid simulation has facilitated use of this
approach and gives much more accurate predictions of vehicle structural loads.

B. Shuttle Characteristics
i, Introduction

The Space Shuttle is designed to be reused, with a lifetime of approx-
imately one hundred missions. This means that it must be able to perform as
both a booster and an on-orbit vehicle which must reenter the earth's atmos-
phere at a high angle of attack, and finally, it must be able to cruise and land
as an aircraft. Incorporating all the aerodynamic, propulsion, structure,
and control system characteristics to meet these performance criteria causces
several unusual reguirements which have been heretofore unnecessary. These
requiremerits are not compatible with present symmetrical boosters or con-
ventional aircraft since the Shuttle must be a cross (blend) between bcth, and
at the same time be a high velocity reentry vehicle. The following is a list
of the resulting characteristics that lead to key design issues and prqblems
associated with the Shuttle vehicle:

a. lLarge control, trajectory, aerodynamic, and structurai coupling

1. Bias aerodynamic forces
2, Static mass trim forces
b. Yaw-roll coupling
1. Aerodynamics
2., Structure
3. Control
c. Highly coupled lateral-longitudinal structure
. Asymmetric 1'¢t-off

2. Several elastic bodies elastically coupled
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3. High modal density

4. lLateral c.g. offset

5. Large ascent acroeiastic effects
6. Complex modal prediction

d. Multi-aerodynamics loading point, control {orce application points
not necessarily on principal axis of inertia

e. Poor pilot handling qualities (reentry design predominates)
f. Thermal stresses

%. Hundred mission lifetime design

h. Hula-i)ogo potential

2. Key Shuttle Issues. -The major goal associated with the Shuttle
concept of reusability is to have a maximum payload placed in orbit with
minimum vehicle impacts resulting from disturbances. This is to be accom-
plished for a variety of missions and payload profiles, possibly from more
than one launch site. In order to accomplish this goal, trade-offs must be
made on many key issues in terms of cosi, reliability, complexity, and
maintainability. Figure 15 shows in schematic form the key issues associated
with control concepts, guidance concepts, trajectory shaping, aerodynamic
configuration, control system ~omplexity, structural weight, and modal charac-
teristics. If each of these were entities in themselves, the problem would be
fairly simple; however, this is not the case. In general, there is a very large
correlation between the choice in one area dictating the choice of the other.
For example, the trajectory-shaping philosophy influences the structural loads,
hence weight, the control system complexity, and the guidance system. This
was not the case for symmetrical launch vehicles where the trajectory, in
general, could be treated independently of control. Also, on symmetrical
vehicles, guidance and control could be treated separately with only the con-
trol system affecting the structural design. The Space Shuttle vehicle, there-
fore, requires a highly sophisticated integrated flight-analysis approach that
requires the combined efforts of all engineering disciplines and a highly tal-
ented system engineer to insure the proper trades.
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3. Trajectory and Control Concepts. The trajectory-control coupling
effects are further illustrated in Figure 16. The four basic types of trajectory
shaping discussed previously affect control requirements (6 ), structural
loads (dynamic pressure), and performance (altitude}. Using a trajectory
shaped for zero aerodynamic moment gives the lowest control requirements.
The engines were gimbaled a maximum of 10° for only a few seconds, while
the payload optimum trajectory required large control forces (engines at 10°
for 80 seconds). The same is irue for the dynamic pressure, which was
higher for the payload optimum trajectory. The lower altitude and higher q
combine with a higher velocity (flatter trajectory) to achieve the increaced
payload. No irpact was made on structural weight to fly these trajectories.
Obviously this wauld have to be done to make a final trajectory-shaping
decision.

There is a very interesting trade, from the control standpoint, between
using gimbal engine and aerodynamic surfaces for control. This trade-off is
illustrated under blending in Figure 16. In this case, the payload losses
include performance loss from giinbaled thrust, aerodynamic surface drag,
aerodynamic surface hinge moments, and hydraulic system. The lowest
payload loss occurred using only TVC, while large uses of aerodynamic
surfaces resulted in the largest payload loss. Using the gimbal engines to
their maximum (10°) and supplementing with minimum use of aerodynamic
surfaces gave the best overall solution.

The Space Shuttle vehicle inherently has large yaw-roll aerodynamic
coupling. One control concept would be to let the vehicle roll until the wind
is in the vebicle's pitch plane and provide no roll attitude control, only roll
damping. is approach nowever, creates large payload losses caused by
out-of-plar 1rift (see Figure 16 portion entitled '""Letting the Vehicle Roll").
Obviously, ..iis trade is oversimplified, since other factors, such as abort,
structural loads, and guidance approaches, would also have to be included in
the trade.

4. Elastic Body and Dynamic and Control Trades. One of the high
risk areas on the Shuttle vehicle is the aeroelastic effects, including modal
stability and loads. This is obvious since the multi-body vehicle is also not
symmetrical in the pitch plane. Such a vehicle is subject to elastic body
ir )des that are coupled laterally, longitudinally, and in yaw-roll. Analysis
then must include 3-D characteristics which result in symmetric and anti-
symmetric mcdes. In general, the many bodies are connected by a two-point
attachment, which creates unsymmetrical loads and complicates the analysis.
All the structural characteristics lead to high modal density and complex
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modes. There are two points to be made relative to modal density (chart at
the bottom of Figure 17). First, there are many more elastic modes (sym-
metric and antisymmetric) that exist in a low frequency band than are present
in current symmetrical vehicles. Second, the closeness of the symn etric
and antisymmetric modes indicates a strong tendency for coupling. This
coupling ieads to the various trades between control system complexity,
trajectory shaping, and dynamic testing, as shown on the figure, which raises
the general question as to what is the solution to the dynamics and control
aeroelastic problem.

5. Solutions to Aeroelastic Problems.

a. Structural Beefup. One way to solve the loads problem
encountered via aeroelastic effects is through structural stiffening to carry
the additional loads. This increased stiffening also changes the modal fre-
quencies, usually raising them, which helps to remove them from the zone of
critical concern. However, sometimes the structural additions may create
new vibration problems rather than solve the ones they were intended to solve.
Probably the most serious penalty of structural beefup is the additional weight.
Thus the main trade we will have to make is the structural weight increase
(payload loss) versus cost and complexity of control development.

b. Control System Development. The other generai means of
reducing aeroelastic effects on loads and stability is to use active control.
Earlicr studies on the interaction of aeroelastic vehicle and control system
tended to try to remove vibration influence from the control system by filtering
the elastic body signhals from the sensors. Two of the most popular techniques
were gain and phase stabilization and notch filtering. Gain and phase stabiliza-
tion attenuates the signal's high frequencies, while phase stabilization shifts
the phase of the signals to insure they will not add sufficient lag to the system
to cause instability. The notch filter concept selectively filters a specific
frequency while letting all other frequencies through the filters. This passive
type of controller was used mainly as a device to insure system stability. The
use of control actuators to actively stabilize modes, a relatively new concept,
is particularly suited to vehicles with multi-control actuators. The main
concepts provide increased damping to remove the energy impacted by the
wind or to detune the system to remove resonances.

The state of the art in these active flexure control concepts has been
advanced by the aircraft industry because the aeroelastic effects in aircraft
are more serious than those of rockets. With the Space Shuftle, however,
this is changed, and we are encountering the same type of problems. One of
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the problems in active flexure control is how to combine the multiple actuators
and sensors into a control system that will control the flexure modes. Also,

a concept such as this requires accurate knowledge of the vehicle modes.
Control systems of this nature have been built and flown only in a test capac-
ity, and none have been included in production aircraft.

To make these active flexure contrci systems attractive, a method

must be found to find the minimum number of actuators and sensors that ’
adequately control the modes, and at the same time, have a simple structure
‘hat is easy to implement. Also, in the Shuttle vehicle, the mode shapes and
frequencies change rapidly during ascenl, 2nd the precise knowledge of the
plant that is required will not be available unless cxtensive vehicle testing is
done. Thus, a system that tracks the vchicle modes (i.e., is adaptive in
nature) should be developed. The alternative is to be absolutely sure of the
vibrational characteristics of each configuration before launch (detailed
analysis and testing). Figure 17 illustrates these different trades and com-
pares a typical set of modal frequencies to the Saturn V Apollo, showing the
frequency grouping and high density.
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6. Hula Pogo. Potentially, the Shuttle has a unique lateral, longitu-
dinal, control, Pogo, coupling phenomenon, due to the unsymmetrical static
and dynamic mass coupling in the pitch plane. Previous vehicles have seen
very little, if any, of this type of oscillation. One small dynamic coupling
between the longitudinal and lateral planes was observed on the Saturn V
Apollo, but it did not couple into the control loop at all. In this case (see the
right-hand side of Figure 18), the S-IC Pogo drove the LM longitudinally at a
frequency that tuned with a lateral LM mode. Since the LM ascent and descent
stages were not symmetrically counted, the longitudinal Pogo oscillation force
had a mechanism for exciting the lateral motion. In the case of the Space
Shuttle, the static mass and dynamic mass lateral-longitudinal coupling is
much higher and will require detailed analysis that includes Pogo, control
and structure. The present Shuttle concept, with a block diagram of the three
potential coupling loops, is shown, as well as second-order type of coupling L
loops. Also, as was found in analyzing the Saturn V, S-IC, and S-II Pogo SR
problems, both nonlinear propulsion system characteristics and time varying
time response analyses were necessary in order to understand the problem
and be assured that the fixes were adequate. In all probability the same
approaches, with even more detailed vehicle characteristics, will be neces-
sary for the Space Shuttle.

- 7. Lift-off. The Space Shutti~ vehicle, when erected on the ~ad, does
not, in general, have the vehicle center of gravity (c.g.) above the centroid
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Figure 18. Hula Pogo.

of thrust for the gimbaled engines nulled. Two approaches are available for
solving the problem: (1) stand the vehicle vertical and bias the engines
through the c.g. This method produces lateral acceleration which, when
coupled with the wind, could give some control problems and trajectory-
shaping problems. If the engines' forces are not through the c.g., rotational
dynamics occur. (2) The vehicle is canted on the pad so that the resulting
thrust vector chrough the c.g. is vertical. Although this method solves the
trajectory-shaping problem it creates hold complexity, and a more complex
reference alignment, and ic could require a control system reference that is
not aligned with the vehicle centerline, or principal axis (Fig. 19).
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Regardless of the method decided on for lift-off, the vehicle will have
large twang loads at release caused by static bending from wind and weig} ..
The geometry with wings, rudders, etc., will create potential tracking prob-
lems (tower clearances) or will require more expensive 2nd sophisticated
tower design. The holddown mechanism will be complicated due to the
vehicle geometry and large aerodynamic surfaces. All this will lead to a very
detailed 6-D elastic body lift-off simulation that can transfer the energy of
cantilever modes at release to free-free modes. Numerous trade studies
will be necessary to determine the best lift-off mode and its effect on launch
facilities and vehicle structure.

8. Reentry. The Space Shuttle has unique dynamic, control and
structures problems during reentry. The vehicle must enter at a high angle
of attack in order to obtain the drag necessary to kill off the large velocity
from orbit. During this time, high temperatures are nresent, necessitating
some angle of attack modulation to maintain temperature control. Because of
the high angle of attack, center vertical rudders are¢ not effective; b-wever,
wing tip fins can be used for directional control. The trade-off here becomes
RCS versus fin location. Around Mzach 2, the vehicle must make a transition
from high to low angle of attack. Figure 20 shows the corridor it must stay
within to maintain stability and make a safe transition. Obviously, elevon
size and hinge moments are a very critical design parameter for this phase
of flight. Because of the overall stability problems, some form of stability
augmentation will probably be needed to supplement the handling qualities of
the vehicle. Also, the present criteria for mil rpec handling qualities are
not applicable, and new criteria are needead. Although preliminary cuts have
been made in this area, further werk is piobably still needed.

9. Total Vehicle Load Characteristics. Combining all the previous
trades and analyses leads to the vehicle load design envelope. As evident
from Figure 21, various aspects of the mission determine the design of the
different parts of the vehicle. The chart of design loads that is shown does
not account for elastic body dyna:uic loads, which in many cases car *2ccme
very large. Figure 21 also shows the various sourres Jf bending moment for
a particula~ vehicle. The dashed line is the ratio of rigid body bending
moment arising from angle of attack divided by bending moment arising from
control force sources. The solid line is the bending moment due to bending
dynamics divided by the total bending moment, illustrating that beuding
dynamic loads can be a high percentage of the total bending moment. With the
complex aerodynamic configurations for the Shuttle, this effect must be
thoroughly analyzed to insure adequate structural design. Very important in
this analysis is an adequate description of interference aerodynamics and the
aerodynamic force distribution, modal characteristics, and detailed environ-
ment data.
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I11. ORBITING VEHICLE PROBLEMS

In general, when structural-control interaction is mentioned, either
launch vehicles or aircraft-type vehicles zre first envisioned. This is ironic
in a sense because some of the most demanding and interesting structural-
control interaction problems occur from orbiting vehicles, particularly where
very accurate pointing is required. Probably one of the most baffling stability
problems occurred in an orbiting satellite which went unstable because of
elastic mores of the boom. Because of the far-reaching implications of this
type of problem for orbiting vehicles, the next four sections will identify the
anticipated problems for Skylab, Large Space Telescope (LST), Shuttle
Orbiter sortie missions, and spinning spacecraft that create artificial gravity
on space stations.

A. Skylab-ATM Mission

The first major manned space station is the Skylab (Fig. 22). It will
carry out many missions, two of which illustrate problems of the control-
structure interaction. One mission is a highly accurate pointing of the Apollo
Telescope Mount (ATM) at the sun. This accuracy is +1.1x 10~° radians.
Because of the complex elastic body modes, two control systems are used to
solve the problem: control moment gyros (CMG's) for pointing the whole
Skylab, and a fine pointing control system on the ATM itself. Also, the
sensors and control moment application points are as close together as
possible and neav the vehicle station (ATM) requiring high pointing accuracy.
In addition to these approaches, detailed, full-scale component tests of the
Skylab, ATM, and solar panels are being run.

The other mission is called Z-local vertical. In this case, the vehicle
is oriented with its Z-axis tracking the local vertical to the earth for ccrtain
earth resources experiments. Since the accuracy is not so demanding for this
case, only CMG's are us.d. Many details of momentum management, etc.,
are not discussed because of their complexity.

A very interesting structures-controi problem occurs when the com-
mand module docks with the fkylab. Docking will occur three times during
the mission. In this case, nol only the Skylab control system is active but
the CSM KCS system is also active. Accuracy is required in aligring both
bodies for secure docking. The docking impact also excites structural modes,
but these modes have not proved to be a strong coupling problem.
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Some of the solutions to the Skylak problems are as follows:

1. Locate controi moment source and control sensor on body to be
pointed (ATM);

2. Have two control systems; CMG, and fine pointing;

3. Gain stabilize modes by ATM pivotal mounting or through CMG
low bandpass;

4, Perform detailed structural dynamics anaiysis;

5. Perform detailed full scale Skylab and full scale component (solar
panels, etc.) dynamic testing.

B. LST Attitude Control Solutions

The high pointing accuracy (+0. 005 arc sec) for the LST introduces
some difficult and interesting control-structura! interaction problems. The
first question is whether or not to try to achieve the fine pointing accuracy
with body pointing alone. If this can be done, then the experiment package
can be made simpler and more flexible. However, the potential LST contrac-
tors are currently divided on the question of image motion compensation or
body pointing. In either type of control, accurate structural medels are
needed.

The control actuator that is most likely to be used will be CMG's and
reaction wheels with magnetic torques for momentum desaturation. Because
of the extreme accuracy required, the sensor will have to be contained in the
telescope optics. The current control philosophy is to use reaction wheels for
high bandwidth control actvatior and to use the CMG's for momentum accumu-
lations.

Active bending mode stabilization may be required because of CMG
imbalance, thermal shock, and other disturbances. Since zero gravity
dynamic testing is not possible on the ground and the configuration varies in
orbit as the solar arrays are moved to track the sun, an adaptive control
scheme is indicated. The stabilization of bending mcdes is complicated by the
fact that the error at the seansor point is a function of the structural deflection,
not only at this point, but also at the primary and secondary mirror.

The LST spacecraft configuration is shown in Figure 23.
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The LST attitude contro! nroblem areas can be divided into two parts:
(1) structural definition, and (2) disturbances. The structural definition
area includes the following: dynamic tests not feasible, gravity environment,
and variable configuration. The disturbance problem includes: gravity gra-
dient and aerodynamic, thermally induced oscillations, antenna motion,
CMG/RW unbalance, CMG/RW nonlinearities.

There are several solutions to the LST attitude control problems.
These include the following:

1. Control philosophy
a. Body point plus image motion compensation
b. Body point alone
2. Control actuator
a. Control moment gyros (CMG)
b. Reaction wheels (RW)
c. Magnetic torques
3. Control sensor — star tracker within telescope ontics
4. Control scheme
a. Use RW for high bandwidth
b. Use CMG's for momentum accumulation
c. Desaturate CMG's with magnetic torques
d. Actively stabilize bending modes

e. Adaptive control techniques.
C. Spinning Spacecraft

The description of the dynamics of spinning vehicles is complicated
because of the large angular motions involved. Several techniques are
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currently being used to generate the equations of motion, such as the use of
hybrid coordinates, quasi-coordinates and the Eulerian-Newtonian formula-
tion. The quasi-coordinate approach appears to be the most powerful and
useful because it combines the advantages of the usual Lagrangian formulation
with the simplicity of equations derived through the Eulerian-Newtonian
approach.

The standard technique of linearization of the equations of motion is
questionable since the spin rate will be a function of time during spin up and
down and may be coupled with ithe elastic motion of the vehicle during large
amplitude oscillations. Thus, the determination of stability and stability
margins for control system design is not on the same firm basis that it is for
nonspinning vehicles.

The standard eigenvalue solution is ditficult because, if the spin effects
are introduced into the unear equations, complex eigenvalues and eigenvectors
are obtained. The alternative is to introduce only spin into the nonlinear
equations, hut this necessitates the use of many real eigenvectors.

Although no present manned vehicles are spinning, some considerations
have been given to an artificial gravity mode for a second Skylab and for a
future NASA Space Station.

D. Sortie Mission Ram Orientation — Celestial Observations

Celestial observation orientations are driven by payload requirements
for accurate celestial pointing for periods up to 5 hours. In addition, a low-
acceleration environment is required. Candidate modes of operation for
orientatior control are drift operation, ACPS stabilization, and CMG stabili-
zation (Fig. 24).

1. Drift Operation. Residual drift rates result in a rotation of 180
degrees in approximately 2 hours for the reference Phase B orbiter and in an
estimated 0.5 hour for the 040A orbiter. Such drift angles would require
excessive gimbal angles and tracking capability for either the payload or the
payload integration equipment. The drift operation mode is considered
unacceptable.

2. ACPS Stabilization. Orientation is inertial with the orbiter X-axis
perpendicular to the orbit plane (X-POP) to minimize gravity gradient torques.
ACPS engines fire at about 20-second intervals during observation periods for
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Figure 24. Sortie mission ram orientation.

the reference Phase B orbiter with the orbiter stabilized to a 0.5 degree
deadband (1. 0 degree total pointing error inciuding reference errors).
Transient accelerations from ACPS pulses are approximately 10~ g in the
orbiter bay and 10~ g for payloads deployed from the bay. From the same
pointing conditions, it is estimated that the 040A ACPS engines will pulse
every 4 seconds, and that transient accelerations will be 107 g and 107* g for
nondeployed and deployed payloads, respectively. Possible contamination

from frequent engine firings and high accelerations make this mode marginally

acceptable for celestial observation payloads.
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3. CMG Stabilization. Orbiter orientation with control moment gyros
is X~-POP to minimize accumulation of momentum. Gravity gradient momen-
tum dumping would be used for both orbiter configurations. Transient accel-
erations and contamination would be minimized in thi= mode, making it an
acceptable mode for astronomy sortie missions.

IV. MAJOR TASK AREAS REQUIRING TECHNOLOGY:
(SUMMARY)

Although all of the future space vehicles require certain common areas
of technology, the details or characteristics may be grossly uifferent. For
example, the prediction of the dynamic characteristics is common to all
vehicles, but a highly flexible spinning spacecraft has quite different modeling
problems than a Saturn V Apollo launch vehicle. The overall goal for space
vehicle design and in particular, the considerations for this design discipline,
is to develop a vehicle that is optimum in desigu and performance. In general,
this optimality is minimum structural weight and minimum dynamic response.
The common technolugy requirements are (1) models, (2) performance
criteria, (3) analysis techniques, and (4) environment. Figure 25 shows
some of these criteria.

A. Vehicle Optimum Design Approach

From structural, dynamic, and control aspects, the basic need is for
an integrated optimization program that considers all aspects of the mission
and vehicle characteristics. This is illustrated in the flow diagram in Figure
26 for the Space Shuttle. Obviously, it might not be possible to consider all
mission phases simultaneously; however, the constraints on or a ban of cer-
tain characteristics, for example, for the orbiter flight alone, can be input
and the ascent phase optimized within these constraints. Through a proper
definition of structural characteristics, trajectory and performance, aero-
dynamics, etc., an iteration procedure or optimal procedure can be generated
that compares these trades and comes up with a best design. The same
approach would apply to other space vehicles. The development of this type
of program is greatly needed, since at the present time, all these various
elements are treated separately with the trades made inh a more or less hit
or miss fashion, A procedure of this type should save time and money and
result in a higher performance vehicle.

44

o

BTN

ax O

p g+t sl



-

T BN AR e L
‘ ..NMJ,-M..‘ N ' ‘ i

45

-£Sojouyoa) Suyambaa seoae yse) Jo{By "GZ 9andrg

SI1ANAII0¥4 NOILVIIIO0 ©
NOILYII4INIA WILSAS ©

N9ISId WAWIL4O0 o
SINDINKIIL SISATVNY

SUOLIVI ONILHOUIM o

ONIANYA IWILl ©
NOILYWI1S3 31ViS ©

Vidilig) 3INYWE03N¥1d

1INYWE01¥1d
N9Isid
WANWILO0

11880 o
V11800V o
218IH4SONLY ©

LNIWNORIAN]

. | S$IINYNAGONIY -
“L aInon -
JUNINULS o
WILSASERS ©
WiLSAS ©
N\ s1300W

iy . o won T IOLY

L s e NG 2 I Y - M



-

N L BTt

‘yoeoadde ufisop wnwinydo a1otyas 97 sandig

IN3INNO¥IAN]

JINVNYOIY¥3d
A40L123rvyl

ONICNVT
A¥LIN33Y
NOILYY¥Vd3S
ly08v
1N32SYVY

4401417

TO¥LNOD

anNv
SIINVNAGQ

NOISTINndO¥d

———| SSYN ONV

$3¥N12NY¥ILS

a———— SOINVNAGOYIY |[ug—

G3lVN ©
43118480 o
4315008 e

SNOILYYNOIINOD

-y,

SRRy

S3AIL03r80 ANV NOILINIZ3G NOISSIU

46

el -3k




T fAe——_— < e xSt

The need for this approach was emphasized during the Shutcle Phase B
activities, when it became obvious that the reentry aerodynamic design was
penalizing both ascent and cruise flight regimes. Many "brute force' methods
were used that compromised each flight regime but resulted in a compatible
system.

B. Load Relief and Modal Suppression

Much effort has been expended by industry, NASA, and the military on
load relief and modal suppression analyses. At present, these efforts result
only in a fairly good benchmark for comparison of '"brute force'! design
responses. The objectives of this development which have been stated pre-
viously, include reduced loads, increased fatigue lifetime, improved pointing
accuracy, etc. State of the art characteristics of optimal approaches are
listed in Table 1. The major shortcomings are high computer time and
simplicity of the model. The need for an optimal design approach is great.
The chart also lists several areas where improved technology is needed. The ;
list includes both sensors (hardware) and analysis approaches. Adaptive
gain schemes are a real need since vehicle dynamic characteristics are
becoming very complex and more difficult to predict. Adaptive approaches
would allow for less accurate modal data and insure a more reliable design.
Wind-biasing procedures, based on either very near launch time winds or in-
flight wind sensing, wind prediciions and a wind biasing scheme, could greatly
reduce structural loads and control system requirements. Present schemes
deal only with the total system. There is a dire need for procedures that
optimize a subsvstem ii terms of system optimal performance. Present
schemes, in general, sense a mixed state of the system. Techniques for
separating the signals from the various modes (states) would simplify con-
trol system logic and design. Present control approaches couple the system;

Lt i n - bon nawn -

iy
for example, a yaw rudder command induces roll that must be compensated .* ’w-
for with ailerons. Techniques for designing control systems with minimum - “‘“
coupling are needed. Choice of sensors and sensor location continually o

plagues control and structure engineers. Criteria and procedures are needed
for achieving a reasonable and adequate number of sensors, appropriately
located in terms of structural and environmental constraints.

Computer costs associated with optimum procedures are so high that
in-depth analyses usually cannot be performed. More efficient procedures
would add greatly to optimum design, especially in light of structural and
performance constraints.
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TABLE 1. LOAD RELIEF AND MODAL SUPPRESSION

State of art:

Computational costs high

Programmed gains

Sensor choice: accelerometers, rate gyros, position gyros
Monthly mean wind trajectory biasing (all planes)

Mixed state estimation

Yields iinear control law

Multi-ioop design

Control law requires full state {zedback

Technolcgy needed:
® Adaptive gain schemes
o Preflight wind biasing schemes
e Inflight wind sensing and wind biasing
® Techniques for designing practical optimal subsystem controller
using optimal performance criteria as goal
Separate (modes) state estiniation
Technique for minimum interference (coupling) through control
system
® Sensor choice and location criteria
More efficient iteration procedures
o Simplification of optimum controller to practical sensc~
complement
¢ Inclusion of parameter variations in design

Une other important problem is the lack of a procedure for including
vehicle parameter variations in the optimum approaches. Present approaches
include only ideal vehicle characteristics. It is well known that parameter
variations, in most cases, dictate the design. This shortcoming of present
approaches greatly limits their usefulness and the insight available.

; C. Performance Criteria

[

A crucial part of any optimal approach is the performance criteria.
The usefulness of the too! depends on how well the proper performance criteria
and weighting factors between each part are established. In many cases, the
approach is more an art than a science. It is too time-consuming to argue the
merits and demerits of the various approaches, especially the state of the art
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approaches as shown in Table 1. To date, very little, if any, criteria have
heen developed for orbiting vehicles. Also, orly frozen time-point criteria
have been considered, when in reality, the real performance criterion is
time-varying and even possibly nonlinear in nature. These shortcomings

lead to the need for non-ideal state estimation, a wind model that contains

the detailed wind characteristics, such as gust, or the excitation forces on
orbiting vehicles, such as sclar flares, gravity gradients, etc. Present
criteria need to be extended from loads and performance (drift) to pointing
accuracy, momentum accumulation (orbit vehicles), control system impulses
(RCS systems, etc.) and, as stated previously, extending frozen time-point
criteria to time-varying analogy. Present criteria also need to be validated
and corrected to insure that present approaches are more than just benchmark
tools, even as valuable as they are. Much work, therefore, is needed in this
area and must have high priority if the high accuracy of future space missions
is met.

D. Special Dynamics Problems

Technology needs to be advanced in the dynamics area. The chart
splits this work into two broad areas: analysis techniques and testing tech-
niques. In the analysis area, the greatest problem occurs in analyzing, or
predicting, the dynamics of large flexible vehicles in orbit. Here the two
basic probiems occur as discussed earlier:

1. The coordinate system or means for describing the vehicle dynamic
characteristics under forcing functions and control. Some work has been done
but only the surface has been scratched. All methods to date require much
laboricus work and lengthy computer programs and run times.

2. The solution of the complex eigervaliue-eigenvector problem for
spinning vehicles. This is an old problem in .he control field that has not
existed in structural dynamics; that is, the solution of large degrees of
freedom systems with complex, closely grouped, or multiple roots. The
problem is mainly one of accuracy and com..uter time.

In general, orbiting space vehicles consist of the Space Shuttle or
several elastic bodies elastically coupled which complicates analysis due to
point loads, joints, and thermal effects. Techniques need to be improved for
handling this problem, as well as predicting joint damping. Damping is very
important in control system and structural response design work.
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Component synthesis techniques and complete finite element system
analysis use the basic approaches available. Much more work needs to be
done in this area along with component testing to determine the most accuraie
low cost approach. A major oroblem is the correct definition of constraints
so that the system model can be properly synthesized from the components.
This must be traded against the all up (total system) finite element analysis
and possibly full scale testing where practical.

In the dynamic test area several questions remain that are important
to both structures and control system (models to use in design). No real
means of testing structures of any size under zero g are available. Drop
towers have too short a time constant and also size limitations. Aircraft
can only take short durations of zero or low g and have many limitations.
This leaves only orbiting as a means of testing and this is very expensive.
An age-old problem remains of how Lo scale liquid structure interaction since
dynamically they must be scaled differently. This is another area that ncads
further exploration.

As mentioned under component synthesis, component testing offers a
cost saving if proper ways can be found for handling constraints. A very
basic question has not been answered. That is, "What constitutes valid
dvnamic test data?' Mode orthogonality has been used, but is not adegquate.
This basic question is really compounded with the large, flexible, 3-D,
unsymmetrical, many-component vehicles.

Instrumentation problems still remain with us. There are several
questions to be answered in this field. For example, What is the best
approach? What mix of sensors? Are remote sensors accurate and valid?
We also do not know how to adequately test large specimens under space
thermal conditions since there are large temperature differentials across the
body. And, finally, although much work has been done on scale model testing,
problems still exist. Some of these are: "how to scale joints,' "how to use
scale models to obtain damping,' "of what value are highly sophisticated
models?'" '"What type of scaling is best?"
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