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Scetion I

INTRODUCTION -

A, BACKGROUND

This report documents a Stabilization and Control study of flex- .
ible, spinning, manned space stations. The study was performed by the -
Sperry Rand Systems Group of Sperry Gyroscope Company, Division of Sperry '
Rand Corporation, for the Langley Research Center, National Aeronautics and
Space Administration under Contract Nc¢, NAS 1-2946.

The investigation of the stabilization and control problem for a !
flexible spinning vehicle was initiated to explore the feasibility of con- j
trolling this type of vehicle because such configurations provide a means
of obtaining an artificial gravity station environment within near-term
booster payload limitations,

!

The uncertainty of man's reaction to prolongei zero-gravity
exposure has necegsitated investigations of technigues wnich can be used in
space station configuration design to provide an artiriclal gravity envi-
ronment, either as an experimental tool or as a hackup configuration in the
event that extended zero-gravity operation proves wifeasible. One technique
for providing artificial gravity, within constraints imposed by payload
limitations and the desire for a large rotational radius, consists of
spinning a manned space capsule and an empty booster case about their
common mass center. A large spin radius can be achlieved by separating the
two bodies by means of a structural member. The desire to minimize the
weight associated with th~ umember connecting the saparated bodies leads to
vehicle configurations which use either cables or relatively thin struts or
tubes as the coupling device. 8Such extension mechanisms are elastic struc-
tures and will behave as flexible or nonrigid members. Vehicles of this
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type, therefore, can be generically referred to as flexibly coupled,
spinning, space stations.

The dynamics of this type of flexible vehicle are more complex
than those of a rigid body. Structural oscillations will be superimposed
on, a.d will interact with, the rigid body motions. Thus, it can be
expected that control concepts will be required which differ from those
which have been reasonably well developed for vehicles more nearly exhibi-
ting rigid body behavior. This study was undertaken with the purpose of
defining the control and stabilization probier and generating promising
control-system concepts for coping with it.

B. OBJECTIVES

Tt.e broad objectives of the study were:

l. To evaluate the feasibility of providing effective, reliable,
control subsystems for flexibly coupled, spinning, manned
vehicles during the extension or retraction maneuver, and during
steady spinning operation.

2. To generate promising control-system concepts and investigate
their performence characteristics.

3. To define the relationships among the control system, configura-
tion, and control-requirement parameters. Knowledge of such
relationshlps, i.e., sizing laws, provides the basis for the
subsequent generation of control-system specifications and
preliminary design.

4. To analyze and evaluate several cable-coupling configurations
with the objective of minimizing the control problem imposed by
the flexible structure.

C. SCOPE

This study has emphasized (1) dynamics and control of the vehicle
in the spinning operational mode and (2) the transition from the spinning
to the nonspinning mode. Most station concepts ( .so envision operating the
station in a nonspinning or zero-gravity mode, perhaps for considerable
periods of time. However, consistent with the objectives of this study,
consideration of the nonspinning control problem was restricted to insuring
compatibility.



For study purposes, a nominal vehicle and a set of nominal control
requirements were established. The effects of variations asbout these

nominals were considered in generating sizing or scaling laws. Variations
in such parameters as orbital altitude, inclination, eccentricity, and
aerodynamic coefficients are not of significance with respect to vehicle
short-term dynamics, and are therefore outside of the study scope. Detailed
study in these and other areas will be required prior to preliminary design,
establishment of fuel budgets, and similar subsequent development
activities. .

D. APPROACH
The study effort proceeded along the following lines:

1. The important vehicle dynamic characteristics were established
and analytical models were generated.

2. Nominal control requirements and disturbance models were formu-
lated for the various modes of space-station operation.

3. Based on the appropriate models, control concepts were
synthesized.

4, Control-system simulations were performed for the nominal
vehicle, establishing "nominal' performance characteristics.

5. Data was generated describing the relationship of such control-
system parameters as weight and peak power to vehicle configura-
tion, disturbance, and damping-requirement parameters.

6. The relative merits of variations in control approach for this
application were examined and summarized.

7. Problem areas requiring further study were identified.

Section II of the report describes the technical approach and
summarizes the study results. Subsequent sections treat the various aspects
of the study at length.
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Section II

SUMMARY OF RESULTS AND RECOMMENDATIONS

A, MAJOR RESULTS

1.

2.

4.

6.

The study established the feasibility of stabilizing and
controlling a flexible, spinning space station.

The control system required for the station is of reasonable
size, weight, and power, and is well within the state of the
art.

The only unique component required in the control system is a
large, two-degree-of-freedom control moment gyroscope. The
development of such a gyro represents a standard gyro design
problem. No technological break-throughs are required.

The cable configuration used to couple the manned body to the
empty booster case is not critical from a controls standpoint.
Several simple cable configurations are feasible, and the
selection of a particular configuration can be largely based

on deployment mechanism trade-offs, operational considerations,
and other factors beyond the scope of a controls-oriented study.
From a controls viewpoint, however, an eight crossed cable
configuration appears to offer some slight advantages relative
to others considered in the study.

The elastic structursl modes, although of importance, pose as
insurmountable control problems during either steady spinning
operation or the transition from the spinning to the nonspinning
state.

The extension and retraction of the station can be performed
with good propellant economy. In the nominal case conslidered
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hefe, the transition maneuver required only 6 percent more fuel
than would be required to accelerate an equivalent rigid station
to the same operating speed.

B. RECOMMENDED FOLLOW-ON EFFORTS

As a further result of this investigation, several areas requirin
more detalled study have been identified. The specific tasks which are
recommended as follow-on items are discussed in section IX,; and summarized
below:

e It is recommended that the scope of thls study be enlarged to
include other vehicle configurations. For example, venicles
having no inherent roll stablility, or having asymmetric booster
and/or cable configurations are practical candidates for near-
future use, but were not considered in this study.

e It is recommended that further analysis of the extension/retrac-
tion problem be performed in order to insure that there are no
hidden problem areas. In this study, attention was focused on
the yaw axis since the pitch and roll axes did not appear as
critical. This preliminary finding must, of course, be substan-
tiated by detailed simulation of the pitech and roll axes.
Further, a four cable configuration was considered in this study
to simplify the cable slacking calculations. Other cable con-
figurations should be analyzed. Finally, no attempt has been
made to define detailed performance requirements for the mating
device used to couple the manned body to the capsule. Allowable
disturbance inputs at de-coupling and expected terminal conditions
at coupling shoud be established.

e It is further recommended that system intezration studies be

performed. Control concepts suitable for use in the spinning

modes have been established, and nonspinning mode control concepts
are well known. The next step in the definition of a flexible
spinning space station control system should be the development

of an integrated system concept. For example, actuator trade-

offs have been considered in this study, but only relative to
spinning mode requirements. While the specific actuators pro-~
posed in section VIII are compatible with nonspinning mode require-
ments, they may not be an optimum selection. Further trade-off
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investigations, with increased emphasis on nonspinning mode
requirements, are required to establish an optimum actuator
configuration.

C. SUMMARY OF UNCONTROLLED VEHICLE CHARACTERISTICS

Equations of motion for a flexible vehicle of the type illustrated
by figure 1 were generated and programmed for the digital computer. This
program was used to establish the general dynamic characteristics of th:
space statlon, to determine the effect of the various configuration para-
meters on the vehicle dynamics, and to evaluate several alternate cable
configurations.

As a result of this study, it was determined that the flexibhle
vehicle would be similar to the rigid vehicle in many respects, but that
structural flexibility would play an important role in some practical
cases. The cable configuration used to couple the manned body to the
empty booster stage was, of course, found to affect the structural flexibil-
ity. An eight-cable configuration (cf. figure 4) suggested by Langley
Research Center personnel was found to be somewhat more desirable than the
othar cable configurations considered in the study. However, all of the
cable configurations which were analyzed appeared satisfactory during both
the operational spinning mode and the transition mode. No differences
were discovered significant enough to dictate the use of a specific con-
figuration to obtain adequate control.

D. SUMMARY OF CONTROL SYSTEM OPERATION
1. Operational Spinning Mode Control

A functional block dlagram of the nominal stabilization and control

system is shown in figure 2. The following paragraphs describe these
functions.

The rate stabilization system is designed to damp undesirable
transient motions of the vehicle. The nominal system has been sized to
damp the dominant vehicle resonance to 10 percent of critical, and also
damps the structural resonances to 1 percent of critical. Rate gyros are
used to sense spurious motions of the manned body, and opposing torques are
applied to the vehicles by the proper actuator. A two degree of freedom
control moment gyro is used to provide the torques for damping angular velo-
cities about axes normal to the spin vector. An inertia wheel damps the
structural osclllations of the manned body about the spin axis. Agdiscussed
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in section V,'the control moment gyro appears to offer significant
advantages relative to inertia wheels. reaction Jjets, or single degree of
freedom gyros.

The damped vehicle tends to spin about its axis of major moment
of inertia, which may not coincide with the space station geometric axis-
the desired axis of rotation. The dynamic balancing system utilizes the
same rate gyros and the same control moment gyro mentioned - -above to provide
the torques required to make the vehicle spin about its geometric axis.

In doing so, it compensates for dynamic imbalances which may arise because
of crew motions inside the manned body.

The long term orientation of the space station spin vector (and
geometric axis) is controlled by reaction Jets. A solar alignment control
system accurate to £1/2 degree was synthesized to determine the response of
the vehicle to orientation thrusts and to demonstrate feasibility. Sun
sensors, reaction jets, and control logic comprise the orientation control
systemn.

Artificial gravity level is maintained constant within %2 percent
of desired level (0O.4g nominal) by means of reaction jets controlled by a
suitably oriented accelerometer.

2. Transition Mode Control

The transition mode 1is typified by a continuous, and gross, change
in vehicle dynamics, and by certain nonlinear phenomena which arise only
during this mode of operation. As an example of the latter, it was found
that cable slacking was not likely to occur during the operational spinning
mode, but was almost certain to occur during the transition mode at low
spin speeds and short cable lengths. Accordingly, a special analog simula-
tion incorporating the relevant nonlinearities was employed for the
transition mode control study.

The transition maneuver itself was designed to strike a reasonable
compromise between propellant economy and vehicle rigidity. From the
standpoint of propellant economy, it would be most desirable to coﬁbletely
extend the cables before thrusting to attain operational spin speed. This
is not possible, however, since the centrifugal force due to spin is the
only thing that keeps the cables taut and prevents the two vehicles from
following separate independent trajectories.
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A maneuver consisting of extension at a low spin speed (10 percent
of operational speed), followed by a spin-up to final speed at full exten-
sion was finally selected. This maneuver required only six percent more
propellant than would be required if all thrusting could be done at full
extension. Therigidityof the vehicle was sufficlent to keep attitude
oscillations below three or four degrees during the five minute extension.
The attitude oscillations were smaller during the ensuing 10 percent
minute spin-up which completed the transition maneuver.

The transition mode control system consists of a spin speed
controller and a cable extension rate controller. Reaction Jets controlled
by a rate gyro mounted in the manned body are used to control spin speed.
The extension rate is controlled by an electric servo motor on the cable
drum, which also provides the damping (tachometer feedback) which is needed
to reduce cable slacking and associated "bounce! of the manned body as it
hits the end of the cables.

E. SUMMARY OF CONTROL SYSTEM CHARACTERISTICS

As indicated above, the control system components include:

Power, Watts
wt. Vol.

Qty Item Lbs Cu ft Peak Steady
1 3-axis rate gyro assembly 2.5 0.03 13 13
2 Sun sensors 1 - - -
1 Accelerometer 1 0.01 1 1
1 Control moment gyro 152 4,2 28 43

(2 degree of freedom)
1 Inertia wheel 150 1.3 - 360
1 Cable servo motor 17 0.2 - 75
4 100 1b -thrust reaction jets 18 - - 54
1 Electronics assembly 11 0.25% 20 25

The total weight of the nominal system is 355 lbs, excluding
reaction jet plumbing and tankage, cable drum and gearing, wiring, displays,
and manual controllers. Components required solely for nonspinning mode
control are-also excluded, but all of the actuators and some of the sensors
listed above are compatible with nonspinning mode requirements.

Major propellant requirements for the spinning mode are as follows:

e U450 1bs of propellant per spin/despin cycle.
e U4500 1bs of propellant per year to maintain solar orientation.
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These requiredents assume that the reaction Jets are mounted on the manned
body. If booster-mounted jets are used, the amounts become 220 lbs and
2200 1lbs respectively. .

Variations in mission requirements or vehicle parameters will, of
cour e, affect the weight of the control system. The results of several
parametric studies have been summarized in section VIII. Section III
describes the flexible vehlicle control problem in some detail, and sections
IV-VII present the study results in more detail.
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Section III

DISCUSSION OF THi PROBLEM

A. MISSION ANALYSIS
1. Vehicle Description

The nominal vehicle configuration selected for study is shown in
figure 3. It consists of two capsules connected by a number of flexible
cables. One capsule is manned and the other i1s an empty booster casing.
The two are spun about their common mass center so as o create an arti-
ficial gravity environment.

When launched, the two vehicles are joined together and must be
extended and spun after arrival in orbit. The manned body launch weight,
approximately 19,000 lbs, is within the capabilities of the Saturn C-1
launch vehicle.

The station is periodically despun and retracted to allow docking
by an incoming resupply vehicle. A small unmanned rocket vehicle is, in
this particular concept, used as a resupply vehicle. Two gemini capsules
serve as crew emergency escape vehicles.

Variations in major vehicle parameters were considered in the
study. Table 1 summarizes the range of spin speeds, separations, and
inertia ratios which were investigated.

TABLE 1
VEHICLE PARAMETER RANGES

Cable Length-
Operational Spinning Mode 503 100; 150 £t
Transition Mode 0-100 £t (Typical)

(Table continued on next page.)
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TABLE 1 (Cont)
VEHICLE PARAMETER RANGES

Spin Speed
Operational Spinning Mode 0.2 0.43 0.6 rad/sec
Transition Mode 0-0.4 rad/sec {Yypical)

;gprtia Ratio
(13 --12)/13 0.0027; 0.00483 0.0107

The inertia ratios tabulated in table 1 are the difference in cJae composite
yaw and pitch inertias divided by the yaw inertia. The yaw inertia of the
manned body was varied to change this ratio.

Five different cable configurations were analyzed. These config-

urations are shown in figure 4. A single cable, three cable, four cable,
and two eight cable configurations are included. The eight crossed cable
configuration has been treated as the nominal case.

2. Mission Description

A typical mission for this type of vehicle might include the

following phases:

Initial stabilization of the retracted station after orbital
insertion.

Acquisition of the sun and alignment of the retracted station.

Angular acceleration and simultaneous cable deployment to r=ach
the operational spinning condition.

Spinning operation at a fixed spin speed and extension.

Periodic decelsration and simultaneous cable rcetraction for
resupply operations.

Extended operation in the nonspinning state for, say, experimental
observation..

Problems associated with the extension and retraction operations,

called the transition mode hereafter, and with the operational spinning
mode have been emphasized in this study. The nonspinning mode was also
given brief attention in order todefine mode switching requirements cnd to
assure actuator compatibility.
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3. Control Requirements

a. Operational Spinning Mode

The control functions to be provided during the operational
spinning mode can be summarized as follows:

e Rate stabilization

e Dynamic balancing

e Spin plane orientation

e Artificial gravity control

Table 2 summarizes the detailed control requirements. Very briefly, the
rate stabilization requirement assures damping of the transient motions of
the vehicle. However, if only this damping function were supplied, the
vehicle would spin around its axis of maximum inertia rather than its
geometric axis. The dynamic balancing requirement therefore has been added
to force the geometric axis into alignment with the principal axis.* Thus,
the undisturbed vehicle will spin steadlily about the geometric axis. Spin
plane orientation control is supplied to keep the spin vector (geometric
axis) pointed in the desired direction, and artificial gravity control is
supplied to maintain tue desired level of artificial gravity. :

The necessity for damping the structural resonances is not clear
at this time, since the amplitudes of these oscillations and their associa-
ted accelerations are extremely small. It may be that the cables themselves
will supply sufficient internal energy dissipation to provide this damping.
However, uncertainties associlated with the cable construction details, the
actual dissipation capabilities of real cables, and the unknowns of the
space environment preclude dependence on cable damping at this time.
Accordingly, a modest one percent damping requirement has been imposed for
structural damping on the control system. ’

*The dynamic balancing function can be performed either by shifting mass
or by supplying the requisite compensatory torques. Torque balancing
has been considered in this study.
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TABLE 2

CONTROL REQUIREMENTS FOR THE
OPERATIONAL SPINNING MODE

Range of Alternate

Function Nominal Requirement Requirements
Rate Stabilization -Damp primary vehicle Damp primary vehicle
resonance to 10% of resonance from 1% to
critical. Damp higher 20% of critical.

structural resonances
to 14 of critical.

Dynamic Balancing Completely restore balance {Roll balancing only.
within three minutes after | No dynamic balancing.
an internal mass shift.

Spin Plane Orientation | Maintain Solar Pointing -
to + g%

Artificial Gravity Maintain Gravity Level to } -

Control £2%.

A solar pointing requirement has been selected and conceptually
implemented to illustrate the orientation control technique. In practice,
other more specialized pointing requirements may be imposed and these would,
of course, require additional sensors to define the desired axis of orien-
tation. It should be mentloned that solar panel control could pose signi-
ficant control problems in suchcases. Since fixed panels may be employed
in the solar-oriented case considered here, the solar panel control problem
was not analyzed in detaill and therefore is not discussed in this report.

b. Transition Mode

The control functions to be supplied during the transition mode
include the following:

¢ Rate stabilization
e Cable rate control
e Spin speed control

Detailed control requirements to be associated with these functions
were not available when this study was initiated. Accordingly, the tran-

sition mode control system was designed with the following general objectives
in mingd:
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e Minimize transition propellant requirements.
e Assure vehicle stability. '
e Keep vehicle attitude motions below a few degrees.

In discussing the transition mode control system, an attempt has been made
to establish the trade-offs involved in meeting all of these objectives
simultaneously, rather than to deslgn to a single specific set of
sequirements.,

Two types of transition maneuvers had to be considered. The first
consists of the transition from the nonspinning state, for example, to the
operational spinning state. The second consists of cable length changes
at full spin speed. While the control systems employed for these two

maneuvers are identical, some sizing penalty is involved in supplying the
latter capability.

Problems associated with switching from the nonspinning mode to
the transition mode, and from the spinning mode to the transition mode,

have also been considered. Actuator and control logic switching functions
have been provided where applicable.

Finally, an effort has been made to centralize all control equip-
ment in the manned body. Thus, no control data exchange is required between
the booster and the manned body. As discussed in section VI, a propellant
penalty 1s imposed by such a procedure. However, there are no control
problems assoclated with moving all or part of the control equipment to the
booster, and this may be done if so desired. The operational trade-off
existing between propellant economy, data transfer requirements, and equip-
ment availability for maintenance is beyond the scope of this report.

4., Disturbance Levels

Only major disturbance inputs were considered in this study.
These included the effects of dynamic imbalance due to crew motions, jet
misalignment torques, and gravity gradient torques. Magnetic drag and
aerodynamic forces were neglected, since they were not expected to be
determining factors.

Estimated disturbance torques were established on the basis of:

e An imbalance equal to three, six-slug men located four feet
outboard from the mass center, six feet out along the pitch axis,
end six feet out along the yaw axis.



e A reaction jet misalignment of 0.05 radian on all jets.

e Gravity gradient torques averaged over one orbit at a time, and
integrated over one year. Perfect solar alignment was assumed,
and a low altitude equatorial orbit was considered.

The disturbances due to the imbalance and Jet misalignment effects

were summed arithmetically and applied as a stép torque. Thus, both the
magnitude of the disturbance input, and its rate of application, have been
more than adequately estimated. The actuator sizing estimates are,
therefore, conservative.

The average gravity gradient torque is computed in appendix G.
A detailed torque-time history analysis was not attempted. The existing
unknowns relative to the vehicle configuration and mission profile would
have made such an effort meaningless. A similar remark spplies to propel-
lant consumption calculations, and only order of magnitude propellant
consumption calculations have been performed.

B. STUDY APPROACH

The study performed to solve the problem outlined above included
five major phases:

e Establishment of the characteristics of the uncontrolled vehicle
e Analysis of the operational spinning mode

o Analysis of the transition mode

o Definition of restrictions imposed by the nonspinning mode

e Generation of control system characteristics

A digital computer program comprised the major tool used to
establish the uncontrolled vehicle characteristics. A number of analog
computer programs were employed in analyzing the operational spinning mode
and transition mode control problems. Related studles were drawn upon to
define nonspinning mode control requirements. The results obtained from

these five study efforts are discussed in the following sections of this
report.

3-6
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Section IV

CHARACTERISTICS OF THE UNCONTROLLED VEHICLE

A. ANALYSIS OF VEHICLE DYNAMICS

1. Discussion

The objectives of the uncontrolled vehicle analysis were three-
fold: first, to establish the general dynamic characteristics of this
somewhat unusual vehicle; second, to determine the effect of configuration
changes on these characteristics; and third, to evaluate and compare the
several alternate cable configurations. The following paragraphs present
the results of a digital computer program designed to meet these objectives.
This section deals with the development of an adequate dynamic model, and
discusses the restrictions imposed on the analytical results by the assump-
tions and simplifications used to obtain the model. Section IV.B summarizes
the dominant response characteristics of the vehicle for each of -the three
control axes. Sections IV.C., and IV.D. present discussions of the vehicle
transient response for the nominal and perturbed configurations respectively.

A detailed analysis of the several alternate cable configurations is
included.

2. Dynamic Model

The dynamic model employed in the analysis is shown in figure 5.
The nomenclature employed here and throughout the report is summarized in
appendix A, All vehicle motions are computed relative to the instantaneous
mass center. This leads to a nine degree of freedom model. The angles f
and ©y4s 88 well as the perturbations in spin speed UV‘J\) and separation

(x), were considered small quantities. The cables connecting M and M,
were assumed massless.

4.1



FIGURE 5 NiINE-DEGREE-QOF-FREEDOM VEHICLE MODEL
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While the nine coordinates shown in figure 5 completely define the

state of the vehicle at any instant in time, other coordinate angles are
often of more interest. For example, the instantaneous spin plane pointing
error does not appear explicitly in figure 5. As shown, the angular veloc-
ity of the composite s}.a;ion nominally lies along thef( axis and the
vehicle spins in the (I,J) plane. Deviations from this nominal position

must be computed in terms of @ and the ratio 4‘7/.\1.'- The calculation is
1llustrated in figure 6.

Similarly, there are several measures of manned body orientation
which may be of interest. The orientation of the manne: body (Ml) relative
to the line joining the mass centers, relative to the counterweight, rela-
tive to the instantaneous spin plane, and relative to inertial space has
been expressed in terms of ei.'} and@ , and tabulated in table 3. The
angular velocities which would be sensed by appropriately oriented rate
gyros on the manned body are also shown in the table.

TABLE 3
DEFINITION OF ORIENTATION ANGLES

1. Orientation Relative to Line Joining Mass Centers
Pitch Angl

€= e
Yaw Angle = e13

2. Orientation Relative to Booster
Roll Angle = e

11 T €21
Pitch Angle = €10 = €55
Yaw angle = e]_3 - e23
3. Orientation Relative to Spin Plane
Roll Angle = ey, -tP/a.o

Piteh Angle = e,

Orientation Relative to Inertially Fixed Axes
Roll Angle = e11

Pitch Angle = 815 - 4]
Yaw Angle = &3 * 4

NOTE: Table continued
on next page.

——s— e s =
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TABLE 3
DEFINITION OF ORIENTATION ANGLES (Cont)

5. Rate Gyro Signals
Roll Rate Gyro Signal = éll +0. (9 - em)
Pitch Rate Gyro Signal = 612 -+ 0811

Yaw Rate Gyro Signal = é13 + ¢

Th§ angles €15 and 913 are defined as structural response motions
of the manned body, since they would be zero in a rigid body. The angles
€11 and @ are defined as the rigid body response motions. Clearly, the two
types of motions interact, and the magnitude of €109 for example, 1is
affected by the magnitude of e and @.

A detailed derivation of the equations of motion has been included
in appendix B. The Lagrangian form of the equations of motion has been em-
ployed, rather than the Newtonian form, because of the advantages it offers
relative to the computation of cable influence coefficients.

As indicated earlier, the equations of motion are based on small-
perturbation approximations for both rotational and translational motions.
Cross-products of inertia effects have been included, but only small im-
balances may be considered without violating the small-angle approximations.

As in standard practice, the effects of cable flexibility have
been included in the equations of motion by the use of cable influence co-
efficients, or spring gradients. Appendix C summarizes the calculation of
influence coefficients for an arbitrarily located cable.

The influence coefficients are obtained by computing the strain
energy stored in the flexible structure (cables) used to connect the manned
body to its counterweight. It is interesting to note that the spin rotation
displacement l[' and orientation rotation displacement @ cannot affect the
strain energy stored in the cables. Thus there are no cable influence
coefficients associated with the angles ¢ and .

Other potential energy storage mechanisms have been neglected.
These include, for example, gravity gradient forces.

Small angle approximations are introduced in the potential energy
calculation, and a linear elastic structure is assumed. The latter assump-
tion means, of course, that this model cannot be used to study the cable
slacking problem. A nonlinear model is developed in section VI specifically
for this purpose.

4-3




Y

LN e st

[OOSR R

3. Applicability of Simplifi~=tions and Assumptions

The significant approximations stated above can be summarized &s
follows: .

e Small response motions take place.

e No gravity gradient effects are present.
@ Massless cables are employed.

e No cable slacking occurs.

The small response motion approximation will be justified after
the fact by analyzing the response amplitudes obtained from the linearized
model.

The importance of gravity gradient forces has been analyzed in
other documents*, To summarize, it was found that the gravi.y gradient
forces affected the vehicle dynamics only if the spin speed dropped near
orbital frequency. At this point, the tidal separation forces become the
same order of magnitude as the centrifugal force in the cable, and must
therefore be considered in computing the vehicle's short period response.

While the gravity gradient has 1little effect on the vehicle's
dynamic characteristics at higher spin speeds, the presence of the result-
ing low level torque cannot be entirely neglected. The major portion of
the vehicle's propellant will be consumed in combatting the cumulative
effect of this torque, which continually attempts to precess the vehicle's
spin vector. Gravity gradient propellant calculations have been included
in appendix G.

The document previously cited also considered the effect of cable
mass on vehicle dynamics. Cable inertia could resulti in lateral cable
motions. These, in turn, could conceivably have a significant effect on
the attitude motions of the manned body because of transverse cable vibra-
tions, or because of traveling wave disturbance propagation effects. It
was found, however, that in the cases of interest the cable natural fre-
quency was well separated from the space station attitude resonance. Thus
the dynamic interaction of cable and attitude osciilations can be neglected.

*J.L. Keller and I.N. Hutchinson, "The Effect of Cable Dynamics and Gravity
Gradient Forces on a Flexibly Coupled Space Station." 8Sperry Engineering
Memorandum, July 1963.

4=l



It was also found that cable motions would have a negligible effect on
attitude dynamics even if the resoncnces were close together, as long as

the cable mass was very small relative to the vehicle mass, and some minimal
damping was present in the cable. (The effects of attitude motions on the
cable might be significant in this case however.) In any event, cable
oscillations, or cable mass effects, can be neglected at the cable lengths
of interest. They may assume importance in the 300-500 foot cable le..gth
regime.

Cable slacking phenomena impose the most significant limitations
on the linearized vehicle They definitely restrict the applicability of
this model to the operational spinning mode, where the spin speed is fairly
high and cable extension fairly large. A numerical analysis of thec cable
slacking problem is presented in section IV.D.3.

4. Digital Computer Program Desecription

The equations of motion for the linearized nine degree of freedom
model were programmed for a digital computer. The computer program was
divided into two subroutines. 1In the first subroutine, the generalized
cable influence coefficient equations developed in appendix C were appiied
to each cable of the configuration in question. Composite influence co-
efficients were then obtained by summing those for the individual ca .es.

In the second subroutine the equations of motion developed in
appendix B were solved to find the vehicle frequency response. Both the
magnitude and the phase angle of the vehicle response to a unit forcing
function were computed at a specified frequency. E:ghty-one transfer
functions, corresponding to the nine response motions to each of the nine
possible forcing functions, were obtained. The calculation was repeated
for a number of forcing frequencies.

The frequency response data were plotted and used to compile in-
formation concerning static sensitivities and resonant frequencies. The
peak response to transient disturbances was then estimated by constructing
simplified analytical models from the frequency response plots, and solving
for the response motions of these simpler models. These transient response
estimates were substantiated by analog computer simulations of selected
configurations.

Before proceeding to a detailed discussion of the attitude
sesponse characteristics of the vehicle, it should be mentioned that in

4-5
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all cases considered herein, the resonance associatesd with translational
motions of the two end masses was much higher than the other significant
vehicle resonances. Accordingly, relative translational motions will be
small during the operational spinning mode, and may be safely neglected
for the remainder of the discussion.

B. GENERAL DYNAMIC CHARACTERISTICS
1. Primary Dynamic Effects

Motions of the flexibly coupled spinning space station are affected
by both the rigid body properties of the vehicle and the flexibility of the
structure used to connect the manned body to tne counterweight. A brief
description of these phenomena will prove helpful in subsequent discussions.

Two rigid body effects are important: wobble of the spin vector,
and precession of the spin plane. In this discussion, wobble will include
all periodic spin vector motions while precession will be limited to
secular motions of the spin vector. Both of these effects are associated
with the gyroscopic properties of the station.

For a-rigid vehicle, the frequency of the wobbling motions is
determined by the composite inertia distribution of the station, and is
given by '

.
3 LNUIL 1)
wo:f(‘3 L, ) (I3-1a a. W

I,

where,13 is the spin, or yaw inertia, Il is the roll inertia, 12 is the
pitch inertia, an.d.{l.0 is the nominal spin speed. For the cases considered
here, the flexibility of the connecting structure has some effect on this
resonance, but equation (1) still gives a reasonable estimate of its value.
This wobble resonance 1s the lowest of the several vehicle resonances, and
therefore plays a dominant role in determining the gross dynamic character-
istics of the vehicle.

Spin plane precession is worthy of special discussion because of
the somewhat unusual form it takes in the coordinates defined in figures 5
and 6. The spin plane precession effect causes the angle ¢ to exhibit an
undamped resonance at a foreing frequency equal to the spin speed. This
resonance can be interpreted as follows: First, note from figure 6 that if

46
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a constant spin plane pointing error exists, the angle @ oscillates as the
manned body rises and falls relative to the (i,i) reference plane. Thus,

if the pointing error were steadily increased, @ would appear to undergo a
divergent oscillation. A space-fixed torque would be required to maintain
such a steady precession, and this torque would also appear to oscillate at

spin speed relative to the rotating body axes. That is, a divergent oscilla-

tion of the angle @ is caused by application of a body referenced torque
which oscillates at spin speed. This divergence represents steady pre-
cession of the spin plane under the influence of a space-fixed torque.

The resonant phenomena associated with vehicle flexibility are
much more straightforward. They result from relative motions of the two
end masses on the spring provided by the connecting cables. Oscillations
in roll, pitch, yaw, and linear separation are all possible. These reso-
nances will be damped by energy dissipated internally in the structure
itself, although the exact value of such damping is hard to predict.

2. Yaw Response Characteristics

The nine degree of freedom equations indicate that within the
linear approximation, the yaw axis of the spinning space station decouples
from the pitch and roll axes. Thus the yaw response can be analyzed inde-~
pendently of the pitch and roll responses. The yaw frequency response of
the nominal vehicle 1s shown in figure 7. Figure 3 and table 8 define the
nominal vehicle configuration parameters.

Iwo resonances appear in figure 7, both of which are due to
structural flexibility. The higher of the two 1s above the frequency range
of interest, and is- suppressed by the counterweight anti-resonance. This
leads to the conclusion that in the operational spinning mode, the higher
yaw resonance can be neglected. )

The data of table 4 substantiate this conclusion. The yaw response

to a unit impulse has been tabulated. It is apparent that the high fre-
quency response can be neglected against the low frequency response.

TABLE 4

YAW RESPONSE TO UNIT IMPULSE FOR NOMINAL CONFIGURATION
(RESULTS IN 1 RAD/SEC INITIAL CONDITION ON él3)

‘€13 = 0.48 sin 2 t +0.015 sin 3.6t
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The table also indicates that the yaw angle e13 and the relative yaw angle
(el3-e23) are the same order of magnitude. This was generally found to be
the case.

In summary, the following conclusions may be stated: -
e The yaw axis decouples fro. the pitch and roll axes.

e The higher of the two yaw resonances may be neglected in approxi-
mate calculations.

® Relative yaw motions of the manned body and the counterwelght will
be the same order of magnitude as the manned body motions.

3. Pitch Response Characteristics (Structural)

The structi.ral pitch response of the nominal vehicle, €109 is
shown in figure 8. It is quite similar to the yaw response, except for
the resonant/anti-resonant palir at the roll resonance. Neglecting this
region for the moment, it is clear from figure 8, and consideration of the
vehicle geometry, that the structural pitch and yaw characteristics will be
qualitatively the same. Thus the conclusions drawn from analysis of the
yaw axis also apply to the pitch axis. That is, the pitch fundamental
will dominate the structural response, and relative pitching motions will
be the same order of magnitude as the manned body motions.

Figure 8 indicates that a resonance exists at the roll resonance
which 1s nearly cancelled by an anti-resonance. It should be mentioned
that similar pairs must exist at the other roll resonance, and at spin
speed, since the pitch and roll axes are gyroscopically cross-coupled.

They do not appear in figure 8 because the cancellation is so nearly com-
plete that the digital computer calculations, performed at a number of
discrete, finely spaced frequencies, did not include a point near enough to
the resonance to sense its presence. If plotted, they would appear as
vertical lines exactly at the resonant frequencies.

The importance of such factors is best illustrated by an example.
Neglecting the counterweight anti-resonance and the pitch structural
harmonic, the response of the system illustrated by figure 8 to a torque
impulse is:

. K,wﬁ(:_i'i)z[(w )S'Inwp"t'+(wa ‘: ‘Ur snowr ‘-] (1)
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where
static gain = 1.4(10'6) rad/ft-1b

Ko =

p1p = pitch resonance = 2.7 rad/sec

r, = roll resonant frequency = 0.46 rad/sec
Z = anti-resonant frequency o2, * L

TAt = magnitude of impulse = 1 ft 1b sec

For the case at hand, wrz and Z are well below qul, and the expression re-
duces to

€, % 3.600° ) sin 27t +. 744w sin.v6t | (3)

From figure 8, a conservative estimate of the magnitude of M is 0.01 rad/
sec. In this case, the resonant/anti-resonant pair results in an oscilla-
tion whose magnitude is less than 0.8 percent of the structural oscillation
itself. The resonance/anti-resonance pairs at the other natural frequencies
are, as mentioned earlier, even closer together and thus would have an even
smaller effect. It would appear, then, that all cross-coupling can be
neglected in computing the structural pltch response to a pitch torque
input.

The inertial pitch response, (e12~4), is also of interest, and
is shown in figure 9. The high frequency part of the plot is essentlially
the same as that of figure 8. This implies that spin plane motions, as
measured by the angle,® , will be small in this region. A more interesting
phenomenon appears in the low frequency region. Here, the spin plane
precession resonance appears, as would be expected, but there is also an
anti-resonance at the roll natural frequency. As a result, the spin plane
response (oscillation at spin speed of 0.4 rad/sec) is again found to be
small relative to the structural response (oscillation at pitch resonance
of 2.7 rad/sec). Table 5 illustrates the situation.

TABLE 5

APPROXIMATE PITCH RESPONSE TO A UNIT IMPULSE
(RESULTS IN 612 = 1 RAD/SEC AT T = 0)

815 = 0.37 sin 2.7¢
= 0037 Sin 2o7t "'00035 1n0 )+t

812~
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It would therefore appear that in evaluating the vehicle's
pltch response, *he fillowing simplifications are in order:

e Spin plane motions can be neglected in approximate calculations.

¢ The higher of the two structural resonances may be neglected in
approximate calculations.

e Relative pitching motions of the manned body and the counterwelght
will be the same order of magnitude as the manned body motions.

4, Roll Response Characteristics

The roll axls frequency response of the nominal vehicle is shown
in figure 10. Perhaps its most striking characteristic is the high static
sensifivity. It appears that the vehicle is much softer in roll than
either pitch or yaw by a large margin. Thus, the key control problem dur-
ing operational spinning operation is to keep the rolling motions of the
vehicle within reasonable bounds. Having accomplished this objective, con-
trol of the remaining axes is straightforward.

In addition to the much larger static sensitivity, the roll axis
differs from the pitch and yaw axes in that a significant amcunt of cross-
coupling exists between structural dynamics and rigid body dynamics. This
characteristic is peculiar to the vehicle considered herein, and does not
appear to be an inherent characteristic of the broad class of cable coupled
space stations. Other configurations analyzed in related studies exhibited
little or no rigid body/structural cross-coupling on the roll axis.

Figure 10 shows two roll resonances. One appears at a frequency
of 0.27 rad/sec, and the other appears at a frequency of O.46 rad/sec.
These represent the shifted values of the uncoupled roll structural
resonance (0.396 rad/sec) which is computed as if the vehicle were not
spinning, and the uncoupled wot»le resonance (.32 rad/sec) which is com-
puted as if the vehicle were rigid. The interaction between the structural
dynamics and the rigid body dynamics is large enough in the nominal case to
cause this shift.

Figures 11 and 12 provide some understanding of this behavior.
In figure 11, the two roll resonances Gvrl,ulra) have been plotted as a
function of the uncoupled roll structural resonance4wr°. All frequencies
have been normalized by dividing by the rigid body wobble resonance u%
given in equation (1). If the uncoupled structural resonance is very low
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(weak roll spring), the two roll resonances appear at the wobble frequencies
of the individual bodies. (The wobble frequency of the booster is zero,
since this vehicle is symmetric.) If the uncoupled structural resonance is
very high (stiff roll spring), the two roll resonances shift to the rigid
body wobble frequency and the uncoupled strurtural resonant frequency. In
this case the structural and rigid body dynamies no longer interact. Rigid
body phenomena will then dominate the response, since the wobble frequency
is the lower of the two resonances. If the uncoupled structural resonance
lies between these limiting values, the coupled resonances are as shown

in the figure.

It appears from figure 11 that the uncoupling is fairly complete
at frequency ratios such that the uncoupled structural resonance is about
2-3 times the rigid body wobble resonance. Figure 12 substantiates-this
conclusion. The peak response of the manned body to a unit impulse
(éll = 1 rad/sec) has been shown. Neglecting the spin plane motion, which
will be small, the oscillation will be of the form

en*/-‘Ser;t-fBSqu-é (4)

- where ‘““1 and wr2 are the resonant frequencies shown in figure 11. The
peak response is thus

(@)pay * A+B (%)

The values of e);& 4, Aw, and Bw are shown in figure 12 as a function
of the uncoupled structural resonance. Again, it has been found expedient
to introduce the rigid body wobbla frequency,cdc, as a normalizing factor.

Three important conclusions may be drawn from figure 12:

® The peak transient rcsponse is relatively insensitive to changes
in the uncoupled structural resonance (roll spring stiffness).
This is due to the fact that the roll inertia of the booster
comprises only 25 percent of the total roll inertia.

e At low values of the roll structural resonance, say for
“’ro <0.8 wo’ the manned body responds essentially independently
of the counterweight. That is, the transient oscillation is
largely at the wobble resonance of the manned body alone, and the
oscillation at the structural resonance is small.

4-11
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e At high values of the roll structural resonance, say for
wro > 2.5 W,y the manned body responds as if the vehicle were
rigid. That is, the transient oscillation is largely at the
rigid body wobble resonance, and the oscillation at the struc-
tursl resonance is small.

In the intermediate range, of course, the structural oscillation comprises
a significant part of the total respons. of the manned body. It should be
_emphasized, however, that the peak total response is nearly independent of
the uncoupled structural resonance.

-One further comment appears in order: figures 11 and 12 apply to
a vehicle having the roll inertia distribution of the nominal vehicle. If
the inertia ratio 121/1ll is decreased, for example, the wobble resonance
of the composite station approaches that of the manned body. In this case,
vhe curves of figure 11 would approach their asymptotes more closely, and
the central range where structural effects assume significance would then
bezome smaller. The converse is also true.

In the configurations of interest here, the ratio of the uncoupled
roll structural resonance to the rigid body wobble resonance was such as to
result ia operation in the central portion of figure 11. The relatively
broad range of frequency ratios for all configurations led to a practical
difficulty: 1t was desirable to have a simple apprcximate model for use
in preliminary actuator sizing calculations, but no single simple model was
accurate for all configurations. For some, a rigid vehicle model would
have provided sufficient accuracy. For others, structural effects would
have to be included and this tended to complicate the calculations. Be-
cause of these aifficulties, the analog computer was used to make the final
control :rystum parameter selection.

The conclusions to be drawn from the roll axis snalysis are as
follows:

e The roll axis is, by far, the softest of the three axes.

o The roll structural dynamics do, in some instances, have a sig-
nificant effect on the vehicle response. Such situations can
arise in cases of practical interest.

4-12
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5, Pitch/Roll Cross-Coupling Characteristics

The cross-coupling between the pitch and roll axes due to
gyroscopic effects, is illustrated by figures 13 and 14. As noted on the
figures, the dynamic characteristics of both axes affect the cross-coupled
responses. At very low frequencies (W< 0,1 rad/sec), both responses
exhibit the forms normal for gyroscopically cross-coupled systems. At
higher frequencies, the pitch and roll resonances dominate the response.
Table 6 shows the effects of cross-coupling on the vehicle motion.

TABLE 6

APPROXIMATE RESPONSE TO UNIT PITCH AND ROLL IMPULSES
(RESULTS IN 1 RAD/SEC INITIAL VELOCITIES IN PITCH AND ROLL RESPECTIVELY)

Response to pitch impulse

0.37 sin 2.7t
= 0,013 [cos 0.27t - cos 2.7t]

€12

€11
Response to roll impulse

0.012 { cos 0.46t - cos 2.7t]
= 1.3 sin 0.27t + 1.4 sin 0,46t

€12
€11

Table 6 shows only approximate response motions. In general,
there is an oscillation at each resonant frequency (two pitch, two roll,
and one spin plane resonances) in both the pitch and roll motions. The
smaller of these (10 percent of those in table .6) have been neglected. It
should also be mentioned that the actual torque levels assoclated with the
unit pitch and roll impulses are quite different. Roughly lO6 ft-lb-sec
is required to establish the initial condition é12 = 1 rad/sec, while about
105 ft-lb-sec makes éll = 1 rad/sec. In any event, table 6 leads to the
conclusion that the cross-coupled response is small relative to the motion
of the excited axis.

C. RESPONSE OF NOMINAL VEHICLF

1. Summary of Dynamic Characteristics

The preceding discussion led to several conclusions. The most
important of these are as follows:

4.13




@ The roll axis is the softest of the three axes.

e The greatest coupling between rigid body phenomena and structural
phenomsna occurs on the roll axis. It can be important.

e The cross-coupling between the pitch, yaw, and roll axes i1s small.

It should be mentioned, however, that the rate gyro iignals will
be cross-coupled quite significantly. As indicated in table 3, the rate
gyros do not measure éll or él2’ since they also sense components of spin
speed as the vehicle rotates out of the spin plane. For example, table 3
shows that even if there was no pitching motion (e}_2 = = 0), the pitch
rate gyro output would be elIﬂb’ which would still be the same order of
magnitude as the roll rate gyro output éll’

2. Response to Typical Disturbance Inputs

The magnitude of the uncontroiled vehicle's response to typical
disturbance torques is of some interest. Table 7 shows the vehicle response
to equivalent static disturbance torques which represent a three man im-
balance at the extremity of the vehicle. The relation between this physical
cross-product of inertia disturbance and the equivalent static torque is
established in appendix B, equation (B-27). The three torque components
have been applied one at a time to allow easier interpretation of the re-~
sults. In practice, all components would be applied simultaneously.

Table 7 also assumes instantaneous application of the torques. In practice,
the total imbalance would build up slowly so that somewhat smaller transient
motions than indicated in the table can be expected.

The results shown in table 7 are as would be expected from the
preceding discussion. The roll axlis is certainly the most critical of the
three axes, even though 1t experiences the smallest disturbance torque.

In general, the correlation between peak response motions predicted by
rigid body theory and those predicted by the more exact flexible body
theory is good, but the dominant frequencies differ. The structural pitch
¢ud yaw motions are, of course, not predicted by the rigid body theory.

It should also be mentioned that the magnitude of these response
motions appear to be compatible with the linearizing approximations intro-

duced earlier. Other configurations exhibited larger response motions, but '

in general, the various angular deflections were always less than 10 degrees
or 15 degrees.
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D. PARAMETRIC ANALYSIS
1. Changes in Cable Configuration

The preceding paragraphs have established the general character-
istics of the nominal vehicle. The next step is to investigate the effects
of changes in vehicle parameters. Accordingly, & parametric analysis of
these variables is presented in the following paragraphs.

The alternate cable configurations shown in figure 4 will be com-
pared on an equal weight basis. Individual cables in the eight cable con-
figuration, for example, will have one-eighth the cross-sectional area of
the cable used in the single cable configuration. Table 8 lists the cable
parameters employed in the analysis.

TABLE 8

CABLE PARAMETERS FOR OPERATION AT
0.4 R/SEC AND 100 FT.

2.1 (107) 1bs/ft2
1.05 (1073) sq. ft.
6000 1bs.

Elasticity
Total Area
Breaking Load

The cable breaking load is twice the actual load carried by tie
cables when operating at O.4 r/sec and 100 ft. The cable data were obtained
from ANC-5, "Strength of Metal Aircraft Elements."

Changes in the cable configuration have their largest effect on
the yaw and pitch axes of the vehicle. The peak yaw response to a unit

impulse has been tabulated in table 9 for the several cable configurations
in question.

TABLE 9

PEAK YAW RESPONSE TO UNIT IMPULSE FOR £, = O.4 RAD/SEC
AND £, = 100 ft.
(RESULTS IN él? = 1 RAD/SEC AT T = 0)

Cable Configuration

(e13) max, rad.

(913'323) max, rad.

Single Cable
Three Cables
Four Parallel Cables

1.1
0.50
0.69

1.2
0.83
0.39
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TABLE 9 (Cont)

PEAK YAW RESPONSE TO UNIT IMPULSE FOR £, = 0.4 RAD/SEC
AND £, = 100 ft.
(RESULTS IN é13 = 1 RAD/SEC AT T = 0)

4

Cable Configuration (e13) max, rad. (e13-923) max, rad.
Four Parallel plus

Four Diagonal Cables 0.52 0.77

Eight Crossed Cables 0.49 0.7%

It is clear that the single cable configuration is considerably
softer in yaw than the other, and that the four cable configuration is
slightly softer than the three or eight cable configuration. It should be
mentioned, however, that all configurations are stiff encugh to be con-

trollable. Further, all have resonant fre- ‘encies which are well separated

from the critical roll axis resonant frequencies. Table 10 lists the yaw
resonant frequencies of each configuratior.

TABLE 10
YAW RESONANT FREQUENCIES FOR L = Q.4 RAD/SEC AND {; = 100 ft.

Cable Configuration “)yl rad/sec ulyg rad/sec
Single Cable 0.92 1.8
Three Cables 1.5 2.3
Four Parallel Cables 1.3 ' 3.3
Four Parallel plus

Four Diagonal Cables 2.0 3.6
Eight Crossed Cables 2.9 3.6

In view of the similarity between the pitch and yaw axes of the
vehicle, the same conclusions developed above also apply to the piteh
response.

Interestingly enough, the roll response of the vehicle is rela-
tively insensitive to changes in the cable configuration. This is only
true, however, for cases of the type considered here. The manned body is
nonsymmetric and, therefore, exhibits gyroscopic stability, while the
booster is symmetric and has no inherent stability.
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The peak roll response to & unit impulse is shown in table 1l.
As would be expected from the discussion centered around figures 11 and 12,
the differences in manned body response are small. There is considerable
difference, of course, in the booster response motions.

TABLE 11

PEAK ROLL RESPONSE TO UNIT IMPULSE FOR
<L = 0.4 RAD/SEC AND iu = 100 ft.

Cable Configuration (ell) max, rad (ellv 21) max, rad
Single Cable 3.2 3.2

Three Cables 3.2 3.2

Four Parallel Cables 2.6 5.5

Four Parallel plus

Four Diagonal Cables 3.3 7.4

Eight Crossed Cables 2.6 5.3

Table 12 shows the resonant frequencies associated with the roll
axis. The uncoupled structural resonancewro (computed neglecting gyro-
scopic stabilization effects), the ratio of this frequency to the rigid
body wobble resonancecdo, and the values of the coupled roll resonances
are tabulated.

TABLE 12
ROLL RESONANT FREQUENCIES
w
Cable o [‘"r /a, 1 T2
Configuration |(rad/sec)l "o ( rad/sec){(rad/sec) Comments
Single Cable 0 0 0 0.31% |Booster uncoupled in roll
Three Cables 0 o] 0 0.314% |Booster uncoupled in roll

Four Cables 0.385 1.2 0.265 0.452

Four Parallel
plus Four

Diagonal Cables{O.042 0.14] O.042 0.31% |Booster uncoupled in roll

Eight Crossed
Cables 0.396 1.3 0.268 0.459

Summarizing, ‘the data of tables 9 through 12 lead to the follow-
ing conclusions:

4-18
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o The'single cable and four cable configurations are not as stiff
in yaw or piteh as the others.

e The eight cable configuration which consists of four parallel
plus four diagonal cabies gives negligible torsional rigidity.
It offers no significant advantages relative to the three cable
configuration, for example.

¢ The (nominal) eight crossed cable configuration offers a slight
advantage relative to the three cable configuration in that the
peak response to a roll impulse is slightly lower. The peak
response to an imbalance disturbance would be the same for .oth
configurations, however.

Accordingly, it would appear that the eight crossed cable con-
figuration was somewhat better than the others. However, the differences
are not large, and all configurations are controllable. Thus the cable
configuration selection can largely be based on extension/retraction
mechanism implementation problems, and on reliability and fail-safe con-
siderations. Such factors are beyond the scope of this report.

2. Changes in Inertia Distribution

The inertia difference (13-12) plays an important role in de-
termining the response of the vehicle to, say, an imbalance disturbance.
The effect of changes in inertia distribution can be estimated from rigid
body theory, which states that

(17 ) max 3<Tx—gg—z—7—-radians (6)
3 2
where T, the equivalent static disturbance torgque, is given by

T = mabnf . ' : (7)

and (ab) is the product of the distances along the pitch and yaw t¢xes from
the mass center to the dynamic imbalance m. This approximation is valid,
however, only for cases similar to those at hand, where the laboratory is
nonsymmetric and the booster is symmetric. It also, of course, must be
used only when small angle approximations are applicable.
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3. Changes in Separation and Spin Speed

Changes in separation have some effect on the vehicle dynamics.
Table 13 shows the yaw and roll resonant frequencies and static sensitivi-
ties for three values of separation. {The pa3ak response to a step dis-
turbance torque is propoftional to the static sensitivity.) It appears
from these results that the vehicle structural stiffness increases slightly
with decreasing separation.

TABLE 13
EFFECT OF CABLE LENGTH ON DYNAMICS OF THE NOMINAL VEHICLE
Yaw Axis Dyuamics Roll Axis Dynamics
Resonant Resonant
Frequenclies Frequencies
Static (rai/sec) Static (rad/sec)
Cable Length Sensitivity [ o w Sensitivity [T w
(£t) (rad/ft-1b) ¥y y2 (rad/ft-1b) r) T
-
50 7.5% (10°7) 2.6 | 5.6 7.58 (10‘3) 0.31] 1.1
100 (nominal) | 1.0 (10°) | 2.0 3.6 | 7.58 (20°%) | o0.27] 0.46
150 1.81 (209 | 1.8 3.1 | 7.58 (207 | o0.19} 0.38

speed.

The effect of spin speed changes is illustrated by table 1l4. The
yaw and roll axis dynamic parsmeters are tabulated for three values of spin
As would be expected, the rigidity cf the vehicle increases as the

spir. speed increases, although the increase is not proportional.

TABLE 14

EFFECT OF SPIN SPEED CHANGES ON DYNAMICS OF THE NOMINAL VEHICLE

Yaw Axis Dynamics Roll Axis Dynamics

Resonant Resonant
Spin Static PFrequencies Static Frequencies

Speed Sensitivity (rad/sec) Sensitivity rad/sec

(rac/sec) (rad/ft-1b) Wy v (rad/ft-1b) Wr, Wr,
0.2 1.68 (10-°) 1.8/3.3 | 3.04 (10°7) | 0.16 0.%0
0.4 (nominal) | 1.40 (1079) 2.03.6 | 7.58 (107) | o0.2740.46
0.6 1.11 (107%) 2.9%.1° | 3.70207%) | o0.390.58

4-20
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The above data on spin speed and separation effects apply only to
the nominal eight crossed cable configuraticn. This configuration is some-
what less sensitive to changes in spin speed and separation than the three
or four cable configurations.

The angular rotation at which cable slacking occurs .s also a
function of spin speed and separation. Table 15 lists the relative roll
angles (ell'ezl) which cause the cables to go slack in the nominal, eight
cable configuration.

TABLE 15

CABLE SLACKING LIMITS ON (ell—ezl) FOR RELATIVE
ROLL DEFLECTIONS

Cable .

Length 50 ft 100 ft 150 ft
Spin
Speed
0.2 r/sec 1.6° 5.1° 16°
0.4 r/sec 4,70 19° Large
0.6 r/sec 19° Large Large

Recall that typical roll deflections wer« on the order of 1 degree
for the nominal vehicle. They were less than 15 degrees in all ~ases con-
sidered in the study. Thus, it does nct appear that rolling motions large
enough to slack the cables will occur during the spinning mode of operation.

The yaw slacking limits are shown in table 16. In a yawing motior,
any of the cables can go slack. Referring to figure 3, which shows a spin
plane projection o7 the nominal cable configuration, either the cables
which cross the center line can go slack, or the cables whose projection
on the spin pléne runs parallel to the vehicle centerline can go slack.

The first number in each column of table 16 is the slacking limit for the
cables whose projection are parallel to the vehicle centerline. The second
number is the crossing cable slacking limit. Different relative motions of
the manned body and the counterweight are required to slack the crossing
and parallel cables. The data in table 16 are based on a fundamental mode
yaw oscillation, in which case 923 must be in a specific :ratio to e13. In
this regard, recall from section IV,.B.2 *hat the fundamental mode response
dominated the yaw axis. Again, it appears that the spinning mode response
motions will not be large enough to slack the cables,
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CABLE SLACKING LIMITS ON €13
MODE YAW OSCILLATION

TABLE 16

FOR FUNDAMENTAL

SR R

Cable

Length 50 £t 100 ft 150 ft
Spin
Speed
0.2 rad/sec - - O.42° | 1.10 - -
0.4 rad/sec 0.76° 2.1° 1.8 3.2° 5.3° 5.0°
0.6 rad/sec - - 7.6° 12° - -

At very low spin speeds and small extensions, the cable slacking
limits drop low enough that almost any disturbance will slack the cable.
For example, at a spin speed of 0.04% rad/sec and extension of 10 ft., the
slacking 1limit for the parallel cables is about 0.0012 degre=. In this
case the linearized model breaks d:wn, and alternate models must be
devised.

Ths preceding discussion has established the gross characteristics
of the flexible spinning space station. It was discovered that the flexible
vehicle would be similar to the rigid vehicle, but that important differ-
ences might exist in some cases. It was also established that the lineariz-
ing approximations used in the dynamics analysis were valid for the opera-
tional spinning mode, but became questionable for the transistion mode.

The foliowing section of this report discusses the synthesis of a control
system for use in the operational spinning modé. A linearized vehicle
model which includes structural flexibility effects serves as the basis for
this discussion. Section VI deals with the transition problem in some
detail. The model used in that discussion reflects the appropriate non-
linear phenomena.
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Section V

STABILIZATION AND CONTROL IN THE
OPERATIONAL SPINNING MODE

A. INTRODUCTION

As discussed in section III, the control functions specified in
table 2 can logically be assigned to the following subsystems:

e Rate stabilization subsystem

¢ Dynamic balancing subsystem

e Spin plane orientation subsystem

e Artificial gravity control subsystem

The objective of the control system study was to determine the feasibility
of providin~ such functions, and to establish suitable values for all
critical subsystem parameters. The controf functions of section III were
first translated into the control concepts noted in table 17. The per-
formance of each subsystem was then evaluated for the nominal vehicle.
Finally, the effect of changes in the station's inertia ratio, spin speed,
and separation were investigated in order to determine the effect on the
nominal control system.
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TABLE 17
CONTROL CONCEPTS

Control Function

Control Requirements

Control Concept

Rate Stabilization

Dynamic Balance

Spin Plane
Orientation

Spin Speed
Control

a. Damp roll resonance
to 10% of critical.

b. Damp structural
resonances to 1% of
eritical.

Align the manned body's
geometric axis with the
spin axis.

Align spin vector to
within 0.5° of sun
line.

Maintain artificial
gravity to within 2%
of selected reference.

1. Linear Control.
Sensor-Body rate gyro.

Actuator-control
moment gyro for
roll and pitch,
inertia wheel for
yaw. _

2. On-off Control.
Same system as linear
except uses on-off
torquers or reaction
Jets.

3. Hybrid Control.
Combination of linear
and on-off elements.

1. Torque balance steady
state imbalances or

2. Transfer mass to balance
steady state imbalances

Apply space-referenced

-precession torques thru

logical control of pitch
reaction Jets.

Fire spin Jjets when gravity
error exceeds 2% of
reference thru use of body
accelerometer.

Note: All control assumed within the manned body.

5-2
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Table 18 presents a summary of the vehicle configurations eval-
uated in the study. For purposes of facilitating the following discussion,

each vehicle configuration is identifled by a roman numeral as indicated
in the table.

TABLE 18
STATION CONFIGURATIONS

Station Inertia Ratio|Spin Speed|Cable Length Cable
Identification Rad/Sec feet Configuration
I (Nominal 0.0107 O.k4 100 8 crossed

11 (Inertia Ratio) 0.0048 O.4 100 8 erossed
JII 0.0027 0.4 100 8 crossed
Iv (Spin Speed) 0.0107 0.2 100 8 crossed
v 0.0107 0.6 100 8 crossed
VI  (Separation) 0.00585 0.4 150 8 crossed

The stabilization and control studies utilized seven degree of
freedom linear equations of motion to represent the vehicle's dynamics.
The nine degree of freedom model discussed in appendix B was reduced to a
seven degree of freedom model by assuming constant spin speed and separation.

Examination of these equations of motion show that the station's
vaw (spin) axis is uncoupled from the other two axes. This allows the
control problem to be divided into two areas: a two degree of freedom
vehicle for spin axis stabilization and control and a five degree of
freedom vehicle for roll and pitch axis control. Analysis of the two
degree of freedom model is relatively straight-forward and can be handled
by suitable analytical techniques. Analysis of the five degree of freedom
model 1s more complex and control system evaluation was accomplished
through the use of an analog computer.

To evaluate the controlled vehicle's response, estimates of manned
body disturbances were made. In the spinning mode two sources of disturb-
ance inputs were considered; steady torques resulting from crew motion
within the manned body, and impulsive torques produced by spin or orienta-
tion reaction jet misalignment.
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The estimated disturbance levels are presented in table 19 by
vehicle configuration. The Jet disturbances, based on 100-pound thrust
jets, are listed as steady torques 1in the table. The disturbance totals,
the sum of the two steady torques, were used in the study to evaluate and
size the rate stabilization system. This was done to eliminate the jet
on-time variable and results in a conservative design. Only the steady
torques (dynamic imbalance) due to crew motion were considered when evalua-
ting the dynamic balancing subsystem.

TABLE 19
ESTIMATED DISTURBANCES

Manned Body Vehicle Configuration
I

Disturbance (Nominal) IT 111 v \') VI
Roll-Crew Motion 104 104 | 104 | 26 | 234 | 1o%
Jet Misalignment 37 37 37 37 37 37
TOTAL 141 141 141 63 271 141
Piteh~Crew Motion 813 813 813 | 203 |} 1830 { 1180
Jet Misalignment 20 20 20 20 20 20
TOTAL 633 833 833 223 | 1850 { 1200
Yaw-Crew Motion 813 813 813 203 | 1830 | 1180
Spin Jet 332 332 332 | 332 332 359
TOTAL 1145 1145 J 1145 | 535 | 2162 | 1539

Note: All disturbances are in foot-pounds.

The following discussion, presented on a control subsystem
(function) basis, establishes the nominal control configuration and demon-
strates its performance. In addition, parametric analyses of the rate
stabilization subsystem are presented showing the effect which changes in
the damping specification and the vehicle configuration have on the nominal
system.,

B. RATE STABILIZATION SUBSYSTEM

1. Actuator Considerations

The rate stabilization control concepts, presénted in table 17,
suggest several alternate methods for applying control torques. The
actuating or torquing devices considered in this study were the following:

e
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o Two-degree-of-freedom control moment gyro

o Single-degree-of-freedom control moment gyros
e Inertia wheels

e Reaction Jjets

Appendix D contains a trade-off analysis which concludes that the
two degree of freedom control moment gyro has characteristics that are
generally more favorable than the other actuators for roll and pitch
torquing.

Two single~degree-of-freedom gyros also could provide the roll
und pitch damping torques. However, they would have a combined angular
momentum equal to twice that of the two-degree-of-freedom gyro. The two-
degree-of-freedom gyro therefore has both a weight and power advantage.

This conclusion 1s predicated on a requirement for pitch structural damping.
In the event that pitch structural damping is not required, the two-degree-
of-freedom gyro could be replaced by one single-degree-of-freedom gyro of
equal angular momentum. However, no pitch control torques would then be
available for the non-spinning mode.

Inertia wheels were not selected because, as shown in the
appendix D, the peak torquer power required for the inertia wheel system iz
three orders of magnitude higher than that required for the control moment
gyro. The servo size (14 hp) required with inertia wheels appears
impractical. The reason for the power discrepancy becomes apparent when
it is considered that the inertia wheel must be torqued at wheel speed,
while the gyro will be torqued at gimbal precession rates, which are very
low in comparison with the inertia wheel rotational speeds.

The jet system appears more competitive with the control moment
gyro. Here the comparison must be on a weight basis. The jet system
welght 1s predominately propellant, and the amount of propellant required
for damping is a function of disturbance frequency, disturbance amplitude,
and mission life. Analog computer results indicate that the gyro enjoys a
w2ight advantage if more than thirty peak disturbances are to be damped.
In this study it has been assumed that long missions are of interest and
that the number of disturbances will exceed thirty. It should also be
noted that efflicient dynamic torque balancing cannot be provided by Jets.

The manned capsule yaw axis, being essentially parallel with the
space station spin axis, did not have the same actuator problems as the
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piteh and roll axes. Therefore the relative advantages of one torquing
device over the other was not as clear cut as for the pitech and roll axes.
For purposes of this study, an inertia wheel has been selected as the yaw
axis actuator. Other actuating devices, in particular certain combinations
of control moment gyros, may prove more desirable. Selection of the optimum
actuator configuration requires detalled analysis of the nonspinning mode
control problem, which is beyond the scope of this report.

2. Nominal Rate Stabilization Subsystem

a. Description

The foregoing discussion concluded that a two-degree-of-freedom
control moment gyro should be employed to provide the damping torque for
the roll and pitch axes and an inertia wheel to damp the yaw axis. The
remaining alternatives presented in table 17 consisted of using on-off
vs proportional torgquing cr the gyro and inertia wheel. Linear torquing
has been selected for the control moment gyro since the control electronics
are relatively simple for the low torquer power required (approximately
30 watts), and since dynamic torque balancing requires a linear torquing
capability. The inertia wheel is controlled in an on-off fashion in order
to eliminate the complexity associated with providing a servo amplifier
having a peak power of approximately 360 watts.

A functional biock diagram of Lhe rate s%abilization (wobble damping)
system is presented in figure 15.

The body mounted rate gyros sense the inertial angular velocities
induced by disturbances on the vehicle, and thé torquers apply opposing
proportional torques. The reaction torque from the torquers is absorbed
by the control moment gyro. As described below, gyro damping and centering
(i.e., unloading) is provided by the torquer back EMF.

The control moment gyro equations of motion, presented in appendix D,
indicate that the gyro will act as an undamped oscillator in response to
control torque inputs. Therefore, compensation is required to provide
some gyro damping. As indicated on the block diagram, the back EMF
characteristics of the torque motors will supply the required gyro damping.
In this case the actual torques on the gyro are related to the commanded
torques by:

Ty = Tyc - Kyl

v ° 8)
To = Toc - Xy Ao
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where T;. and T, are the commanded torques on the inner and outer gimbals,
A and,‘T are the inner and outer gimbal angles, and KV represents the
slope of the torque motor toique-speed curve.

Since the space station is spinning and t@g gyro is gis:ously
coupled to the station by the damping torques, Ky« , and Kvﬁ ps the gyro
-will precess into alignment with the space station spin axis in the absence
of input sigrals. This unloads the gyro and assures that full gyro capa-
bility will be available to damp_subsequent transients. The angular
momentum due to the initial disturbance is transferred back into the space
station. The rate of transfer is slow enough so that the induced wobble
rates are insignificant. However, a small station orientation error will
result.

An estimate of the magnitude of this error is obtained by noting
that the maximum angular momentum that can be absorbed by the gyro is
equal to the rotor angular momentum, H. Since the vehicle angular momentum
is I3IL0, a rotation of the vehicle spin plane through an angle

- s I“Il‘ﬂs (?J
9* i

is required to transfer all the absorbed angular momentum back into the
vehicle. For the nominal vehicle this amounts to an error of 0.005 degree.

Returning to consideration of figure 15, the need ror shaping the
rate gyro signals with high pass filters (wipeout networks) is as follows:

e The yaw wipeout eliminates the steady state spin speed signal.
The yaw damper then operates only on the transient signals due
structural motions.

e The piteh wipeout reduces the component of spin speed sensed by
the pitch rate gyro when the vehicle rolls. If this low frequency
component were not attenuated by the pitch axis wipeout, it would .
saturate the pitech torquer and little structural damping would
be obtained.

¢ The roll wipeout has been included to eliminate the effect of
rate gyro misalignment. Its frequency characteristics were
selected to make it ineffective at the vehicle roll resonance.

5-7
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b. Performance

The preceding paragraphs established a nominal rate stabilization
control subsystem. The following discussion establishes suitable control
parameters for this subsystem and demonstrates its performance. The per-
formance evaluation was accomplished by employing an analog computer. The
venicle was s:mulated using a seven degree of freedom model. Thez control
system of figure 15 was simulated using the rate gyro equations shown in
table 3 and the control moment gyro equations contained in appendix D.

The roll and pitch rate stabilization parameters considered in
the analog computer were:

e Rate gain

e Wipeout time constant

e Control moment gyro angular momenuunm
e Control moment gyro gimbal damping

e Maximum control torque

The roll wipeout break frequency was set at one-quarter of the
dominant roll resonant frequency, and the pitch wipeout break frequency
was set at one-quarter of the pitch structural resonance. Values for the
control moment gyro angular momentum and gimbal damping gain were set at
reasonable calculated values for computer simulation and then kept constant.
The rate gains were then varied to determine the effect on vehicle response,
gyro respcnse and maximum control torques.

The roll rate gain was varied until the vehicle roll response
satisfied the specified damping requirement cf 10 percent of critical.
The gyro gimbal angles were noted and the pitch rate gain adjusted until
the inner and outer gimbal angles were equal. In essence, the gyro was
sized to handle the peak roll transient, and the pitch structural damping
was then maximized consistent with the gyro capacity. It should he noted
that this rate stabilization system is designed to damp the body axis rates
to zero and does not attempt to eliminate th( coning angle resulting from
steady disturbance torques., For this reason, the peak control torques
can be cousiderably smaller than the disturbance torqueé. Elimination of
the coming angle requires a larger gyro,and control torques equal to the
steady disturbance torques. It is discussed in tne section on dynamic
balancing (section V paragraph c¢). The control parameters which resulted,

5-8



representative of the nominal system, are preseanted i- table 20.
table, the gyro angular momentum has been scaled to give peak gimbal angles
The yaw damper gain was selected to give a yaw structural
The performance of this system

of one radian.

damping ratio of 1 percent of critical.

is swamarized in table 21.

TABLE 20
NOMINAL RATE STABILIZATION SYSTEM PARAMETERS

Parameter

Value

Roll rate gain

Pitch rate gain

Yaw rate gain

Roll wipeout time constant
Pitch wipeout time constant
Yaw wipeout time constant
Gyro angular momentum

Gyro gimbal damping

Maximum yaw control torque

Maximum roll control torque**
Maximum pitch control torque**

8000 Ft-1b/Rad/Sec
5000 Fi-1b/Rad/Sec
7000 Ft-1b/Rad/Sec
13 Sec
1.5 Sec
2 Sec
47 Slug-th/Sec
50 Ft-1b/Rad/Sec
24 Ft-1b
24 Ft-1b
15 Ft-1b

*This value of angular momentum has been scaled to produce peak gimpal
angles of 1 radian for the disturbance torques noted in table 19.

**¥The peak control torques are based on the maximum disturbances noted

in tabie 19.

TABLE 21

RESPONSE OF CONTROLLED VEHICLE TO STEP
DISTURBANCYK. INPUTS

In this

Roll Pitch Yaw
Peak acceleration- 0.12°/Sec2 | 0.56°/Sec? | 0.38°/Sec?
Peak angular - 0.14°/Sec 0.50°/Sec 0.18°/Sec + spin speed
velocity
Steady state - 0.02°/Sec 0.24°/Sec Spin speed
angular velocity
Peak angle - 0.90° 0.10° 0.10°
Steady state - 0.60° 0.06° 0.05°
angle
Notes: 1. Disturbance inputs: 2. Damping ratios:
Roll - 1kl Ft-1b Primary Reson»ace - 0.1
Piteh - 833 Ft-lo Pitch structure - 0.04
Yaw - 1145 Ft-1b Yaw structure - 0.01
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Figure 16 is a computer record demonstrating the performance of
the rate stabilization system. 1In this record, however, the control para-
meters were different from those listed in table 20. The gyro angular
momentum is 160 slug-ft2/sec and the pitch gain ! ad not been optimized.

In addition, the applied steady disturbance torques are larger than indica-
ted in table 19. The larger disturbance torques reflect the use of 400
pound thrust reaction jets for spin-up during early simulations. However,
since the spin-up study later indlcated 100 pound jets would be satisfactory,
the smaller disturbance values of table 19 were used to establish the
nominal control system parmeters. The parametric discussion that follows
will cover the effect of changing disturbance levels.

3. Parametric Analysis

a. General

The parameter changes considered in this study fall into two
basic categories: control system performance parameters and vehicle config-
uration parameters. The performance parameters considered in the investi- i
gation were damping specification and disturbance input magniiude. The :
vehicle configuration parameters considered were inertia ratio, spin speed,
and separation. These performance and vehicle parameters were changed one
at a time and the effect of each on the control system was determined. The
control parameters included control moment gyro angular momentum, peak
control torques, rate gains, and wipeout time constants. Each of the para-
meter changes is treated separately below.

e mtn Fan

b. Effect of Damping Specification

The nominal roll and pitch rate stabillzation system was designed i
to provide a damping ratio of 10 percent of critical. The damping factor i
provided by the roll stabilization system is directly proportional to roll ;
rate gain. The effect of pitch rate gain on the primary roll resonance is
negligible, because of the weak pitch/roll cross-coupling existing in this
type of vehicle. Thus if the damping specification is doubled, the roll
rate gain doubles. Doubling the roll rate gain doubles the gyro angular
momentum and the peak roll torque. For purposes of illustration, four
different damping requirements were assumed and their effects on the control
system are summarized in table 22.
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TABLE 22
EFFECT OF DAMPING SPECIFICATION

Damping Ratio Roll Rate | Gyro Angular { Peak Roll WipeggilTime
Gain KR Momentum H Torque Constant
1% 800 5 2 13
5% 4000 23 12 13
10% - 8000 47 24 13
20% 16000 ok 48 13

c. Effect of Disturbance Level

The disturbance levels noted in table 19 were based on a three-
man imbalance and a 100-pound jet misalignment of .05 radian. The totals
of these disturbances were used to size the nominal control system. For
the nominal vehicle configuration, gyro size and peak torque requirements
approximately scale in direct proportion to the total disturbance level.
This approximation neglects the effects of vehicle motions on the gyro, and
thus holds only for cases where the vehicle motions are small. However, if
the inertia ratio is low, such as is the case for configuration III, the
gyroscopic restraint of -the manned body's roll attitude is much reduced and
significant vehicle roll deflection results from input disturbances. If
no control torque is applied to the gyro when the vehicle is disturbed, the
gyro gimbal angle will be identical to the angle through which the vehicle
rotates. The gyro capacity available for damping is reduced accordingly.
Therefore, when sizing the gyro for peak gimbai angles of one radian, the
allowable gimbal deflection due -o applied control torque must be equal to
one radian less the vehicle motion. For configuration III the peak vehicle
roll angle for the specified total roll disturbance of table 19 (14l ft-1b)
is approximately five degrees. Thus, the maximum gimbal angle produced by
the control torques must be limited to approximately 52 degrees.

This effect is illustrated in the curves of figure 17, where
vehicle configurations I and III are compared. The curves show peak gyro
gimbal angle versus gyro angular momentum for a fixed disturbance level.
It is apparent that vehicle rotation becomes more significant is sizing
the gyro as the inertia ratio decreases. Further decreases in the inertia
ratio would result in vehicle rotations accounting for a large percentage
of the total gimbal angle. Figure 18, a plot of peak roll angle versus
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inertia ratio for a constant disturbance torque, shows that vehicle angles
reach 20 degrees when the inertia ratio is lowered by a factor of five
from that of configuration III.

d. Effect of Inertia Ratio

The total vehicle yaw and pitch moments of inertia, I3 and 12,
determine the inertial roll restraint. As noted above, vehicle inertia
ratio (13-12)/13 has a significant effect on control moment gyro size. In
fact this 1s the most significant vehicle parameter because the vehicle's
dominant resonant frequency, the roll resonance, is a function of this
ratio. In this study three different inertia ratios were considered.
Table 23 summarizes analog computer results showing the effect which
vehicle inertia ratio has on the control system parameters. The control
criteria for each case was a damping ratio of 10 percent of critical. Note
that the rate gain, wipeout time constants, and the control moment gyro
angular momentum all vary as a function ¢f inertia ratio.

TABLE 23
EFFECT OF INERTIA RATIO
_ Wipeout
Vehicle Inertia Roll Rate Time Peak | Gyro Angular
Configuration| Ratilo Gain Constant| Torque Momentum
- Ft-1lbs/Rad/Sec Sec Ft-1bs | Slug-ft2/Sec
I (Nominal) | 0.0107 8000 13 24 47
II 0.0048 5400 19 2l 53
111 0.0027 4000 27’ 24 6k

e. Effect of Spin Speed and Separation

In this study three spin speeds and two separations were con-
sidered. Spin speed and separation are operating parameters as distinet
from the vehicle physical parameters such as inertia ratio. Under normal
operating conditions, spin speed and separation will change, whereas the
physical parameters will essentially be fixed by design. In this regard,
control system gain switching as a function of spin speed and/or separation
might be necessary, and the gyro must be sized for the worst case.

Table 24 presents analog computer results showing the effect on
the control parameters of several spin speeds and separations. The control
parameters change with spin speed because the roll resonant frequency is

5-12
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directly proportional to spin speed.

B T o i

Changing the cable length from 100

feet to 150 feet did nct eftect the control parameters because the roll
resonant frequency does not shift very much.

TABLE 24
EFFECT OF SPIN SPEED AND SEPARATION
Roll Wipeout | Peak {Control Moment
Spin |Cable Rate Time Roll | Gyro Angular

Speed }|Length Gain Constant |Torque Momentum

Configuration|Rad/Sec|{Feet |Ft-1lbs/Rad/Seq Sec Ft/1bs |Slug-ft2/Sec
I (Nominal) | O.4 100 8000 13 24 L7
v 0.2 100 4000 27 12 60
v 0.6 100 12000 9 36 38
VI 0.4 150 8000 13 24 47

C. DYNAMIC BALANCE SUBSYSTEM

l. General

In section III a requirement for dynamic balancing of the manned
The most severe imbalance will occur when three men

body was establisheqd.

are located at the furthest point from the manned body mass center.

The

resulting cross-product of inertia disturbance can be represented by equiv-

alent static disturbance torques.

table 19.

Estimates of these torques are noted in
The magnitude of the steady state angular deflection resulting

from application of these torques to each of the vehicle configurationts

considered is presented in table 25.

The steady state angles are those

remaining after the rate stabilization system has damped the transient.
Comparison with table 7 indicates that the steady state angles are about

one-half of the peak transient.

The steady state roll errors are consider-

ably larger than the pitch and yaw errors because the gyroscopic roll
restraint is much softer than the pitch and yaw structural restraints.

TABLE 25

STEADY STATE VEHICLE RESPONSE
TO DYNAMIC IMBALANCE

Configuration | Disturbance Torques | Steady State Angular Error-Degrees

i1 [T 28! €12 €13

I (Nominal) 104] 813 | 813 0.45 .06 .06
II 104§ 81 813 0.85 +06 .06

III 104} €13 | 813 2.0 .06 .06

Iv 26} 203 | 203 0.4%5 07 .07

v 23%]1830 1830 0.4 .05 .05

VI 1041180 {1180 0.45 .08 .08
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Table 17 notes two control systems that could eliminate the
steady state angular errors caused by dynamic imbalance: A torque balance
system or a mass balance system. Although both of these systems could
satisfy the control reduirement, this study considered only the torque
balance system. The mass balance system would either require large mass
transfer within the manned body or mass control external to the body.
Neither of these appear attractive.

In the torque balancing system, torques must be developed that
are equal in magnitude and opposite in direction to the equivalent static
disturbances noted in table 25. The required torque 1s constant in magni-
tude and spins with the vehicle. The control moment gyro can be used to
apply such torques. If the gyro has a fixed gimbal angl:, so that it is
not aligned with the spin axis, a precession torque is required to keep the
gyro turning with the station. This precession torgque is fixed in magnitude
and rotates with the vehicle. Thus dynamic balance can be obtained by
making the precession torque equal in magnitude and opposite in direction
to the equivalent disturbance torque.

From Appendix D, the linearized equations for the control uoment

gyro are: .
Tys #{ dr b+ 2]

Tyt Hf"/;r'“-’u +-2:.-er (to)

where °‘T and ﬂT are the gyro gimbal angles, To and TI are the torques on
the gyro, and H 4s the gyro angular momentum. ‘Neglecting the effects of
vehicle motions (Ull = “ﬁ2 = 0), and assuming fixed gimbal angles, these
equations reduce to:

Tot Hfr
rr‘\'.ﬂfbt(f <n)

For the nominal vehicle configuration the gyro angular momentums required
to balance the steady disturbances are as follows if a limiting gimbal
angle of one radian is assumed:

H: 260 ¢lug £+ fee n Rout
H = 2030 s‘“ﬁ :-‘P/scc " p'o‘k.‘»\ Cr)
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The data in table 25 indicate that the pitch angles due to
dynamic imbalance would be approximately 0.06 degree, while roll angles
of 0.45 degree to 2 degrees would result. It would appear that the improved
pointing accuracy obtained by balancing the piteh axis does not justify the
order of magnitude increase in gyro size required to uo so. It was there-
fore concluded that for the configurations studied, only roll balancing
would be provided.

2. Description

A block diagram of the roll balance system is shown in figure 19.
The steady state component of the pitch rate gyrosignal is used as a measue
of the roll imbalance. The pitch rate gyro equation, shown in table 3 is:

w,-..’e/z_ ’9*-5746' C€13)
In the steady state this equation reduces to:
‘(J';ss e .[Z,Qn (/‘/}

where e is the manned vehicle roll error. The torque balance system
generates a torque proportional to the integral of the steady state pitch
gyro output (i.e., Tbalanre =-K1§ﬁ)12 dt) which drives the imbalance error
to zero.

3. Performance

The dynamic ba.ance system is relatively in:ependent of vehicle
drnamics provided the balance integral gain is 'su’iably selected. Making
this gain too high will obtviously affect the rate ctabilization system.
This gain should be selected such that the time to integrate the imbalance
to zero (i.e., develop enough torque to compensate for the imbalance)
should be greater than:

Time to Balance = (6)(%1:) sec €rs)

for the worst imbalance, wherewr is the dominant roll resonant frequency.
This assures that transient motions will have disappeared before balance
is reached.

With the time to balance established, the integral gain is only
a function of imbalance torque. For the nominal configuration the time to
balance should be greaper than two minutes. The roll disturbance of
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104 ft-1b. produces a steady pitch rate of 0.24°/sec (from table 21).
Therefore, the balance gain should be:

T
) 2 210 £ _tbs / 8
Kz )5 CTHE sec | See (le)

Figure 20 is a computer record showing the dynamic balance system
functioning in the nominal vehicle. This record was taken with a 250 ft-l1b
disturbance instead of the nominal 104 ft-1b disturbance. The integral
gain used for the computer run was 500 ft-lbs/sec/rad/sec. It can be seen
that the respcnse is well behaved, with a time to balance of approximately
three minutes.

As noted above, the nominal dynamic balance system would require
a gyro having an angular momentum of 260 slug ft/sec to fully balance the
104 ft-1b imbalance torque. It should be noted that a roll torquer capabil-
ity of 104 ft-1b is required.

D. SPIN PLANE ORIENTATION SUBSYSTEM
1. General

for purposes of evaluation, it was assumed that the orientation
control system was required to align the station's spin axis so that it
pointed within 0.5 degree of the sun. Although directly concerned with
sun orientation, the study results can be extended to include other
references,

As discussed in section IV, the long-term response of the damped
vehicle is equivalent to that of a gyroscope. Thus orientation torques
must be applied in a manner that cause the vehicle to precegs to the
desired position. Figure 21 (a) shows the orientation control concept used
for sun orientation. As shown, the pitch reaction jets must be fired as
the roil error passes through its peak. As indicated by sigure 21 (b),
this means that each jet 1s pulsed as it passes the point furthest from
the desired space-fixed torquing axis, or where it has the longest possible
effective moment arm. The pulse width should be as short as possible,
consistent with the desired maneuvering speed and minimum thrust lmpulse
constraints. -

It should be noted that thrusting on the booster to control
orientation would require approximately half as much propellant as thrusting
on the manned body because of the longer moment arm relative to the common
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center of mass. Thé general conclusions of tihls study apply in either case,
although only the manned body jet system was simulated.

2. Description

The detection of spin plane errors 1is best accomplished by use
of a pitch error sensor mounted on the manned body. The vehicle pitch axis
is structurally quite rigid, while the roll axis is relatively soft. Thus,
a pitch error detector will essentially see only spin plane orientation
errors. A roll error detector would see both spin plane errors and rela-
tive roll deflections.

As mentioned earlier, the pitch reaction jets must be fired when
the roll spin plane error passes through its peak, i.e., 90 degrees of spin

rotation after the pitch error peak has occurred. Thus a roll sensor
aprears most suitable for timing the pulses.

Accordingly, a system has been devised in which:

@ A pitch error detector is used to determine whether or not the
spin plane pointing error is greater than 0.5 degrees.

e The same pitch error detector is used to determine whether the
positive or negative pitch jet should be fired.

e A roll error detector is used to turn the pitch jets on and off.

The logic functions described above have been conceptually
implented by the use of body mounted, on-off sun sensors. No moving parts
are required, and most of the required logic has been obtained by the use
of suitable sensor masks. .

Figure 22 shows the sun sensor masking concept. Each sensor
(pitch and roll) has two apertures and two sensitive elements. Both sensors
are rigidly attached to the manned body. If the manned body pitches rela-
tive to the sun, the sun will shine through one of the two wedge-shaped
apertures on the pitch sensor and the corresponding sensitive element will
be activated. The roll sensor will not be activated by this pitching motion.

The wedge shaped apertures are truncatedj the size of the
truncated portion determines the sensor threshold, as illustrated in the
figure.

The vehicle is spinning, and as discussed earlier in section IV
paragraph A, a spin plane pointing error appears first as a pitch error,
then as a roll error. Thus each of the four sensitive elements will be
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activated in turn. The time they remain activated is detcrmined by the
wedge angle and the spin speed. They will remain activated for a fixed
fraction of each spin rotation, regardless of the spin speed.

The output of the pitch sensor is a series of positive and nega-
tive pulses of fixed magnitude and width. The roll sensor output will
consist of a train of positive pulses (no polarity information is required)
delayed by one quarter vehicle revolution relative to the pitch pulses.

The roll pulse train is used only for timing the pitch Jjet impulses.

These sensors are incorporated into a spin plane orientation sub~
system as shown in the block diagram of figure 23. This subsystem operates
as follows: Suppose a spin plane error exceeding the threshold exists, and
the pitch sensor "up! error detector is activated. One quarter of a spin
cycle later, the spin plane error will also produce an output from the
"right" roll sensor. The presence of both error signals at the "AND" gate
will fire the "UP" correction jet. Since these signals do not occur sim-
ultaneously, the pitch error must be "remembered" for a time equivalent to
a minimum of 90 degrees and a maximum of 270 degrees of rotation. This
"memory" is provided by the low pass filters shown in figure 23.

The jet will fire for a length of time (pulse width) proportional
to the aperture angle on the roll sensor. This angle has been set so that
the roll detector has an output for 20 degrees of vehicle rotation. The

pulse will be centered on the ideal location for impulsive thrusting. This

pulse width (one eighteenth the time for one spin cycle) is short enough
that the resultant propellant efficiency approaches that of an impulsive
system.

The above discussion tacitly assumed that the vehicle had not
rolled relative to the spin plane. For the nominal vehicle, it can be
shown that rolling motions will affect the efficlency of the reorientation
maneuver by a few percent. The system will, however, still operate
satisfactorily.

3. Performance

The spin plane orientation system was simulated on an analog
computer and -its performance was evaluated. A spin plane misalignment
error of five degrees was assumed as an initial condition. The spin plane

orientation system was turned on, with the rate stabilization system opera- °

ting. As shown in the computer record of figure 24, no instabilities were
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induced and the spin plane error (&) was reduced to within the deadzone of
0.5 degree in less than 3 minutes. The system illustrated by figure 24
employed 400 pound thrust reaction jets. Reducing the jet thrust to 100
pounds would lengthen the time to complete the reorientation by a factor

of four. No other significant performance changes would occur. The computer:
record indicates the system required 16 pounds of reaction jet Juel

(Isp = 300 sec) to correct the initial misalignment. The theoretical

minimum fuel required to make a 4.5 degree correction is 18 pounds. The

2 pound discrepancy is attributable to simulation and recording inaccuracy.

E. ARTIFICIAL GRAVITY CONTROL SUBSYSTEM
1. General

The gravity control system is required to maintain artificial
gravity within 2 percent of the selected value in the operational spinning
mode. This control function does not introduce any new or peculiar control
problems. A brief discussion follows.

2. Description

Figure 25 presents a block diagram of the gravity control system.
The station's centripetal acceleration is measured by a body mounted
accelerometer and compared to a manually selected artificial gravity
reference. When the station's centripetal acceleration differs from t..e
selected reference level by more than 2 percent the threshold is exceedud
and the spin Jets fired. The station's spin speed is adjusted until the
gravity level is within the threshold. A low pass filter is included to
prevent "nuisance" spin jet actuation.

3. Performance.

The gravity control system's operation is not critical and its
performance should satisfy the established control requirements.
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SECTION VI

. STABILIZATION AND CONTROL DURING TRANSITION MODE

A. DISCUSSION

The transition mode control problem is characterized by a con-
tinuous change in vehicle dynamics, and by certain nonlinear phenomena
which arise only during this mode of operation. Cable slacking is an im-
portant example of the latter. Accordingly, a special nonlinear simulation
was developed to study the transition mode cr itrol problem.

Mission considerations also affect the design of the transition
mode maneuver and, therefore, the design of the control system itself. A
reasonable compromise between propellant economy, maneuver time, and vehicle
stability must be obtained. The following section considers the selection
of a transition maneuver. Paragraph C of this section describes the vehi-
cle dynamics and the computer simulation in some detail. The control sys-
tem, its performance, and the effect of changes in maneuver parameters on
the performance, are discussed in paragraphs D and E.

B. SELECTION OF A TRANSITION MANEUVER

In undertaking the synthesis of a control system for the extension
and retraction maneuver, the first requirement was to define the manner of
the maneuver. No restrictions or criteria had been established for this
study, other than the specification of a nominal operational spinning
state. In this state, the spin speed is 0.4 rad/sec and the cable length
is 100 ft. The initial problem was, therefore, the definition of a desir-
able transiticn maneuver, taking into account the following factors that
were considered to be of primary importance:

-

-
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e Minimization of propellant required for the transition.
e Simplicity of control.
e Dynamic performance during transition.

The nominal transition profile that was established as meeting the require-
ments imposed by these factors is shown in figure 26, in which spin speed
is plotted as a function of separation.

In selecting the particular transition profile defined by fig-
ure 26, the initial consideration was propellant economy. Since the
effective moment arm of a thruster mounted on one of the vehicle's rigid
bodies increases with vehicle separation, it can be appreciated that the
transition from the nonspinning state to a spinning state can be most
economically performed by making the speed change at the 1arge§t possible
separation. However, some minimum spin speed must always be maintained to
keep the cables taut. The objective of the trade-off, then, is to select
a spin speed vs separation program which minimizes propellant consumption
subject to the constraint that it provide reasonable vehicle rigidity at
all times.

Appendix F contains an exact development of the spin impulse re-
quirements for the general case of transition profiles that involve a linear
variation of spin speed with separation. Equations (F-8) and (F-9) show
that, for a given minimum spin speed during extension or retraction, the
impulse requirement for the total transition is minimized by maintaining
spin speed constant during extension or retraction. The resulting spin
impulse requirements for the vehicle under cdnsideration are shown in fig~
ure 27 as a function of the spin speed during extension or retraction.

The cases of spin thrusters located at the mass center of the manned body
and four feet further outboard are illustrated. It can be seen from this
plot that the selection of the nominal extension/retraction spin speed of
0.0% rad/sec reguires only 6.4 percent more impulse than the absolute mini-
mum of 63,600 lb-sec. If this nominal spin speed is changed, the impulse
increment with respect to the absolute minimum will change in proportion.

Figure 27 also shows the spin impulse required if the spin thruster
is mounted on the booster. A longer effective moment arm is available in
this case, and the impulse requirements are reduced correspondingly: There
is no conceptual difference in mounting the jets on the booster or the
manned body, and only the manned body mounting will be considered for the
remainder of the discussion.



NON /AL
SPINNING STATE

4

0,400 ——

CONSTANT THRUST

. OF 100 LBS
SPIW SAEED <

300 SECONDS AT CONSTANT
RAD/SEC A OF /5 Fr/SECOND, WOLUDING |
85 SECONDS OF THRUST

? 572 S&CONOS AT '
K2

20 SECOMOS AT

CONSTANT THRYUST

HF /00 LBS

y N
0.04 —— \\
o ;
0
x76 A 137.68

MASS CEWTER SERRATION, FT

MINIMUM TOTAL TRAMSITION TIME 1S §92 SECONDS,
INCLUOING 677 SECONDS OF THRUST

FIGURE 26 NOMINAL TRANSITION PROFILE FOR
EXTENSION -~ RETRACTION MANEUVER

o

T

a0 Bk e < el oy
\




b2~ EC,

TOTRY S AN =~ TEEP 11V, G5 SREDINRED Fok A
SYNCLE T-FRNStTI0N =

150X 10
JETS AT CENTER
OF MASS OF 7
MANNED BODY.
160X15°
50x10°
0
0 0.1 0.2 0.3 0.4
RAD/SEC

SPIN SPEED DURING EXTENSION OR RETRACTION

FIGURE 27 TOTAL SPIN-JET IMPULSE REQUIRED FOR A
SINGLE TRANSITION VS SPIN SPEED
DURING EXTENSIQN OR RETRACTION




The time required to complete each segment of the nominal transi-
tion maneuver has been shown on figure 26. The total transition time shown
in figure 26 is slightly less than 15 minutes, of which 5 minutes is spent
extending or retracting. It might be considered desirable to reduce the
transition time to something on the order of 9 or 10 minutes so that the
maneuver could be performed while passing over the continental U.S, This
would allow continuous tracking and voice communication. This could be
achieved simply by increasing the thruster size so as to reduce the time
spent in the-constant thrust segments of the transition.” A 200 1b thruster
would make the over-all time just less than 10 minutes. No significant
control problems would be encourtered in using the larger thruster.

It should be noted that since the maximum power output required
of the cable motor for the nominal extension rate of 1/3 fps is about 0.06
hp, it would be feasible to consider manual operation of the cable deploy-~

ment mechanism. Higher extension rates might require more power than could

be delivered by a human operator.

In summary, then, the following nominal transition maneuver has
been selected: The cables will be extended from O to 100 ft lengths at a
fixed rate, while the spin speed is maintained constant at 0.04 rad/sec.
After the vehicle reaches the 100 ft cable length condition, it will be
spun to its nominal operational spin speed of 0.4 rad/sec. This maneuver
requires only 6 percent more propellant than the absolute minimum, and is
within the power delivery capabilities of a human operator.

C. VEHICLE DYNAMICS
1. Dynamic Model -

Before proceeding to a discussion of the control system required
to implement the transition maneuver, it is necessary to establish the
dynamic characteristics of the vehicle in some detail. The dynamics of
this nine degree of freedom vehicle during the eitension/retraction maneuver
are quite complex. Preliminary studies indicated, however, that consider-
able simplifications could be introduced in the cases of interest here.

More specifically, it was found possible to simulate the dynamic effects
of primary importance with a four degree of freedom model, and to approxi-
mate the cable slacking phenomena with simplified equations.

NN A i it



The ultimate dynamic representation of the vehicle was the four
degree of freedom, two dimensional model (restricted to the spin plane) that
is 1llustrated in figure 28. The equations that were developed for this
model are presented in appendix E.

The four degrees of freedom were separation, spin speed, and the
yaw rotation of each body. Cable slacking could occur elther bhecause relsa-
tive rotations were large enough to relax one cable completely, or because
the capsules moved toward one another far enough to slack all cables.

A four cable configuration has been illustrated in figure 28.
The cable configuration consists of four parallel cables, symmetrically
located between the principal axes so that two of the cables are superim-
posed on the other two when projected into the spin plane. Obviously, the
cable configuration simulated here could equally well be assumed to be a
bifilar arrangement with the two cables in the spin plane.

The four cable configuration was selected as typical of those in
figure 4. It is somewhat less stiff than the eight cable configuration, and
stiffer than the single cable configuration. Preliminary simulations of
the single cablc configuration were also performed. As would be expected,
the yawing motions of the vehicles were approximately three times as lerge
as those obtained with the four cable configuration. The response motions
were qualitatively similar, however.

The four degree of freedom spin plane model cannot, of course,
predict the pitching and rolling motions of the vehicle. However, only
second order coupling exists between the spin plane degrees of freedom and
the others. Since disturbances during extension are much greater among the
spin plane variables than the others, it was felt that the achievement of
acceptable yaw performance would be an adequate measure of success in over-
coming vehicle control problems.

Preliminary simulations, including simulation of an eight degree
of freedom model which neglected cable slacking, substantiated this position.
No pitch or roll excitation due to dynamic changes in these axes were en-
countered. Other simulations indicated that the jet-induced disturbances
of the roll and pitch axes could be neglected for purposes of this study.

2. Cable Slacking Effects

The cable slacking phenomena were simulated by treating each cable
as if 1t were a linear spring when in tension, and assuming that it could
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FIGURE 28 EXTENSION/RETRACTION MODEL



support no compressive load. Each cable pair was simulated independently,
having a force proportional to elongstion when stretched, and supporting
no force when slack. A real flexible wire cable would undoubtedly exhibit
more nonlinear and less abrupt changes in spring gradient as the tension
was decreased to zero. The simulation was therefore probably conservative
in its computation of longitudinal cable transients.

In addition, appendix E discusses several simplifications that
were made in order to facilitate the computation of the torques exerted by
the cables on the manned body and the booster. In general, these simplifi-
cations involved assumptions as to the dynamic behavior of the vehicle
which were subsequently validated by the results of the analog computer
study.

D. CONTROL SYSTEM SYNTHESIS
1. System Analysis

Several problem areas that have a significant effect upon the se-
lection of control system parameters have been identified. These areas are
as follow:

o A minimum thruster size 1s established by the requirement that
the extension or retraction be accomplished at constant spin
speed. In order to permit this, the rate of change of angular
momentum due to operation of the thruster must be greater than
that due to the rate of retraction or extension. This relation-
ship can be expressed ast

F. =2M, 0 (17)

+x)
<y
i

spin jet thrust magnitude

< 4
L

1 = mass of manned body

P

spin speed

extension rate

ge
1]

This thrust level limit must be computed from the spin speed
actually required to operate the rate threshold. The limiting
thrust values computed for the nominal control system are +29.3
1b for extension and -35.8 1b for retraction, the difference being

6-5
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due to the finite threshold level in the jet switching logic,
The retraction case is therefore critical in sizing the thruster
and especially critical from the stability standpoint. The use
of an undersize thruster during retraction would cause the spin
speed to diverge steadily. In extending, the undersize thruster

would reduce spin speed until equation (17) was satisfied. Several

values of thrust were considered in this study. Numericsal data

relating yaw amplitude to thrust level are presented in section VI

paragraph E.

e Thruster location is also of extreme importance. If placed too
"close to the manned body mass center, an unstable oscillation may
develop. This behavior and the criteria for avoiding it are dis-
cussed quantitatively in section VI paragraph E below. If the
thruster is located further from the center of mass than required
for stability, the result will be an increase in the manned body
and booster yaw angles excited during the transition.

e The longitudinal cable force transients must be damped in order
to avoid complex motions of the rigid bodies. In the absence of
damping, the cables will nearly always be slack, except for
occasional large transient forces as the bodies rebound from the
slacking limit. Slacking will tend to occur if an irreversible
cable deployment mechanism is used which gives truly constant
cable extension rate. As described in the next section, the
cable motor torque-speed characteristic can be used effectively
to damp these longitudinal transients.

2. Description of Nominal System

Figure 29 shows a transfer function block diagram of the nominal
system. It includes a spin control system and a cable control system. The
spin control system consists of a rate gyro mounted on th: manned body, a
threshold detector, and spin thrusters (reaction jets) mounted on the
manned body. The cable control system consists of a servo motor driving
the cable drum, a tachometer to provide rate feedback signals, and control
electronics.

To perform an extension maneuver, the spin speed controller is
activated and the vehicle is spun up to 0.04 rad/sec. The cable rate con-
troller is then activated, and cable begins to pay out as the centrifugal
force pulls the cable off the drum. Neglecting transients for the moment,
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the spin speed is held constant during the entire extension maneuver. As
the cable extension increases, the centrifugal force builds up, and attempts
to pull cable off faster. However, the integrated speed error signal which
is applied to the cable servo motor also buillds up so that the motor bias
torque increases. The net result 1s that the long term cable extension
rate holds nearly constant. Damping of the longitudinal cable force
transients (due, for example, to cable slacking) is provided by the back EMF
characteristics of the motor. Alternatively, tachometer feedback can be
employed to provide short term damping.

During the analog computer program, the spin speed reference
selector and extend/retract command switches shown in figure 29 were manu-
ally operated. In a real control system a number of interlock functions
would presumably be provided for safety and possibly for automatic sequenc-
ing. With this change, it is believed that the control system of “igure 29
will adequately fulfill the transition maneuver requirements.

3. Performance of Nominal System

Typical vehicle behavior with the nominal control system during
the extension phase of the transition is illustrated by figure 30, which
presents time histories of several variables in a typical analog computer
run, This run started with an initial condition of 0.04% rad/sec spin speed
and zero vehicle separation. (It has been assumed that the mating mechanism
requires a cable length of two feet at zero separation.) The 1/3 ft/sec
extension rate command was initiated and terminated manually. Note that
cable slacking phenomena exist for a short period at the beginning of the
extension, after which cable force variations are quite well behaved.

Since the relative yaw angle between booster and manned body is small, the
two bodies remain almost parallel. The maximum yaw amplitndes are less
than 3.5 degrees. The vehicle exhibited similar response motion during the
retraction maneuver.

As discussed earlier, the system parameters most sensitive to
variation from the nominal values are:

o Thruster location.
e Thruster size and cable extension rate.
e Spin speed and spin speed threshold.

e Cable damper parameters.




i T
S y 2
* pr
S =
$—t ==
%
=% 3
3 +
. =
3
3=
== > | =
> e = ¥
? g $
!...._-'..‘;-
%
= ==
==
==
P
=
3% =3
3 Ty
S
= ¥




i—:ﬁ‘i‘ﬁ}’ﬁf = "*ﬁ” E‘f ,é

_f—-f——i‘: f‘ = f—ff—ﬂ?.—i-’[ _‘z"_ éﬁiﬁ:fﬁiﬁ ?11_5_,_5—}’:;53 =4

== e = E = B o o o = g e S = S
[y et gl Pgeny sy guts =
R A e S Spr oy
) S Eep o e o

‘*-\—+

Wﬁ—h‘ﬁ

X_f-—”rt -

7 —1-— £,
— o = = W
: = = : = :
o e e i = B e = = = 3
= = Y e FFF T 7 7 7
N==3 = = f === == =
£ 5= = ¥ 3 ¥ F—1

¢ m— e 2
—

ﬁﬁ%—ﬁ%ﬁiﬁfﬁ%’:ﬁ ISES_ e e -f“l—*"—i =
't___ == ‘ ;E—:%_ﬂ ﬁ%ﬁ?ﬁ‘? ##H—E—ﬂ-—-#’l: 1::&-4:-;:1215::{::‘3’!-—#‘ 22 4 ;: +
;:: = -;_1— ; = e o I f— = =S E= = *é :

RESET IMPYLSE

20-2



o
=

E=e ==

=

bt
—r—i—x
EEE=T
=23

o |

=

SO S

F =
r 5

—

ST

FE s )
=5 =
=+ I

=i —- -1 =
B
B

!
ey Sy = - — H
4 ¥ :
o ——F;
==
A At ——F =
i A
¥ 43—
] AR

: 7
- = e

..+_

FE==x=,

{1
.......

F—3-
ESeEc=s=o=y

=%

-
=

= T s i s o R s e
S T e
e e ey
o S S T o o i
== =
o S e et ey s ey
T
=t

7
o ey i o

.F_;'% 5

X
A=

EEEEESEE

i

R

ERSEs

oy e
X

_,’.._'i:.i‘":';:#:"
=F 7 F=F

==
==
o

X -

T
e e
2 S

—f=
o e

F=}=
—e
s
e
e

—g

e

=
=
=

=

EEssasees

===

T

=

]

l} ]
sl Fo
S
=7
=

/

=i EEESEEESE
EEESESS =SS

o -i
==
=S=S-o
E

E' R

f‘

xﬁéﬁﬁﬁﬁéﬁgkif“

g i m D
8 O Wk 2 e [ _ i
M e g A R i ] A I oy g O
RIS N .E.Jd.r T T T __."_.ﬂr. T g t ___:_.___ i bt _‘._1.1\1
o [ 20 el R R
S RI@ L et Pl il [l e ST e 6 Ly
Ot 0 N s = L% o R i g O Ly R i MR R -t e g
. ! R ' il i o THIEN L Ty A Rk -t T ' . et i
i 2 g O 5 R g S 0 O s R T Ay e 5 MR
ok o 0 O e o g AL O R A, .5 L =y
BN S O i< o A B O < AR, R
] 4 e DR J R .F_.._\__“ B __ L i), SIS IRHR __..T+ R ! Hitiet _:_b\T IT..._J_L. i N IR
— _ﬁx s L..r.J.?"j " ._.r._..T____H._. Ly er ! Eﬂ#ﬂﬂ,_“._ 1 R t.__.._.T.__ AT T L
.H.IITI_. . ::Jr.;..#l.. : Tra\_\rj i _T_ : _9\3\ __:._k_.T.f_ _. : i T ._i.... Ly .ﬂ_tu. d.ﬁ.ﬁ.r nw J\ﬁ\_‘r
oy g . 0 g 1 5 a1 T v T, e
3 0 O O o O L 1 L B R -
I O i 1 L e 2l e 11 et
N ] i i T H% gttt T e ot A U O
f e oK Hilin: sl R, un ! ._t4 . N .‘.‘l_t H \.:..r_.T 4 ._.EL: ..Eaal».. i i R RIR A
R ,_rl.._. i i __p“__ﬁ.zm T “_._ Hi sl _ ._.._M.__ 1%.... i \ _F.___ _.".n.\TTF { i ﬂrn._,m “”m_..a._.__"LVr
< [N __.“_ i : :_H. L ,..mr. mn_ T i ; __m i 1} +.E._ Hin i "0 B e det » ; +_rﬁ.... .;....w..”_,rlhﬂ\.“
K iyt - o 0 . I S ey 0 ] Gﬂrhj,__ o i
ﬂ el :4E¢u.nﬁ$¢ 1 N e ret i sl 4$€p:.41rmwt
L & ! .Jﬂ... _"_ .hi\ h ._r.—_.?_ ﬂll.._rw_.w._! it ___ ...L};_ + u..r_.vw.:\ﬂ‘ "..L+. o I _ +1t_\\
' (5] N _._Tnm 1 it 0y " . R I Ty e iif, D ... i
I iMoo e e T N s i ! oot 1 N e o % N8 e
. i i | uu B - L\J‘“ i 1,_.... L_._..wu..; ”.__-__ "__ r_.T.. i L\_.\._x =l e “ N "_._ itk
Rt gt Lkt Lttt e I I ot U O 1
K 0 I e G e g A Y 1
ol o Ly AL kI i P <
bl h g i i . _ \_1\_, A R N h_.T:._____
i 1} O & 1]} iR I il iy Y I Nid R 1T i
. - . ..__ .L.ﬂ.._ _ A e - ir .T_.—\ . .L....._‘tl|_ __,_\
W“ﬁ. " n,r. HE ; Lt;. . et ._l“._. i _tr.a_\n)_. ; i e n\ﬂ\._
I | i Rt [HiER AT I
I: HiN m_ ! _1T _~ _.__ N ._t_‘m.-r _u__..__._ H N ,m.:_,m N
N R i ! ;m 18 Al N l ! : +1..r‘r_ﬂ. i 1 it _
] ) U M ™ | ”.._.,_Ltn#“‘“._ Lalld ”_ ol LA s

ey, |

THE SPrN - TET /MPULSE CHANNELS My B
USED FoR CORICEYL BTING THE TIME SCALES

THESE ARE Srrtue TAIVEOUS FECORLS .

NOZE -



ESET

/ Rme. SE

Y

s A B T R
___ N | ; 11 1l 1 T ild
ATT T + 3 ” H i 141 !
b \m\w : ....._ | “ ] _ .J. ~ _ jri
+ FE* : ; { _~ it | g ._ :m: . i .._ t
NIRRT . ] K i H N it
__.E.rL tH { _L. RN | ! _ _: ! !
EEH H I IHH N i i,
ettt __..._:: oL, i !
i A i
petrt f il e
‘_}_t___ UYL \ ; iR

i 18/ .ﬂ i |
! .._.._J | ..... “ ¥ * | pt :a
_._. hf.m”._ i T i t _n. _,~ 1] .:
tt Hi| I R it
! .I‘.T_.\ﬂ :1 b i ! L _:... .: ."
R i . { T et '
IHRT R R
. jH L _ i M1 ~.“ il
' . AT ! ._._ . H Iy it
; 1 it A
_w” Lot Qi B i
o Li : el kg
B Lpe i il i
i il | fih BRI
+Fm, R s _ | m: i)l ' uw 1} __ !
4 ] Al 5 LT R A
b i Hi : I UL o kit
..I.mb.J ., T bl 1 ML m X _"
P ! _ M I
e Hi e _ B
Ui __. ﬁl .. w“u i _ i __ _f m. _ tm_
N uhili !
H LR : L i _., THitH __T '
Fz.i L I it | i ___ .._
il iR i I .#_ it
1 } il ;
L i O
o N o H
HHIME o ..I.. it 1 w_“ L
..n..—w i i i i N 1 __. T T “ hH
._'“_.M.T, i .w. | 1 " 1 m_: __ T \ H
H .“_ i N + 1 el 1
]| A HI O R 4
:_”_ i 1 ™ il ; : i ! .“ }
,....._ _:. _“_..‘r- e i Tt . .__~
iy T 4 ; " . : if! thy 1 ) “. q H iif
,1..*..r T _ d m i ! i i T 4
0 * LiH N v
ity it it ] i S | o
P : H y 1 Hr‘ L » H v H H i
S il w i f “ IR I
it 13454 } i b4 % A i H g
T e, it i i it T 1 T 4 r
._.m.-.r...!. Sa :_\m\“&ﬁ t > “ 1 .x ! m__ i ~ _ : ! _i _ _r. ! ___ ._
i.._.,l.. M i i IS ¢ il i . !
T el t ¢ : i : R i i
i " } T i & i f ot it ot
T e ! ! : .{L : s ! W]
i TR i * i _ L‘T | i f. i! i filg i e T n
T _ ' i ) H1T1 T._
[ ¢ il
it
d_l
! 1
i B

—=

&=

koo R e T 5 s

YSTEM PERFORMANCE

FIGURE 30 TRANSITION CONTROL
]



The following paragraphs discuss the quantitative effect of variations in
each of these, "

E. PARAMETRIC ANALYSIS

1. Effect of Variations in Thruster Location and Yaw Damper Gain

Computer results indicate that a spin speed instability can exist
and that locating the thrusters outboard of the manned body center of mass
will improve the stability. Alternatively, a yaw damper could be used to
stabilize the vehicle. In order to better understand this instability, the
dynamics of a similar linear system were studied. The following assumptions
were made in order to simplify the analysis:

e The analysis was limited to consideration of the two yaw degrees
of freedom, and the spin speed degree of freedom.

e Thruster force was assumed to be proportional te the manned body
rate gyro signal, that is:

Fy = K¢ [D-v.er - (-t égg)] (18)

where KF is a constant.

® A linear yaw damper acting on the manned body was assumed such
that the damper torque output was:

Tw’ = K, [xn-eas ‘(-Q *‘é.s)] (19)

e Two limiting cases: were considered to determine the effects of
cable slacking on the stability limit. In the first, it was
assumed that the cables were so stiff that the manned body and
booster were coupled by pin-jointed struts in yaw. This represents
the situation when no cable slacking occurs. In the second case,
it was assumed that the booster exerted no moment on the manned
body. These two cases will be referred to as the fully coupled
and zero coupled cases respectively.

Application of these assumptions to the equations of motion given
in appendix E ylelds & third order characteristic equation for each coupling
case. By employing Routh's stability criteria, the following conditions on

6-8
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thruster offset distance are obtained for system stability. They have been
evaluated for the critical case of zero vehicle separation, at which point
the cables are two feet long.

e For the fully coupled case the stability limit on jet offset,,

. . Ky -
Xy= ._______._z.Iﬂ: Lza _ ____;_ (zo>

Xr

e For the zero coupled case the stability limit is:

X, = Lo - ﬁ
I - M. r Kg
X; = 318 - K2 g (1)

K¢

An attempt to correlate these theoretical stability limits with

analog computer results can be made if the thruster gain KF can be evaluated

for the actual control system. This has been done by assuming that the
effective galn was that at the threshold: :

Kp = e Fonce Lewer 1o2 25000 7 (22)
= - - 2
d Swemcnine  Leew TN&ESHOLD .00 4 [} md/.sec.

The theoretical stability limit and the computer results are plotted in
figure 31. It can be seen that the zero coupled case closely represents

the actual results. This is probably due to the fact that the fully coupled
approximation is valid only until cable slacking occurs, after which the
zero coupled case is a better model. Since at low extension cable slacking
occurs after very small yaw oscillations, the range where full coupling is
obtalned can be neglected. It appears, then, that a stability limit does
exist relative to spin thruster location, and that this stability limit can
be predicted by simplified linear analysis.
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Computer results also indicate that it is undesirable to locate
the jet too far outboard, even though the system is stable in this instance,
because the peak yawing angles become quite large. Table 26 shows the re-
lationship between pesak response angle and thruster location.

TABLE 26
EFFECT OF JET LOCATION ON PEAK MANNED BODY YAW ANGLE

Jet Distance Manned Body
Outboard of Peak Yaw Angle
Mass Center In Extension
(£t) (degrees) Comment
4 3.4 Vehicle unstable for
Jet located less than
8 5.7 4 ft from mass center.

As indicated by the linearized analysis, the vehicle can also
be stabilized by increasing the yaw dampc¢- gain. However, an extremely
large yaw damper would be required to hu:2 any affect, and therefore, this

does not appear to be a feasible method of imprevir: stability. It is much
easier to move the jet.

2. Effect of Variations in Thruster Size and Extension Rete

Computer results indicate that thruster size has little effect
upon extension/retraction performance unless the lower limit specified in
equation (17) 1s exceeded. Table 27 shows the effect of changing the
thruster size in the nominal system.

TABLE 27
EFFECT OF'THRUSTER SIZE ON MANNED BODY YAW ANGLE
Peak Yaw Angle

Thruster Size (1b) in Extension (degrees) Comment
25% 2.3 *The 25 1b thruster
50 2.7 produces divergent
* spin speed behavior

100 3.4 in retraction.

200 3.7

Thruster -size is interdependent with extension rate since the thruster
lcser stability limit is proportional to extension rate. The major effect
of extension rate on performance is seen in the yawing amplitudes. The

6-10
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computer results indicate that the yaw of each body is approximately pro-
portional to extension rate. If the linear system analysis described in
previous paragraph 1 is extended by assuming that:

e Yaw damper gain, Ky =0 (23

e Thruster offset distance, )(r = L,p 4 T2
M, r (24)

a solution for the peak yaw angle resulting from a step disturbance in
extension rate can be obtained as:

/

(?:.!2 ) _ 4 (r" Ja. - C‘z.)
r

) Tinilas
From this equation, the ratio of peak yaw angle to extension rate was
evaluated for the nominal system and is shown in figure 32 as a function of
vehicle separation. Data points for yaw peaks from computer records for
both the nominal extension rate and for a slower rate are plotted in thi:
figure. The correlation of these points with the linear analysis (the lower
curve of figure 32) becomes poorer as separation increases. This is prob-
ably due to the fact that the computer results are for a system with a fixed
four foot thruster offset while the linear analysis implies a thruster off-
set that decreases with separation (see equation (24)). In order to see
this effect, the linear analysis values were multiplied by a correction
factor:

i

Cor\vure: Xz 4 M‘ r (26)

-

Aunrys.s Xy ) T + 12,

The results are plotted as the upper curve of figure 32, which follows the
shape of the computer data very well and provides a conservative estimate
of the peak yaw angle.

It should be noted, in discussing thruster size and extension rate
effects, that if ths thruster were located at the center of mass of the

laboratory, and the thrust level precisely mst the limit of equation (17),
that is, if

6-11
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then extension and retraction could theoretically be performed without
yaw disturbances or changes in spin speed. However, the problems inherent
in computing and generating the required tnruster force level make this
approach to transition control impractical,

3. Effect of Variations in Spin Speed and Spin Speed Threshold

There would be two major effects of varying the spin speed ref-
erence level used during the extension or retraétion phase of the transition.
First, the impulse requirements would change linearly, as shown in figure 27.
Second, the peak yaw angle would vary inversely with spin speed as indica-
ted by equation (25).

The spin speed threshold also has a minor effect on yawing per-
formance, since the actual average spin speed during extension or retrac-
tion differs from the nominal setting by the threshold value. The average
speed is lower than nominal during extension and higher during retraction.
If a yaw damper were being used to meet the stability requirements shown in
figure 31, then the threshold level would presumably affect the stability
by changing the effective thruster gain. Since this was not the case with
the nominal system, the only effects detected in the computer results were.
the small changes in yawing performance.

4, Effect of Variation in Cable Damper Parameters

Variation of the cable motor torque-speed characteristic shown in
figure 29 produces a proportional change in longitudinal cable force damping.
The damping ratio can be expressed as:

Ic_ = 2"‘2‘& k Wy (28) |

O F EZA

For the nominal system this can be evaluated as:

f" ; /]. /70 .ru//«, ex onded/ (2“1)

6-12

e T

B

N e b s




Note that the longitudinal cable oscillations will be overdamped throughout
the maneuver whenever the cables are taut. This means, f.r example, that
if the vehicle hits the end of slack cables it will not rebound and cause
the cables to go slack again. Thus the motor torque speed characteristic
serves to cushion cable bounce effects.

The integral feedback loop around the cable motor that is shown
in figure 29 serves to maintain the average cable rate equal to the commanded
rate. It also smooths the step cable rate command which initiates an ex~
tension maneuver so that the cables do not initially go slack. 1In order to
prevent initial slacking, the initial acceleration of the cable motor should
be less than the relative acceleration of the two bodies which would occur
if the cables slacked. This imposec a restriction on the integrator gain
of the system:

:E;rxmhmerok. égouv ,'_JL. < (.J:L
'7J

or, at minimum separation,

L < 0./8 sac ™/ (30)

[ vl
,

F. CONCLUSIONS

It has been demonstrated that extension and retraction of the
cable-coupled space stationare feasible. State of the art components can be
used in the transition control system, and no insurmountable problems
appear tc exist. There is considerable leeway in the selection of maneuver
parameters such as spin speed and extension rate, and in the selection of
control system parameters such as thruster size and jet location. Although
stability limits exist, these can be predicted by simplified analysis, and
alleviated by proper control sysiem design.

6-13
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Section VII

COMPATIBILITY WITH NONSPINNING MODE CONTROL

A. INTRODUCTION

It is expected that a significant portion of the mission of &
cable-coupled space station will be spent in a retracted, nonspinning con-
dition. It is obvious, therefore, that nonspinning configuration control
requirementswill be a significant factor in the design of the vehicle
control system. However, the degree of influenc< on :he control system
depends on the exact vehicle configuration, the orientation of the vehicle
in orbit, and the specific maneuvering control required in the nonspinning
mode. Although the scope of the study did not include detalled considera-
tion of nonspinning mode requirements, a preliminary evaluation was made.
It was concluded that the control concepts adopted for the spinning mode
will be basically compatible with zero-g control requirements, but that,
in general, different sensing equipment will be needed. The same actuators
can be employed in both modes. However, the actuator sizing requirements
for nonspinning control depend strongly on mission definition. Accordingly,
no general conclusion can be stated regarding the suitability of the
actuators sized for use in the spinning mode.

For a mission such as that of the Manned Orbiting Laboratory
(MOL), the nonspinning control requirements are not particularly stringent.
Pointing accuracy tighter than ubout 0.5 degree is not likely to be speci-
fied, although if military missions are incorporated, more accurate pointing
may be desirable. The most rapid dynamic response could quite possibly be
required in the docking phase, assuming cooperative procedures are adopted.
Even here, it is unlikely that response times shorter than about a minute
or maneuvering rates higher than about 0.05 degree per second would be
required.
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A key facter in achieving control efficiency in the nonspinning
mode is the selection of a vehicle orientation that minimizes disturbance
torques. These disturbances-——mainly gravity gradient and aerodynamic
effects—can be very significant. In fact, they will determine the size
of the control system actuators if certain vehicle orientations are
employed.

B. ACTUATOR SIZING CONSIDERATIONS

Two possible orientations illustrate the range of disturbance
effects which might be encountered. The first of these, solar .orientation,
has the desirable feature of allowing the solar panels to remain fixed
with respect to the vehicle body. A negligible amount of propzllant is
expended in tracking the sun line motion in inertial space in this case,
but the amount of propellant required to overcome gravity gradient and
aerodynamic torques is quite large.

The other orientation used for illustration is what has been
termed "belly down." Here, the long vehicle axis is heid in the orbital
plane and aligned with the local horizontal. Such an orientation minimizes
disturbing torques. Gravity gradient torques are essentially zero, provided
the oriented axes are principal axes. In the "belly-down" orientation,
aerodynamic torques are small but not quite zero. The solar panels will
produce cyclic aerodynumic torques of magnitudes depending on their area,
angle-of-attack, and location with respect to the vehicle mass center. The
vehicle body itself will also experience some cyclic torques caused by
variation in angle-of-attack as a result of the rotation of the earth's
atmosphere relatlive to the orbital plane. However, for this orientation,
aerodynamic tc.ques are really only significant at the lower orbital altitudes
and can be min.mized by appropriate vehicle design.

Aprendix H summarizes the effects of gravity gradient torques
acting on a solar-oriented nonspinning vehicle. Momentum storage require-
ments, evaluated for the most demanding conditions, are seen to be quite
significant. In fact, if this orientation were adopted, these storage
requirements, which exceed the spinning mode demands, would size the
control actuators.

The effect of aerodynamic torques on a solar oriented vehicle
is alsu considered in Appendix H., These ar~ a direct function of the
vehicle configuraticn and will be influenced by size and mounting arrange-
ments of external equipment, such as solar panels. The computations of
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Appendix H, which are based on an idealized, cylindrical vehicle,indicate
that the momentum storage capacity required to overcome aerodynamic
torques is comparable to the gravity gradient requirements. Thus it can
be seen that if the nonspinning vehicle is solar-oriented, nonspinning
mode requirements will probably size the control actuators.

As stated earlier, gravity gradient and aerodynamic torques will
be small in the "belly-down" orientation. However, significant momentum
storage capacity may still be required to maneuver the vehlele. Due to the
large vehicle inertias, even relatively modest maneuvering rates require
considerable angular momentum storage capacity. For example, a maneuvering
rate of 0.05 degree per second requires as much storage capacity as do the
major disturbances in the solar orientation (Appendix H). A tradeoff of
maneuvering control concepts will be needed after all mission requirements
are assembled to determine the best division of control between momentum
storage devices and reaction jets. If maneuvers are infreqﬁent enough, ;
it may prove more efficient to use reaction jet'control for all but the 5
slowest maneuvers. %

C. ACTUATOR COMPATIBILITY %

The combination of a two degree of freedom control moment gyro
for pitch and roll and a reaction wheel for yaw, as recommended for the .
spinning mode, can also furnish satisfactory nonspinning control. This §
arrangement permits alignment of the nominal gyro spin axis and the reaction
wheel spin axis normal to the orbital plane if a "belly down" orientation
is used and thus avoids the continuous interchange of angular momentum re-
quired with orthogonal inertia wheel systems.

In the nonspinning mode, a single control moment gyro has the
disadvantage of producing cross-coupling into the reaction wheel axis when-
ever the gyro is precessed off null, Since added reaction wheel storage
capacity would be needed to counteract this cross-coupling effect, a better
scheme might be to use two smaller control moment gyrcs spinning in
opposition to cancel the cross-coupling torques. Further study is needed
to determine whether resultant improved performance justifies the extra
complexity associated with a dual gyro approach.

Rt i ve ammte e v o
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If a "pbelly-down' orientation is employed and the vehicle is
designed to minimize aerodynamic disturbances, momentum storage required
for adequate zero-g contiol will be small, and the storage devices will be
sized by spinning mode control demands. Other nonspinning orientations,
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such as solar pointing, call for momentum storage capacities exceeding
those of the spinning mode control system.

D. SENSOR COMPATIBILITY

If the same attitude rate sensor are to be employed for both
spinning and nonspinning stabilization, a large dynamic range will be re-
quired. The nonspinning rate sensors must be of a moderate inertial
quality and be able to sense rates below 0.001 degree per second whereas
autopilot grade rate gyros satisfy the spinning-mode performance require-
ments. Even though it 1s possible to build a gyro with the necessary
range, it might prove better to use separate sensors for the two functions,
especially in the yaw axis where the gyro range must be adequate to cover
the maximum spin speed.

Several additional control sensors will be needed for zero-g
orientation measurements. These include earth horizon and orbit plane
sensors for the "belly-down" orientation and a sun sensor for the solar
orientation. Other supplementary, special-purpose sensors may be needed for
initial acquisition of the appropriate references. As the control system
design progresses, it may be advantageous to combine orientation sensing
functions for both spinning and nonspinning modes into single instruments;
however, for the present, the divergence in sensor c¢hiaracteristics makes
it desirable to consider the sensors to be separate.
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SECTION VIII

CONTROL SYSTEM DESCRIPTION

A. INTRODUCTION

Th2s preceding sections of this report have developed control
techniques applicable to the spinning modes of the flexible, spinning space
station. This section shows how the individual subsystems fit together
into a control system. In keeping with the emphasis of the study, non-
spinning control problems are considered only to the extent of insuring
equipment compatibility.

Weight, volume and power estimates are presented for the nominal
system. The effect of changes in control syst .. performance specifications,
and in vehicle and mission parameters, are also presented.

B. SYSTEM OPERATION

Figure 33 shows the control system block diagram for the spinning
modes of operation. - The spin mode control functions include extension/
retraction, spin control, rate stabilization, dynamic balancing, and spin
plane orientation.

For purposes of illustration, all switches shown in figure 33 are
considered to be manually operated. In general, mission mode selection will
be a manual function and all gain changes and subsystem switching can be
interlocked with the mode selection. Figure 33 is drawn with all switches
in the spin mode position. Switch pusitions are labeled according to the
three basic modes of spin, nonspin, and extend/retract (transition). Un-
labeled positions refer to modes not indicated in the labeled positions.

Prior to initiating a transition from the nonspinning mode to the
spinning mode, the space station is oriented so that the yaw axis is aligned
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with the sun line. The orientation control system is then disabled until
the completion of transition.

Transition is initiated by placing the spin speed command switch
in the extend/retract position. The spin speed command signal is compared
to the output of the yaw rate gyro to develop a spin speed error signal for
controlling the spin jets. During this phase of the transition maneuver
(before the capsules are separated), the cable drum is locked. The yaw
torquer is also disconnected so that all required yaw damping is obtained
by the actions of the spin jets as described in section VI. The pitch and
roll rate stabilization system operates as described in section V but at
reduced gains. These damper gains are set by the position of the spin
speed command switch.

When the transition spin speed has been attained, the cable drum
brake is released and the cable rate command signal is inserted. Extenslion
then proceeds at a constant rate while the ...in control system continues to
maintain the transition spin speed. When the cable extension reaches 97
reet, the cable rate command is switched to zero. Extension then continues
to 100 feet because of the integration loop time constant, thereby bri.ging
the extension rate smoothly to zero. When 2xtension is complete, the cable
drum is again locked, and the spin speed selection switch is placed in the
spin position. The spin speed control system then completes the transition
by causing the spin Jjets to fire until the final spin speed is attained.
The pitch and roll rate stabilization gains are also adjusted by the spin
speed selector. ‘

Upon activation of the operational spinning mode, an accelerometer
is substituted for the yaw rate gyro as a spin speed reference. The accel-
erometer is used as a spin speed reference because gravity level rather than
spin speed is the parameter to be controlled. The yaw rate gyro is connected
to the yaw torquer via a wipeout network in order to provide yaw structural
damping.

Depending upon specific mission requirements, the dynamic balance
system and the orientation control system may be engaged at any time during
the operational spinning mode.

The transition from spin to nonspin is the reverse of the proce-
dure described above.
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C. NOMINAL SYSTEM COMPONENT COMPLEMENT

Table 28 lists the sensors and actuators required for control of
the spinning vehicle, and indicates the functions these components would
perform in the nonspinning mode of operation. Cne of the study objectives
was to inrsure compatibility of the spinning and nonspinning mode control
systems. This table shows that the nominal system satisfies this objective.
The major components required for the nonspinning mode, but not shown in
figure 23 or table 28, include attitude sensors, roll jets, and control
moment gyro ﬁnloading logic.

The control system components required for the transition and
operational spinning modes are listed in table 29. The noted quantities
comprise a single system with no provision for redundancy. This table also
presents the significant characteristics of each component. Weight, size
and power estimates are tabulated. These estimates are, of course, subject
to revision when firm system requirements are established. The following
system totals result:

Weight--355 pounds
Volume--6.1 cubic feet
Steady Power--68 watts
Peak Power--577 watts

In addition to the component physical characteristics, the table
indicates couponent performance characteristics. In general these charac-
teristics are self-explanatory. However, some comment relative to the con-
trol moment gyro, inertia wheel and cable drive motor are in order. First,
recall from section V that the angular momentum of the control moment gyro
was determined by the roll dynamic balancing requirements. Tue effect on
the control moment gyro (and on the system) of changing the roll balance
requirements (either by elimination or by reduction of the required accuracy)
is covered in the parametric discussion below.

The specified inertia wheel is sized to provide a structural yaw
damping ratio in the operational spinning mode of approximately 1 percent
of critical, Relaxing this damping requirement would reduce the size of
the inertia wheel required in the spinning mode. However, a yaw inertia
wheel of comparable size is required for vehicle control in the nonspinning
mode.
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The cable drive motor listed in the table is sized to provide a
cable extension rate of 0.33 ft/sec at a spin specd of 0.04 rad/sec. 1In
some cases, it may be desirable to extend or retract at full spin speed.
Cable extension at these higher spin speeds would require additional servo
torque. Additional torque could be ottained without materially affecting
motor size by changing the gear ratio, but the extension rate would be re-
duced by the gear ratio. However, this might result in undesirably low

extension rates. The other alternative is to use a larger mot-r. A definite

mission, with clearly defined operating modes, must be established before
selecting the specific cable drive moter characteristics.,

D. PROPELLANT REQUIREMENTS

Durinz the transition and operational spinning modes, reaction
Jjet propellant is expended to do the following:

e Spin-up and despin.

e Maintain snlar orientation.

e Unload yaw inertia wheel.

e HMaintain spin speed aud orbit.

It was shown in scotion VI that a complete *ransition cycle
(spin plus despin) requires 450 pounds of propellant assuming a specific
impulse (Isp) of 300 seconds. The total propellant required for a particu-
lar mission will depend, of course, on the number of spin/despin cycles to
be performed.

It is estimated that 4500 pounds of propellant would be required
to maintain solar orientation for a one year mission in the operational
spinning configuration. (See appendix G.) The major portion of this
propellant expenditure was due to the gravity gradient disturbance torgque
anticipated for an equatorial orbit.

Propellant estimates were not made for the inertia wheel unload-
ing and spin and orbit correction requirements. These are predominantly
functions of the mission, and are essentially independent of control system
implementation. At the time of this study, the space station mission had
not been defined well enough to permit meaningful estimates.

It should be mentioned that magaetic torquing does not appear
suited to the subject space station. The station geometry is such that a
magnetic coil of sufficient area cannot easily be implemented.
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E. PARAMETRIC ANALYSES

The component characteristics specified in table 29 were based on
spinning mode control reguirements as they apply to the nominal vehicle.
Tre parametric analysis rresented below establishes the effect which changes
in contrecl requirements and vehicle configuration have on the control
roment gyro. t snouid be noted, however, that the results of this study
certain to the spinring mode and may become irrelevant if the nonspinning
mode requirements are sucn as to be the basis for the gyro design.

-
L

. Effect of Dynamic Balance Specification on Control Moment Gyro Size

As noted in section VIII paragraph C, the gyro characteristics
presented in table 29 were based on providing complete roll imbalance
compensation (i.e., the vehicle should nhave no steady state roll error).

It was shown in section V that the maximum steady state roll &#vror result-
ing from crew motions for the nominal station was approximatcly 0.5 degree.
It is apparent that if the balance specification is relaxed to permit steady
state roll errors of 0.5 degree or less, the control moment gyro capability
could be much reduced. For the nominal case, the rate stabilization require-
ment would then size the gyro, and the gyro weight, for instance, would be
reduced from 152 pounds to 48 pounds.

Figure 34 presents curves relating gyro weight to roll balance
accuracy requirements for the three inertia ratio configurations considered
in section V. The gyro weight is presented as equivalent weight. This is
the sum of the gyro weight and its associated rotor power supply. As noted
on the figure, the equivalent weight is approximately 30 percent higher
than the physical weight. This assumes a gyro design based on minimum
equivalent weight, i.e., the rotor power has been represented by power
supply weight, and the rotor wheel speed and geometry have been selected to
minimize the sum of gyro weight and power supply weight. It should be noted
that the zero gyro weight point on figure 34 refers to balancing capability
only. Rate stabilization capability must still be provided.

2. Effect of Vehicle Inertia Ratio on Control Moment Gyro Size

The effect of vehicle inertia ratio on the control moment gyro
was estimated by assuming that the gyro characteristics are determined by
the rate stabilization requirements above (i.e., no roll balancing).
Section V showed how the gyro angular momentum requirements varied as a
function of inertia ratio. These angular momentum requirements were

8-7
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translated into component weight, volume and power as presented in table 30.
This table indicates that the gyro characteristics are relatively insensi-

tive to inertia ratio.

3. Effect of Spin Speed on Control Moment Gyro Size

Table 31 presents control moment gyro weight, volume and power
for three spin speeds. ©Since spin speed may vary throughout the mission,
the gyro must be sized to handle the entire range of anticipated spin speeds.
The data in the table assume a configuration with a constant separation of
100 feet and an inertia ratio of .0107 (nominal). It should be noted that
the largest gyro of table 31 1s still much smaller than that required to
provide roll balancing. Preliminary results indicate that a gyro sized to
provide a roll balance capability is more than adequate for rate stabiliza-
tion during the low spin speed transition maneuver.

4, Effect of Damping Specification on Coatrol Moment Gyro Size

The curves of figure 35 s... w control moment gyro characteristics
as a function of damping specification. A damping range of 1 to 20 percent
of critical is shown. This figure indicates that a damping ratio of approx-
imately 10 percent (selected for the nominal system) is at the knee of the
peak power curve. Thus a significant power penalty is imposed by higher
damping requirements. Other characteristics are not affected as severely.
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"EFFECT OF INERTIA RATIO ON CONTROL MCMENT GYRO

TABLE 30

REQUIRED FOR RATE STABILIZATION

Control Moment Gyro Characteristics

Inertia Ratio H Weight | Volume Steady Peak
(slug-ftz/sec) (1p) (£t3) Power Power
(watts) |[(watts)
.0107 L7 48 1.3 8.8 35
(Nominal)
.0048 93 52 1.4 9.6 34
.0027 64 59 1.6 16.9 33
Note: Spin speed = 0.4 rad/sec
Separation = 100 feet
TABLE 31
EFFECT OF SPIN SPEED ON CONTROL MOMENT GYRO
REQUIRED FOR RATE STABILIZATION
Control Moment Gyro Characteristics
Spin Speed H Weight Volume Steady Peak
(rad/sec) (slug-£t2/sec) (1b) (£t3) Power Power
(watts) (watts)
0.2 60 57 1.6 10.4 22
(nominal)
0.6 38 41 1.1 7.6 62
Note: Separation = 100 feet

Inertia ratio = .0107
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Section IX

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The stabilization and control study of flexible spinning vehicles
has established that:

® The dynamics of flexibly coupled vehicles are relatively insensi-
tive to cable configuration. A broad range of configurations
is adequate from a controls viewpoint, although an eight crossed
cable configuration appears somewhat more favorable than the
others. :

e Extension and retraction of the cabled vehicle can be readily
performed, and only slightly more (6 percent) propellant is
required to spin the flexible vehicle than would be required to
spin a rigid vehicle.

e The stabilization and control functions can be provided with

state of the art components of reasonable size, weight, and
power.

e The only unique component required in the control system is a
large two degree of freedom control moment gyro. The development
of this gyro is well within the state of the art.

B. RECOMMENDATIONS
As a result of this study, several areas requiring further inves-

tigation have been identified. These can be divided into categories
concerned with:

e DBroadening the study scope to include alternate vehicle config-
urations and mission requirements.
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Generation of simplified analytical rules for use in sizing
components for specific missions.

Definition of a nonspinning mode control systems,integration of
spinning and nonspinning mode control systems, and implementation
of the resulting system.

The specific items recommended in the first category Ilor follow-on effort
are as follows:

1.

2.

Analyze vehicles with configurations differing significantly
from the nominal vehicle defined in this study. This would
include, for example, vehicles having no inherent roll stability;
vehicles having an asymmetric booster and/or cable configuration
and vehicles operating at larger (5000 ft) extensions.

Analyze alternate pointing requirements. This would include
analysis of nonsolar referenczd orientations, and the associated
solar panel control problem. Further analysis of the solar
orientation control problem is also desirable for vehicles having
low roll stability, since interactions between the balancing
system and the orientation control system are probable in such
cases. With regard to the latter possibility, the feasibility of
roll attitude ~ontrol (as opposed tc rate stabilization) should
also be investigatcd. Finally, further analysis of the solar
pointing system with the objective of trading off pointing
accuracy for propellant efficiency is recommended.

The second category, model generation, includes the following recommended
work items:

1.

2.

A detailed analysis of the nonlinear effects present in the cable
coupled vehicle is required prior to development of simplified
dynamic models. The nonlinear effects of large angle rotations
of the cable structure should be studied in order to better
define the region where linearizing approximations are valid.
Similarily, a more detailed investigation of the effect which
cable slacking has on the pitch and roll axis response during
transition is desirable, since only the most critical axis (yaw)
was analyzed in detail in this study.

Develop generalized actuator sizing laws applicable over a broad
range of vehicle/mission parameters.
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3.

Deveiop a comprenensive analytical model for use in transition
performance predictions.

In the third category, control system definition, the following work items
are recommended:

1.

2.

Extend the nonspinning mode analysis to include initial stablliza-
tion and alignment, docking, and maneuvering requirements.

Perform actuator trade-off analyses, placing increased emphasis
on the nonspinning mode requirements.

Establish detailed performance specifications for the mating
devices used to couple the manned body to the boaster. This would
include definition of the cllowable transients imparted by such

a mechanism at the initiation of an extension maneuver, and
definition of the maximum terminal errors and error rates.

Investigate the feasibility of providing sn enhanced energy dis-
sipation capability in the cables themselves in order to obtain
passive damping of the structural resonances.

Establish philosophy and design criteria for reliability, crew
safety, emergenc;” control, and abort procedures. Establish a
manual control and display concept.

Initiate control moment gyro design studies.

9-3
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APPENDIX A

NOMENCLATURE

A, CO-ORDINATE SYSTEMS

A A A
(X, 3,K)
[ A
i k

(1, 3,

A A A
(11, Jl’ kl)
A oA oa
(12, Jos k2)
AN
Ji

Cse D

A AN
(S4, S,, Sg)

Inertially fixed unit triad (figure B-1)

Reference triad aligned with vehicle mass centers
(figure B=~1)

Body axes of vehicle No., 1 (figure B-3)
Body axes of vehicle No. 2 (figure B=-3)

Axis of rotation for ejp, including "order of
rotation” effects

Axis of rotation for ejg, including "order of
rotation™ effects

Local geocentric unit triad {(figure G-3)
A A

d x k

A A

kx i*

Sun-referenced unit triad (figure G-3)

B. LINEAR AND ANGULAR POSITION

Small rotation of body i about axis j
Pointing error of vehicle i about axis J
Spin angle

Orientation angle

Angles locating local vertical in body axes

A-1
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Orbital inclination relative to ecliptic
Position of vehicle in orbit

Position of sun in ecliptic

Position éf ascending node in ecliptic
Angle of attack

Generalized co-ordinate

Virtual change in ay

Virtual displacement of body i

Virtual rotation of body i

Mass center separation

Nominal value of r

Perturbation in r

Vector form of system co-ordinates

Vehicle mass center position relative to center
of earth

A A
Components of’ﬁ'along (?, s k)

Position of differential mass element relative to

vehicle mass center
-h-*

R+(

C. LINEAR AND ANGULAR VELOCITIES

el

o
W iy

W is

Uudb)

We

Spin speed (equalsgp)
Nominal value of K-

Inertial angular velocity of vehicle i about body
axis j

Perturbation in inertial angular velocity of vehicle
i about body axis 3 = (ug,'_.’ _ac)
Inertis wheel speeds

Gyro wheel speed

Orbital angular velocity

A-2




&

D.

Ti j
,
T1j

Fij

(T, Ty)

~.
~
.

(Togs» Tic!

31»& 21 &3 '

TAL
(Tr, Tp)

{Tra, b, Tpa, b)

g, T, %)

{fo}

FORCES AND MOMENTS

Orbital linear velocity
Inertial angular velncity of vehicle i

Linear velocity of vehicle i relative to the
common mass center

Torque about mass center of body i, around axis j
Control torque

Force through mass center of body i, directed along
axis j

Generalized force (also written Qx, Q4, Qq, @413,
* L4 L Qezs)

Equivalent radial force

Equivalent spin torque

Equivalent orientation torque

Tension force i1n cables A and B, respectively
Total centrifugal tension

Jet thrust

Drag force

Outer and inner gimbal torques on two~degree-of-
freedom gyro

Commanded gimbal torques

Gravity gradient impulsive torque components
(nonspinning mode)

Impulsive iorque magnitude

Total torques on roll and pitch axes of single-
degree-of ~freedom gyros or inertia wheels

Torques on individual single~degree~of-freedon
gyros, or inertia wheels, a and b respectively

A
(?, 3, k) components of gravity gradient torque

Imbalance torques due to cross-products of inertia

S
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{foz Disturbance torques

e R
T, Torque about mass center of body i
L e
F, Force through mass center of body i
d?h Differential force vector
ol
dTg Differential gravity gradient torque
Te Gravity gradient torque
oo it
Tav Average (one orbit) value of Tg
Ty Precession torque required to maintain solar
orientation
i wouliine  cavulies
T, T, - T¢
E. ENERGY
T Kinetic energy
T,y Translational kinetic energy of body i
Try Rotational kinetic energy of body i
v Potential energy
L Lagrangian (T - V)
S Work done in virtual displacement

F. VEHICLE PARAMETERS

M, Mass of body i
E] My + My
MM
Mr My :— 2142
dm Differential mass element
m Mass imbalance
I4, Ip, Ig Total vehicle moment of inertia about axes

N

Iij Moment of inertia of body i about axis J



g Musesi ey Bummel  Jaman

.y Sam—

Jy, K, Ly

Hy
dg, dg

Ci1s Cgy Cgy C4

0 ] k]
k{}

x

cij

Wo

Wro
Wirg2Wre
W1 Wes

Wy Wye
¥4

k,

G. CONTROL PARAMETERS

Kiz0Qiyr §as'
(kg, kp, ky)

Cross-products of inertia of body i
Vehicle angular momentum

Distance from body centers of mass to composite
center of mass (nonspinning mode)

Vehicle dimensions for nonspinning aerodynamic
model

Data matrices

Cable influence coefficients

Cable damping factors

Rigid body wobble frequency

Uncoupled roll structural resonant frequency
Roll resonant frequencies

Pitch structural resonant frequencies

Yaw structural resonant frequencies
Anti-resonant frequency

Vehicle static gain

Control gain settings

Rate stabilization gains (roll, pitch, yaw)
Control moment gyro gimbal damping gain

Roll balance gain

Wipeout time constants (roll, pitch, yaw)
Damping ratio

Angular momentum, two-degree-of-freedom gyro
Angular momentum, single~degree-of-freedom gyros
ha‘* hb

Moment of inertia, inertia wheel

Moment of inertia, gyro wheel



A, @T
K s ?s

H, CABLE PARAMETERS

L -

£

A

s

IA’ ,lB
AjA' A}B
11"X2"f;

%o

A,
r

Peak inertia wheel servo power

Peak torquer power, two~degree~of-freedom gyro
(each torquer)

Specific impulse of reaction jet propellant
Propellant weight

Distance from center of mass of manned body to
spin jet centerline

Distance from center of mass of station to
orientation jet centerline

Gyro gimbal angles (two~degree-of-freedom)

Gyro gimbal angles ¢single-~degree-of~-freedonm)

Cable length vector

Magnitude ofT

Unstretched magnitude of 7

Length of cables A and cables B

Change in length of cables A and B
—t

Components of unstretched /‘

Cable stretch due to centrifugal force alone

jl + %,

f, 4=
1+ 2
Components of total cable stretch

Stiffness per unit length of two parallel cables

Position of cable attachment point relative to

mass center of body i
-
Components of d,

- dgy
Cross-sectional area of a cable

Cable modulus of elasticity
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I. MISCELLANEOUS CONSTANTS

Ro
o
a, b

Kpis Kpos Kog
A, B

J. OPERATORS

Vehicle skin temperature
Free stream temperature
Molecular speed ratio
Aerodynamic drag coefficlent
Dynamic pressure

Atmospheric density

Radius of earth

Acceleration of gravity at earth's surface

Arbitrary constants
Arbitrary constants

Arbitrary constants

Minimum value of ( )

Maximum value of ( )

Steady state value of ( )

Derivative of { ) with respect to time
Derivative of ( *) with respect to time
Magnitude ot { )

Much greater than

A-7



APPENDIX B

DERIVATION OF LINEARIZED EQUATIONS OF MOTION
FOR NINE-DEGREE-OF-FREEDOM CABLE-COUPLED SPACE STATION

A, DISCUSSION

This appendix summarizes a derivation of the equations of
motion for a nine-degree-of-freedom model of the cable-coupled space
station. Small disturbances are assumed, and cable-inertia effects are
neglected.

Lagrange's method is used to derive the equations of motion.
The kinetic energy, T, the potential energy, V, and the Lagrangian
L = T-V are first computed. The equations of motion are then obtained
from
dky _2E .
ilog) ag t 4L G 6-1)

where the qj's are the generalized coordinates of the system. The Qj's
are generalized forces, and must be evaluated by computing the work done,
Sw, by the external forces in an arbitrary displacement of the system:

% @S
SW = Js‘ Q; o} (B-2)

The Lagrangian formulation has been used because of its
advantages relative to the calculation of cable restoring forces.

The first step in the derivation is to define the coordinate
systems and explicitly state the small-angle assumptions and other approx-
imations used to simplify the problem. Figure B-1 shows a sketch of the
cable—coup}gdhve}'ﬁcle. As noted, (I,T, K) are inertially fixed unit
vectors, (i, Jj, k) is a reference triad located at the common mass-center,
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A A
and (i, jy, k;) are body axes (not necessarily principal axes) of vehicle

no. 1. In figure B-1, it will be assumed that
rer, e, € (conskant) »>X

q><<l

The angle ¢y will be considered large.

In addition to the above approximations, the common mass-center
of the two vehicles will be assumed fixed in inertial space, and the in-
ertia of the cables coupling vehicle no. 1 to vehicle no. 2 will be
neg. ectfd anally, the mlsalxgnments ex1st1ng between the reference
triad (i, J, k) and the body axes (11, Jis ki) and (12, 32, kz) will be
assumed small angles.

B. CC-ORDINATE CONVERSIONS

Figure B-2 illustrates the trgnsformatxon from the inertial
axes ([ J,K) to the reference axes (i, Jj, k). The transformation
has been simplified by introducing the small angle approximations

smgxQ
cos g % 1=z

All second-order terms have been retained. This is necessary in the inter-
mediate steps of this energy-based formulation of the equations of motion.
Only first-order terms will be retained in the final equations of motion.

Figure B-3 shows the transformation from reference axes to
vehicle body axes. Again, small-angle approximations have been introduced
and second-order terms have been retained.

It is clear from figures B-2 and B-% that the angular velocity

of vehicle no. 1 is
AN

o 4 o A ¢« A . A/ .
= . ‘UK—QJ + 6,4 “"e'l'lo *‘e@{l ¢8-3)
A A
The unit vectors Ji and k3 define the axes used for the angular rotations,
eyo and eyg+ Since second-order terms are being retained, the order of
rotation is important, and these axes must be defined in detail:

B~2

O
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& z cyf + (-2 )£ ¢5-7)

’ A k3
f': z J Cr-efs) -k, s s g -5)
Apn A ] eﬁ*el A
{' e"e:;‘l‘f'e"./, + (/- T)" (B-b)

A A A A A A
Substituting (i,, Jis ky) for (i, j, k) as indicated by the transformation

of figure B-3, and retaining all second-order terns,
- ° . [ . Py
o, = [en €3 + V’Q‘erg) ~€; ef;]l, *

. . . . A
€ -9 rdlg-€,9) 16,02 17,

. ° . 1,02 3 ’ A
rlesvedrdfinag-(atnrdy o614, ¢8~7)

A similar result is obtained for 82.

C. KINETIC ENERGY CALCULATIONS

1. Translational Kinetic Energy

The kinetic energy will be computed using Xonig's theoren,
which states that the tota] kinetic energy of a moving Sody is the sum of
that of an equal-mass part’ ‘e located at the mass center, and the kinetic
energy of rotation about ihe mass center,

The mass center of vehicle no. 1 moves with a velocity

- M2 s a4 0 Y Y S-S
Vi (o L3 £ 0 $ex)r-g ) [+ & Cruns | (8-8)

where once again cos ¢ has been approximated by (1 - ¢2/2), The transia-
tional kinetic energy of vehicle no. 1 is thus

)
MM . " Y .
Yo * 'i ( ("'“"M‘;;\:)[ xz-g- (Qﬂ()" ¢ 9%+ Q‘(Q*X)’-J (8-9)



Adding the translational kinetic energy of vehicle no. 2, and retaining
only second-order terms,

M. M’L
M.+M3,

Tv = =(

tall

)[ X 004k )‘(:-ag‘)‘;’z-d- Q"q"‘} €B-10)

2. Rotational Kinetic Energy

If the angular velocity of vehicle no. 1, for example, is
written

P ”»

a A
e, = w”"l*a'}a,J,“‘“)l’{, €8 -n)

then the rotational kinetic energy is

A L o e -
Ter® 2 X0 +{ e, t3lny ~J @, W K W0 L,@, W,y (gan)

The factors (J;, Ky, Ly) represent cross-products of inertia. Equation
(B-7) can be substituted into (B-12) to express T, as a function of egys
€54, $ q, and ¢y. The total kinetic energy is theh given by

T = Te 4Tt Ty ce-n)

where Tp represents the rotational kinetic energy of vehicle no. 2, and
is simildr in form to Tg
1

D. POTENTIAL ENERGY CALCULATION

The potential energy of the system takes the form of strain
energy stored in the structure connecting M; to M,. Only the translation
X or the rotations e;; can affect the strain energy. Thus the potential
energy, V, will have the form

» » * o
V: i K, x* o KX €, + Kg €, + K XK€y 4 o= & K‘:xeli*
AR IR S
*iKw €t K6+ - --- + Kum A€yt

$ = = -

» 3
b 4 Kegyy ¢8-1%)

The K:3 are, of course, the structural influence coefficients,

B-4
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E. GENERALTZED FORCES

1. Form of Generalized Force Expressions

As mentioned earlier, the generalized forces must be computed
by determining the work done by the external forces in an arbitrary dis-
placement compatible with the constraints. To illustrate, consider an
arbitrary translation gf vehicle no. 1, denoted by 821, and an arbitrary
rotation, denoted by $yy. The angular velocity analysis of paragraph B
of this Appendix indicates that an arbitrary variation in the systenm
coordinates will cause vehicle no. 1 to rotate by an angle

S?‘ * (.Se" - e'3sq +(q "‘~€n)$4’ "'eu.gen;]l: +

+ {Se.;. -Sg+eS¢+e,$ e”]j'\’.

+ [Se,‘+€..3<¥o~ Y4 "ensen.] 20

8-i157)
and the vehicle mass center to translate by an amount
- Mﬁ. A A A
Yy = - r,
$x, - Mﬁ_m[Sx,& s0nex)Syf + (nex) Sk | (8-10)

Second-order terms have been neglected in these expressions. Substituting
for (i, j, k) from figure B-3, and retaining only first-order terms,

S = = 2 {(Surnenby -G e 5904+ (~CnSx 1 LG4x T80+ g)0t

+(€,8x - eury S+ LaxThq) £, T (B -1)

The work done in this displacement is given by

dW, = T,-3x¢, + F <%, (B-1§)

where T, is the torque about the mass center of vehicle no. 1, and F, is
the thrust through the mass center. Let

- A ' A
'Tt ="‘rn"o + To;{,“’ Tt;“c,

-~ A A

(8-149)
~N
F‘ = F“/(‘+ Fu_ls' + F;;{.

(8~-20)
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Then

Ml o Ft‘ ML\ F"L

3w, = - fol ¢y - (Tur ‘M;)sQ ool )S¢

Myr My

+ T8 T 8e T, Se, ¢B~24)

A similar expression is obtained from analysis of vehicle no. 2. Upon
combination of these expressions, one finds that the generalized forces,

denoted as Q, are as follows:

M, Fay ~ My Fu T
T ——— €z = ‘u
Ry My Mo Q 2
=T,
L Gl M\ MyFn) AT Rean b
Qe = atiag
MM, Rery =Tas
V(M s MaFi3) -
QS’ . VYolMfFa3 T ~Ta Qen = Ty
MA-ay
= T, (g~22)
L3
Qeu = 17‘ Qel%
2. Control Torque Inputs
P
The external torques, Tij’ include both disturbances and con-

trol torqu2s. The latter torques will be assumed to have the form
[ 4
To =~ [du“’» * oy W4 gy + oy S +oli- Sy + o(..,%.;]

Tv:,‘— - [[qub‘" *ﬂn."‘;n.+[i’3 wt; * /?ul Su 4 ﬁ“.gn’ */,3" 8'31

'
"-03:"{&.“:""‘ - - + ~-+~¥«.S‘31
T’d = -{J)_.w)‘.ﬁ' ————— e olleng

Tu: -[ﬂn"-'u* - e - = */3:&8;;]

B A TS 78 1% [



where w4 3 is the inertial angular velocity of body i about its jbR axis
and 811 is the p01nt1ng error rotation of body i about axis j. The vari-
ables w13 and wzs represent (w,5-0,) and (wyg-N,) respectively, where Q,
is the nominal spin speed.

The pointing errors are related to the coordinate angles as

5\\ =@,
Sn.” Qn.“‘?

Sog "ets (B-JU/)

follows:

Expressions for the inertial angular-velocity components were given in
equations (B-7). Substitution of (B-7) and (B-24) into (B-23) yields ex-
pressions for the control torques in terms of the basic vehicle coordinates.
This is the form desired for substitution into the equations of motion.

F. EQUATIONS OF MOTION

The equations of motion can now be obtained by substituting
the partial derivatives of kinetic energy, the partial derivatives of
potential energy, and the generalized force expressions into Lagrange's
equations (B-1). The external torques, Tij, and forces, Fij’ can then be
separated into disturbance and control inputs, and the control-input po--
tion handled as described above.

One further operation proves of value. Note that at this
point, the disturbance torques, Ty, Tpgy Tys, and Ty,, will each appear
in two of the equations of motion. (Note the form of @ and Q’ in equa-
tion {A-22).) It is advantageous to eliminate T,q and Toq from the ¢
equation by subtracting the other equations involving Tyg and Tgog. A
similar remark applies to the @ equation. When this is done, the follow-
ing equations of motion will be obtained:

(I LeT0ate Delist - §50e o) (8-26)
The data matrices [M], [C], and [K] are given in tables B-1, B-2, and B-3
respectively. Parameters CI have been introduced in the data matrix (]
to allow for the possibility of internal energy dissipation in the struc-
ture coupling My to M,.



The vector {y} is given by

¥
W-g.¢)

9
glég = e, | €8 -206)

€
€

The force vectors 1f}, and {f}; are given by

) ) Fe oy
0 =
2 Ty
L% Tu
. - LA % } = T L €8-27)
%gcg - O 7 g-‘ T,} :
T A ( o
L+ Ky 2o T
Ta3

where the following definitions apply:

F.o= Q
TIo = 6y - Ty - Tag

Tqg = dp + T35 * Tog <8-1¢)

The generalized forces Q,, Ay and Qy are defined in equation (B-22). The
vector {f } can be considered as representing equivalent static imbalance

torques due to the cross-products of inertia. The vector {f;} represents

external disturbance torques.
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APPENDIX C

DERIVATION OF GENERALIZED CABLE INFLUENCE COEFFICIENTS

A. DISCUSSION

The cable spring gradients can be expressed in terms of partial
derivatives of strain energy with respect to rotations of the end masses.
Accordingly, an expression for the strain energy stored in an arbitrarily
located cable will be developed, and appropriate partial-derivative computa~
tions performed.

The strain energy in a cable is a function of the amount of
cable stretch, This stiretch must be geometrically related to the angular
rotations of the end capsules. The primary task, then, is to determine the
amount of stretch induced in an arbitrarily located cable by specified
motions of the end capsules.

B. GEOMETRIC CONSIDERATIONS

Denote the vector length of an arbitrarily located cable as 1.
Let 31 and 52 denote vectors drawn from the mass centers of vehicles No. 1
and No. 2, respectively, to the points where the cable attaches to the
capsules,

%4

W

FIGURE C-i DEFINITION OF CABLE LENGTH VECTOR
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It can be seen from figure C-1 that

el

llet the vectors 51 and 52 be expressed in terms of their body ax

L o=-of +ol, +(0+x).L (c-1)

is

v-mponents (see Appendix B for definition of the various unit vectors):

o, = oty L, toly 7, + oy A (c-2)
- R 4
O“t = d&l "'z + dg* 2: + d43 I& (c - 3)

A
Then substitution of (?,3}&) for (?1,33{?1) and(iz,3é,?2), using
transformation of figure B~3 yields

.0 3

the

- e;sel
- LA NN
o, ,{du(:- ) o(,&(-e.,fe“e,‘) +ol3(e. 1¢€ )}24.

2 2
L tE, .
+{d~e:s v o, (1- "T; ) + oy (-e, tC2€,) {J *

2 X 4
+{-d,,e,¢,dq¢a“ ol (- ’::z__i:){,@ c-4)

A similar expression is obtained for 32. Second-order terms have been
retained because an energy analysis is being employed. Only a second-

order energy change results from a first-order vehicle rotation.

Thus,

second-order terms must be retained in order to obtain first-order

accuracy in the torque expressions.

It is expedient to introduce the reference lengths

j‘ = r‘b *dzf'dn (c'
4&; = c*;a - ol,2 (¢ -
Az = olzz - ls (<-

3
The introduction of components of cable stretch, A
Ay is also of value:

1»

2
A.: ‘X‘Xo) -d‘z e43 + dabeu - df‘( elz +el: ) {-d“eg, e“ +

5)

é)

7)
A,, and

+ d.l3 el.‘ eg; + dogels =€ .3 ela, + qz—” (el: + el: ) ‘dhtel: elg -d:,’e"el, (("8)

= of - ol a
A2 1.e¢3 d‘se“ - _&‘l‘(e“ fe,.‘; ) + 0(1584, e‘l -d“ e.s +d‘!

doz K
‘ ? (en *e,_;') bnd O(,3€,5€,2'

e, +

(e-9)



- dzs (e,_‘ + e‘u ) +d, 6., -ofze” ,. ( ‘) (cw,
(Q-lc)
In the expression for A,, the factor Xo represents the cable
stretch due to centrifugal force alone, i.e., in the quiescent spinning
condition, X = Xo. Substitution of (C-4) through (C~10) into (C-~1) yields

A;: -0l €z *d‘u

A (R 4X,+8)L + (4,+4,)F + (g +d,) R (c-u)
Define
R R 2’
VAR A AR e
J,*'-' 2+ X (c-73)
%% X =
2 =-4a*;f (c-74)

Then the magnitude of 1 is given by

[”4:{[ X +(14 444,444 )+ (82407 Aj)}] (-7

The magnitude of &g denoted {4, can be obtained by using the binomial
expansion of (C-15) and neglecting third-order terms

¥ w

l*l&[‘+z15(“‘e' xo)l Xo+ (1= w&)(ld v£, 4, 4.?03)4-

£Lr

P *2 2 % 2 Y

+(¢- .:‘__éo_’_f:_i )%.+(‘,1;__§;_:§ )9_ (lo‘e—'-—)}‘— ’(: A:
« J“‘ ‘(‘L 1“3 2 /“3 ‘;;‘ ); *
*
£, 4, f

- e - ',( £, [

R 44,8 | (c-s6)

C. STRAIN ENERGY EXPRESSION

The strain energy of a cable is given by

V= :rfi (e-4.) (e-s7)

Substituting equation (C-16) leads to

‘ 2
V= z.'.[a,”x +2@ 4, +22,A, +22,A8, + [ A,z + L&A: +

+22 AA, + 288,04+ 233A1A3] (c-r8)

C-3



where

xR

= Ac X,
a’o‘ 21“)(;3 )

- £ AE 4,
a, z (1= z/:.)(' xﬁ’)( h’(“/x")
a, "*)Q

¥

- 4, xo 2 "x, .
b'z[("l.l:"')(l_ :(-:.. ,{ X,( Xc)-l-(l-'e x )j ](13)

o
o ¢ Xo AE
["'ﬁfz ‘wz- ‘a‘ ) XY+ (1= 4 [, AN (S - )

- IXo / Y €
z[c- ) - “’“ £ )4 %) + Co- —--i-“')/{'](f"s)

g..‘:((“’e x") _j, XO(/../’I XOJY( Aé}_}_‘é

2.0.*
-/ Xc A el "X AEL Y,
[(l ) 14 (- 7% )]( }:;3)
A X« Vs I AL AEL, 4,
[" y - 7x (- Py )]( =57) (¢-/9)

D. CALCULATION OF PARTIAL DERIVITIVES

The partial derivitives of the strain energy with respect te
each parameter of interest are listed in table C-1. Only first-order
terms have been retained in carrying out this final step.

-

K, = b, K,: z - 2,%3 ;zzd,u
»

kH s zdos - 330/:2. f,; = b, Y23 - S.d,,
*

k«s 3 ‘lo.dos *&da kl; 3 ~b, 92z +j’°{"'

K.: = bo C/IZ "z‘dﬂ

» 2 1
k“ = Qa,doa, *QJQ‘S fb.,d,z + 6,403 "'223 dhtdl.!

TABLE C-1, SHEET 1 OF 2: CABLE INPLUENCE COEFFICIENTS
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TABLE C-1, SHEET 2 OF 2: CABLE INPLUENCE COEPPICIENTS
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APPENDIX D

ACTUATOR COMPARISONS FOR ROLL/PITCH DAMPING

This appendix presents comparisons of several potential
actuator systems which might be considered for meeting the damping require-
ments imposed on the roll and pitch axes of a spinning space station. The
potential systems include

e Two-degree-of~freedom ~ontrol-moment gyros
e Single-degree~-of-freedom control-moment gyros
e Inertia wheels

e Reaction jets.

On the basis of the following analysis, a two-degree~of-freedom
gyro has been selected for use in the system., The other candidates are
compared to this actuator.

A. TWO SINGLE-DEGREE-OF-FREEDOM GYROS VS. TW0-DEGREE-OF~FREEDOM GYRO

There are two basic methods that can be used to compare
alternate damping actuation systems. The first is to design and optimize
competitive systems, using the alternate actuation schemes, and then compare
overall system performance.

The second is to design an optimum damping system on the
assumption that the required actuator torque-time histories can .be obtained,
by an unspecified method, and to then compare the competitive methods of 3
obtaining the required torques. The second method has been chosen here, ’
since the comparisons can be made completely independent of vehicle dynanmics,
and the relative advantages of the compared actuation systems can there-
fore be seen more clearly.

Figure D-1 illustrates the alternate damping actuators and
defines the gyro parameters and coordinate systems.

D-1
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1. Two-~Degree-of-Freedom Gyro

The linearized equations of motion of the two-degree-of-freedom
gyro may be written as

7; 2”[;(1' +"(zo/g1'+w5z]

, (o-1)
TeH[-E ta L -w,]
where
T, = torque applied to outer gimbal
Ty = torque applied to inner gimbal
1, = vehicle spin rate
wyq = vehicle inertial roll rate
wyo = vehicle inertial pitch rate.
Rearranging equations (D-1) gives
y “Te
e = 7 =g -,
. D-2)

I 2
.6.1. - —/—1-'-2-- -+ --QOO(T - w'

¢

The factors T, and T; are the gyro torque histories required by the optimum
control system, and are assumed known.

2. Single-Degree~of-Freedom Gyros

The linearized equations of motion for gyro (a) may be written

Tea. = Aa [ ;zs v e ]
(e-3)
7;‘*' = fa ['a'°°<s T % ]

I SN ANAD ot AT o1 oterae Ta aBihedn T aThR e e
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and those for gyro (b) may be written

-7;b = % [.ﬂaﬂs +w,a]
. (p-4)
Ty =Hy [ B +6,]

Th.2 the total roll and pitch torques applied by the vehicle to the
actuators is

-77‘ = ‘g‘l"(s +gb‘ao‘6§ + (£¢*£b) ‘u‘z

_ . (p-5)
Re-arranging equations (D-5) gives
4%& y Te :
2Lz L A i
‘gf' § ‘gr '47’ -ao /gs 4’:2,
« —— <D'6)
% s =7 2 + ‘é’-ao"(s T %y
r #r  Ar

where

‘KT =z ’46. "46

3. Comparison

For identical vehicle performance with the two actuation
systems, it is evident from a comparison of equations (D-2) and (D-6) that
the actuator torque outputs must be equal; i.e.,

L (o7
= b-7
T 7}

In general, vehicle motion will constitute a very small part
of the total gimbal angles, so that equations (D-2) and (D-6) may be
simplified to:

e
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Ve d
. 7:: ‘gb (D"a)
- * w————er vorm L _n.
. . _ Iz 135
/33 - ‘Z"a' + ‘gb —Qoé(s

It is evident from (D-8) that for ay = ap and By = By, we must have

ago.:.eb:/-/ . (D'?)
so that

4_=2H (L -70)

The single-degree~of-freedom gyro system therefore requires twice the total

angular momentum as the two-degree~of-freedom gyro system. This implies,
esgsentially, a factor of two advantage in both weight and power for the
two~degree~of~freedom gyro system.

B. TWO TNERTIA WHEELS VS TWO-DEGREE-OF-FREEDOM GYRO

The rate damper actuators are required to deliver sinusoidal
torques oscillating at the wobble frequency, w,. The inertia wheel con-
figuration shown in figure D-2 can provide such torques on both vehicle
axes by controlling the wheel speeds such that

e

/

MAIx
Ueg = Siv b, ¢
(Q +r @) T,
-+ (D-/{)
Wy =~ 28 Cos w. ¢
Lo +w,) I,

in which case the vehicle torques are:

T. =7 N Cos w, ¢

r© i
. (D-12)
‘E; : -.j;;ﬂx Sta abe
D-4
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The cross-coupling effect of vehicle spin is included in equation (D-12).

The instantaneous power of torquer A is

2
. . 7;, o,
F’L = L 4w, = adod Sinv Rt (D-lg)

z2(a rw,) ,,

so that the torquers must provide peak powers up to

7.2.

7y
Fa = —rf (D-74)

raax 2 (..Q.o r o, )"IN

In comparison, the control moment gyro torque output is
(equation D-1 neglecting small effects of wyy and w;,)

T = l{l?°27' +'Sl°‘6; ]
(>-15)
T3 = /-/[—/57, +.C1,,.(T]

These torques can be obtained by controlling ap and By such that

o(_r = °(m.9x S e, t
_ (p-16)
From equations (D~15) and {(D-16) it can be seen that
T = H (2o +80) oL, 0 (D-7)
and
Te = Tmpe Gos w.?
(D-18)

7} = -7-. S/M ‘Upé
x

D-5



Solving (D-17) for a and substituting in (D-16) gives

1 e e ot

max
d < .7;:')/91( S/U @ot
T H(2,+a,)
(o-73)
-

,57_ = LAx CoS &, ¢

H(Q +uw)
Thus, for the control moment gyro, the torquer power is
2
—_ T @, _
f% = Loff%. o DO S/mv 2w (D-20) i

2H(Q taw,) ;

so that the peak gyro torquer power is

—— R
T Wo
s = ) (D-z1)

mAx  2H(Q,tw,)

For equal weight in the inertia-wheel system and the two-degree-of-freedom
gyro system, the gyro wheel will be approximately twice as heavy as one of
the two inertia wheels, so that

:Ig =27, (x>”22:>

and
H=2I, 6 w (D-23)

In this case, the ratio of inertia-wheel torquer power to gyro torquer
power is

PQ. B 2 W
= e (0-24)
g mMaAx ° ©

In general, the gyro rotor speed, @g s is about 500 radians per second.

In addition, for the range of vehicle parameters considered in this report,
the maximum value of spin speed plus wobble frequency, (Q, + w,), is
approximately unity, so that the gyro system enjoys a minimum power
advantage of 1000:1 over the inertia-wheel system. In Section VIII it is




s ATl v

shown that the peak gyro-torquer power to be expected is approximately

11 watts. This implies that a 14 horsepower servo would be required with
each inertia wheel for adequate rate damping. Further consideration of
inertia-wheel actuators for the pitch and roll axes does not appear
warranted,

C. REACTION JET SYSTEM VS TWO-DEGREE-OF-FREEDOM CONTRCL MOMENT GYRO

A direct torque or power comparison between the use of a two-~
degree-of-freedom control-moment gyro and reaction~jet thrusting for
roll/pitch damping cannot, of course, be made. It is useful, however, to
estimate the order of magnitude of propellant requirements for a jet-~
damping system for consideration in comparing the two systems., Figure D-3
shows typical computer runs obtained for a reaction-jet-damping system.
These records use the vehicle model discussed in Section V. In this case,
a 0.1-degree-per-second damping threshold has been assumed, and various
small reaction jets mounted on seven-foot moment arms have been used. It
is evident that the propellant consumption will be approximately 1.5 pounds
per disturbance. It can be shown that adequate vehicle damping can be
obtained for the same disturbance inputs as noted on figure D-3 with a
two-degree-of~freedom control-moment gyro system having an angular momentum
of 56 ft 1b sec. Such a gyro would weigh approximately 45 pounds, so that
the weight crossover point is reached at 30 disturbances. This crossover
occurs at a low enough point to obviate the use of reaction jets for damp-
ing the vehicle, at least for missions of relatively long duration.
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APPENDIX E

DERIVATION OF EQUATIONS FOR EXTENSION-RETRACTION MODEL

A. VEHICLE DYNAMICS

The extension-retraction model presented here is restricted to
the four degrees of vehicle freedom that are contained in the spin plane.
These consist of the following:

o The separation of the centers of mass of the two rigid
bodies, r.

e The spin speed of the two rigid bodies about their common
mass center, (1.

o The yaw angle between the principal axis of the manned body
and the line of centers of the two bodies, eqg°

o The similar yaw angle for the booster, egga.

The equations of motion for this four-degree-of-freedom model
are as follows, using symbols defined in Appendix A and equation (B-26):

. 2
5; = h41- (Jt_ - L1 )_
T 22M. 0 n A + Ml O+ (€54 2 )+ T (€,44)
T3 = ;1;3( €5 <)
T s Lep (5 + 2 (&=
23 23 * 723

" aabr



The cable configuration employed in this model consists of four
parallel cables, symmetrically arranged so that two of them are superimposed
upon two others when they are projected into the spin plane. Pigure 28
illustrates this arrangement, with the forces F, and Pp each representing
the combined tension forces in a pair of equally loaded cables. Other loads
for the model shown in figure 28 are the spin jet force, Fj, and a yaw dam-
per torque, T,;,’, both acting on the manned body. With the assumption that
the yaw angles, €33 and eggy, are small, the following expressions can be
derived to represent the forces and moments used in equations (E-1):

M

ﬁ’“;}lﬁe,-a-/‘;—l’s (e-2)
[}
Tq = "S(XJ-%—-"A) + /,3' (£-3>
[
-— . o, ol (FatF;
la ’5(22- 0’:%'53)' < ile(n B)(e‘!s‘eoa) +
“.
oL, (FytF; ,  EP
- :L__if__e)(guo(,,m(h’}quf X, +7T,

Ao

.. oo, (i)
—,;3" dzz(’;;'Fs) + = Z 2 (ezs'els) + &-9)
/ AL
- g, (anFa)(/uf q*ol.z;’)e:éa
A symmetric configuratioﬂf'where dygp = dgo, has been assumed.

B. CABLE PORCES

If each of the four cables has an unloaded length, 1, the
stretch of each pair of cables is represented by

A, zjz'><a,"«”L"C{u"“&/'“qu‘aa Folzs Ca3~ Aa

, (£-¢)
Adg =,(5 ] -l =y, *‘dxzess ~olez C23 =l



Cable slacking effects are introduced by defining the combined forces for
each pair of cables in the following manner:

F"q =0 WHEN Ad, =0
Fe =z O WHEL ¢, <o
E-7)
Fa = ‘4§525?9 wHER 4ég > O <'
Fa = —@:gLfbv wHeN Aés = O

[ ¥ 2
where k is a constant that represents the stiffness per unit length for a
pair of cables in parallel.

C. SIMPLIFYING ASSUMPTIONS FOR ANALOG COMPUTATION

The two yawing moment equations, (E-4) and (E-~5), each contain
terms that are multiples of cable forces and yaw angles. It can be shown
that the second term of these equations will be small compared to the first
term, that is,

- cl,,a/,' Fa+Fg )
dzz(&"b) >z zj( s ‘_9 (e:ea’e,g) (€-8)

if the following conditions are met:
e If both pairs of cables are in tension:
2
olz2 Aby + Ay

>
O(“ d‘z‘ > 2-144/

&-9)

¢ If one pair of cables is slack:

oAlza__ /"‘23 - <3 / .
d,, d,z,, >> /(W (E -/ D)

¢ If bothpairs of cables are slack, both sides of (E~8) disappear.
Since it appeared reasonable to assume that these conditions would hold true,
the terms in question were neglected in the analog computer program. The
program results justified the assumption.

Further simplification of equations (E~4) and (E-5) is obtained
by assuming that the yaw angles, e g and egyqy, vary slowly, compared to the

Aae e e en

e e LT

e S DY



oscillating total cable force associated with relative translation. This
permits the use of the following approximation in computing the third term

of these equations:

(Fatvfa ) & M, (L +ot, +oly, ) F (&-0)

Equations (E~4}) and (E-~5) can now be rewritten, with the above

e,

assumptions, as p

N (- 2
Ty = e (P = My ol [+ 2ol rety’) + O

+ FiX, +7T75’ ' (e-12)

_ 12
.7:3 = ”‘-u(&’%)“ MT-Q-’.O(.:: &_1-2(01,, *"{z‘z)"'(df) €3
(£-13)

By combining equations (E~1), (E~2), {(E~-3), (E~12) and (E-13),
the following equations of motion are obtained, subject to the assumptions
(E-9), (E-10) and (E-11):

o 2
F}L:-—-—-.élsF:‘ -'(F;{‘f-’:’e) :,:MT(JL-A,_Q_)
T = ( T-)L +X F' + T . 2 7_
- " J) J 3 = M‘r(zM.<1.+/z..n.)+ s +?€”3
7R
7,5 dl&(&'FB)”MTIfO‘n[jA_ *2(%,*04/’)_‘_{"{’:;%/) ]63 +
&

/

+XF;+Ta ‘Ivs(é:s*—(.l)

@ omem—

s X
‘23 = --o/zz(F';_/fB)_Mrnzo(z"[&c+2(d,‘fa/e;)+%gﬂl]qst x
e

(E-14)




D. NOMINAL VEHICLE PARAMETERS
Values of the various vehicle parameters chosen for the analog

computer study were:

Manned-body mass, M; = 1220 slugs

Booster mass, My = 557 slugs

Equivalent combined mass, My = My My/My +My = 384 slugs

Manned-body yaw inertia, I;5 = 173,000 slug ft2

Booster yaw inertia, I,g = 73,000 slug ft?

Minimum mass-center separation,r’min = 37,6 ft

Cable length, unloaded, 1y = 2 to 102 ft

Distance, mass center to cable-attachment point,d,;y =dgq' = 17.8 ft .

Distance, center line to cable-attachment point, dos = 5 ft

Distance, manned-~body mass center to spin-jet line of action, Xy =4 ft

Stiffness per unit length of two cables in para.lel, in slack range,
k = 250,000 1bs/ft/ft

b



APPENDIX F

EFFECT.OF SPIN SPEED-SEPARATION PROFILE ON EXTENSION-RETRACTION
IMPULSE REQUIREMENTS '

In order to obtain a general expression for spin jet impulse
requirements, consider the four-degree~of-freedom model of Appendix E, with
the further restrictions that yaw is restrained and that there is no yaw
damper. The spinning moment equation can then be written asc:

M, - °(/L
(.-M—a/z'+x°)"4 _'?'MT/L‘LJ;_ +(Mr/6 + 1 ’1;3):?{2.?-

(F-1)
By transposing, we get:
M. 2. 2 :
Folt = MT ol & ‘M"A tretlasl of a
—T X M
L 7™ ‘_',;;T"' + Xy (F—Z.)
t

The jet impulse required during a iransition between states (rg, Q,) and

{ry. Q) can now be obtained by integrating both sides of the above
expression:

>t 2,
( F; t.ZLb = ~/~&E£EF:E;£E;;]GLJL + (_”h””£l+4na'*1§;]‘,(_[L
F At X e %’ln + X,
(F-3)



Now assume that the overall transition maneuver consists of
three linear segments, as shown in figure F-1. In the segment that provides
the transition between states (rg, 0,) and fry Qgl, it is implicitly assumed
that the extension rate is being continuously varied so as to achieve the de-
sired linear relation between geparation and spin speed while thrusting with
constant force. In this segment, therefore, the following relationships hold:

_ Qe(ry) m 0o (ATom)

(F-+
(Jtl"‘! -, )
-Q- "—Q-e F-
o - [ Gez [dn (£

By substitution, the total impulse for the three-segment transition can be
expressed as:

-~
"
M")":*:‘:- + 1,3 3m. J‘L‘-zr'l,..)z,n +T2t5s)
(Ft)= 2t Zeslg 4 (127 o
%f.)t, v X, (0, LI TR +X)
4 A“ L
Qe 0.4 2 Mir (=228 Nl 4| Ao o)
_3 ;{g&q+¥&
' (r-¢)

Integrating and collecting terms, we getl the f>llowing general
expression for the total impulse for the three segments:

J tt_,. + XA C:)-z. (M‘r I;:q M
Mo M, m Mryy +X
¢ vy Ma 3

lad

2 L s “ry
Myt t L5 frz;‘\-ﬂ’ 4 3IM X, +2”fx4ﬂo(.‘;{)*(1-s‘fulﬁr)
)

My 3
M2t TS oy G- )

Mr 2
L (M, )J'M____._....* X 4 M( B‘JM’JZ’) 3Mr Xy M, Xs

- — +
pras yo” 3 g
g, + X Ar v M
" ¥ 2G50 C iy 2 ) Ori’%)

R
- My Sty + T3 +des (Qc‘ ) +[.’2’ﬁ“:"£ﬁu‘uz
4 o M gz

(',%f))zm-t—x\, (,;‘,'))sz-& M
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Using nominal values of the various parameters as given in
Appendix E, the total impulse can be written as:

US' ¢) = 1o, Teo L, + 42,300(2"Q2,) + 159 000,00, - SEC

If the spin jets are considered to be located at the center of the manned
body, instead of four feet outboard, the required impulse increases to:

(F'i) = 136,002, +é5o0 (2 Q. )+ 174,000 .2,  /b-Sec

(F-2)

Figure 29 illustrates those relationships graphicaily.



APPENDIX G

PROPELLANT REQUIREMENTS FOR SOLAR TRACKING

A. GRAVITY GRADIENT TORQUES

Consider the vehicle shown in figure G-1.

in the unit mass element dnm is

where

il I B BFCI

The torque on

i

acceleration of gravity at earth's surface

radius of earth

position of c.m. with respect to earth center

]

position of (dm) with respect to c.m. of vehicle

-l

-
R +p

]

{dm) about the mass center is

ﬁs: ;xﬁ_;:-z%g(;xﬁ)
T

Since R is much larger than p, we can write

ol

Fr= ﬁi’f} ~ i‘{} * f%;&

The gravity force

)
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The total gravity torque on the vehicle then becomes

———tte 2 330‘
52 ||| - S e e
MM

Let

»

§?. s ‘Q; + 2> R

and let (64, 6,) define the position of the local vertical in body axes as

shown in figure G-2. Performing the operations indicated in {G-4), one
obtains

r((

.0, (‘vsine,cmq_-uslnq][\ﬁ %(qume; + R3inBcne, o -yg;.,a;] Am

()

cer

T't 3 - ?':i"' ' Js_gﬁ"et’?cosﬂwsﬁ]{\ 9%«&»0.«59‘ * NTLnBce 34 + PSin 0)] wy (6"6)

I{ ghnb,cos@g * Ncs @, e, l; f—.(g s cos@, + N :mO. Ch O 4 75m0&)] R

rsa'rgz e Wi + Tvh (&-)

Since the point (£ =0, =0, »=0) is the vehicle center of mass by defini-

tion, and since (%, 1, %) are principal axes, equations (G-6) reiuce to

1—3 x - 3:’“' (‘[.' 3\s'm 0.35n6; Ces 0y

k3
T‘ a - 2%::-. (I;*f.) Cos O, 3;‘0& Coa Oy, (6’8)

T
T 2 = 33":‘ (I.- I..) Lin B, ©36, Cory



For the vehicle under study, the individual body inertias represent a very
small portion of the total pitch and yaw inertias, so that we can approxi-

mate the total station inertias as

where

I, =0
T = Mff't (G"l)

r = P,fﬂ

M, M
Mo fML

Mfs

Equations (G-8) may now be written as

TS:'O

Tn:*—

ty =

33.2’5
RS
el
3’%‘.{2 (M‘.r") S\ O, €S8, Cos B2

(Mr t"') Cos 6, 3n @, cus By (c,.w)

The gravity gradient torques may be transformed to the (?*, 5*, %) coordi-
nate system of figure G-2:

-

N

2
T,
3§R0R° (Mt ?1') ces O, 5‘“6'—“9'] © o

(S
3 oeb N . 14
-%'s—' (M,h") 1in O, cn@, 3140, %9{\ f' ) (c,.u)
3 %ae:
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(M ,.y'é 2B, 1O, Cos O | ke
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Since the (i*, j*, e coordlnate system rotates very slowly with respect to
the vehicle spin rate (0 = Qk) it is meaningful to average the torques in
this coordinate system over a spin cycle. In this case we get

;‘-;:; . 3 ‘:., Q‘“r") 3iw 8y CorL O o (&-\Z}

In (G-12) a low orbit has been assumed, i.e., R ¥ Ro. Note from figure
{G-2) that

so that (G~12) can be written as

b

Ty = Z%'i("""")@"“) @

In this equation, d is parallel to the local vertxcal and points down, while
k is parallel to the vehicle spin axis. Normally k points at the sun.

Figure G-% shows the coordinates necessary to define the
position of the vehicle in orbit. It follows from figure G-3, and the
associated coordinated conversion, that

oa' ~-sin QA Sin¢ ﬂ’ (smA Cos ¢ sm S2 - cos A can)I

~(Cos & smR +s5mp Cose cxﬂ)”

42 e Q0SS &« Jf'f' SHV‘A(A( 6€_As>

(6-14)

where

@y, K)

1t

unit vectors centered at the earth and having a fixed
inertial alignment with tue normal to the plane of the
ecliptic and aligned with the vernal equinox

i = inclination of vehicle orbit with respect to the ecliptic
7 = position of the ascending mode in the ecliptic
A = position of the vehicle in its orbit

u = position of the sun in the ecliptic.
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Using these definitions, we get

(& .Eg)(d’} y.ja) = ts'w}' Neovs S (D A can (s ~ cos A s1w(® - coy (v s 4 4
—cosAsimheoni cu(@-m) + swheosd cosd 333’(“""’] T

A
+ [s{n"ls;»imis;n#:ﬁ(&.g - chi:hRSt‘hA cos(&-cu) ]J -+ (6--!6)

A
+ {coﬂ\ s\ cor i Sivh £ us(vq -;é - Sin‘}\s{nlws A %’oﬁl'.\.n(&-ﬂ:)-l \K

The average value of this factor over one orbit is

(& W)(2rK) -\” Fosmss@ainn - imiine Ao |

If a sun-oriented coordinate system is introduced, as shown in figure G-3,
{G-17) becomes

<°é . ;&)(& I~L> : - i\s‘mzi s'm(ﬂ’vt) éz. * g'.;‘?‘,:, sy 2( «/a) g's} (G -8)

Thus, the average torque for one orbit is

sonpalin 3 o . . . A « W . - A
Tow =~ —%—- Mrv‘)ism 24 sm(&-ﬁ) S, & smd sm?.(é'b-;c) 33} (G--l“t)
8 Ko
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using
9. 32.2 Fi/sec"
R, = 2.09x0 fr

‘ 2
M,v}: T.25 »v0 s\«y?f

:f":v T 4..2[s‘w\2.l S (Ss-;«)§,_ v s d siwa (s §3I G-29)

For a general orbit, earth oblateness causes a regression of the nodes, so
that i and Q vary with time. For this reason, further averaging of the
gravity gradient torques is extremely difficult. Réasonable fuel estimates
can be made, however, by considering the special case of an equatorial
orbit. In this case, the orbit inclination with respect to the ecliptic is
23°, and there is no orbit regression. Arbitrarily starting with & = 0
gives

ol

A q
Tav 3 33uuS, + 643m2uS, (& -21)

B. REQUIRED CONTROL TORQUES

In order to precess the vehicle spin vector to follow the sun

line as the earth moves in its orbit, it is necessary to obtain a precession
torque of

T, = H, &S, : (¢-22)

where

Hy= vehicle anqular momemtam

M = earth orbital vdoa%‘



For the nominal vehicle, the required torque is

~—te

Te = 0.6 33. (6-'23)

It is evident that a control torque, ?;, must be applied to the vehicle
such that gravity gradient torques are nullified, and the vehicle tracks

the sun. Let
el
Tc. = T;; g-;. - 1_;.3 33 (6.24)

Then it follows from equations (G-21) and (G-23) that the required torque
is

?c : (o.e-ss‘m») §,, - (0-64 S'm?-)«) %3 (&-29)

C. PROVELLANT REQUIREMENTS

The propellant required to maintain solar orientation of the
vehicle can be estimated from equation {(G-25). The required propellant
weight, W, is given by

1
W= ‘;‘;‘I:; AT (6-2¢)

-

where

rs* = reaction jet moment arm

L |
t

= propellant specific impulse

Equation (G-26) is based on an orientation cont~ol system where fuel is
expended only when the vehicle cable line is essentially normal to the
required torque vector. This equation is also based on the assumption that
no solar pointing error can be tolerated. Si-~e T, varies as a complex
function of time as the earth moves in its orbit around the sun, it is



convenient to integrate equation (G-26) graphically. Figure G-4 shows
the yearly variation in required control torque, T,. The yearly average
of this torque is found to be 2.0 ft-1lbs.

This value, together with a reaction-jet moment arm of 47 feet
and a specific impulse of 300 seconds, yields a yearly propellant require-
ment for solar orientation of

¥ = 4500 pounds. (G~27)
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APPENDIX H

ACTUATOR SIZING CALCULATIONS FOR NONSPINNING MODE

A, NONSPINNING VEHICLE CONFIGURATION
It is assumed the cables will be fully retracted whenever the

vehicle is not spinning and that the vehicle wiil be as shown in figure
H—lo

s o

Boos rar !
X ® @ @ 3
czﬁz___/""' ‘zr‘ﬁzfr Aff-c.ﬁz :$
e
g 207 .»-!:_m 43 -
st~ c3’ -

FIGURE H-1 NONSPINNING VEHICLE CONFIGURATION

H-1



The mass and inertias of the booster and manned capsule are as

follows:
I Manned Body Booster
Mass My = 1220 slugs My = 557 slugs
Roll Inertia I, =1 x 105 slug ft? Ioy =3 x 104 slug ft?
Pitch Inertia I;p = 9.05 x 104 Igp = 7.3 x 104
Yaw Inertia I;4 = 1.73 x 108 Ing = 7.3 x 10%
Then, the composite vehicle has the following parameters:
Mass M=z M, +M, = 1917 slugs (H-1)

Composite center of Mass ,
m&du - M0y, . (uzc)t.‘:')-(zox 55?) _

¢
" - 1717 4.0f

Xem =

Inertias

Roll T, =7, 7, = /< 007 + 0.3<10%243.:/0° shog-f1*  (n-2)
Pitch
Z,s T+ s Ly 10 (#3)

1} : 432 4/0; s/dj-ffz

Yaw

Z, = ;Z:s » Lq;a(‘f‘Z;, 4-&"3042' 6”“?}
Ty V14 2107 Sluy- g1

B. ORBITAL ORIENTATIONS

The two vehicle orientations considered for illustrating
disturbance-level variations are depicted in figure H-2. The solar-
oriented vehicle is pointed so that the longitudinal (x) body axis is
"aligned with the sun's rays. Roll orientation is optional, but for the
present analysis, the vehicle is assumed to remain inertially fixed in
roll.

H-2
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FIGURE H-2 ORBITAL ORIENTATIONS



In the "belly down" orientation, the y-axis is aligned with the
local vertical and tte x-axis is held in the orbital plane. It should be
noted that the pitch and yaw definitions used here are consistent with the
definitions used in the spinning vehicle studies.

C. GRAVITY GRADIENT TORQUES

The body'axis torques acting on an orbiting vehicle due to
gravity gradient are as follows:

Roll g = 38¢ (1:-a ;)(R)[_—-) K., /R)/'/—?_ Fr-48  (H-5)
Ty s B -Z)RNE) kb)) e (o)

o = 228N Z)2)(E) - kn(%)B) e )

where

radiv. of earth = 20.9 x 106 f¢

=
1

g, = surface value acceleration of gravi.y = 32.: ft/sec?

R = orbita! radius = 21.9 x 108 ft (175-nm orbit)}

(I, I5, Ig) = principal moments of inertia (ft 1b sec?)

(},7,1{) = body axis components of radius vector to vehicle (ft)
g;,qy,;r'are a function of vehicle position on orbit
and orientation!

therefore,

2 » ¥, ¥ are direction cosines.
R RR

Evaluating these torques for the vehicle shown in figure H-1,
the constant factors are

Kgq = 0.33 1t 1b
Kpg = 2.35 £t 1b
Kpg = 2.02 ft 1b

H-4



When the vehicle is in the "belly down” orientation, the
y-body axis intersects the center of the earth; therefore, &, :K" -0©
Thus,

73 = e (Z)(E) -0 (H2)
7y = k= (B)E)=0 (49
T = Mg (%)(%) o) (H-10)

provided this orientation is held.

For the solar oriented vehicle, $, % andV depend on the
location of the orbital plane, the sun, and on the vehicle position in
orbit. For the purpose of estimating actuator sizing requ:rements, the
worst case will be assumed, giving the following maximum torques:

These torques will oscillate at twice the orbital frequency, giving
maximum oscillatory components of

'7} = (0:5)(0033)(510 Z%f)s (O./‘fff«/‘) S.07 2%; [fqu//l‘
7'7 = (0.5)(2.35)(5:'92&;3‘!) z (/./‘79’/—f-/5)5m Zutke (H-12)
Ty = (0.5)(2.02)(sm2%f) = (100 pF-4) 57 zwe? (H-13)

where ()p is orbit frequency (1.14 x 10~3 rad/sec for a 175 nmi orbit).
The impulse required to counteract these torques is given by
r
¥ )
D = Zonise = 7, 1 s1n 2up Pt = 75::*

(#-1#)

where - 2%
T %



«

This gives the following values when evaluated for the above torques:

Roll §, = 144.7 ft 1b sec
Pitch § 5 = 1030 ft 1b sec
Yaw Qg = 885 ft 1b sec

Assuming that the yaw reaction wheel can be operated from full
speed one directiocs: to full speed the other direction to absorb the yaw
torque impulse, a minimum wheel capacity would be 443 ft 1b sec {slug ft2/
sec). Extra wheel capacity may be needed to counteract cross-coupling from
the control moment gyro, depending on its specific implementation.

A two-degree-of -freedom control moment gyro for pritch and roll
would be sized by the pitch torque impulse. Assuming here, too, that
hardover~to-hardover operation is acceptable, the gyro angular momentum
(based on 60-degree gimoal deflection) would be

p

T

' 5 H ces o Jdr = /O30 ff‘ /b - sec (//-/:T)
~Z
3

where o(r is the gyro gimbal angle,

/7030
: mam———_— z o - - 5
H = < 53z~ 69 -/ sec

In addition to the oscillatory components assumed to be
counteracted by momentum storage devices, there will also be secular
gravity gradient torques that will require reaction jet fuel consumption.
The maximum values of these secular torques would be

Ty = ©.0825 (1-4
7y » ©.505 #I-/

The fuel required to oppose these secular torques depends on the actual
vehicle ephemeris.

D. AERODYNAMIC TORQUES

Aerodynamic torques on a space station depend on its geometric
shape as well as its orbital altitude aud orientation. Attachments, such
as solar panels, may also contribute major aerodynamic torques. Therefore,

H-6



a detailed analysis of the aerodynamic torques would necessitate
establishing nonspinning vehicle configuration parameters to a depth

not consistent with this study. However, some measure of the potential
importance of these torques can be obtained by considering the simplified
vehicle model shown in figure H~3, and neglecting the effects of solar
panels.,

-—-—-—3/.5’———1

>

- /44

Gy =/£’—-Lc,~4’c‘
oo

C,:63" -

FIGURE H-3 AERODYNAMIC VEHICLE MODEL

For the solar orientation, the vehicle angle-of-attack g(will
go through 360 degrees in the course of each orbit. To a first approxima-
tion, the maximum moment will occur when the angle-of-attack is 90 degrees.
This moment can be calculated readily using the equations developed by
Davison* based on free-molecule aerodynamics.

The drag coefficient based on frontal area for a cylinder
normal to the relative wind is given by (Davison, p. 16, eq. 37)

* '7,'% “Tow ‘/q-r y

e .‘.

Ce =33 VZ “imys. *2 )

- er an W am e e

*Paul H. Davison, Passive Aerodynamic Stabilization of Near Earth
Satellites, Volume II - Aerodynamic Analysis, WADD TR61-13%, Wright
Air Development Division, WPAFB, Ohio, March 1961,

H-7
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where

i molecular speed ratio
Tw
/-

These parameters are all evaluated by Davison and are presented in the
reference cited as a function of orbital altitude. For a 175-nm orbit,

1

vehicle skin temperature

free stream temperature

S = 725
EVE -c.a.p”

And for
C)/Q - % -:4.,5

the resultant drag coefficient becomes

o (#-17)

M -
C - "’8 -2 — =

and the drag is

O = C:C,C,, %

D= (z.n1)(¢ 3)//4)(/.42; /0"”) = 0.0264 .&

where
§=4p'v’
f’ = atmospheric density
V = orbital velocity
{evaluated for 175-nm orbit)

giving a resultant moment of

Torque = Drag x Cz {(mass center to center of pressure distance)
(2,64 x 10-2 1b) (15,5 ft)
0.41 f¢ 1b

f

H-8



If the aerodynamic torque is approximated by a sinusoid at
orbital frequency having this peak value, the maximum impulse is

'T'?
S - j 0.4/ 5,0 w7 (h-12)

(0.2/)(2)
(/. # x /0"3)

= V20 Fr-iB-sec

where
¢l = orbit frequency (1.14 x 10~3 rad/sec for 175-nm orbit)

This would certainly be siga:ficant in sizing momentum storage devices.

E. MOMENTUM STORAGE FOR MANEUVERING

It may be desirable to employ momentum storage actuators for
maneuvering control during some phases of the mission. One advantage of
such a procedure is the conservation of reaction jet fuel; another is the
capability of more precise pointing control. However, with the large
vehicle inertias involved, even low maneuvering rates require significant
momentum storage capacity. For example, maneuvering at a rate as low as
0.05 degree per second will require the following:

Yaw: A H yaw =(0.05deg/sec)(1/57.3)(7.14x 105 ft 1b sec2) =623ft 1b sec

Pitch: OH piteh = (0.05)(1/57.3)(6.%2 x 105) = 552 ft 1b sec

Roll: A H roll = (0.05)(1/57.2)(1.3 x 105) = 114 ft 1b sec %
Thus, if an orbital orientation which minimizes external

disturbances is selected, the capacity of the momentum exchange actuators
may well be determined by the maneuvering control requirements.
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