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FOREWORD

This Final Report is submitted in
accordance with the Statement of
Work, Exhibit "A" for Contract
NAS8-32660. The study was dir-

ected from the Guidance Systems
Division (GSD) of The Bendix
Corporation. The program manager

at this location for most of the
contractural period was Mr. James
Jennings. Contributors from GSD
were Mr. Raymond Kaczynski (Sections
1 through 4) and Dr. Frederick
Chichester (Section 7). Other

tasks were completed by personnel
from the Bendix Research Laboratories
Division (BRL) and the Bendix Energy,
Environment and Technology Office
(BEETO). Material in Sections 5 and
6 was contributed by Dr. Kelvin Smith,
Don Johnson and Dave Sidlosky. Mr.
Art Cornell of BRL generated the
dynamic mathematical models for the
Space Construction Base and Mr.
Donald Lipski of BE.!L wrote the
programs for digital simulation. Mr,
Calvin Rybak of BEETO wrote a tech-
nical paper which provides the basis
for the material presented in Section
8. The guidance of Dr. Michael Borelli
of MSFC throughout the study is
gratefully achnowledged.
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ABSTRACT

Many aspects of an attitude control system are studied and de-
veloped for a large space base that is structurally flexible and
whose mass properties change rather dramatically during its
orbital lifetime. Topics of discussion include the following:

Space base orbital pointing and maneuvering
Angular momentum sizing of actuators
Momentum desaturation selection and sizing
Multilevel control technique applied to
configuration 1

a.60 o e

One-dimensional model simulation

N-body discrete coordinate simulation
Structural analysis math model formulation
Discussion of control problems and control
methods
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SECTION 1

INTRODUCTION

This report is submitted in compliance with the
Statement of Work contract NAS8-32660 Exhibit "A."
The period of performance covered by the report is
the calendar year of July 27, 1977 to July 27, 1978.
The submission and approval of this report constitute
the successful completion of the Exhibit "A" portion
of the contract. Additional studies, basically a
continuation of the present work effort, will be
conducted under an Exhibit "B" Scope of Work.

OBJECTIVES

The sections that follow summarize the effort expended
on the Space Construction Base (SCB) Control System
Study contract. The topics discussed are diverse in
content but all represent a portion of the overall
study. The primary objective of the study was to
develop a control system and flexible control tech-
niques that will stabilize a large and growing space
station of the future.

SCOPE

The thrust of the program occurred in several unique
directicns. A hypothetical space mission was developed
using the basic information generated by NASA, and
requirements and timeline were formulated. From this
initial baseline the effort branched into several
categories:
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1. Detining a mathematical model to be used in an : ¢
all up and limited stability model.

2. Investigation of modern control techniques as an
integral part of the control system.

3. Development of a mathematical model that would
describe the flexible structure characteristics of
a large vehicle assuming the model characteristics
of the individual pieces are known.

4. Determine sizing requirements for a momentum
storage system taking into account gravity gradient,
magnetic, aerodynamic and radiation torques.

Requirements were determined for:

a. All configurations, various orientations
(X-POP, X-LV, XP-POP, etc.)
b. Inertial pointing modes anywhere in the -
celestial sphere (configurations 4 through 7). |
¢. Earth pointing modes (configuration 12).

The results of these studies have become the bas s for
the development of the control system. At presenc,

the simulation effort is in progress and is expected

to continue into the extension effort. The structural
math model efiort will also be continued. An attempt
will be made to validate the model by using known
spacecraft data. Other tasks such as the mission
profile, multilevel analysis and angular momentum
sizing are essentially complete in themselves, and will
be used only as reference material during the conti-

nuation. ..
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1.3

GENERAL
Several appendices containing detailed equations and
modeling are included at the end of the report. When

necessary, sequences of equations are included in the
body of the report.

The RFQ requested that the International System of
units (designated as SI) be used in the program and

in any reporting. Expression in customary units would
be acceptable if it is useful to the primary recipients,
but SI should be stated first with the customary units
afterwards, in parenthesis. In the report, SI units

are often used (magnetic and radiation); torques,
angular momentum, moments of inertia and distances,
however, are stated ir English units since this was

the method used in presenting all o*f the data in the

RFQ.

A liberal approach was also taken in the numbering of
SCB configurations. The RFQ initially used Roman
numerals, but the text here uses Arabic numerals in

most cases -- except where material is reprinted from
the RFQ.
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SECTION 2

MISSION DEFINITION

A mission profile is defined which identifies those
parameters which are the necessary inputs to the con-
trol system definition. Those parameters are defined
in reference 2-1 using information obtained from

a. theRFP data package (reference 2-2)
b. conversation with MSFC and others
¢c. best estimates.

PHYSICAL CONFIGURATION

The Space Construction Base concept consists of a
baseline configuration shown in Figure 2-1. This
configuration, which is later expanded, includes a
Habitability Module (crew quarters), Subsystem Module
(control center), Turret Assembly (rotating member
and structural support for the solar wings), Solar
Wings A and B, and a Docking Module. The docking

me iule plays a major role in the buildup to a larger
structure since, in many configurations, it becomes
the attachment point for the next module.

The space base modules are transported to orbit by the

Shuttle Orbiter. The Orbiter Remote Manipulator System

ext - cts the payloads from the orbiter payload bay and
. ‘ds in the docking (berthing) and connect on of the
modules,

2-1
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BFM
CCM
DM
HAB
HM

MSM
psSp

SM
SPM
SW
SWA
TA

TABLE 2-1
MODULE ACRONYMS

Applications Pallet
Beam Fabrication Module
Construction Control Module
Docking Module
Habitability Module
Habitability Module
Logistics Module
Manipulator Module
Mission Support Module
Public Service Platform
Research Pallet
Subsystem Module

Space Processing Module
Solar Wing

Solar Wing Array

Turret Assembly
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Figures 2-2 through 2-12 identify the buildup beyond g\
the initial configuration to the final Space Base. b
It should be noted that for each configuration there is

a period of time in which the Orbiter is either docked

or connected to the base via the RMS. For these cases

it should be assumed that the Orbiter Reaction Control

System (RCS) provides the stabilization and control of

the entire structure. Priocr to attechment the Space

Base/Orbiter configuration will be maneuvered to a

minimum momentum buildup orientation wised upon the

selected attach point. This orientation will be

accomplished by the Base and the Orbiter separately

prior to docking, in order to minimize Orbiter RCS

usage.

Module Definition

The basic modules associaled with the space base are
described briefly. Acronyms for each are listea in
Table 2-1.

Subsystem Module - basically, the control center
for the spacecraft operations. It houses all life
support, communications and other electronic equip-
ment. Fully habitable.

Habitability Module - Provides crew quarters, exer-
cise facilities, health, sleeping and dining facilities.

Turret Assembly - The electromechanical structure for
mounting the solar panels. Assume it has full freedom
about the ZV axis and can be servoed to a sun sensor

£,



null. This structure also contains a pressurized
passageway to interconnect adjacent modules.

Solar Wings A&B - Solar panel assemblies that will
provide all space base power requirements until the
beam building equipment is utilized (configuration
10). Assume 50% occultation will provide adequate
power.

Docking Module - Simply, a structure that will allow
a maximum of six separate modules to be attached in
different directions. This module contains pres-
surized passageways for crew operations. The docking
ports on this module shall be considered to be flex-
ible and shall be simulated by a hinge-spring joint.
Axial rotation shall also be considered in the con-
trol system,

Mission Support Module - A module that contains
additional equipment such as experimental hardware,
consumables, spare subsyste~ equipment, repair shop,
test facility.

Logistics Module - A pressurized habitable module
containing consumable provisions and equipment for
furthering the space base buildup.

Space Processing Module - A laboratory setup for the
experimentation of manufacturing hardware and pharma-
ceuticals in a zero gravity environment.

oo U TRE Y OF THE
Lonooal, PAGE 13 POUR
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° Application Pallet - This module is essentially a

l N
>
%

storage unit for equipment necessary in furthering the
function of the Space Processing Module. The equip-~
ment is externally fastened to a structure whose ,
outline is cylindrical (to be compatible with the ;
Orbiter). The pallet equipment must be retrieved by

Extra Vehicular Activity (EVA).

- e e e

Research Pallet - Similar to the Applications Pallet
but essentially holds equipment for further space
experimentation. It could include a gimballed or
floating structure for deep space telescope (high
energy, UV) experiments.

Construction Control Module - This module is defined
as the control center for the construction phase of
the large antenna array system.

Manipulator - During the main stages of actual con-
struction of structures in space the Orbiter supplies
the space base with two structures identified as
Manipulators. These manipulators are viewed as mecha-
nical arms that have full rotational freedom about the
XV axis and 90° of "L-BOW' motion. The Xv rotational
freedom is supplied by two identical turret assemblies
like those supporting the solar wings. These Mani-~
pulators are controlled through the Construction
Control Module.

2-17
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© External Tanks - During the latter stages of base
buildup two Orbiter booster tanks are added to the
configuration. These tanks are empty, uninhabitavle
and serve only as strongbacks (support structures)
for the construction of beams.

Beam Fabrication Module - The Beam Fabrication Module
contains the raw materials and machinery for the beam
manufacturing. It is assumed that the space base crew
operates the equipment from within the module and
stores th sections externally, on the external tanks
until final assembly begins.

150KW Arrays - These are large solar arrays that will
provide the power necessary to operate the beam con-
struction equiment and ultimately the final space

base configuration. Assume the structure has unlimited
freedom about ZV and can be sun servoed.

Public Service Platform - The Public Service Platform
is the antenna communication array along with other
equipment capable of monitoring items such as hurri-
canes, earthquakes, weather traffic control, personal
communication, etc.

Mass Properties

The coordinate system to be used for analysis and
definition purposes is shown in Figure 2-13. It is
right-handed, with the origin being placed at the Sub-
system Module/Habitability Module interface.
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TABLE 2-2

SPACE CONSTRUCTLON BASE MASS/DIMENSION SUMMARY

SUBSYSTfY MODULE
HAB1TAE ILITY MODULE
TURRET A5y MBLY
SOLAR WING A

SQLAR WING B
DOCKING MODULR

MISSION SUPPOKT MODULE
DOCKING MODULZ
LOCISTICS MODULE

SJACE PROCESSING MODULE

kTPYLICATIONS PALLET
RESEARCR PALLET

REZLUARCH LOGISTICS MODULE
RESZARCH LOGISTICS MODULE

HABITABILITY MODULE
SUGYSTIMS MODULE
HABITASILITY MOOULR
SUBSYSTEMS MODULE

CONZTRUCTION CONTROL MODULE

DOCKING MODUTY
TURRET A352MDLY
DOCKENG MODULE
TURRET A3SEMBLY
DOCKING MODULE
HANTPULATOR
MANIPULATOR
{EXTERNAL TANK A)

BEAM FABRICATION MODULE A
(ZXTERNAL TANK 3)

MAGS(E) SIZE. (XD
Lo w1

16,440 11° x 14.5'D

16,487 26' x 14.5'D
630 11' x 8.75'D
951 10 x 26" x
8s1 106" x 26' x

5,625 10.8' x 117" x 11.7"
13,697 20.8' x 14,5'D
5,625 10.8' x 11.7' x 11.7'
20,578 17.5' x 16.5'D
25,79  S51.3' x 14.5'D

16,400 25' x 14'D
16,400 25" x 14'D

20,575 17.5' x 14,5'D
20,575  17.5' x 14.5'D
16,687  26' x 16.5'D
16,640  11' x 14.5'D
16,487  26' x 14.5'D
16,440 11’ x 14.5'D
13,670 17.5' x 16.5'D
5,625 11.7' x 10.8' x 11.7"

630 8.75'D x ll'w

5,628 11.7' x 10.8' x 11.7’
630 8.75'D x 11°

5,625 11.7' x 10.8' x 11.7'
805 43' x 1.5'D
805 43' x 1.5'D

(75,000) (27.6'D x 154")

35,020 15'D x 13

(75,000) (27.6'D x 154)

OCATION (INCHES
| Joeaion (ricig)

69
~156

T 198
158
198
-377

389
578
- 546

932

-377
=377

578
578

=377
=377
-377
=377

1366

1541
1541
1541
1541
1541
1360
1723
1541

1791
1561

¢ 0
¢ 0
¢ )
¢ 715
O =715
o )
0 0
0 0
0 0
e 0
0 220
0 220
175 0
-175
358 0
136 0
-358 0
-136 0
¢ 0
0 250
v 125
0 0
0 .i2s
0 .25
o 12
0 -125
0 -1237
o -2%0
0 1237

MHZN DIAMETER APPEARS FIRST, IT IMPLIES DIAMETERS LIE IN PLANE . T0 X-Y PLANE
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TABLE 2-2 (CONTINUED)

MAsa(®)
BEAW EABRICATION MODULE B 35,020
(“150 KW' ARRAY WING A) (8,276)
(150 KUY ARRAY WING B) (8,276)
{"15C ¥XW" SUBSYSTEMS) (45,615%)

CONSTRUCTION LOGISTICS MODULE 20,373
(PUBLIC SERVICE PLATFORX A)  (21,600)

S1ZE (FL)
L v T

15'D x 15°
(&' x 190" x 21.")
(82' x 190" x 21°)
(5'D x 5%)

17.5' x 14.3'D
(108" x 440' x 312')

WENERGY STORAGE IN CONSTRUCTION CONTROL MODULE (ASSUMPTION)

X Y 2

1791 o© - 406 |
-1143 0 129
-1143 0 -129¢
-1183 b !

17116 © 0 ¢

1889 O 0
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2-3

ELEMENTS OF THE INERTIA MATRIX
o GIVEN IN VEHICLE COORDINATES (XV, YV, ZV)

o IXY = IYX’ IYZ

= Izys

Izx = Ix.

CONFIG| WEIGHT | ON-AXIS (DIAGONAL) TERM PRODUCT OF INERTIA TERMS
¥o. | (1Bs) (SLUG-FT?) (SLUG-FT?)
¥ Txx vy I2z Txy | vz T2x
T 0504, | . 26620E6 | 5321956 | 20685E5 o [0 o
2 80801. | .29815E6 |.27208E7 | .24854E7 o | 0 o
3 |106595. | .3192086 |.73281E7 |.70927E7 o | o 0
4 |139395. | .68683E6 |.92917E7 |.88138E7 o | o 0
5  |180545. | .99243E6 |.11383E8 |.11077E8 o | o 0
6  [246399. | .20896E7 |.14562E8 |.15200E8 o | o 0
7 [260069. | .21008E7 |.19630ES |.20367E8 o ] o 0
8 |354854. | .22031E8 |.75525E8 |.56566E8 o | o +.21268E8
8A  [354854. | .16802E8 |.88217E8 |.74487E8 o | o 0
9 |464872. | .52726E8 | 13463E9 |.85231E8 o | o +.19761E7
10 |662061. | .61369E8 |.19729E0 |.13928E9 o | o +.588.7E7
11 82636. | .61393E8 |.20261E9 |.14459E9 o | o +.56941E7
12 Efsssv. .70445E8 |.20080E9 |.20986E8 |-.34308E7| +.10579E7|+. 59784E7
U OF THB
%ggt?m‘ PAGF, 18 POOR
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Table 2-2 lists the module dimensions, weight and
center of mass for each component. More detailed moment

of inertia properties for each module is given in
reference 2-2,

Moments and products of inertia and the weight of each
configuration are listed in Table 2-3. Reference 2-2 is
the source of more detailed configuration information.

It lists the configuration breakdown summaries, including
radius of gyration (K), total weight, configuration CG
with respect to the coordinate system origin, vehicle
axis moments oir inertia, principal axis moments of
inertia, direction cosines and angles between the ve-
hicle axes and principal axes.

ORBITAL PARAMETERS

The initial Space Base configuration will be launched
into a 270 nautical mile orbit of either 28.5 or 5&
degree inclination. The entire mission of buildup and
operation will be in Low Earth Orbit (LEO). Orbit decay
may require periodic reboost but this problem shall noct
be addressed in this study. The orbit will be assumed
to be circular. If we then assume a spherical earth,
the orbital period will be 5668.2 seconds. The corres-
ponding orbital rate will be 1.10850:(10"3 rad/sec. The
linear velocity for this altitude 1s approximately
24,975 ft/sec.

2-23
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OPERATIONAL REQUIREMENTS

Operational Requirements of the Space Constructiion Base
were non-existent in the data package compiling the
study contract. In order to determine a feasible con-
trol system for the SCB, certain assumptions will be
made regarding its operation and mission accuracies.
All of these assumptions are listed hern. As the study
progresses, these parameters may be altered based upon
new information or driven by other constraints.

Mission Timeline

The period of buildup and operation of the Space Base 1s
shown in Figures 2-14 a and b. This timeline is hypo-
thetical but can be nsed as a baseline for consideration
in determining duration of each coufiguration in >Hrbit
and the orbital maintenance and li.etime of subsystem
components. The lifetime of configuration 12 can be
eventually ccnsidsred open-ended for purposes of the
study. Note that each configuration is expected to have
a lifetime of approximately 4 months.

Along wiun the timeline presented, the crew is cxpected
to grow in numbers as shown in Table 2-4.

Attitude Pointing and Maneuvering

Attitude pointing and maximum slewing requirements are
listed in Table 2-05 as a function of configurati.
number. The maximum slewing rates are reduced for later

configurations to bound the angular momentum require-

ments.
Wi )
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TABLE 2-4

PR

. CREW REQUIREMENTS
FOR THE SCB MISSION
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TABLE 2-6

GENERAL REQUIREMENTS
FOR THE SCB MISSION

Both turret assemblies have full freedom
about ZV and can be servoed to the sunline.

Assume 50% of solar panel area can be occulted
without loss of required power to spacecraft
functions.

There is no requirement for periodic rotation
of the spacecraft about any axis for the
purpose of thermal control (no "barbecue'" mode).

Every docking module joint is to be considered
"flexible" (simulated by a spring-hinge).

Solar panel bending modes are estimated by
using the results of a study of the SEPS
Solar Array Dynamic Analysis (May 1976).

It is most likely that dockiag will be refined
to "berthing" in which th< impulse imparted

to the spacecraft will be less than the present
docking forces. However, we will use docking
data for analyses since it will be worst

case data.

2-29

£
B v e eV S [ U - o nens e e cnps e s b gl O



(o]

TABLE 2-7

CONFIGURATION PECULIAR REQUIREMENTS

FOR THE SCB MISSION

IN ADDITION TO GENERAL REQUIREMENTS

RN

CONFIGURATION REQUIREMENTS
1 a) Entire configuration is prefab and delivered
to orbit by the shuttle orbiter. Solar panels
unfold.
b) Turret assembly joint to spacecraft main body
should be considered to be identical to a
docking module joint.
2 a) No peculiar requirements.
3 a) Space processing module added; crew may
double in size (from 3 to 6 men).
b) Assume that electromechanical equipment can
impart impulses to the spacecraft of 100
times a typical crew motion (wall push-off).
4 a) Assume Research Pallet contains a separately
stabilized experiment.
b) This is the first configuration to require
inertial pointing capability.
c¢) Must consider solar panel occultation by
Research and Application Pallets.
5 a) First configuration with modules placed in
YVZV plane.
6 a) Additional modules in YVZV plane,
b) Assume additional crew members (max of nine).
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TABLE 2-7 (Cont'd)

ooy 4

SNy
e oy ¥

CONFIGURATION REQUIREMENTS
7 a) No additional special requirements.
8 a) Major imbalance in vehicle axis inertias.
b) Tank is a strongback.
¢) Consider an alternate configuration where the
single tank is placed along va direction
until the second tank is added.
d) Buildirg manipulator arms appear.
9 a) Second tank is added.
b) Solar panel occultation may be significant
to alter the main vehicle orientation.
10 a) Large solar arrays are added.
b) Assume same articulation as smaller solar
arrays.
¢) Assume large solar arrays supplement smaller
units.
d) Assume large array connection to main space-
craft body is a spring-hinge joint.
11 a) Beam construction begins for large antenna

sti.ucture of 12.

e Y
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TABLE 2-7 (Cont'd)

; CONFIGURATION REQUIREMENTS B
fi 12 a) Antenna structure is completed.
b) Subsystems are added for information gathering
and transmission.
c) Assume antenna structure is earth pointing
) continuously.
d) Examine a configuration where the X principal
? axis of inertia is the r~ontrolled axis,
i e) The combination of the antenna structure

and subsystems module equipment form the
"Public Service Platform".

AU« o rin
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The time duration for inertial hold modes during con-
figurations 4, 5, 6 and 7 may be limited by the
capability of selected momentum exchange actuators and
the desaturation system.

2.3.3 General Requirements

The general requirements for the SCB mission are listed 11

in Table 2-6. It should be noted that these general

requirements apply to all configurations unless other-
wise stated.

o

3
2.35.4 Configuration Peculiar Requirements ?;
In addition to the general requirements, Table 2-7 },

lists requirements which are peculiar to individual ;
configurations. %'

2.4 REFERENCES ;

2-1 Jennings, J., MT-40,801, Definition of «

Space Base Buildup, 21 October 1977 T

2-2 Space Construction Base Buildup Summary, P

Data Package Attachment to Exhibit A f

Scope of Work, Request for Quotation

1-7-ED-07552-AP131D, Marshall Space !

Flight Center, 10 March 1977 %
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SECTION 3

ACTUATOR SIZING

It is presumed that the SCB actuator system is composed
of momentum exchange devices; in particular, double
gimbal control moment gyros (DGCMG's). One inherent
advantage is the spherical angular r.omentum envelope.
Modified SKYLAB-type DGCMG's are assumed: 2300 ft-lb-sec
each and with gimbal stops removed. The number of DGCMG
units recuired will be a function of a momentum profile
based on the magnitude of disturbance torques to which
the SCB is subjected. 1In general, this CMG requirement
is based upon the long term cyclic variation in angular
momentum disturbances. The angular momentum buildup

due to bias disturbance torques will be used to size and
select momentum desaturation schemes in Section 4 for the
various SCB configurations.

Both long and short term disturbances on the SCB will be
defined in the following paragraphs, with CMG sizing
being primarily a function of the long term effects.

LONG TERM DISTURBANCES

Most of the long term angular momentum variations are

caused by torques due to gravity gradient and aerodynamic

effects on the SCB. These are described in references

3-1 and 3-2, respectively. Other less important sources !
are magnetic and radiation torques, which are described :
in references 3-3 and 3-4. Each will be described and '
then combined into a composite angular momentum require-
ment for each configuration. :

3-1
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3.1.1

Gravity Gradient

The largest torques,which a spacecraft is subjected at
the altitude of interest, are ordinarily those due to
forces from earth gravitational effects. Various space
base orientations are also examined to determine those
which are more practical with respect to minimizing the
gravity gradient angular momentum requirements. These
gravity gradient torques are obtained for all twelve
space base configurations for the following orientations:

1. X-POP (Xv perpendicular to the orbital plane)

2. Y-POP
3. 2Z-POpP
4. YV Solar Inertial (worst case B = 450)

The last listed orientation was included to obtain a
worst case inertial pointing requirement for space base
configurations 4, 5, 6 and 7. Pointing experiments from
the Application Pallet or the Research Pallet will
probably be most expedient at these times. From con-
figurations B and on, the space base becomes cumbersome
and the many large appendages may occult the field of
view of any pointing experiments. It is assumed that
for these experiments, the iZV axes may be called upon
to point anywhere in the celestial sphere; and item (4)
above is a worst case orientation with respect to
gravity gradient bias torques.
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The geometry of the space base in earth orbit is shown

in Figure 3-1; the orientation shown is Yv solar inertial.
Some of the assumptions used in computing gravity

gradient torques were the following:

. Orbital altitude - 270 N.mi.

Orbital inclinations up to 55 degrees
Spherica” earth (non-oblate)

Circular orbit

BoWw N

One other assumption is used for determining feasibile
space base orientations:

Solar wings and the 150 KW Solar Arrays are rotatable
about the Zv axis.

Space base mass cdata is available in Section 2. It is
presented in the following form:

1. Moments of inertia about the three vehicle axes
(XV, YV, Zv).
2. Principal moments of inertia.

3. Transformation pCv from vehicle to principal axis.

Vehicle moment of inertia matrix IV is obtained by
using the following similarity transformation:

where each term is a 3x3 matrix, and Ip is a diagonal
matrix of the principal moments of inertia. The resulting

3-3
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moment of inertia matrix wi'l be:

- .
Ivx Ixy  Ixz
Iy = Iyx Iyy Iyz (3-2)

Iox  Izy  Izg

L y

where IYX = IXY
Iov = Iyg

Iz = Iox

The gravity gradient torques about the vehicle axes
were calculated using the following expressio.s from
reference 3-5:

-

Lgx = i%_(lzz -Iyy)ayaz+1yz(a§ -a§)+1xzaxay iIxyax%%
Lgy N i%[(lxx-Izz)azax+sz(a§ 'ai)+1yxayaz_1yzayax] (3-3)
ng = %%:(Iyy —Ixx)axay+1xy(a§ -a3)+lzyazax -szazaJ
where
k is the gravitational constant = 1.407654x10°°ft3/sec?

R is the distance from the planet mass center to the
spacecraft mass center = R0+h

Iij with i,j = x, vy, z are the components of the inertial
dyadic
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ay with i = X,y.2z are the direction cosines of the

vector R with respect to the Xv’ Yv’ Zv coordinate

frame (see Figure 3-1)

and
R0 = earth's radius = 3440.0756 N.mi (mean)
h = 270 N.mi.

The magnitude of R is thus obtained,
R = Ro+h = 3710.076 N.mi = 2.254285x107ft
The coefficient outside the bracket of (3-3)can also be
defined as:
3k 2

= = 3% (3-4)
R3 o

where Wo = orbital rate = 1.10850x10—3rad/sec

The orbital period To is also obtained and calculated
as 5668.2 seconds.

The equations of (3-3) were implemented on the digital
computer for X-POP, Y-POP and Z-POP orientations and were
also integrated as a function of time to obtain angular
momentum changes due to gravity gradient torques. The
angular momentum was then expressed in cyclic and bias
buildup terms.

An additional configuration was added by eliminating

the asymmetry of the single external tank of configuration
8. The tank was temporarily repositioned along the +XV

3-6
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TABLE 3-1

ANGULAR MOMENTUM REQUIREMENTS
DUE TO GRAVITY GRADIENT TORQUES

ORIENTATION: Yv LOCAL VERTICAL WITH g = 45°

ALTITUDE: 270 N. Mi.

2
Hp = (Hy

MAXIMUM MAGNITUDE IS PRESENTED

+ B2+ sz)* AT EACH INSTANT OF

TIME,

SPACE BASE BUILDUP H CYCLIC H

CONF IGURA'?'ION (FT-LB-SEC/ORBIT) (FT-LB-SEC)
NO. HX HY HZ HT HX HY HZ HT
4 3017. 0] 4] 3017. 240.0 4778, 5117. 7001.
5 1598. 0 0 1598 . 127.2 5929, 6109. 8513,
6 3852. 0 0 3852, 306.6 7766 . 7332. 10680.
7 3852, 0 0 3852, 306.5 }10735. {10305. 14884,

1

3-7
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3.1.

2

axis by using the middle docking module. The mass
characteristics were recomputed and the symmetric structure
is designated as configuration 8A. All of these results
are tabulated in reference 3-1 and the X-POP orientation
was selected for configuration 1 through 11. It is
presently planned that configuration 12 will operate in

the Xv local vertical orientation with the microwave
antennas pointing towards earth.

The angular momentum magnitudes for the selected
orientations are summarized in 3.1.6. Angular momentum
magnitudes are shown in Table 3-1 for a Yv solar inertial
orientation for configurations 4, 5, 6 and 7. The B8
angle was a worst case of 450. This, of course, is not
a preferred orientation. If the sizing of the CMG
system is based upon a preferred, low torque orientation,
its capacity may not be quite enough to handle this

worst case Yv solar orientation - - except for a very
limited time.

Aerodynamic

Aerodynamic forces, torques about the c.m. and angular
momentum are obtained for each for all twelve orbital
configurations, This effort was concentrated on those
vehicle modules having large surface areas at some dis-
tance from the overall center of mass (c.m.). The

portions of the vehicle in this classitication are the
following: the solar wings, the solar arrays and the
external tanks. The tank(s) are included in configurations
10, 11 and 12.

3-8
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Worst case aerodynamic torques are obtained using the
"free molecular flow" theory which is recommended fcr
altitudes above 65 N.mi. (120 KM). Normal forces on
flat areas (solar wings and arrays) are then obtained.
Angles of attack on flat surfaces, and '"shading" effects

are much more complex and are not included in this report.

In an atmospheric environment, the aerodynamic force

would be

F =¢ CD A (3-5)
where

F = the aerodynamic force

CD = drag coefficient for the body of the interest

A = projected area of the space base element normal to

the incident flow.
3 sz = dynamic pressure

o]
]

mass density of the atmosphere

o
]

V = space base velocity, or relative velocity of the
space base element relative to the local atmosphere

Reference 3-6 includes a table for determining the CD
for several basic body shapes in a hyperthermal free
molecular flow condition, CD is also a function of the
speed of reemitted molecules and whether a diffused
reemission or a specular reflection occurs. The worst
case was taken and C_, is conservatively specified as

D
being 2.6 for a flat plate and 2.5 for a cylinder.

3-9
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The flat plate areas for the twdo solar wings and the two
solar arrays are 5,408 ft2 and 31,160 ftz, respectively.
The cylinder side area per external tank is 4250.4 ft2
each., For a 270 N.mi (5Cv } orbit, the space base
velocity is 24,975 ft/sec, and the worst case mass
density (reference 3-7) is 1.53 x 10714 slugs/fts. A
listing of mass densities as a function of night and day
and also high/low solar activity is given in Table 3-2.

Using (3-5) for the worst case atmospheric density,
F = (4.772 x 107% 10/£t%) cA

For flat plates,
F = (1.241 x 10”2 1b/£t2) A
For cylinders,

F = (1.193 x 10" °1b/ft2)A

Using these expressions,

F = 0.0671 1b (solar wings)

F 0.3866 1b (solar arrays)

F 0.0507 1b (each external tank)

Both the solar wings and solar arrays were assumed to be
rotatable around the Zv axis. With the panels facing
towards the forward velocity and the initial YV axis,
the moments would be as follows:

L

vV = 0 (because of balancing aero forces, except for

configuration 8)

3-10
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ATMOSPHERIC MASS DENSITY

e ALTITUDE OF 270 Naut. Mi (500 KM)
e FROM NASA SP-8021, MODEL OF THE EARTH'S ATMOSPHERE

TABLE 3-2

ATMOSPHERIC MASS DENSITY

CONDITIONS NORMALIZED
SLUGS/FT> TO MAXIMUM
HIGH NIGHT | 1.53 x 107°% 1
SOLAR ACTIVITY | DAy 9.70 x 1073 1/1.58
LOW NIGHT | 2.44 x 10716 1/62.7
|sorar activity | pay 6.40 x 10”17 1/239
3-11
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Lyy = 0

LZV = very high

With all solar panels facing towards the originail ixv
axis with edges into the relative '"wind",

va z 0 (except for configuration 8)
n,
Lyy =0

The effort here w’ll therefore concentrate on the former
case where LZV becomes very high. In general,

—LZV = ZFYV X (XCP - XCM) (3-6)

FYV = each vector force parallel to the YV axis
cP = each aerodynamic center of pressure location in
the XV direction

>
n

oM the vehicle center of mass location along the XV
axis

The angular momentum can then be computed as follows:

HZV = [J LZV dt (3-7)

For a solar inertial condition, the sz torque will be
cyclic and

HZV(PEAK) =(To/4w) LZV(PEAK) (3-8)
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where

To = orbital period = 5668.2 sec

For an Xv local vertical condition the momentum on the
solar wings and arrays will be as in (3-8); but for the

external tanks:

sz

L Lt RS A va T e e

(BUILD UP PER ORBIT) = TOLZV(BIAS) (3-9)

The assumptions for these aerodynamic characteristics

are reiterated as follows:

(a) Only space base modules with

at a large moment arm from the c.m. are considered

large surface areas

(b) No "shading'" of the airstream by one section of

the vehicle on another is considered

(c) Aerodynamic force computations are based on a

space base velocity along its YV axis (assumes the

sun is also along this axis)

(d) Surface drag coefficients used were for the worst

case hyperthemal free molecular flow

(e) Worst case atmospheric density was assumed (high

solar activity at nighttime).

With regard to this last item, it
that the atmospheric mass density
approximately 240 times less than
calculations of aerodynamic force.
activity at daytime, all computed
angular momentum magnitudes would
factor of about 240.

v

must be pointed out
(p) can also be
that used in the

For low solar
forces, torques and
be reduced by a
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The (XCp - XCM) radius arms, aerodynamic forces, LZV

torques and HZv angrlar momentum levels for the solar

wings, solar arrays and ‘the external tanks are tabulated

in reference 3-2. The composite aerodynamic angular -,
momentum magnitudes are summarized in section 3.1.6.
The results are given for the worst case atmospheric
density (high solar activity at night) and also when
normal (actually minimum when low solar activity and in
daytime).

Magnetic
The peak cyclic magnetic torques are obtained using the
folliowing vector expression:

L=uxB (3-10)
where

L = torque vector (N-m)

J = spacecraft magnetic moment vector (A-mz)

B = peak of the earth's flux density (tesla or webers/mz)

above the magnetic poles
Reference (3-8) presents an approach for estimating u,
the magnitude of a spacecraft's magnetic moment, on the

basis of two factors:

1. The degree of control over current loops, magnetic

materials, quality control of poterntial moment -
sources, test and magnetic compensation. .
3-14
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2. The size of the vehicle, specifically its mass.

Minimal control of (1) above is designated Class III,
An estimate of the dipole magnetis moment per unit mass
for a Class III spacecraft would be approximately 0.01A-m2/KG.

A model of the earth's magnetic field (B) in orbit is
available in reference (3-9). The magnetic flux is

given in terms of a spherical harmonic expansion series.
Only the first term or so is required to obtain an estimate
of the maximum magnetic torques. At an orbit altitude

of 270 N.mi., the magnitude over the magnetic poles is
approximately 0.60 gauss or 6 x 1079 tesla in the vertical
direction. The magnitude at the magnetic equator is

0.30 gauss or 3 x 10-5 tesla, and the direction of the
flux is horizontal to the earth's surface towards the
south magnetic pole. An orbit parallel to the plane

of the magnetic equator would therefore result in a
constant spacecraft torque for an inertially oriented
vehicle. A higher torque is possible over the magnetic
poles, but the result is cyclic.

The peak magnetic torque is calculated above the magnetic
poles for each space base configuration for the following
assumptions:

a. The orbit passes over the magnetic poles

b. The space base magnetic moment magnitude is 0.0lA—mz/KG;
and the direction is always normal to B in the magnetic
polar region.

3-15
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TABLE 3-3
MAGNETIC TORQUES AND ANGULAR MOMENTUM
FOR THE SPACE BASE

® SPACE BASE MAGNETIC MOMENT IS BASED ON CLASS III OF NASA
SP-8018 (SPACECRAFT MAGNETIC TORQUES) u = .OlA-mZ/KG
® EARTH'S MAGNETIC FIELD IN MAGNETIC POLAR REGION AT 270 N.MI.

ALTITUDE IS .60 GAUSS, OR 6 X 10
@ SPACE BASE IS INERTIALLY ORIENTED IN AN ORBIT OVER THE MAGNETIC

POLES

-5 7gs

LA

PEAK

PEAK ANGULAR

WEIGHT | MASS MAGNETIC MAGNETIC TORQUH MOMENTUM

CONFIG. W M MOMENT u L=uyXB Hoveric

NO. (LBS) (KG) (A-M%) (N=-M) (FT-LB) | (FT-LB-SEC)
1 40904 | 18554 185.5 .0113 .00821 3.70
2 80801 | 36651 366.5 .0220 .0162 7.32
3 106595 | 48351 483.5 .0290 .0214 9.65
4 139395 | 63228 632.3 .0379 .0280 12.62
5 180545 | 81894 818.9 . 0491 .0362 16.35
6 246399 | 111765 { 1117.6 .0671 .0495 22.31
7 260069 | 117965 | 1179.6 .0708 .0522 23.55
8 354854 | 160959 | 1609.6 . 0966 .0712 32.13
9 464874 | 210863 | 2108.6 .1265 .0933 42.09
10 572061 | 259482 | 2594.8 .1557 .1148 51.80
11 582636 | 264279 | 2642.8 .1586 .1170 52.75
12 588637 | 267001 | 2670.0 . 1602 .1182 53.30
|
3-16
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The calculated cyclic magnetic torques and angular
momentum are listed in Table 3-3.

For the unique condition of having an orbit parallel

to the magnetic equator, the steady magnetic torque can
be calculated by multiplying each torque item in Table
3-3 by one-half. The magnetic angular momentum buildup
per orbit can be obtained by multiplving each HCYCLIC

in Table 3-3 by 2n. This was done in summary tabulations
given in section 3.1.6.

The results indicate that magnetic contributions are
negligible and will not have to be considered for
simulation modeling or for sizing attitude contrecl actua-
tors and momentum exchange systems. If a magnetic
desaturation system is used on the space base, any
residual magnetic moment dipole will be automatically
compensated.

Radiation

Sources of electromagnetic radiation that cause forces
and possible torques to act on the space base (reference
3-10) are the following:

1. Direct solar photon radiation
Solar radiation reflected by the earth and its
atmosphere
3. Radiation directly from ine earth and its atmosphere
4. Radiation from portions 2f the space base itself.

3-17
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The most important cause of radiation is (1) above.

The intensity of the radiation, or solar flux, is given

in terms of energy per unit time through a cross-sectional
unit area:

I, = 1353 w/m? + 3.3%

1
The percentage is not a tolerance, but a seasonal variation
because of the earth's orbit about the sun. The worst

case magnitude is then I1 = 1398 w/mz. The forces caused
by other sources are usually at least an order of

magnitude smaller.

Radiation due to the earth's reflectance is maximum at
the subsolar point (high noon). It reduces to zero on
the night side. The peak magnitude when at 270 N.mi.

(500 Km) and assuming the earth's planetary albedo of

0.34 is

I, = 600 w/m® (peak)

2
The mean magnitude of 12 for a 50% daylight orbit is
approximately 191 w/mz.

Radiation lirectly from the earth and its atmosphere at
2

sea level has a mean emission intensity of 243 w/m"™.
With clear skies and at the lower latitudes, the worst
case intensity at a 270 N.mi. orbit is

I, = 150 w/m>.

3
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Radiations and reflections from the space base itself,

item (4), are the least important and will be assumed
as negligible.

[ ] ]
' 0

P S

s For each of the (1) through (3) radiation sources, the
radiation force is calculated as a function of whether
the radiation is

S

a. Completely absorbed
b. Completely specularly reflected

¢. Completely diffusely reflected.

The worst case turns cut

to be vhen the surface is such

that a complete specular reflection is obtained. The
expression defining this force (reference 3-10) is
= 1 .
| F=2 [-(1+c g )cosen+(1-c  )sinés ] (cos8)A (3-11)
' where

I = radiation intensity
¢ = speed of light = 2.997925 x 108m/s

Crg = coefficient of reflectivity, assumed to be 1 for
the worst case
@ = angle between the surface normal and the direction

of radiation

unit normal vector

unit vector along the surface

> |l IS
u

= area of the surface

i ek 4
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For cr =1,

S

FN 2AI/c = normal force when 6 is zero

F = 6.671281 x 1079 ar

]

(3-12)
(3-13)

Using the numerical value of flux intensity estimated

for Il’ I2 and 13, the normal forces are

F1 = 9,3265E-6 A
F2 = 4 ,0028E-6 A(peak)
F3 = 1.0007E~-6 A(worst case)

. . . . 2 .
where F is in newtons and A is in m" units.

Fl’ F2 and F3 are computed for the surfaces of three

vehicle modules: the solar wings, solar arrays and

external tank(s). All other module surfaces are smaller

and/or are a. 2 chorter moment arm. and are assumed to

be negligible in computing torquing moments.

Table 3-4 is a listing of maximum F

for each of the three modules. The numerical magnitudes

1’ F2 and F3 forces

are given in pounds. The areas for the solar wings,

solar arrays and for one external tank are Aw’ A and

At’ respectively:

2 2
Aw = 2 x 2704 ft~ = 5408 ft
A, =2 x 15580 £t° = 31160 ft”

A, (projected) = 4250.4 ftz (each)

3-20
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Large Surfaces of Space Base

Tabl
Radiatio
on

e 3-4
n Forces

@ All forces given in 1lbs

st £ -

® Forces normal to plane surfaces

or projection of non-planar bodies

Radiation Solar Solar External External
Type Wings Arrays Tank (One) Tanks
N (s) (a) (t) (tt)
1 1.0534E-3 | 6.0696E-3 | 8.2793E-4 1.6559E-3
2 4.5211E-4 | 2.6050E-3 | 3.5533E-4 7.1066E~4
3 1.1302E-4 | 6.5122E~-4 | 8.8831E-5 L.7766E-4
Fy = 2.03341 x 1072 AT (pounds)
I, = 1398w/m® = 95.794 1b/ft-sec
I, = 600w/m® = 41.113 1b/ft-sec
I, = 150w/m® = 10.278 1b/ft-sec

3-21
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For two external tanks, At = 8500.8 ftz

t

Radiation torques are computed for two vehicle orienta-

tions: XPOP inertial and X local vertical. Intensity
of radiations causing both bias and cyclic torques are
given in Tables 3-5 and 3-6 for the two orientations.
In some cases, these would modify the forces given

in Table 3-4.

Peak torques, Ll’ L2 and L3 are computed using moment
arms available from Section 2. These are listed in
Table 3-7 for each section of the space base. The

moment arm in each case is XCP'XCM’ where

ch center of radiation pressure on the module of
interest along the vehicle's X axis

XCM = space base center of mass location along the X
axis

Bias and cyclic angular momentum components can then be
computed from these torques. For the XPOP inertial
orientation, all maximum torques would be about the Z

axis. The Z axis angular momentum components would then

be as follows:

Hpras = To [Ll + LZ/TrJ (3-14)
Hoyerze = (To/2mM) [L2/2 + L3] (3-15)

where Ll’ Lz,and L3 are torqucs for scolar wings, solar

arrays and external tanks as each are included in a
vehicle configuration.
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Table 3-5

Intensity of Radiation

for

Inertial XPOP Orientation
e All units in w/m2
e Results in Z axis torques

Radiation
Source

Magnitude Used for Computation:

Bias Torques

Cyclic Torques

1398 fcr panels
1398 for tanks

o i |

191 for panels
191 for tanks

+300 for panels
+300 for tanks

+150 for panels
+150 for tanks
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Table 3-6

Intensity of Radiation

for

X Local Vertical Orientation

e All units in w/m2

® Results in maximum Z axis to. =es

Radiation
Source

Magnitude Used for Computation:

Bias Torques

Cyclic Torques

1398 for panels(B=90°)]+1398 for panels(g=0")

1398 for tanks "

+1398 for tanks

e

191 for panels
0 for tanks

+300 for panels
0 for tanks

+150 for panels

0 for tanks
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Table 3-8
Angular Momentum
Due to

'Radiation Forces
® Space Construction Base Surfaces Considered are

Solar Wings, Solar Arrays and External Tank(s)

L H, ANGULAR MOMENTUM

[ XPOP INERTIAL X LOCAL VERTICAL

. Hp1as Beveric Hpras Heverrc
X CONFIG. | (FT-LB-SEC/ORBIT)| (FT-LB-SEC) | (FT-LB-SEC/ORBIT| (FT-LB-SEC)
P 1 +155 +7.00 +155 +28.8

: 2 153 6.87 153 28.3

! 3 12.4 0.56 12.4 2.30

4 86.0 3.88 86.0 15.9

j 5 17.4 0.78 17.4 3.22

: 6 99.7 4.49 99.7 18.5
P 7 . 124. 2.69 124 11.1
: (- 8* 313. 28.4 256. 95.5
' 8a 535. 48.8 438, 164.

! 9 453. 48.5 361. 165.

10 -5114. 305. -5214. 1213.

| 11 -5279. 310. ~5375. 1235.

o 12 -5227 308. -5324. 1230.

§
ot *Hx, HY are also possible because of asymmetric configuration.
S For XPOP: Hp;,o = 288., Boyopre = 326.1 ft-lb-sec. For X

P Local Vertical: Hp;,o = 288., Hoyorpc = #87.8 ft-lb-sec.
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For an X local vertical orientation, the external tanks
will not contribute to a Z axis torque for radiations
from the earth (I2 and 13). The Z axis angular momentum
components were based on vehicle and solar panel orien-
tations as determined in reference 3-4 . The resulting
components, therefore, are the following:

Hgras = T, [Ll + Lz/ﬂ] - T [Lz/“]TANKs (3-16)

where the first term includes contributions from solar
wings, solar arrays and the tanks. Also

Hoyorte = (To/2m[Ly + Ly/2 + L3J

- (To/2w)[L2/2 + L3]TANKS (3-17)

where the first term again includes all contributions.

The results of equations (3-14) through (3-17) are illu-
strated in Table 3-8 for all space construction base
configurations. These angular momentum magnitudes are
included in the summaries given in Section 3.1.6.

Although these momentum levels are less than gravity
gradient and worst case aerodynamic angular momentums,

radiation effects appear to be greater than those obtained
from magnetic torques. For a sizing estimate of a momentum

exchange or a momentum desaturation system, torques and
angular momentum caused by radiation may be considered
negligible.
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3.1.5

Vehicle Roll During X Local Vertical Orientation
During a local vertical orientation of an orbital

vehicle,

vertical axis if solar panels are articulated about a
single axis. This provides the solar panels with what
is effectively '"two-axis pointing".

An X local vertical vehicle is illustrated in Figure 3-2,

each coordinate space is defined as follows:

|©

| I

orbital coordinates, Yo defines the orbit and ono
are in the orbital plane

inertial coordinates, where XI points toward the sun
vehicle coordinates, where XV is the roll axis

solar panel coordinates, where YS is the axis normal
to plane of the panels

The angles shown are defined as follows:

vehicle position in orbit, defined as zero when XV
is parallel with Xo

rotation about Z0 defining the solar angle between
Xo and XI

vehicle roll angie about Xv’ where zero is defined
when Yv is parallel to Yo

solar panel angle about Zv’ where zero is defined
when YS is parallel to Yv

Angular rotations from O to I or S are indic *“ed on the

figure where an interim coordinate system is defined:

u

vehicle coordinate system anywhere in the orbit

where ¢x = 0

3-27
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Al A W N
N . b . N

A A % wurma A PR

e W Ty 2B 37

o .
LY af] -




i Loty

NOILVINIIHO "IVOILYIA IVOOT X HOJ
SHTONV OGNV SKRALSAS HLVN1QHOOO 40 NOILINIZAQ

HIYVI

INVTd TVLICHO

Ol

Cl

3-28 .

S TR




n“
i > e MR e, S Sk E Y A s TR S 2t TS RS L S Mk g T Sl S 4 ¢4...m,g »

Transformations may then be generated between the S
and I coordinate systems as a function of the angles.
In order for the solar panels to point towards the
sun, the following must be true:

e |

Puiante) m 1]
[t |

¢ i Yg XI =1 (3-18)
F
: Other relationships which also must be true are
L
) Xs . XI =0
5 z e« X =0
! s I
s I
: Ys ¢ ZI =0
; The roll angle ¢ and the solar panel angle 6§ was then
o determined in reference 3-11 using the functions of
:s g (3-18) and (3-19):
_ Sina _
! tang = tanp (3-20)
siné = -cosa cosB (3-21)

s where the notation was simplified by eliminating the
‘ angle subscripts:

o o
y
B = Bz
% ¢ = ¢x
f ’ § = Gz
5
.E *
%
-5
t 3-29




Equations (3-20) and (3-21) are plotted in Figure 3-3
as a function of the position in orbit (a) and the
angle between the ecliptic and .ite orbital plane (B).
For a circular orbit, & is directly proportional to
time.

Observation of Figure 3-3 for very small B angles
indicates a potential problem. Theoretically, the
vehicle must roll 180° about XV in a very short period
of time. If the monent of inertia of the vehicle about
Xv i3 appreciable, extremely high changes of angular
momentum will be reqguired twice per orbit - once positive
end then negative. The angular momentum swing about
the X axis of configuration 12 is listed in Table 3-9
as a function of the B angle. The amplitude of the
angular momentum is defined by the following:

Hy = Iix ®max (3-22)
where éMAX is obtained by taking the time derivative of
(3-20):

byax = W /tans (3-23)
and W_ = orbital rate for the 270 N.mi. orbit = 1.1085x10° 3
rad/sec.

Table 3-9 indicates the consequence of having a single
axis articulation of the solar panels when theB angle
has a small magnitude: the requirement for extremely

—
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Table 3-9

ANGULAF. ROLL RATE
AND MOMENTUM REQUIREMENTS

) X local vertical orientation

° Ixx = 7.044512x107 Ft-Lb—Sec2 for configuration 12

° An equivalent CMG unit has an angular momentum of

2300 Ft-Lb-Sec
o Assumes sun line 1s perfectly normal to the solar
panels for all B angles
+8 dyax MAGNITUDE OF EQUIVALENT
MAX. ROLL RATE NUMBER OF

(DEG) (PAD/SEC) (DEG/SEC) CMG UNITS
0 @ ® ©
1 0.0635 3.64 1950.
10 0.00629 0.360 192.7
20 0.00305 0.1745 93.4
30 0.00192 0.110 58.8
45 0.0011085 0.0635 34.0
51.79 0.0008726 0.050 29.4
60 0.000640 0.0367 19.6
70 0.000400 0.0229 12.35
80 0.000196 0.0112 6.0
90 0.0 0.0 0.0
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high magnitudes of angular momentum about the X axis,
Solutions to this problem of small 38 angles, which
should be considered are one of the following:

BB
. .

an

1. Double axis articulation of the solar panecis.

or

f RPN

2. 8Set a fixed ¢ = + 90 degrecs with the Z axis per-
pendicular to the orbit (see Figure 3-2) and with § being
conirolled by sun sensors to xeep Ys aligned as close

as possible to XT (rotating once per ort..) for swall

B angles.

The problem withl. is the complexity of the additional
solar panel contrcl hardware. The disadvantage of 2.
is the loss of some solar power: e.g., -0 86.6% of

§ nominal for B = 30 deg or 70.7% of nominal for B = 45
deg. This vower reduction can be minimized by adding
dedicated contirol or momentum exchange devices for
the Xv vehicle axis (reaction wheels) such that two
axis pointing can be resumed for B angles less than 30
degrees.

3.1.6 Summary
All long term angular momentum requirements are combined
to determine:

o A total momentum envelope for prospective momentum
exchange devices

o} Maximum momentum buildu,.s due to bias torque for
sizing momentum desatu «tion devices in Section 4.

l‘ 3--33
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Angular momentum requirements for gravity gradients,

aerodynamic, magnetic and radiation torques were determined
in sections 3.1.1 through 3.1.4, respectively. These

are combined on a vehicle-axis basis to determine

maximum components of total angular momentum vectors.

e " "es
AT IR, U P ¢

A summary of cyclic angular momentum requirements are

Tompe

given in Table 3-10 for all twelve space construction

ot wEnie

base configurations. The recommended attitude orienta-
tior for each cnfiguracion is given. Alternate,
modified orientations are also listed for configura-
tions 8 through 11 where 8M, 9M, 10M and 1]1M are rotated
slightlv about the YV axis (from the nominal XPOP
attitude) until the XP axis (principal X axis) is

normal to the or%vital plane. 12M is an alternate to
configuration 12 (XV local vercical) where the XP axis
is always along the local vertical. Alphabetical symbols
after numerical magnitudes identify the source of the
angular i.oementur contribution:

A Aerodynamic torque

G Gravity gradient torque
M Magnetic torque

R Radiation torque

Maximum components along each of the -ehicle's axes are
labelled as Hx’ Hy and Hz. The magnetic angular momentum,
which is computed as a direct -unction of the vehicle
mass, is given as a spherical component nyz since the
ma.netic moment of the vehicle has no pre®erred orienta-

tion.
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e Max Total is for Period of High Solar Activity

Table 3-10

Summary of Angular Momentum

Due to Long Term Cyclic Torques

ANGULAR MOMENTUM (FT-LB-SEC)
MAX OOMPONENTS TOTALS

OONFIG. ATTITUDE Ez HY H, MAX NORMAL

1 Xpop 1%4.G 0 693.A 4. M| 730. 198.
7.R

2 XPOP 196.G 0 680.A 7.M] 721. 203.
7.R

3 ). 4203 196.G 0 56.A 10.M] 215. 206.
1.R

4 XpQop 480.G 0 384.A 13.M| 630. 493.
4.R

5 XPOpP 254.G 0] 78.A 16.M| 282, 270.
1.R

6 XpQop 613.G 0 445.A 22.My 782. 635.
5.R

7 XPQopP 613.G 0 266.A 23.M] 692. 636.
3.R

8 XPOP (t)A 0 1310.A 25000.G|26371. 25065.
28.R 32.M

3 XpopP 7340.G 0 1310.A 32.M] 7494, 7372.

(1) (t)A 28.R

8A Xpop 11415.G 0] 2350.4A 32.M]11696. 11447,
49.R

9 XPQopP 41100.G 0 1890.A 42.M*41188. 41142,
48.R

oM Xpap 40970.G 0 1890.A 42.M}41053, 41012.

(1I) 48.R

(Continued)
3-35




. . o e
¥ RIS A ar na avee e o

oo

Table 3-10 (Continued)

ANGULAR, MOMENTUM (FI-1B-SEC)
MAX COMPONENTS TOTALS
CONFIG. | ATTITWE [ i MAX  NORMAL
Ty %o 2.6 0 22900.A 52.M| 53790, 48524,
305.R
10M XPOP 47860.6 O  22900.A s2.ul 53201, 47014,
(11) 305.R
11 XPP 28850.G 0 23700.A 53.M| 54126, 48505,
310.R
1M XPCP 47910.6 0  23700.A s53.M| 5343,  47965.
(11 310.R
12 X 0 0 234004 0 24630, 1328,
(IV) 1230.K vy ()
12M ®w | o 0  2300.A "0 24630.  1328.
(111) (IV) 1230.R vy ()

(t) a minor trace of angular momentum exists
(I) ¢Y = 25° to put the XP axis normal to the oibit plane
(11) gy <5° to put the XP axis normal to the orbit plane

(I11) ¢MAL<1o° to put the XP axis along the local vertical

(IV) This entry does NOT include an H‘X conponent required for m 1euvering

about the X axis.

#1,
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TABLE 3-11

SUMMARY GF ANGULAR MOMFNTUM
DUE TO LONG TERM BIAS TORQUES
e MAX TOTAL IS FOR PERICD OF HIGH SCLAR ACTIVITY

ANGULAR MOMENTUM (FT-LB-SEC/ORBIT)

MAX OOMPONENTS ' OTALS

CONFIG.{ ATTITUDE HX HY HZ HXY‘Z MAX NORMAL

1 XpOP - - 200.AB 25.M 380. 181
155.R

2 " - - 215.AB 45.M 413. 199.
153.R

3 " - - 18.AB 60.M 90. 72.
12.R

4 " - - 125.AB 80.M 201. 167.
86.R

5 " - - 25.AB 100.M 142, 117.
17.R

6 " - - 140.AB 145.M 385. 246.
100.R

7 " - - 85.AB 150.M 359. 274.
124 .R

8 " (t)AB 220000.G 415.AB 200.M § 220200. 220200.
313.R

8M " (t)AB 0 415.AB 200.M 930. 517.

(L, 313.R

8A " 0 0 715.AB 200.M] 1450. 738.
535.R

9 " - 20650.G 600.AB 260.M | 20937. 20915.
453.R

M " - 0 600.AB 260.M| 1313. 716.

(I1) ! 453.R o

(Ceontinued)
3-37
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TABLE 3-11 (Continued)

ANGULAR MOMENTUM (FT-1B-SEC/ORBIT)
MAX COMPONENTS TOTALS
CONFIG. | ATTITUDE | H Hy H, Hew | MAX NORMAL
10 XPOP - 61520.G _ 7200.AB _ S1b.M| 63073. 02050,
5114.R
10M " - 0 7290.AB 315.M| "2719. 5459
(11)  5114.R
11 T - 59490.G  7540.AB 340.M| 61195. 60067,
5279.R
11M X - 0 7540.AB 340.M| 13159. 5650,
(11) 5279.R
12 XLV . 124900.G__ 71680.G 350.M|179158. 147191,
43500.A
7450. AB
5324.R
12M XP-LV - 0 43500.A 350.M| 56624.  5886.
(111) 7450.AB
5324.R

(t) a minor trace of angular momentum exists

(T) @y, = 25° to pu. the XP axis norml to the orbit plane

(1ID) ¢Y <5° to put the XP axis normal to +“> orbit plane

(II1) ¢’IOTAI. <10° to put the XP axis along the local vertical

AB caused by half-wave rectification of aerodynamic cyclic torques

3-38
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The magnitudes listed under components are for maximum
aerodynamic torques obtained for the rare, periodic
occasions of high solar activity which results in max-
imum atmospheric densities (at nighttime). Totals are
listed for this maximum and also the normal, where
aerodynamic torques are at their normal levels.

Angular momentum buildups due to bias torques are
presented in a similar manner in Table 3-11. Here

AB Represents aerodynamic bias torques cause by
rectificatica of eyclic torques, where the vehicle
is in daytime or nighttime for one-half of the orbit,
the difference in air density causing an apparent
half-wave rectification of aero torques.

The resulting angular momentum listings given in Tables
3-9 and 3-10 will be used to select actuator groupings
in 3.3, while those listed in Table 3-11 will be used
for determining a momentum desaturation system in
Section 4.

SHORT TERM DISTURBANCES

Short term disturbances were defined mainly as forcing
functions for the computer simulation of the SCB.
Disturbances being considered are crew disturbances
and Shuttle Orbiter docking. These disturbances can
also be used in sizing the torqu: capability of the
attitude actuator system.

3-39
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Other disturbances which cannot and will not be considered fi
at this time are:
3
a. Moving parts of 2quipment (such as cameras, manipulator
arms)
b. Rotational wheel unbalances
c. Attitude control system noise from sensors, quantiza-
tion, etc.
Locations of disturbances to be applied to the SCB simu-
lations are listed in Table 3-12. All possible docking
and/or crew disturbtance force directions are noted on
the table. Module locations and section numbers were
defined in Section 2.
Crew Disturbances
Crew disturbance torques are basically caused by
forces generated at a radius arm from the vehicle body
center of mass. 1In vectcr form,
L=RxFE+M (3-24)
where !
L = resultant torque disturbance
R = radius arm from the center of mass to the point of
application >f the crew disturbance force -
F = crew disturbance force
M = any disturbance moment generated as a couple. ..

2-40
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TABLE 3-12
DISTURBANCE LOCATIONS ON THE SCB

BODY | FORCE | CONFIGURATIONS
MODULE SECTION DISTURBANCES AXES FOR DOCKING
CREW DOCKING FROM TO
DM1 1 Y Y X 1 1l
Y Y y 1 5
Y 4 z 1 3
DM2 € 4 v 2 2
Y Y y 2 4
"4 Y z 2 12
DM3 7 4 4 8 10
Y v y 8 12
4 z - -
DM4 10 Y Y X 8 12
Y Y y 8 12
Y v/ z 8 8
HM3 1 Y/ (6)* (12)*
(at the v y (6)* (12)*
end in the Y z (6)* (12)*
-y direction)

*crew disturbances only

3-41
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A time history of a '"wall push off' crew disturbance - \
force 1s shown in Figure 3-4; this was obtained from -,
reference 35-12. The force can be restricted as being ;,.*
along the vehicle X, Y or Z axis, and the resulting

scalar equations are

L R F,-R_F +M

X YZ "Z°Y X

Ly = RpFy-RyF,+My (3-25)

Ly = RgFy-RyFy+M,

Radius arm components (RX'RY’RZ) were obtained frcnu
Section 2, and are listed in Tables 3-13 and 3-14. The
conditions in Table 3-13 are for an ideally rigid SCB
while Table 3-14 represents a flexible vehicle where
modules are divided into bodies as in reference 3-13.
Each body normally contains one or more modules. Table
3-14 also lists the body number, SCB configuration number,
body mass and the moment of inertia about its center of
mass. Each body moment of inertia was computed about

its i-th axis as follows:

3= m [ &2+ (e 4 (rye? ] (3-26)

where

m the body mass

K1 = radius of gyration about the i-th axis

rj, re = module location along j-th and k-th axes with

respect to the origin of SCB axis definition -

3-42
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TABLE 3-13

rarem s o o

-« e

PHYSICAL CHARACTERISTICS OF SCB VEHICLE
DISTURBANCE LOCATIONS

o RIGID BODY
ol=x, y, 2z AXES _

N e e e e N [
EEPS s] r'wmnw‘mmm"m

DISTURBANCE VEHICLE Ri gmy, Jii VEHICLE
LOCATION CENTER |RADIUS |WEIGHT | MOMENT OF CONFIG.
MODULE | POSITION | OF MASS | ARM INERTIA | APPLICABLE
(IN) (IN) (FT) (LBS) (SLUGS)
DM1 -377 -76.8 | -25.0 40,904 2.6620E5 1
0 0 0 5.3219E5
0 0 0] 2.9685E5
DM2 578 833.2 -4.60 |588,637 | 7.0445E7 12
0 29.7 | -2.475 2.0090E8
0 -48.1 4,0083 2.0986E8
DM3 1541 " 75.65 " " 12
0 -2.475
0 4.0083
DM4 1541 " 75.65 " " 12
0 -2.475
250 24,842
M3 -377 " -84.183 |" " 12
-514.2 -45.325
0 4.0083
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o FLEXIBLE BODY
ol =x, v, z AXES

T P IER St U

TABLE 3 -14
PHYSICAL CHARACTERISTICS OF D7STURBANCE LOCATIONS
FOR SCB BODIES

T, R G S LTI - L T SIS e

Jii BODY
DISTURBANCE LOCATION BODY Ri gm, MOMFNT OF CONFIG.
CENTER | RADIUS WEIGHT INERTIA APPLICABLE
MODULE | BODY |POSITION | OF MASS ARM INERTIA
(IN) (IN) (FT) (LBS) (SLUG-FTZ) FROM TO
DM1 1 =377 -88.742 | -24.011 39,202 | 3.1021E4 1 1
0 0 J 2.6466ES
0 0 0 2 .6466ES
DM2 6 578 535.191 | 3.567 60,472 | 3.3632E5 5 12
0 0 0 1.3981E5
0 ) 0 4.2742E5
DM3 7 1541 1150.995] 32.5 45,089 | 3.5866E4 8 12
0 0 0 7.4545E5
0 0 0 7 "RT3ES
DM4 10 1541 1541 0 £€2,08C 427 9 12
0 0 ¢ R 0
250 1145.65 | -74.971 ¢
HM3 1 =377 -321.92 | -4.59 142,031} 1 .3691E6 6 12
-514.2 0 -42.85 1.5339E6
0 25.403 -2.1.7 2.1758E6
3-45
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cj,ck = locations of the center or masc of the tody
along the j-th and k-th axes with respect to
the origin of the SCB axis definition

Also, E(mnrni) (3-27)
n=1

and m =i m, (3-28)
n=

where n = module number
N = total number of modules forming tha body of
interest
Docking

Docking disturbances to SCB will be as an initial
condition o: angular rate, W(o). Equations for the

solution of W(o) are generated in reference 3-14 utilizing

Figure 3-5. A generalized scalar equation to be
simulated for each case follows:

R V_-RV
y = zy

W._ (o) =
X 2 2
Jxx/ma+Ry +Hz
wy(o) = BVxRyY2 (3-29)
2 .2
J y/ma+Rz +Rx
RxV -R Vx
Wz(o) = S 2
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where

Ve Vy, Vz = linear relative velocity of the docking
vehicle along the SCB X, Y, Z axes

m, = mass of the docking vehicle

Jxx’Jyy’Jzz = the moments of inertia of the space base
about the vehicle or seciion of interest,
about the center of mass onf the vehicle

~r its section of interest

Equation 3-29 assumes that the impe:t of docking is
completely inelastic due to .iie operation of the docking
latching mechanism. Also, the docking vehicle is
assumed to be a point mass (or particle) ovnce it is
docked to the space base. A more complete derivation

of thes uations would have included inertia dyadics
for both bodies and the inertial translational and
rotational velocities at the instant of impact. The
resulting equations, however, would then be extreinely
complex. Thc docking condition would be assumed for a
fully loacded Shuttle Orbiter at a relative velocity of
0.5 ft/sec. The orbiter mass, m, will be assumed to be
7200 slugs (equivalent to a weight of approximately
237,000 1bs.). The magnitudes of Jii’ R, and k

J k
found in Tabirc., 3-13 or 3-14, dependent upon whether

can be

a rigid or flexible SCB is being simulated. Based upon
conditions shown in Table 3-12, only one component,
either VJ or Vk’ can exist during dock:..g. This can
further simplify equation (3-29) by eliminating one

of the terms in the numerator.
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If translational docking disturbances on a body are of
interest, the initial condition of a SCB linear velccity
can be defined as:

ma ]
V.(0) = | 55| ¥ (3-30)
R o) [ ma + mb -

Components of the V, vector are scaled to V in a
proportiona’.e manner as shown in (3-30)

where

mass of the space base

mb

T

[ve ¥y ¥,

MOMENTUM EXCHANGE ACTUATORS

On the basis of data presented in Sections 3.1.5 and
3.1.6, the number and size of momentum exchange
actuators can now be determined. An ideal momentum
exchange actuator for a vehicle and mission of this type
would be 2 double-gimbal control moment gyro (DG CMG).
Each CMG unit would have a spherical momentum envelope,
with modifications previously recommended to remcve

all gimbal stops. Assuming the same type as used for
Skylab, the angular momentum for each DG CMG is 2300
ft-1b-sec. The number of DG CMG units required for

each configuration is given in Pable 3-15. The largest
number of DG CMG units in the Table is 24 for configura-
tions 10 and 11. All 24 of these CMG units would also

3-48
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TABLE 3 -15
NUMBER OF DGCMG UNITS REQUIRED FOR ANGULAR MOMENTUM ENVELOPE

@ CMG H = 2300 FT-LB-SEC EACH

® ASSUMES NO REDUNDANCY
@® SPHERICAL CMG ENVELOPE

DGCMG UNITS

CONFIG. ATTITUDE MAXIMUM NORMAL
1 XPOP 2% 2%
2 " 2% 2%
3 " 2% 2%
4 g 2% 2%
5 " 2% 2%
6 " 2% 2%
7 " 2% 2%
8 " 12 11
8M XP-POP 4 4
8A XPOP 6 5
9 " 18 18
oM XP-~POP 18 18
10 XPOP 24 22
10M XP~POP 24 21
11 XPOP 24 22
115 XP-POP 24 21
12 XLV 11# 2
12M XP-LV 11# 2%

*MINIMUM REQUIRED FOR CONTROL OF VEHICLE

# DOES NOT INCLUDE ANGULAR MOMENTUM REQUIREMENTS FOR ROLL AXIS
MANEUVERING WHICH IS NECESSARY FOR POINTING SOLAR WINGS AND

ARRAYS DIRECTLY AT THE SUN
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3.3.1

be available for configuration 12, although only 11
units would be required for the worst ease conditions.

ROLL AXIS MANEUVERING

The additional 13 units would be available for assistance
in cyecling the roll axis of the vehicle about the vertical
axis for accurate pointing of solar panels throughout

each orbit, if desirable.

Reference to Table 3-9, however, indicates that a total
of 59 or 34 equivalent CMG units would be required for
vehicle roll about the local vertical with B angles of
30 and 45 degrees, respectively. For B=45 degrees, the
additional angular momentum about the X axis can be in
the form of 10 reaction wheels (2300 ft-lb-sec), 10
single gimbal (SG) CMG units or 10 additional DG CMG
units. The reaction wheels (RW's) would extend the
momentum envelope of the system to the equivalent of

34 CMG's in the + X direction, while 24 actual CMG's
would still be available for control about the Y and

Z axes.

If 10 single gimbal CMG units were used, needless
momentum would be available for the Y and Z axes (beyond
the 24 DG CMG units which are already redundant). The

10 SG CMG units would weigh more than the 10 RW's because
of the gimbals and gimbal servos. Also, additional
software would be required for the RW steering control
laws.

If 10 additional DG CMG units were added to the system,
they would weigh more than the RW's or the SG CMG units
because of the gimballing and controls. The steering



control law software, however, is easily integrated
into the software existing (reference 3-15) for the
original 24 DG CMG units. The full spherical momentum
envelope of 34 DG CMG units would then be available

and no additional steering control laws would be
required. On that basis, the addition of the 10 DG CMG
units appears to be the most attractive approach.

The fixed roll angle approach (with the Y vehicle axis

IN the Orbital Plane and with the Z axes NORMAL to the
Orbital Plane) would be used for B angles less than

45 degrees. For a Bangle just slightly less than 45
degrees, only 71% of the solar power would be available

at the solar panels. For smaller B angles, the efficiency
would improve up to 100% when B = 0. For B angles

larger than + 45 degrees, the roll about vertical
maneuvering would be required and 100% of the solar

panel electrical power would be available.

If the roll control transition is to take place at B=30
degrees, then the minimum solar power efficiency would
be improved to 86.6%; but 35 additional DG CMG units

(or SG CMG's or RW's) would be required for configuration
12, Figure 3-6 summarizes the trade off between solar
power efficiency and the number of additional DG CMG
units as a function of the B angle. The horizontal
straight line is when the vehicle maneuvers in roll
about the local vertical. The curved portion (actually
a cosine B function) is for when the roll angle is fixed
and the Z, or solar drive, axis is normal to the orbital
plane,
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A

35 ADDITIONAL DG CMG's
(59 TOTAL)

10 ADDITIONAL DG CMG's
(34 TOTAL)

CONFIGURATION 12
X LOCAL VERTICAL

1 3

0 30

45 90

+ B ANGLE (DEGREES)

SOLAR POWER EFFICIENCY FOR X LOCAL VERTICAL ATTITUDE
AS A FUNCTION OF B ANGLE AND NUMBER OF ADDITIONAL

CMG UNITS REQUIRED
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3.3.2

ALTERNATE NON-ROLLING SOLAR POINTING APPROACH

An alternate approach would completely eliminate roll
maneuvers around the local vertical for all B angles --
with a slight increase in the average solar power
efficiency. For B angles with magnitudes less than 36
degrees, the same technique as previously described
would be used: the vehicle roll angle would be set at
90 degrees (relative to that shown in Figure 3-2) and
the solar panels would be controlled to point tovards
the Xo axis on the diagram. The efficiency would then
be equal to cosB.

For B angles larger than 36.1 degrees, the vehicle roll
angle would be set to O degrees (Y axis normal to the

orbit plane) and the solar panel drive would attempt to
point towargs the sun (maximize YSoXI). This can be accom-
plished by using solar aspect sensors on the solar panels

to set XS'XI=O' Ordinarily the solar power efficiency would
vary in a cyclic manner as a function of orbit position
angle ao. The resulting instantaneous solar power

efficiency would be

3 -
n = YSoXI = [1 - (cosB sina)z] (3-31)
Also,

tans = %g-:—% (3-32)

where § = solar panel position angle.

An expression can also be generated for the average solar

power efficiency as a function of the B angle using (3-31):
n/2

7= % fn do (3-33)
[o]



$ ANGLE MANEUVERS
USING CMG's

] !
: 100

100
]
920 - 20
| 0
i 80 80
; AVERAGE
: EFFICIENCY
; (PER CENT)
60 60
i #
{ ? CONFIGURATION 12
X LOCAL VERTICAL
10
| 1 | 1 L
0 0
0 15 30 45 60 75 90
8 ANGLE MAGNITUDE (DEGREES)
A: ¢ = 90O (ZPOP), SOLAR DRIVE OPERATIONAL (POINTING TO Xo)
- B: ¢ = 0° (YPOP), SOLAR DRIVE FIXED (8 = 0 or 180°)
;\: C: ¢ = 0° (YPOP), SOLAR DRIVE OPERATIONAL (XS.XI = 0)

. FIGURE 3-7 SOLAR POWER AVERAGE EFFICIENCY vs. BETA ANGLE
o , FOR THE ALTERNATE NON-ROLLING APPROACH

3-54

v r—

PN

[ S



%@?%““”;ﬁ( g’r‘( ‘;'""""""~'J- _l‘ .

P

[——— oy Wrmowopt

Wrsmodd
3

pmmm by

1

s §

it B

The integral portion of (3-33) (tabular data was obtained
in reference 3-16) is an elliptic integral which results
in curve C of Figure 3~7. Curve A is for the case when
the solar panels point towards XO {when ¢ = 90° or the

Z axis of the vehicle is perpendicular to the orbit
plane). A composite of curves A and C would then be
utilized; they cross at B=36.1° where the average

solar power efficiency is approximately 80.8%. This is
an apparent improvement over the method described in
3.3.1 since no continuous roll axis maneuvering or
additional CMG units are required. This should be the
preferred approach. The CMG units indicated in Table
3-15 would then apply.
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SECTION 4

MOMENTUM DESATURATION

DESATURATION REQUIREMENTS

Desaturation requirements are based upon the longterm bias
torques determined in the preferred orientations o7 :aci 3CB
configuration. The requirements for momentum des.-.uratio' are
listed in Table 4-1. The worst case average torque for one
orbital period is also tabuiated. Almost all of the disturbance
torque is abcut the space construction base (SCB) Z axis for

all twelve configurations. All of these are summarized in
reference 4-1.

Magnetic torquing, reaction control (RCS) and gravity gradient
(GG) desaturation were evaluated for the XPOP orientations and
also for the X local vertical alignment for configuration 12M.
Characteristics of these approaches were independently deter-
mined in reference 4-2. They will be reviewed in the following
paragraphs and then compared st the end of this section.

MAGNETIC DESATURATION

A counteracting magnetic torque Em is generated on the vehicle
by M, a torque coil system magnetic moment, interacting with
the earth's magnetic field B according to the physical law
given by:

L, =MxB (4-1)

where each vector in (4~1) can be put in vehicle coordinates.
SI units for Lm, M and B are N-m, A-m2 and tesla, respectively.
The average Lm torque vector per orbit should be equal and
opposite to the average disturbance torque of the previous

orbit, as measured from the momentum exchange control system.
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A basic orientation of rour magnetic torques relative to vehicle
axes is given in Figure 4-1. If A 1is set at 35.26 degrees, each
component of the magnetic momemt vector m = [m1 m, mg m4]T

has direction cosines of equal magnitude with the X, Y and Z axes.
A block diagram for the typical implementation of a magnetic
torquing system is shown in Figure 4-2. Both the minimum energy
(ME) and cross product contrél laws are described. The cross
product law is easier to compiihend and implement, but the ME law
is expected to use less electrical energy and could be a candidate
for the SBC application.

An explanation of some of the symbols follows:

B = predicted magnetic field of the earth at the instantaneous
location of the SUB in orbit, in vehic.: coordinates (tesla)

B, = actual B (tesla)

gm = measured B (tesla)

&AVG = average bias torque (previous or presently predicted orbit)
in vehicle coordinates (h-m)

Lm = generated magnetic torque in vehicle coordinates (N-m)

m.m, = actual and commanded magnetic moments, respectively, in
coil coordinates (A—mz)

M,M, = actual and commanded magnetic moments, respectively, in
vehicle coordinates (A-mz)

T = time period of ME control law soiution (sec)

AH = angular momentum vector change (or commanded dump) over the
period T (N-m-sec)
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SECTION AA

BASIC ORIENTATION OF MAGNETIC TORQUERS

FIGURE 4-1
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Note that the diagram assumes m = m.. The first two blocks
on the diagram must be implemented in the computer, while
the second two blocks are inherent to the individual orient-
ations and the operation of the torquer coils.

Table 4-2 is a summary of the magnetic torquing system char-
acteristics. An average earth's magnetic field flux magnitude
of 0.1 x 10”% tesla is assumed to be available on either the
vehicle X or Y axis. This is a fairly conservative estimate
for all orbits.

From the block diagram we see that

LMz = 0.577 (m1 t m, + mg + m4) B = 2.3094mB (4-2)

gives the Z-axis magnetic teorque if the directions of the mag-
netic moments are properly obtained from the control law.
Utilizing the torque requirements from Table 4-1, the required
magnetic moment per coil (m) was calculated. It was also re-
calculated for the case when one coil (as shown in Figure 4-1)
has malfunctioned. A magnetic torquer size of 3300 A-m? was
selected for configurations 1 through 7.

Each coil is estimated to be 84 inches long and 3.1 inches in

diameter., The weighi of each magnetic torquer will be 90 pounds

and will require 22.5 watts for a maximum magnetic moment.

The magnetic torquing system was tripled for configurations
8M and 9M, and multiplied by another tenfold for configurations
10M and 11M, If magnetic torquing were to be used for con-

figuration 12M (X local vertical) without any additional gravity

gradient or RCS assistance, the system would have to be multi-

plied 130-fold when compared to the original system for the earlier

configurations, the reason for this being the large solar panel
surfaces being located so far from the center of mass.
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4.4

RCS Desaturation

An RCS desaturation system would be operated on demand, i.e.
whenever the momentum envelope of the CMG system is approached
or whenever the opportunity exists. RCS thruster locations
are assumed to be available at the largest radius arms along
the X-axis and to operate as a couple (for all except con-~
figuration 1). A specific impulse ISP was assumed to be 300
seconds. The time period At for each configuration was as-
sumed to be four months each, also the worst case average
torque was assumed to exist over the complete At period of
operation. The propellant weights per configuration and the
total accumulation were then computed. All of these char-
acteristics were tabulated in Table 4-3. Although the propel-
lant weights do not include tankage, valving, piping and
thrusters, they appear to be very competitive with magnetic
torque desaturation. The weight numbers are quite low con-
sidering that the fuel is consumed over a four year period.

Gravity Gradient Desaturation

Whenever the SCB is not in a precise pointing period during
its mission, it can be tilted slightly from its nominal
orientation to generate a gravity gradient torque which is
equal and opposite to the cumulative bias effects of aero-
dynamic, radiation, magnetic and also gravity gradient dis-
turbances. For example, in the XPOP mode a slight tilt about
the Y or Z vehicle axes will generate desired gravity gradient
bias torques about the Y and Z axes, respectively. Torques
may also be generated about the X axes through a combination
ol Y and Z axes tilts; this effect, however, will be much
weaker because of the actual inertia properties of the SCB.
The approximate (small angle) gravity gradient bias torque
equations, which assume a circular orbit and neglect product
of inertia terms, follows:

4-9
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orbital rate (rad/sec)

e, v small tilt angles about the vehicles Y and Z axes,

respectively.

A similar relationship also exists for the X local vertical
attitude during configuration 12.

Ordinarily, the tilt angles will be constant over the whole
orbit and will be updated every orbit or so. But when an
inertial orientation is required for celestial viewing, there
are some problems in using gravity gradient desaturation:

(a) Large angular momentum build-ups may require large tilt
angles during occulted portions of the orbit.

4-10
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(b)

(c)

(d)

An additional momentum capability would be required

for slewing through large angle maneuvers.

N

Most of the disturbance bias torques will be due to

gravity gradient and aerodynamic effects; if the aero-

dynamic bias torques

change appreciably for large

tilt angles, it is possible that an angular momentum
buildup may not be bounded by simple gravity gradient

control.

More complex software.

For the reasons stated above, it is recommended that another

desaturation scheme (magnetic) be available for SCB configu-

rations requiring orientations other than XPOP or X local

vertical. Gravity gradient

desaturation, however, does have

some advantages for these preferred orientations:

(a)

(b)

(c)

It is virtually weightless and requires no power (no

additional hardware).

Software for continuous tilting is fairly simple

No contaminants are released in the immediate vicinity

of the vehicle.

=
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4.5

Summary

The three desaturation schemes which were discussed may be
compared by listing some of the disadvantages of each as
listed in Table 4-4. The magnetic torquing system appears

to be the most flexible approach. For the last few con-
figurations (10M, 11M, 12M), however, the magnetic system
gets extremely heavy in weight. For configurations 10M and
11M RCS thrusters may be mounted on the CCM and LM1 modules.
The RCS will then be the primary desaturation approach for
10M and 11M, with some assistance from the magnetic torquing
system. It would actually be recommended that the RCS system
be installed prior to configuration 8M or 9M and be available
as a backup or for an emergency desaturation condition.

No additional desaturation equipment would be required for
configuration 12M, since a "fixed" gravity gradient tilt

angle from the local vertical can be used to counteract a

long term angular momentum buildup. One additional compli-
cation with 12M, however, is the continual cyclic rolling about
the locai vertical for B angles greater than 30 or 40 degrees.
The CMG angular momentum buildup should be separable from the
cyclic momentum for controlling the roll angle about the local
vertical; this buildup would be an input signal to the gravity
gradient moment management control law.

A summary of recommendations for SCB momentum management is
shown in Table 4-5. A magnetic torquing system can be used
for configurations 1 through 9M, with the RCS system used as

a backup for 8M and 9M. The logistics of propellant fuel re-
plenishment and thruster relocation for an RCS desaturation
system s thus circumvented for the first seven configurations.

4-12
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4.6

Rather than a tenfold increase of the magnetic torquers for
configurations 10M and 11M, the RCS system can become the
primary desaturation system at that point. Progressing to
configuration 12M would ordinarily require a larger increase
in propellant weight. But fortunately configuration 12M is
in an X local vertical orientation. A fixed small tilt angle
from local vertical can be utilized such that a fixed gravity
gradient torque cancels the large Z axis aerodynamic torque.
The twelve magnetic torquers and the existing RCS thrusters
can be used for backup and for short term assistance in de-
saturation,.
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SECTION 5

5.0 CONTROL SYSTEM APPROACH
5.1 INTRODUCTION

This sectionis part of @ study of control system concepts for the
Space Construction Base. This effort is directed to investigate control
during buildup, 1.e., wirile the Space Construction Base is being assembled
in low earth orbit. Study emphasis {s on coupling control and control
coordination since these are identified as prodblem areas peculiar to this
application. This section presents a clarification of anticipated design
problems and control concepts.

Within the next 10 years, earth gatellites are expected to include
a new breed of large structures constructed in space, Each one may serve
a wide range of functions from scientific experiments to manufacturing
in the zero-g environment. Others may have special purposes such as
collecting solar energy and either retransmitting it to earth via micro-
wave or servicing other space systems. Many of these satellites will e
constructed fromsections transported by the Space Shuttle.

These large structures introduce new challenges to control system
design. The changing physical structure during construction affects the
optipun distribution of sensors, the control system structure, and con-
trol parameters. The large size and requirements for minimizing weight
can bring structural modes within the control system bandwidth - result-
ing in stability problems and coupling effects.

5-1
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The Space Construction Base provides a conceptual baseline for
various systenm studies related to these large space structures. It is of
"{ntermediate size" with outer dimensions of 320 by 420 tt. 1lc {1s
conceived to be constructed in s sequence of twelve configurations ove:

a period of four years or longer.

The objective of the study described in this se¢-iionis to investi-
gate Space Construction Base control problems throughor buildup and
during any dynamic testing while in low esrth orbit (LEO). The control
system must maintain overall stability, include vernier control for at

least one element or module, and provide maneuvering capability.

The emphasis in this work is on those control problems which are
pecu’iar to vehicles such as the Space Construction Base. This includes
sppendage and module stabilizing control in which the coupling between

modules and appendages, shape of individual modules or appendages, and
the damping of structural modes are controlled. This also includes the
vehicle control coordinator which must vary control parameters and
select sensors according to configuration and performunce changes. Spe-

cial problems also include model uncertainty and reliability.
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5.2 OONTROL PROBLEMS AND AFPROACH

Eventually, it is desired to define a control system concept which
will stabilize the Space Construction Base attitude, in whole and in part,
and provide vernier, maneuvering, and momentum management capability.

Such a system must be designed in light of model uncertainty, adapt to
conf: guration changes, function in the presence of strong intermodule
interactions and low structural damping, and have a high degree of system

integrity with respect to possible component failures.

The Space Construction Base concept introduces a special set of
control problems. The control system must accommodate itself to changes
in the structure during buildup. It must be relatively insensitive to
uncertainties in the structural dynamics since they will not be known
precisely. The structure must be regarded as being flexible due to its
large size and due to the need to minimize its weight. It must be recog-
nized that the Space Construction Base will be used for a wide variety

of purposes.

The purpose of this section is to outline a control system concept
for the Space Construction Base. Emphasis is given to those elements
which are peculiar to this application. The categories of control and
control requirewents are discussed in Section 5.3. This is followed
in Section 5.4 by a description of the overall control system concept.
Important problems special to the Space Construction Base are outlined
in Section 5.5. Sectioas 0.6 and 5.7 outline approaches for two control

functions of importance for large spacecraft,
5.3 CONTROL FUNCTIONS

As a convenience, the control of the Space Construction Base may

be divided into several functional areas:

R L T T L B ORI s— e et - =



o P

e CYoarT
h
W""“ J

A. Appendage and module stabilizing control includes coupling

control, shape control, and artificial damping of structural
modes. . Coupling control ranges from complete decoupling to
artificial stiffening in which one module is slaved to

another. These functions must be accomplished while the

Space Shuttle is docking, station-keeping or maneuvering. This
functional area is somewhat analogous to th. stability augmen-

tation function of an aircraft.

B. Attitude control holds a given overall orientation of the

spacecraft. This would be referenced to an inertial frame
or local vertical. Typical accuracy requirements would be

on the order of 0.5 deg.

C. Vernier control holds an instrument, element, or module to a

precise attitude. Typical accuracy requirements are 1 to

10 arc-s.

D. Maneuvering control changes the overall orientation of the

Space Construction Base such as required for docking or for

minimizing gravity gradient torque after a module has been added.

E. Momentum desaturation is required with moment exchange devices

such as reaction wheels (RWs) and control moment gyros (CMGs).

Thus, secondary actuators are used along with CMGs and RWs.

The functional structure of the control system design reflects
the philosophy and complexity of the control system. It must express
the delegation of computer authority, a definition of control loops,
and guidelines for sensor and actuator distribution. Further definition
of the functional design would include control loop parameters such as
gain factors, filter constants and sensor and actuator dynamic require-

ments (bandwidth, position and rate limits, etc.)

The delegation of computer authority is tied to the use of central-
ized or decentralized control. The viewpoints of hierarchical and multi-
level control may be adapted to this application. Decentralization has

5-4
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be ‘ome more attractive for digital control systems recently with the \
growth of microcomputer technology. Intervention from ground comtrol

should be an integral part of the concept.

The extent of coupling among control loops is an important part
of the functional design. Artificial stiffening is an attempt to force
the space vehicle to act as a single rigic¢ body, i.e., control action
substitutes for a very hcavy rigid structure. Complete decoupling is an
attempt to cancel interactions between the control loops. Partial de-
coupling limits the interactions to assume sufficient stability margins.
Artificial stiffening between modules would be desirable during maneu-
vering so as to rotate the vehicle as a unit. Decoupling control, how-
ever, may be more desirable while holding a given attitude so as to
winimize the coupling of disturbances. Notch filters serve to decrease
the interactions between control loops and the structural modes but make

the design sensitive to model uncertainties.

Guidelines should be established for sensor and actuator distri-
bution. These will establish the relationship of location selection
to mode shapes, function of the given module, and center of gravity.
The number of sensors and actuators on a given module also depends on
these considerations. The possibility of including more sensor locations
than actuators should also be considered since mdny sensors are of lighter
weight and lower cost than the actuators. Also, optimum sensor loca-

tions may then be selected according to changes in structural modes.

The mechanization concept would include many hardware selections.
For example, there would be some consideration of using digital or anmalog
computers at each level of control. Sensor choices may include different
classes of gyros and accelerometers, as well as strain gages. Actuators
may include CMGs, torquers/motors, and/or reaction jets. Possibly the
earth's magnetic field combined with local electromagnets may be used
for momentum management.

5-5
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5.4 SYSTEM CONCEPT

Figure-ﬁ;l illustrates & functional concept for the Space Cuinstruc-
tion Base control system. It is intended to fulfill all of the categorie:
of control outlined in Section 5.3, Each block will be changed as the
Space Construction Base is assembled.

The Vehicle Control Coordinator would change control parameters
as the configuration changes. The selected parameters may be predeter-
mined nominal values corresponding to each configuration, values based
on sensed behavior of the system, and/or values remotely commanded by
a ground station. It would also be capable of selecting or weighting
sensor outputs based on estimated modal shapes. The coordinator may
include an identifier for estimating the dynamics of the vehicle. The
identifier may simulate an adjustable model whiclh is updated based on
observations of the actuator commands and sensor outputs. Some of the
coordinator functions may be performed in a ground computer. The

vehicle control coordinator is discussed further in Sectiom 5.7.

The Vehicle Attitude Reference Unit may be located in the Habita-
bility Module or the Subsystems Module since these are included in all
configurations. It would include gyros, a fixed reference system such
as a star tracker, and a computer (or computer segment) for strapdown

guidance computations.

The Vehicle Manuevering and Attitude Control unit seeks to maintain
a desired overall vehicle attitude or nlew rate. Primary coantrol will
likely be achieved through use of the double gimbal control moment gyros
(DGCMGs) .

The primary actuators for momentum management are assumed to be elec-
tromagnetic. Thrusters should provide backup. A magnetometer is likely
needed to determine ambient magnetic fleld so that electromagnetic re-

quirements may be computed to achieve a given moment.

Vernier controls are separate functions. A separate set of sensors,
control logic and CMGs is required. These would be localzed to vehicle
elements such as the research pallet.

5-6

g

|

R et ol T )



adaouoy 1o1juo) aseq adeds - [-g 3andTd

1
S04 INOD W
SI041N0D _ INISVN "0 _
anv _ Wi LNIWOK 01314 1L3NOW
S1INOVROH1D313 : ¢——— INIIEMY |
|
ms,.:.o.u_z“&maﬁ SI0HINGD q- LINN 3ONIYIIY
SYILSNYHL YITINY3A T04ANOD Y3INM3A
ST T T 7 1041NOD 30NLTLLY V1VO 300W
€  aNV ONIH3ANINWW - NOLLVYSIA 1M
S04 1N0D ERRRTTELN IN1SSII0Ud
o < ONIZIT18VLS 31NQ0W — DbV SHIsu3s
300301 F9VONIddV NV 33VON3ddV ] 30N0L 0w 33ecd
INIMIOVNWH RIINIWOW OL SI0YINO) TV OL wﬁ:ﬁ%

A

STOUINOD IWI
any
SOWI20

fiee

213 *SINIWLISACMQY GNVWWOD °*NOT1D373S ¥OSN3IS

*SUILINVYYA TOUANDD ° SONVWWOD 30nL114v ITDIHIA

04 4NOD
GNAOYD

401VYNIQ4002
041NOD FVDIHIA

LIND NI
0NL11Y ITDIHNIA

5-7



The control concepts described in the above discussion are similar
to those found on many existing spacecraft. The coordinator functions
are probably more important and complicated than in many other space
vehicles. However, the newest feature is the Appendage and Module
Stabilizing Control (or just stabilizing control). This feature is
discussed in Section 5,6 with supporting simulaiion and analysis resuits
given in Section 6.

The Force and Torque Sensing and Processing Units provide primary
inputs to the stabilizing controls. The applicable sensors are strain
gages from which coupling torques and relative angles are computed.

The coupling torques are at the interconnections between modules and
between modules and appendages such as the solar pan:ls, external tanks,
and antemna support structure. The strain gages will also be used to
provide vibration modal data for the Vehicle Control Coordinator and
Ground Control. The number of sensor locations may be limited by such
considerations as computer capacity and calibration requirements. Al-
ternate sensors such as optical devices may also be considered for stabi-

l4zing control.

The primary actuators for the coupling control function of the
stabilizing controls are appendage to. - ue motors. Shape control and
artificial damping may also be accomplished with torque motors. For
larger appendages such as the large solar panels, CMGs may be used for
actuation providing there is another type of actuator for momentum

desaturation and for balancing large constant torques.

5.5  SPECIAL PROBLEM AREAS

Because of its large size and its buildup in orbit, the Space
Construction Base presents special control problems. These must be
considered in any trade studies and in design development.

One of the primary considerations is model uncertainty. It
is not practical to conduct meaningful preflight dynamic tests of the
entire structure. In fact, the final configuration may be unknown
vhen the first sections are placed in orbit. Modes of multiple-connected
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Table 5.1 - Control System Design Trades and Considerations

Functional
Elements

e

[T

Design Feature
Trades

Considerations

[
Wawsan §

Functional assignments
to ground control or

Space computer requirements
Response time
Flexibility in adapting

to configuration and

. vehicle operational changes
2 H g::i;i:asg:trOI which control parameters Reliability
> should be adjustable Design sensitivity to model
. which sensors should uncertainties
i - be selectable Capability to influence
Ao« dynamic performance
Cost
L
i
<3 Application of rotary Cag:::iizz to improve dynamic
actuators versus
\ CMGs to appendage Availability of appropriate
: actuators
T and module stabili-
zing Power r:quirements
Actuators Actuators for desatu- Size and weight
: Reliability
: ration of CMGs
: (passive devices Cost
Desaturation requirements
f versus mass expul- Resupply requirements
i sion thrusters) PPy Teq
Size and weight
: Accuracy
: Sensitivity to model uncer-
tainties (including modal
shapes)
Strain gages versus Dynamic response
Sensors optical devices for Linearity
. relative angle data Range
i Reliability
i Cost

Calibration requirements
Multiple usage capability
Power distribution requirements

Appendage and
Module Stabili-
zing Controls

wlhiere to insert
coupling controls

where to imsert
shape controls

where to insert
artificial damping

Capability to improve dynmamic
behavior

Reliability

Cost

Actuator requirements

Power requirements

Sensor requirements

Sensitivity to model
uncertainties
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large structures cannot be accurately predicted analytically. Also,
the analytical models used in control system design are necessarily
simplified. The control system must be designed to satisfy performance
requirements in spite of these uncertainties.

Another consideration is that the cuntrol configuration will change
as modules are added. Control of a given module may require sensor data
from other modules leading to greater complexity as others are added.
Actuator requirements on a given module m:y depend on the number and
size of other modules, as well as local wveight and weight distribution.
The control of a g. .en module must adapt to disturbances propagated
from other modules. As modules are added, new structural modes are
added and others shifted. Fixed sensor and actuator locations on a
given module may not be optimum for all configuratioms.

Even if the configuration of the Space Construction Base were
constant, there would still be special control problems. Strong inter-
action among the modules may lead to a need for some degree of decoupling.
Since a complex control system can be highly susceptible to component
failures, the system integrity must allow satisfactory performance of
many functions in spite of some loop failures. Control system computa-
tional requirements must also be considered. There are restrictions
on locating actuators. For example, the small solar panels will un-

likely support the mass of control moment gyros (CMGs).

Table 5-1is a summary of asome control system design considerations

for the Space Construction Base,
5.6  APPENDAGE AND MODULE STABILIZING CONTROLS

The controls under discussion in this section include coupling
controls, shape control and artificial damping. They serve to stabi-
1lize the Space Construction Base by controlling either module inter-
actions or individual modules directly.

5-10
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Potential actuators include rotary torquers, control moment gyros
(CMGs) , and motor driven cable winches. The rotary torquers would be
placed at the joints between modules and used primarily for coupling
control. Some rotary actuators will be free to rotate to large angles -
e.g., a solar wing must rotate to maintain pointing toward the sun.

CMGs may be used for any of the above functions but must be supplemented
with other actuators for momentum desaturation. Cable winches may be
used in coupling or shape control if the dynamic response requirements
are minimal. For example, such a situation would exist if there is a
large constant torque required to maintain a desired shape (to overcome

a spring restoring torque).

Coupling control may accomplish either decouﬁling or stiffening at the
points between modules and between module and appendages. Both charac-
teristics may be obtained through control mode switching. Decoupling
control would be applied when it is desired to minimize the transfer of
disturbances. On the other hand, artificial stiffening may be applied
during maneuvers so that the structure will rotate as a whole.

Figure 5-2 illustrates how « rotary actuator may be interfaced to
an appendage hinge joint with the main body. Double Gimbaled Control
Moment Gyros (DGCMGs) are assumed to be controlling the main body. As
shown, the rotary actuator will spply a torque to both the main body and
appendage. The reaction torque on the main body may be cancelled with
a command to the DGCMGs. Alternately, the attitude control on the main
body could be allowed to make the necessary corrections.

Decoupling control is shown in Figure5-3. The main body and
appendage each has its own control loop (via Kel and Kez) for stabiliza~
tion. The decoupling serves to cancel or partially cancel the coupling
terms shown in Pigure 5-2. The extent of decoupling is governed by the
gain factors, K., and K., (0 < K., <1).

5-11
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Artificial stiffening control is illustrated in ¥igure 5-4 In
this case, the appendage attitude command is set to the main body angle.
There 18 no decoupling and the contrul parameters will generally have
different values than with decoupling co. .rol. The objective is to
slave the appendage angle to that of the main body. This wouid be

desirable during any maneuver,

Both the decoupling control and artificial stiffening include an

82 and Kéz .

tion has been found convenient fcr the study of decoupling and arcificial

appendage control loop with the paranters K Th’s configura-
stiffening controls, but it is not necessarily the best for the damping
of structural modes. Therefore, alternate configurations such as that

of Figure 5-5 ghould be investigated. The concept shown includes a band-
pass filter to isolate the mode being damped and has a higher rain to

be responsive to the controlled mode.

The use of coupling control will certainly be selective, That is,
for a given appendage and axis of rotation, the coupling may b: lert
uncontrolled. For example, thc couplings from the solar wings to the
main body about the Z-axis (wing torsion) will probably be uncontrolled
(KCI = (0 in Pigure5-3 . This is because a motion of a solar wing about
this axis will have little effect on the main body due to the large
difference in moments of inertia. However, coupling from the main body
to each solar ving about the Z-axis will probably be controlled (Kc2 > 0)
since any disturbance on the main tody will otherwise propagate to the

solar ving.
5.7  VEHICLE CONTROL COORDINATOR

Due to its large size and the buildup process, the Space Construc~
tion Base control system will require some means tc adjust control parame-
ters and select sensors. These functions are achieved through the Vehicle

Control Coordinator with eome interaction with Ground Control.
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Tvo concepts for making these adjustments are discussed briefly
in this section. These represent two extremes in the level of complexity
of the spaceborne control system. The actual configuration may include
features of each concept but will probably be closer to the simpler
approach of FPigure 5-6.

Figure 5-6 1llustrates a concept with a minimum level of on-board
capability. All of the central parameter and sensor selections are
determined on the ground through the mission support function. The ground
simulation is updated based on performance data received from the space-
craft and is used for determining desirable control parameters and sensor
locations. The central ccatrol unit functions primarily as memory so as
to minimize radio communication requirements. There is some capability
for manual intervention by space personnel. Those variables which have
errors characterized as stochastic are estimated with a Kalman Filter or
Extended Kalman FPilter. Those which are characterized as deterministic

are computed with an Observer.

Figure 5-7 shows a concept with extensive on-board capability.
The control parameter and sensor selections are determined primarily
from on-board computations in the Vehicle Control Coordinator. The
ground simulation serves to interpret performance data transmitted from
the spacecraft. Ground Control provides overall instructions such as ma-
neuvering and docking commands. Ground Control may also provide a backup
to space computations. The Coutrol Configuration Controller, Identifier,
on-board dynamic model simulation, and estimatcr-observer provide adap~-
tive control capability. The identifier compares the csystem performance
wvith the dynamic model and adjusts the model accordingly. The compari-
sons may be made using test signal inputs or be based on the response

to normal disturbances.
5.8  DISTRIBUTION OF SENSORS AND ACTUATORS

A basic part of the control system design will be the selection
of actuator and sensor types and locations. This will be based partly
on the determination of torque requirements for countering disturbances

such as gravity gradient and aerodynamic drag.
5-19
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Table 5-2 (ists some of the trades associated with sensor and

actuator distribution.

The extent to which performance such as stability

and pointing accuracies can be improved over uncontrolled behavior 1s of

fundamental importance.

Certain locations such as the small solar wings

are not feasible for relatively large and heavy actuators such as CMGs

and large sensor errors.

{
! and the accompanying momentum desaturation actuators. Structural modal
E shapes must be considered so as to avoid strong actuator interactions

Table 5-2 - Considerations for Sensor and Actuator Distribution

Item Under
Consideration

U

Alternatives

Considerations

1. Actuator Locations

Modules on main
body

On appendages

At appendage hinge
joints

At module intercon-
nections

Performance require-
ments

Effectiveness in ob-
taining desired
moment or force

Size and weight

Structure modal shapes

Safety

Access for maintenance

Power distribution
requirements

Momentum desaturation
requirements

2. Sensor Locations

Modules on main
body
On appendages

Size and weight

Sensitivity to desired
measurements

Structural modal shapes

Power distribution
requirements

Access for maintenance

e seanes

s L
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5.9 MULTIVARIABLE DESIGN ANALYSIS

Although the primary tool for contrci system design is computer
simulation, there are some analytical approaches that are useful in the
design derivation. Most of the single~loop methods are well known and
do not require review here.

Multivariable or multiple-loop control, however, is an area of
continuous research — warranting more discussion., Multivariable
analytical approaches include:

A. Multilevel Control - This is a viewpoint of systems as con-

sisting of layers of decision levels. An overall system is
divided (or decomposed) into a hierarchy of goal-seeking

subsystems or decision problems.

B. Linear Quadratic Regulator (LQR) - This approach, also known
as Linear Optimal control, views the system as a whole with

the performance specified in terms of a single index.

€. Multivariable Nyquist Array (MNA) - This is an extension of

frequency response methods to multivariable control systems
and includes the concept of partial decoupling.

D. Characteristic Loci - This is another extension of frequency

response methods to multivariable control systems. It is
analogous to the root locus technique and does not require

partial decoupling as a separate step.

E. Other Algebraic Techniques - Pole/zero placement and matrix

transfer functions may be analyzed from a variety of alternate
viewpoints which have appeared recently in the literature.

Figure 5-8 shows a typical application of linear optimal control.
The design procedure is conceptually straightforward using available
computer programs. The gain matrix is often taken as a steady-state
constant matrix, but it must be changed as modules are added to space

5-21
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base. An estimation is required if the measurement noise and disturbances
are modeled as random processes. An observer is applicable to determinis-
tic systems which have some states that cannot be measured directly.

In practice, the design procedure is iterative. Firat, the choice
of an approximate linear model must be made. Second, a performance index
with desired weighting factors on each state and control variable must be
selected. For stochastic representations, the statistics must be deter-
mined, although they are generally unknown. After a design has been
computed, the resvlt should be evaluated on a more exact, possible non-
linear simulation. Since that result is unlikely to satisfy the designer,
the procedure must be repeated with different performance weighting or
a different linear model.

Figure 5-9 shows a digital control representation of the overall
space construction base control system - linearized about some reference
condition. The control parameters for the "digital controller” may be
derived using the LQR method. The first step would be to derive a con-
tinuous model for esch configuration of the control actuators (e.g.,

CMG servo loops), the overall .pace base dynamics, and the sensors.
Each model must be linearized and simplified for representation of per-
turbations about some reference point. Each model will have a separate
set of control parameters, i.e., an LQR design.

Each continuous model must be converted to a discrete model. This
may be accomplished once a sample rate has been selected. The state
transition matrix is obtained by summing matrices obtained from a trun-
cated exponential series expansion (of eAT wvhere A = continuous plant
matrix and T = sample period). For disturbances and noise, the covari-
ance matrices are converted by dividing by the sample period.

The objective of the control system design is to minimize a per-

formance criterion:

N
3 = E E {xT(1) (1) x (1) + uT(d - 1) G(1 - 1) u(d - 1)}
£=1
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where

X(1) = column state vector at i'th sample time (n components)

u(i - 1) = colum control vector at (i - 1)st sample time
(r components)

F(i) = n x n symmetric positive semi-definite matrix (plant
state variable weightings)

G(1)

r x r symmetric positive semi-definite matrix (cortrol
variable weightings)

E(Y) = expected value of Y

In order to solve the optimal control problem, it is first necessary to
select the performance weighting matrices, F and G. A convenient way
for doing this is to start with the identity watrices of state and con-
trol orders. Each diagonal element is normalized by dividing each by '
the square of the maximum expected value of the corresponding state,
error, or control variable. These weighting matrices are normally
diagonal matrices since any off-diagonal terms would lack physical
meaning. The normalized weighting matrix for the state variables is
multiplied by one constant and the weighting matrix for the control is
multiplied by another comnstant. The ratio of these constants then
determines the ratio of control activity to state variable variation.

Cnce the solution is obtained for several sets of performance
index parameters, it is necessary to test the resulting system design
in a nonlinear simulation, The performance of the simulated system
is compared as the performance index parameters are varied. Thus the
optimal control approach reduces the problem from trfal and error vari-
ation of control parameters to variation of the ratio between control
and state variable veighting. The linear model dimensions may also be
varied for evaluation through simulation.

5-25




The Multivariable Nyquist Array (MNA) method results in a systenm
such as shown in Figure 5-10. The control would serve to provide suffi~-
cient decoupling between modules to provide a given stability margin.
This function is labeled "partial decoupling” and is derived to achieve
a property called diagonal dominance. The actuator commands into the
"Space Base dynamics" may each influeuce the orientavion of mcre than
one module. On the other hand, the vector components into the "Partial
Decoupling" each has primary influence on g single module. Thus, once
partial decoupling is inserted, the "Individual Loop Controllers" may
be each designed separately as independent control loops. This could
be applicable to the analysis of stabilizing control for the Space
Construction Base.

Thus, in the MNA analvsis, the selection of control parameters
is divided into two problems (see Figure 5-11). The first is the par-
tial decoupling of otherwise strongly interacting loops. This is
accomplished through the proper selection of the parameters, lij' Once
this is accomplished, each loop is analyzed individually to select the

parameters, fii'

The control inputs to the plant, u and Uy, each affect both

outputs, 91 and 62. Partial decoupling through the proper selection
L

of 211. 112, 221, and lzz, wveaken the links between v and 62 and

ui and 81. That is, ui mainly affects 6; and ui mainly affects 8,.

The extent of decoupling defined in Pigure 5-1I for the 2-loop case,

i8 based on a theorem by Gershgorin.
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"y SECTION 6

6.0 DIGITAL SIMULATION

Two modeling approaches have been adopted for this study. A sinmple
one dimensional simulation is used for preliminary design development
and initial prediction of performance. A more detailed, three dimensional
n-body simulation has also been developed for futher evaluation of ex-
pected performance, Selected situations have been simulated on both
programs and conpared.

The purpose of this section is to describe the one dimensional model

and some preliminary results frouw its application.

6.1 DESCRIPTION OF ONE-DIMENSIONAL MODELS

The n-body, one dimensional systec is illustrated in Figure 6-1.
It consists of masses (Jl' Jz, ces Jr) connected by massless rods having

spring constants (Kl. Lz. cen Rn-l) and viscous damping (°1' Gy «vc @ ).

n-1
Torques are applied to the masses (Tl. TZ' ves Tn). vhich are each a sum
of disturbance and control torques. This model may be easily adapted to

Tepresent as many masses as desired.

THE
ODUCIBILITY OF
Eﬁlx)'l;‘m AL PAGE IS POOR

A A
1 1 v
) k. \?2 K,y Ta
©
) n-1
I I, )

Figure 6-1 N Body, One Dimensional Model
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The equations of motion are:

J1 El = -Kl 61 + Kl 62 LY 91 + 8y 62 + T1

3y K 6 = (K 4K 0 4Ky 6 40 by - (s +0)) b
+3, €3 + 1, (6-1)
n-1 5n-l :'n-2 n-2 (kn-Z + Kn-l) en-l + Kn-l en
* %-2 én-2 - ‘“n-z + °n—1) én-l " %he1 én * Tn-l

'e' - % . - . "
Jn n - Kn-l en-l l\n-l en * °n-] en-l Gn-l €~n Tn

For this study, a three body one dimensional model was extensively

used. With n = 3 in equations (3-1):

Jl 61 - -Kl el + Kl EZ - “1 el + °1 Gz + Tl

62 « K 6, - (K1 + Kz) 62 + Kz 63 + 8y 61 - (al + 02) ez

J 1 8

2
(6-2)
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A corresponding state variable representation is:

"
b

& = % in

XZ [T1 LY (Xz - X) - Rl(xl - X3)]/J1

X, = 1Ty +0,(%, = X)) + R (X = X)) = ay(X, -
- - XY/
| Ky (%5 - X1/,
! , 3T XS’ xs = k6
Xo = 1Ty + 0,(X, = X)) + Kp(Xy = X)1/Jg

T In vector form, equations (3-3) may be expressed:

}

i P‘xl'w

] x

I P‘EI-T 2

: X,

: 62 = [Cij]

- X

% €3 4

e X,

+f

" X

: 6

ﬂ‘ -

?‘ ™~
ol

!

|

A

' er‘.w _— L i . ._....:«,J-.,a.:u 4m*-r~M1wrn‘~h~ M e "‘i' i

S R MR L PV S L BT T S T

X) (3-3)



where

and

B = [bij} -
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The three pody one dimensional model is illustrated in block dia-

gunction for each body as vell as

sional model provides the opportunity for

fror. a variety of viewpoints.

exacplé,

! generalized control equation has

gram ior® in Figure 6-2. This shows the open loop

second order transfer

the dynamic coupling petveen bodies.

The above corbination of three represeﬂtations of

The state Space tepresentaticn.
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where
Tid = disturbance torgque N
T. = control torque , or THE
- o RepROPUCBEET Croen
dyy = rate feedback gain ORIGINAL

kij = position feedback gain

Depending on the control gains(ki , dij) selected, a8 variety of

3

contrel loop configurations may be realized.

Figure 6-3 1llustrates the vibrational modes of the three dimen-
sional model. Dypamic rotation about each of the three axes may be
studied individually, using the one dimensional model. The two modal
frequencies associated with each axis were chosen to be representative

of dvnacics of Configuration 1 of the Space Construction Base.

In order to relate the three dimensional model parameters tn the
one dimensional model, it is necessary to compute the effective moment
of inertia of each body or appendage. These inertias are referred to
the actuation point. The spring and damping constants were calculated
by deriving expressions for the eigenvalues of [aij] of the one dimen-

sional model, and equating these to the desired values.

One dimensional model parameters used to represent Configuration I

are summarized in Table 6-1.

A five body, one dimensional model has also been developed for
this study. Figure 6-4 ghows various applications of the one dimen-
sional model. The three body one dimensional model has been used to
represent each axis of the main body and one solar wing of Configura-
tion I. The wing is divided into two bodies to represent two modal
frequencies (6—4a). Four wodal frequencies of the solar wing may be
Tepresented by using the five body version of the one dimensional model
(6~4b). Also, the five body model may be used to represent the main
body with both solar wings present (6—4c).



4

sapuy jruvpivigia -g-9 Jand 4
yns
oA
PulN
b L L <
- y
Wit L 11]
A. S¥010M vl
™ B | R
s .
19NN .
90iN
1y v
i
sns
4SVH NOLIIILSNOD 4OVdS 40 T NOLIVHIDI4NOD
T T R A P e e

P

G000 = SiiW VW Y03

Lt
€10

TWWHON

o't = %m

260 = o

IWNOTSHOL

011V ONIdWVO JALLVIIY

oA

A G

v

2
\t.»

.xAﬁ\\

L
‘\.»

P an

|

2y

{uno

2 )S/SNyiuvd)

SIU0M ONIM BV I0S

6-8



pmen o f W A CF Ay it oae @ o am E

T T

-

TCRSIONAL MODEL

ry— s
[ s |

L 2

CEA
A

Figure 64 - Applications of the One Dimensional Model

6-9

- eJ é: 63 ¢
B | .
3 k-]
- ,’ \
) PO
& \_____~___‘
oo i
! .
g 31 . ks ¥
£ 1
1
3
¥
- QFr THE
: KEPRODUCIBILITY OF °
. [ S R
] APPLICATIONS
B —
: i
. \ 5
! Ig 3
SOLAR SOLAR 4 SOLAR
; WING OR WING OR WING OR  L—
' PANEL PANEL PANEL
3
J
1, 4
2
L,=ﬁ
MAIN BODY MAIN BODY MAIN BODY
I I g
(a) (v) (c)
I3
OTHER
WING OR
PANEL
J
-~ 1



tia b

L e e T T

[RPERY st el

e g

T PPN [ . N

- Y “- .

*Apoq ujuw pur Buim 1ujos U0 10y

5OXU 994yl JO Yorad INOQE UOFIoW JHUOFIVIOI s3juasaiday

L Z 0° 007001 z
€O 89IE = " 0°goyeoL = A 0°6l = ™™ Yy
. (s1%V-,1)
0°00981
1 . 1 . ) 18ia387]
0€LL YT = ™ 0°0lY866S = A $'T= o
0° 055096
o
66 1
0° 0us
00°Sst = v v ivgl = % '] =tn ) ©
. (syxv-,X)
! ) 0°008L1 1 w08
9iz 9L = v £ 89961 - A (1°0= '™
0°$901C
S - | -
¢ ) Y A9 z
6LLZ°L = v bus ey = "4 01T =™ (81xy-2)
i i SL°LSL [ jwuoysiol
6lBs"L = W TL°ss9 = A 0= "™
s 055096
e ]
(5 29d uweyprasqi-1y) (uugpra/qr-ay) (;5-41-33) (8/suu}pua) sa
*IsU0) dufdmig s>u0Ls A s jur Inuo) dujady ©jjao] JO sJUMOY SIpoy v

.

1 uojieandpjuo) i10j sasjoweied [3pOW [euojsuawiq aug - -9 3[qelL

O S S - -



e .

Berasinn.y oo
kit ]

®am s

Plowaithiind
W)

s aliis §

e a1
.

' MRS
;

These one dimensional models may also be used to represent the
large solar panels of Configurations X, XI, and XII of the Space Comstruc-
tion Base. In this case, one or both of the solar panels may be repre-
sented, with the remainder of the structure lumped into the 'main body.'
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6.2 SOLAR WING DECOUPLING OONTROL STUDY USING THE ONE-DIMENSIONAL MODEL

During periods when the Space Construction Base (SCB) is being
held at constant attitude, the decoupling control decreases the propa-
gation of disturbances between the solar wings and main body. The three
body one dimensional model has been used for this portion of the study.
Figure 6-5 illustrates the decoupling control concept. Momentum ex-
change devices in the main body of the SCB are represented by torque
TCI‘ Torque motors located at the hinge point between the main body and
solar wing are represented by torque TCZ‘ Actuators cannot be placed on
the outer section of the solar wing (represented by mass J3). hence
Tc3 = 0, and has been omitted from the illustration. A constant atti-
tude is held when 8¢ and 6,c are constant. With KCl = KCZ = 1.0,
complete decoupling of the bodies occurs; however, due to imperfect
sensors and actuators, this may not be possible to do in practice.

The rate and position feedback gains (K;l, X;Z, Kel’ KeZ) were
calculated assuming that the controlled body is completely decoupled
from the rest of the structure. A control loop bandwidth of 0.3
radians/s and a damping of 0.7 were chosen for this control. The gains

were calculated from:

o . 3. FT-LB/RADIAN

Ke1 *¥n1 %)

K;l Z;unl J1 FT-LB/RADIAN/S

K (6-4)

o2 = Up2> g FT-LB/RADIAN

K;z i Z;unz J2 FT-LB/RADIAN/S

The resulting gains for the torsional, normal, and lateral axis controls
are summarized in Table 6-2.
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TABLE 6-2 DECOUPLING CONTROL GAINS

"
,""

K i

AXIS Ken Kén Ke2 §z
TORSIONAL 86449.5 403431, 68.152. 318.045 :i .
NORMAL 2794.05 13038.9 1602.0 7476.0
LATERAL 86449.5 403431, 1674.0 7812.0

For comparison purposes, a performance index has been defined for
each angle of the one dimensional model.

io

performance index for the j'th angle
value of the j'th angle, in radians
duration of computer run, in seconds

initial condition of a selected angle, in radians

(6-5)

For this part of the study, perfect actuators and sensors are as-
sumed. In further work, realistic models for these will be incorporated

into the simylation,

Disturbances are cpresented by an initial condi-

tion on one of the masses (o‘.° in equatior. 6-5) for th: detoupling

study.
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In the case of the torsional axis, Jl>>J2 and J1>>J3. $0 that
movements of Jz have little effect on Jl' For this reason, it was de-
cided that J1 not be decoupled from J2 (Kcl = 0). Decoupling of distur-
bances propagating from J1 to JZ is provided for, the amount of decoup-
ling determined by gain KCZ' A series of computer simulations were
done, varying KCZ from O to 2.0, the results of which are shown in
Figure 6-6.

Performance indices PIZ and Pl take on their largest value when
Kep = 0. This is the case where no decoupling torque in applied and the
greatest disturbance transfer occurs.

The indices increase linearly with KCZ' This range of gains
represents the case where too much decoupling torque is provided. The
indices decrease linearly until Kep = 1.0, where PIZ =Ply =0,
corresponding to complete decoupling. As KCZ is increased from 1.0 to
2.0, the indices increase linearly with Kco- This range of gains
represents the case where too much decoupling torque i: provided.

A similar control was applied to the normal axis. Due to the fact
that Jl’ Jz. and J3 are of comparable size, there is a strong coupling
of disturbances between them. Therefore, it was decided to decouple J2
from J1 as well as to decouple J1 from Jz. A series of computer simu-
lations were done, varying KCl and K., over a range of 0 to 1.0. The
results are shown in Figure 6-7. Good performance is achieved for gains
from 0.5 to 1.0, indicating that complete decoupling is not necessary
for this axis.

In the lateral axis, masses Jl' Jz. and J3 are again of comparable
size, J3 being the largest. This presents a particularly difficult
control problem, since 03 cannot be controlled. Simulation of the Jl
and J, controls for the lateral axis were done, again varying K¢y and
Kcp over a range of 0 to 1.0, the results of which are shown in
Figure 6-8. Variations in these control gains have little effect on Pl,
and Plz. Index Pl3 shows only slight changes up to the point where
KCZ = 1.0, where it sharply increases. It is not understood at this
time why this is so. The effect of the outer control loops (rate &
position feedback) on the decoupling control has not been determined as
yet, and this may explain this result. This work will be done in the
future.
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6.3 STUDIES WITH 3-DIMENSIONAL MODELS

A simulation is in the development process for representing each
configuration of the Space Construction Base (Figure 6-9). It has been
organized to limit the maximum number of rigid bodies to 20. Except
for the Research Pallet, the bodies are assumed to be connected by hinges.
Each hinge has three dimensional freedom in angular rotation., The Research

Pallet has the added feature of being free to translate independently in
three directions.

The digital computer simulation has been developed for coﬂfigura-
tion I and it is in process of final verficiation. Each hinge point has
been tested separately in the torsional, lateral and normal vibrational
modes. Applying appropriate initial conditions allowed one to neglect ‘
the effect of all bodies except the two on either side of any hinge. The
relative inertias of the two remianing bodies were forced to differ by
several orders of magnitude so that one body could be deflected and allowed
to oscillate about the other. Table 6-3 shows selected analytical results

from one such oscillation along with the corresponding simulation results
for a typical hinge check.

Since there exists a direct relationship betweea the one dimensional
and three dimensional models in the torsional mode, comparisons were also
made to check higher order oscillations in the latter model. A typical
comparison is shown in Table 6-4.
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Table 6-3 - Typical Hinge Point Check

Time Analytical Solution Simulation Result

(Seconds) (Radians) (Radians)
0.00 0.0100000 0.0100000
0.15 0.0051247 0.0051246
0.30 -0.0039420 -0.0039420
0.45 -0.0079993 -0,0079993
0.60 -0.0038890 -0.0038890
0.75 0.0033448 0.0033449
0.90 1.0063922 0.0063921
1.05 0.0029400 0.0029399
1.20 -0.0028254 -0.0028255
1.35 -0.0051025 ~-0.0051025
1.50 -0,0022131 -0.0022129
1.65 0.0023772 0.0023773
1.80 0.0040688 0.0040688
1.95 0.0016578 0.0016577
2.10 -0.0019929 -0.0019930
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SECTION 7

APPLICATION OF MULTILEVEL CONTROL TECHNIQUES TO SPACE
CONSTRUCTION BASE

INTRODUCTION

This section begins with a presentation of a state variable
form of the sixty-six degree of freedom mathematical model,
comprised of discrete rigid bodies, of the Space Construction
Base described by Cornell (7-1)* of Bendix Research Lab-
oratories in his memorandum of December 14, 1977. This state
variable model was decomposed into a set of decoupled first
order scalar differential equations to render it more

amenable to the application of hierarchical multilevel control
techniques.

In a prior memorandum by Chichester (7-2) of Bendix Guidance
Systems Division, multilevel techniques were demonstrated by
applying them to the optimal control of a single axis torsional
model to which control had been applied previously by Porcelli
(7-3) using another method. The overall multilevel approach
was described in terms of the following sequence of steps.

1. Express mathematical model of plant, (system to be
controlled), in state variable form,

2. Decompose mathematical model of plant into set of
decoupled equations.

3. Construct performance index.

4. Form Hamiltonian.

5. Develop costate equations with associated coordination
equations.

6. Develop control algorithm.

7. Construct subproblem hierarchy.

8. Discretize equations of each subproblem in the
hierarchy.

* Thes;e numbers refer to references listed at the end of

Section 7.
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7.2.

1

This section summarizes the application of the first

seven steps of this sequence, and an additional step, to the
twelve configurations of the mathematical model of the Space
Construction Base documented in the memorandum by Cornell
(7-1). The additional step cited here is the incorporation
of special necessary conditions for optimality in the costate
and control equations due to the non-separability of the
performance index required for multilevel local vertical
attitude control of the Space Construction Base.

GENERAL DECOMPOSED MODEL

background

Figure 1 and Tables 7-1 and 7-2 are reproduced from Cornellis
memorandum (7-1). Figure 7-1 presents a topological tree that
shows how the rigid bodies comprising the mathematical model
are connected. A single line represents a three degree of
freedom spring hinge suspension while a double line rep-
resents a six degree of freedom suspension. Table 7-1 lists
the number of rigid bodies associated with each configuration
of the model. Table 7-2 lis%s the numbers of degrees of
freedom associated with each of the twelve configurations.

As indicated by Figure 7-2, the equations comprising the
overall control problem in state variable form may be assembled
into two related subproblem hierarchies, the translational
hierarchy and the rotational hierarchy.

TABLE 7-1
CONFIGURATION NUMBER OF RIGID BODIES

1 O
2 6
3 7
4 8
5 8
6 8
7 8
8 10
9 10
10 19
11 20
12 20

7-2
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TABLE 7-2 -~ Degrees of Freedom

Degrees of Freedom

Configuration Translational Rotational | Total
1 3 15 18
2 3 18 21
3 3 21 24
4 6 24 | 30
5 6 24 30
6 6 24 30
7 6 24 30
8 6 30 36
9 6 30 36
10 6 57 63
11 6 60 66
12 6 60 66

Decomposed Translational State Equations

The decomposed translational equations for configurations 1
through 12 may be written in the form of equations (1)

through (12) with the aid of equations (13) through (43). It
should be noted that the state variables, Bﬁx’ Riy and Riz,are
scalar components along the Space Base axes of the translational
displacement vector of the ith rigid body of the body ard the
state variables VTix, VTiy
scaler components of the translational velocity vector where, in
this instance, i = 1,8.

and VTiz are the corresponding

Trarslational © Rotational
Subproblem o~ Subproblem
Hierarchy Hierarchy
T
w= (u wy ===-Wy4)

Figure 7-2. Overall Control Problem Structure
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Decomposed Translational State Equations

Scalar State Equations

Rix = Sqix
. IF
Vv = x + S
T1x =3 T1x
Rly = Sle
. IF
\' = "'y + 8
.le ™ Tly
Riz = Smig
; IF
Vv = Z + S
Tlz m—' T 2
Rgx = Spgx
. _F
Vogx = BX * Spgy
m
8
Rgy = Segy
: _F S
Vogy = _8Y + "T8Y
m
. 8
Rgy = Spgy
: _F
VT8z = _8z + STSZ
m
8
where:
n
IM = z mi
i=1
i#8

(1)

(2)

(3)

(4)

(5)

(7)

(8)

(9)

110)

(11)

(12)

(13)
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ix (14)

IF, = IF (15)

- (16)
ZFZ LF

148

F, = (B, F F. ) (17)

The upper limit of the summations in equations (13) through
(17), n, varies between 5 and 20 according to the specific
configuration of the space base being modeled as shown in
Table 7-1. It also may be seen in Table 7-1, that for
configurations 1, 2 and 3, the translational equations of
rigid body 8 are omitted.

The following coordination equations are defined for each of
the decomposed translational state equations.

Stix = Vrix (18)
Se. = (L +N) (19)

Tix ZM(x X
Sy = Vriy (20)
-1 (21)

. Iy (L. + N

Sp1y Mhy y
Stz = V112 (22)
= =1 (L. +N) (23)

Spiz = Wz 2
Stex = Vrsx (24)

7-6
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- 18X
S18x ™ ng (25)
Srgy * Vray (26)
s« lisy
T8y mg (27)
Srgz = Vg2 (28)
S
_ 18z
Stz = m (29)
8
where:
818 © (Slsx, SlSy, SlSz) T is the vecter representing the

suspension force exerted on body 1 by body 8.

L = (Lx Ly Lz) T is the aggregation of terms linear in di

resulting from the summation of the translational equations
of all of the rigid bodies of the model except body 8.

Nx Ny Nz are components of terms along the space base axes

. . ws s
each of which is quadratic in Wy wiy and w

iz’

20 .
Lx = ZbTxi wy (30)
i=1
i#8
where:
w, = (@ W w, ) T (31)
i ix, iy, iz
b . = (b b b . ) T (32)
Txi Txix' Txiy' “Txiz
20 .
Ly = I bTyi wy (33)
i=1
ix%8

o A e ;R - il
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where:
b . = (b b by . )T (34)
Tyi Tyix® “Tyly' “Tyiz
20 .
Lz = T sz1 Wy (35)
i=1
1#8
where:
by . = (b b b . )T (36)
Tzi Tzix* "Tziy’ "Tziz
20 T
N =100 Y1 fma Y (37)
i~8
w, = (w w w )T 738)
i ix, iy iz .
( 0 éaTxixy ia'I‘xi).z
ATxi = iaTxixy aTxiyy 0 (39)
‘ ga'T‘xixz 0 AT 2z
l. i
20 T
Ny = I wy ATyi wy (40)
i=1
i#8
_ . 5
Apyixx éaTinY
ATyi = ia'I‘yixy 0 éaTyiyz (41)
|
v I‘m'i‘yiyz Aryizz, ]
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20

_ T
=1
ir8
aTzixx 0 iaTzixz
ATzi = 0 aTziyy iaTziyz (43)
| J"a"l‘z:'txz %aTziyz 0

The subproblem hierarchy corresponding to the decomposed
translationa. state equations, (1) through (12),and the
translational state coordination equations, (19) through

(29) is shown in Figures 7-3 and 7-4. It should be noted that
this subproblem hierarchy corresponds to the decomposed

model without the application of control.

Translational

Coordination Equatiors
R

7( By [Sm Rg Sts
/ V1 /51 Vrg\  Sta\
Body 1 Body 8
Subp.oblem Subproblem
Hierarchy Hierarchy

¥igure 7-3. Translational Suhproblem Hierarchy
Without Control



7.2.3

Body i Coordination Equations

ST VN S T L M B ™
ix Tix iy Tiy iz Tiz
Six Six‘ Siy Siy Siz Siz
Y [ Y Y Y
Rix Vpix Riv Vpiy Riz Vriz
State State State State State State
Eg'n Eg'n Egq'n Eg'n Eq'n Eg'n
-d '“

Figure 7-4. Body i Translational
Subproblem Hierarchy for i=1,8

Decomposed Rotational State Equations

The decomposed rotational state equations for configurations
(1) through (12) may be written in the form of equations (44)
through (4€) with the aid of rotational state coordination
equations (50) through (55) and equations ( 58) through ( 6€).
Eere it should be noted that the state variables ¢i, ei and
wi are the Euler angles of the ith rigid body with respect

to the space Lase coordinate axes and the state variables

w and w, are the scaler components with respect to

ia, wiy, iz

the space base axes of the angular rates of the ith rigid
body where i1 this instance i=1,2,---,n, the value of n
depending upon the particular configuration being modeled

as shown in Table 7-1.
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ix,J ix, jx, jy
4

aix,jx,jz

Biy,ix, ix

A! =
ly’j %aiYojxrjy
5y, ix, 32
iz, jx, ix
A! . = .
iz, éa1z,jx,jy
éaiz,jx,J'z

2ix, 3x, jx

A, . =|3%a, . .
ix,J *2ix, jx, jy

3a

ix, jx, jz

LA

2iy,jix, jx

A. . =1 4%a. .
iy, ] 2ay0 ix, 3y

a. . .
»5 iy, jx, jz

a. . .
1z, JX%, Jx

iz, J éaiz,jx,jy

1a

iz, jx, jz

+ Slndia N

¥y, 3%, 3y

Bix, iy, Iy

a3y, 52

38y, 3x, iy

0
a, s .
3 1y,Jy.Jz

éaiz,jx,jy

a .
iz, jy,Jy
&

a. . .
iz, Jjy, iz
%“ix,Jx,jy
a. .

ix, jy,Jy
3a

a,. .. .
ix,iy,i=z

Ai ao s
oy, ix, v

a. . .
1y,3¥,J3¥

¥ajy jyiz

%aiz,jx,Jy

w1

iz, jy,Jdy

3a

iz, jy,jz
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s

iz,jy, iz

0
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a.. . .
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The subproblem hierarchy corresponding to the decomposed
rotational state equations, (44) through (49) and the
rotational state coordination equations, (50) through (66)
is shown in Figures 7-5 and 7-6. As was the case with the
subproblem hierarchies in Figures 7-3 and 7-4 for the
translational equation,these hierarchies also correspond
to the uncontrolled case.

Inspection of the state equations (45), (47) and (49) reveals
that they are quadratic in the state variables wix, iy and
iz. Since the traditional development of multilevel control
techniques has been concentrated on the control of linear

systems, this form of the state equations poses a special

w

problem in such application. Pontryagin's maximum principle,
upon which multilevel optimization is based, does not
preclude the control of nonlinear systems and some recent
papers by Hassan and Singh (7-4), (7-5), (7-6)and (7-7) describe
some potentially useful approaches for effecting such control
by multilevel techniques.
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F ] 7.3 CONSTRUCTION OF PERFORMANCE INDEX

}2 7.3.1 General Discussion
) After the state equations for the uncontrolled system
- (plant) have been decomposed, i.e., decoupled, the next
step in the application of hierarchical multilevel optimal
o control is the formulation of a performance index functional
that provides a measure of the departure of the system's
opeiration from the optimal condition. The most distinctive
characteristic of a performance index utilized in the
application of multilevel control techniques is that it
must be either decomposed at the ontset in the same manner
as the state equations of the plant or amenable to such
decomposition.

The specific form of the performance index and the variables
utilized in it depend upon the type of control to be effected
and the reiative importance of such factors as the polarity

of errors and minimization of the energy expended in effecting
control in comparison with minimization of error. 1In the
present section the formulation of a performance index for
local vertical attitude stabilization involves only the
rotational state variables ¢f those rigid bodies of the
mathematical model to which torque is applied.

7.3.2 Performance Index for Local Vertical Attitude Stabilization
Since the performance index of this section pertains only
to attitude control, it is not a function of any of the
translational state variables. The following‘assumptions
were utilized in constructing this performancz index.

1) The differences (errors) between the actual and
*

1

3
specified Euler angles of body 1, ¢1-¢1 R 61—6
. *
and wl—wl , respectively, are to be minimized. (The

convention adopted hei. and later in this section is
*
that x 1is the specified or optimal value of x.)



- -

v o N

2)

3)

4)

5)

6)

7)

8)

9)

10)

The differences between the actual and specified

- * - *
body rate coTponents of body 1, w]x wlx s wly wly
and Wy~ Wy, are also to be minimized.

The Euler angle errors ¢8— ¢8*, 68" 68* and w8- ws*,
. - * - *

and bod: rate errors, Woy~ Wg ™ w8y w8y and

mSZ-wSZ*, are similarly to be minimized if body 8 is

present in the configuration being controlled.

Tue relative Euler angles and body rate components
with respect to body 1 of the remaining bodies comprising
the mathematical model are to be minimizec.

Departures from specified or optimal values of the
state variables are equally important for either
polarit, of the same magnitude.

Control is effected only by the application of torque
to each of the rigid bodies of the model,

Control actuator torque is applied to each solar wing
orly at its interface with the rest of the space base.

Control energy is proportional to the square of the
torque applied to each rigid body of :he model.

Tach error term and each control energy term is

multiplied by a constant coefficient, Wi 5

the rela ive significance of that term in the performance

representing
index.

The time interval over which tbe . performance index is
to be optimized extends from to to tf

7-18
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The performance index resulting from the application of
the above assumptions is the following:

te
p= Wo o (6.-0% )24W. (0. -w. *)2+W, T .2
= 1,1 ‘%171 1,2(91x7 %1% "% 3%a1x

t )2+w T 2

o+ W 408,787 )7 + W 5w 1,6 laly

E 3
1y Y1y

24w, 1 2

x 2
W7 ¥y 7 glug -y E D7) oTele

—
:2 2 2 2
* [wi,1(¢i‘¢1) Wy, 20 7015 * Wy 3Toiy

- 2 _ 2 2
i=2,3,6,11 LPICIEI DRt L AT Rl MK U

2 2 2
Wy g (Vg=bp) HW; glwg,-0y,) +Wi,QTaiz]

)2+W T2

9
Wy 1(0770g) +W,y o(wg muy 7,3 Ta7x

X

2 2
+W Ta'7y

2
HWa 4(8970g) W, slwgo-wy )7+, &

2 2 2
Wy 7(ba=¥g) Wy g(ug,—0g, ) "W, o Tony

2
a8x

2,

2
—ch X -
*Wg 1(0g=05 )7 HWg olwg ~wE )"+Wg 4 T

_ak 12 o kY2 2
tWg 4( 0g=0g )7#Wg glug —wg¥)™+Wg & Ty

9 * 2 2
*Wg 7(Vg=VE )7y glug,—wg, ) "+Wg T g5

:éi 2 2 2
* [wi,1(¢i_¢11) W25 011%) W5 3Tk

._ 2 ) 2 2
i=12,13 Wy g (80 )W, slwy omwy g TN 6Ty

2 2 9
Wy By Wy glwymwgy,) +wi,9raiz] (67)
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1
-.‘!

)

i=9,10,20

2 2 2 |
[W1,1‘¢1 ~07) Wy 2 (03m07x) Wy 3Taix 80
2 2 2 :
W (057007 Wy glwyomwa )Wy gTaty

2 2 2
Wy, (V=) Wy glwy,-ug,) +wi,9Taiz] dt

A similar performance index could be constructed for
inertially referenced optimal attitude control. It would
differ from that shown in equation (67) in that ¢{=6{=0 and
w§x=w{y=w{z=0. Neither of these performance indexes is
seperable in tuis form due to the generation of cross
products of the state variables by the error terms., Hence,
neither of them can be utilized directly in the application
of multilevel control techniques. A paper by Singh and
Hassan (7-7), however, presents an approach to multilevel
optimization that utilizes non-separable performance index
or cost functions that are trarsformed to quasi-separable
forms. ™The corresponding form of the local vertical attitude
control performance index of equation (67) is presented in
equations (68) through (118).

t .
£ (20 .
_ _ 2 o * 2
p= Z uix(Taix Taix) +uiy(Taiy Taiy)
i=1
to i+#4,5,14,15,16,17,18,19
9 6
m _mx
+uiz(*aiz Taiz) + E pi,J]
j=1
+G(¢I BI w; w;x wa miz ) 7 dt (68)

The terms and coefficients introduced in equation (68)
are defined in equations (69) through (118)
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G0y 05,¥5, 915,95y 915)

- . % *  x * %
- 2[;25(w1,1¢1¢1 * Wy o9t ¥y 4%18
1=1,2,3,6,11
* * * * *
Wi,5 WrygWiy Wy ¥y W gugws,)
o K N
7,1%%7 V7. 2“6x 7x *Wa 4 697 ws 5“6y“7y
x * % x_9 x 9
Wo gVgVrtWy gWea7,tWg 1 (8g) +Wg olugy)
*.2 * 2 2
g 4(0g) Wy slug ) HWg 1 (1g) 4 Wy glug,)

— x  x x %
(W 19705403 oug 0 W5 4878,

i=9,10,20

+W \* * +W %* *+W %* *
1,5%7y0iy™Wy 7¥g¥itWiwgua ws,)

. L L 3 * * L
* jz\wi,l¢11¢i+wi,Zmllxwix+wi,4ellei
1=12,13

+W * * W * x
i,5%11y%iy* Vs, 7w11w i,8%112%z)

e L2
Py 17W1 191 *Wp ()

R 2 * 2 2
Py 27V owyx*Wy o(wy, )*Wy 3Ty
P, _=W' 02 +W, (8. )2
1,37 M14% *¥p 408 )
=W 2.0, _( *)2+w T 2
P1,47 "1 ,5%19y™ "1 5'91y 1,6 1y
L 2.
P1 57V 7 l"1 1,741 )
.2 2
Py 67", 8%15%M, 8(“1z) +w1 9T1z
For i=2,3,9.10,12,13,20:
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2
48

2

2
5m1y+w T
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7,11:

—w 2
=¥ 1%

Pi, 17",

._w'

Py, 2%",

P; 3%

=W’

Pi,4™"y

P; 5=V

...w'

Pij e "i,

Pg o=¥g,

Pg 3~"g,
Pg 4=¥g,
Pg, 5=¥g,

Pg 6=Vs,

Pg 1=Yg,
W

2 2
Zmix+wi,3Tix

2 2

T

5%iy*¥4 674y

1,7wi

9 2
8¥iz*"; 9Tiz

. [¢82+(¢8*>2}
2[ Wgx @ﬁx ] 8x
4 [982*(92)2]

8

2,00 *32]4s 2
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2
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W1,1'W1,1*‘”2,1*“3,1”’6,1”’ (95)
w1'.2"'1.2+w2.2+w3,2”’6,2*”11,2 (96)

w;,4“wl,4*“2,4*“,3,4*“6,4+W11,4 (97)

W£,5=w1,5*“2,5*“3,5*“6,5*W11,5 (983

w1,,73”"1,7“’2,'&*"3,7’“‘76,7*w11,7 (99)

W£,8=W1,8+Wz.a*ws,s*we,e*'11,s (100)
wé,1=ws,1*w7,z (101)
Wé,2=w6,z+w7,2 (102)
¥e,47¥6, 47, 4 | (103)
wé;s““s,s*w7,5 (104)
we;,7=w6,7*w7,7 (105)
wé,8=w6,8+w7,8 \ (106)
w'},1=w7,1"“9,1*""10,1*‘720,1 (107)
w;,2=w7,2+w9,2+w10,2+wzo,z (108)
w;,4’w7,4+w9,4+w10,4+w20,4 (109)
w;,5=w7,5+wg,5*w10,5*“20,5 (110)
w;,7=w7,7+w9,7*w10,7+w20,7 (111)
Wy 877 5" g*¥10 g*9a0 g (112)
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7.4.1

7.4.2

LI

+A

FORMATION OF THE HAMILTONIAN

General Discussion

In order to u.ilize Portryagin's minimum principle in the
application of optimal control to a plant, it is nec-
essary to construct the Hamiltonian of the plant from the
plant's state equations. If the equations describing

the plant are decomposed (decoupled), the Hamiltonian is
cons .. icted from the terms of the performance index, the
right_hand side of the state equation and the coordination
equation associated with each of the subplants defined

by the particul .r decomposition used.

Hamiltonian Corresponding Tc Local Vertical Stabilization
Control.

20 6
= * * 1%k
B= I % p; 5 *G(e} B8] W1 Wiy Oy, Yix)
i=1 j=i

i#4 5,14,15,16,17,18,19

25'1 ixTaix Taix) +uiy(Taiy Taiy) Uiz(Taiz™ alz)

i»4,5,14,15,16,17,18,19

el

1
+Ai,lsRix+Ai,2[2(aix,ix,ixwix)owix

1711 T

T
|

aix+GRix(Teix,Fix,sRix)]
il

i,BSRiy+Ai,4( (aly iy,iy 1y)o”iy

1 The subscript ''0" denotes evaluation at a point of

e

equilibrium.
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*‘I')zz Taiy+GRiy(Teiy,Fiy,SRiy)]

1 |

~

)‘i SsBi [2(a1z iz,iz 1z) Wiz

t
+(13) 33 Taiz+GRiz(Teiz,Fiz,SRiz)]

]
1y |

o)

1 l(mlx i%iz SRlx)
T 20 T_
1] [ ]
+p 2[miAix,iwi+ jil(minx,jwj+bix,jmj
J#i
. ) a
1. I.
+ 1'21 Tiy+ ~i 31 le BRix™ SRlx]
ho lIiI ;
+6y glwg =0 0;,-8p4y)
20
T T=—
+‘ﬁ,4 [wl Aly i 1+ X (wj Aiy,jmj+
J=1
i
a. )1 1.) ]
+ 717312 T, + 132 T € -S, .
= T1iXx —.T— Ri Ri
+0y 5(050, y*os, ~Spig)
20
T, ' T-—
+D 6[’ Aiz,iwi+ ) (wj A.i.y,jwj+b
j=1
j#i
] 1
+I) T, (I )
——-—-—1, 13 “ix i, 23 I‘1y+gRlz SRiz
1} | IIil

7-26

)

iy, 3%



-

mir myamey 1

e s

st

L

B sy

Puampcintn:

Mo

e

+By 1(04-0% )+ 81,2(“1x‘“1:)+31,3(°i‘91 )

x * *
By g(0ggmwy I¥By (bi-by )*B; gluy -uw, )

*

+“’i,l(Taix aix) v Z(Taly aly) Vi 3(Taiz°Taiz) (119)

where Bi j and vy 3 ,j=1,2,...,6 are Lagrange multipliers

introduced to ensure satisfaction of the following conditions:

*
¢;=¢04 (120)
mix=$$x (121)
ei=ei* (122)
“iy=$iy (123)
bi=vy (124)
wiz=wi; (125)
Tiax Tiax (126)
Tiay=T1;y (127)
Tiaz=T1;.z (128)

and Ai,j , J=1,2,...,6 are the costate vaqiables

The decoupled rotational state equations, (44) through (49),
may be obtained from the following necessary conditions for
optimality applied to the Hamiltonian.

6= (129)
axi 1
w,. = 9H (130)
X
1,2
6,= 3H
i ETN (131)
1,3
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7.5

w, = 9H (132)

iy
Ny 4

b;= 28 (133)
N5

0, = 3H

12~ o8 (134)
Dy g

The rotational state coordination equations, (50) through
(55), may be derived from the application of the following
necessary optimality conditions to the Hamiltonian.

Q
=<}
[}
Q
[N
[}
[w]
[\
2

(135)

Q)

©
[N
.

Development of Costate Equations

The rotational costate equations, which are equal in number
to the rotational state equations, may be obtained by
application of the following necessary conditions for
optimality

. .= =93H
i,1 §$i (138)
Ai,2= -9H (137)

Jw

ix

A. .= =-9H (138)

1,3 3'6_1
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From equations (70) through (94) and (119) the above
ner essary optimality conditions yield the following:

For i = 1,6,7,11:

]
AT m2W) 105705,05 379 0P 5By

For i = 2,3,8,9,10,12,13,20:

Ai 1% 7205 193705,05 370500 5By

Aj 1(tg) = 0

For i = 1,6,7,11:

.

Mj o= -2

1

i 2%ix"2(a

ix,ix,ix%ix’0"i,27%i,1
- R . . ta, . .
(aix,lx,lywly a1x,1x,iz‘”12)opi,2

~-(2a a

iy,ix,1x%1ix 21y, ix,iy®1y 21y, ix, 1212701 ,4

-(2

B3z, ix,ix%x Biz,ix, iy¥y* iz, ix,12% 20 ", 6

84,2
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(140)

(141)
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(142)

(143)

(144)
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For 1 = 2,3,8,9,10,12,13,20

A, o= -2V

1,2 1,29%1x72C8 0 1x 1xYix)0s,27 P11

~(ayy ix, iy 1y"8x, ix, 12%1270 71,2

—(2aiy,ix,ixwix+aiy,ix,iywiy+aiy,ix,izwiz)opi,4

'(zaiz,ix,ixwix+aiz,ix,iywiy+aiz,ix,izwiz)opi,6

_Bi,2 (146)
Aj o(te) = 0 (147)
For 1 =1,6,7,11:
i1,3‘ “2W5 481791204 178y 3 (148)

For i = 2,3,8,9,10,12,13,20

Ay 3™ ~2W; 405940 1785 3 (149)
A g(te) = 0 (150)
For i = 1,6,7,11:
;;,4= “2W) sy m2(a59 4y 1y®iyl0n,4

~(a +2a

ix,ix, iy®1x"2%ix,1y,1y%1y 2ix, 1y,12%1270°%,2

-pi,S-(aiy,ix,iymix+aiy,iy,izwiz)opi,4
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_(aiz,ix,iywix+2aiz,iy,iywiy+aiz,iy,izwiz)opi,6

For i = 2,3,8,9,10,12,13,20:

A, ,= =-2W

i,4

-(a

ix,ix, iy¥ix

1,5%1y 24y iy, iy¥iy

+2a

)

ix,iy,iy“iy"

A

o'i,4

a

ix,iy,izwiz

=P 37840 iy iy®ixtRiy, 1y, i2%12)61, 4

-¢.p,

11,

_(a

Ay, a(ty

. LW,
iz,ix, iy ix

585 4

+2a

) =0

For i = 1,6,7,11.

}\i’s-.: -

1)
2Wy ¥i7Bi 5

+
iz,iy,iywiy

For i = 2,3,8,9,10,12,13,20

Ai, 5™

Ay g (1

2W; 7YiBi.5

g) =0
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For 1 =1,6,7,11:

:
L 6~ 2N
—(8yy ix,iz%ix 2ix, iy, 1z%y
+5P.3

-(aiy,ix,izwix+aiy,iy,izwiy

“P; 57856

_(a

For i = 2,3,8,9,10,12,13,20:

A

+2a

+2a

e r o s e v T Ae———, - - 5w ®

1,8%1272(84, 45 32%12)021,67%1P1 1

ix,iz,izwiz)opi,z

iy,iz,izwiz)opi,4

iz,ix,izwix+aiz,iy,izwiy)opi,6 (157)

i,6- “2W; 891,720, 55 12%i200%1,6701F1,1
-(aix,ix,1zwix+aix,iy,izwiy+2aix,iz,izwiz)cpi,z
Y5053

“(a30 iy, iz%x* 21y, iy, 12%y 21y, iz, i2%1200"1, 4

-0 57Bi.6

“(245 ix,i2% %1z, iy, 1z%v)0Pi,6 (158
A gltg)= 0 (159)
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The rotational costate coordination equations, which
are equal in number to the rotational state coordination
equations, may be derived from the following necessary
optimality conditions

_gg =0 o pyg =y, (160)
Rix
= 0] - “

=0 » Ti27M0 (161)
Rix

%’é =0 5 P 3=} 3 (162)
Riy

%-g= 0O 5 P44 (163)
Riy

B0 5T s (164)
Riz

=0 5 Pe” A6 (165)
Riz
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DEVELOPMENT OF CONTROL ALGORITHM

The optimal control equations resulting from a gralient
approach to the local vertical attitude stabilization
control problem yields the following equations:

oH
(Taiyx) = (Tyiy) - A4, (F7—) (166)
alx r+l1 alx r ix aTaix r
(Tasy) . = (Tayy) = Qg (G—) (167)
Y r+1 r y aiy T
(Taig) = (Taip) - 94, (gH ) (168)
r+l r Taiz

where r is the iteration index and Q0 qiy

constants to be chosen on the basis of the rate of

and q,, are

approach of the control system to ortimal operation.

= _ (I;")
3T 2 Wy g3 Ty 20y, (TyyThi) + 111 Ay o
aix Ii

(I3 )19 (I;')13 (169)

+ TI;T Pie * TI,T Pi.e v

9H = oW T. +2u (T -T* ) + (Ii')zz A
aTiay i,671iy iy aiy “aiy |Ii'l i,4
(I;") (I,")
+ i 721 i 723
T Py, 2 * TT.7 Pi 6% Vi, (170)
i i
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aH
aTiaz

(1

(I, "
. 1 )ag
2W) gTyg*2uy, (Toy,~Thi,) YTLT \i 6
i'J31 (13" )gg

*+ TI T Pi,2 + TIT P14 * Vi3

ADDITIONAL NECESSARY OPTIMALITY CONDITIONS

0

-+ ¢i* = ¢i
*

T Wiy T Wix
*x =

> Oi Gi
*

-> wiy = wiy

- w: = wl
%

T Wig T Wip
*

> Taix Taix
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From W—— = 0
1%

For i=1,8

By, 1= 2Wy,

For i=2,3,6,7,9,10,11,12,13,20

» 3G
1% % g

3G

For i=1,8

By o = 2V

For i=2,3,6,7,9,10,11,12,13,20

g = 36
i,2 7 Wy,

* 3G

1,2 Yix ¥ 3%

Wix
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o For i=1,8
1
‘ * 3
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For i=2,3,6,7,9,10,11,12,13,20

8 = 9G
*
i,5 awi
From gﬁy ~ 0
iz
For i=1,8
_ * 3G
Big = Wy g wip ¥ 3uF
12

For i=2,3,6,7,9,10,11,12,13,20

8 . 29G
i x
i,6 ewiz
From gg* =0
aix
(I.,)

x i' /12
2uix(Taix Taix)+ }Ii[ pi,4+ Ii

9H .

From -5-,1',—*—- = 0
aiy
(1},

X _ i’21
zuiy(Taiy a1y)+ lIil pi,2
From gg* - =0

aiz
(I1)31

Pi.6
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CONSTRUCTION OF SUBPROBLEM HIERARCHIES

In order to effect optimal control using multilevel
hierarchical techniques selected subsets of the equations
presented thus far are assembled into subproblems which,
in turn, are assembled into a hierarchical configuration
similar in form to that depicted in Figure 7-5. The
subproblem hierarchy corresponding to optimal control of
the system incorporates two additional classes of sub-
problems to be solved on the lower level, the costate
subproblems and the control subproblems. The addition

of the costate subproblems to the lower level of the
hierarchy increases the number of coordination equations
appearing in the coordination subproblem at the apex of
the hierarchy because each of the costate variables

has a corresponding costate coordination variable associated
with it. To simplify subsequent discussion of this
hierarchy all of the subproblems of a particular type will
be regarded as being grouped into a single subproblem, that
is, all state subproblems into a single state subproblem,
all costate subproblems into a single costate subproblem
and all control subproblems into a single control problem.
Then each subproblem of a particular type will consist

of all equations of that type with their associated
boundary conditions.

In particular, for optimal local vertical attitude stab-
ilization, the state subproblem consists of equations (44)
tiarough (49) which are the decomposed rotational state
equations of the Space Construction Base. The decomposed
translational state equations, equations (1) through (12)
also may be included in this subproblem although they are
not essential for the feedback control .juations in this

case.



The costate subproblem for optimal local vertical
attitude stabilization consists of equations (142)
through 159) and the control subproblem consists of
equations (169) througsh (171).

In addition to the coordination equations for the decomposed
rotational state equations, equations (50) through (55)

and the coordination equations for the decomposed trans-
lational stable equations, if they are included in the

state subproblem, the coordination subproblem at the apex

of the hierarchy also includes the costate coordination
equations, equations (160) through (165) in order to

effect optimal local vertical attitude control.

It should be noted that the costate equations, (142) through
(159), incorporate the coordination variables, Bi,j’
and the control equations, (169) through (171) incorporate
the coordination variables Vi,l’ vi’z and vi,S' The
additional =squations required to define these variables

are provided by equations (69),(182) through (12 ) and
equations (200), (202) and (204). These additional
equations may be incorporated in the coordination sub-
problem at the apex of the subproblem hierarchy. This
increases the overall dimension of the coordination sub-
problem to a considerable extent and also greatly

increases the number of coordination variables to be
transmitted between the subproblems of the hierarchy

with control compared with the number required for the
hierarchy without control. The resulting subproblem
hierarchy for the controlled system is portrayed in

Figure 7-7 in which the following relationships are utilized.
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It should be noted that Tei represents the external
disturbance torque applied to the ith rigid body of the
model and Ty,i represents the control actuator torque
applied to the same body.

If the translational state equations, (1) through (12),
are added to the state subproblem and the translational
coordination equations, (19) through (30), are added to
the coordination subproblem of the hierarchy of Figure
7-7, it aissumes the form shown in Figure 7-8. For this
hierarchy, the following additional relationships are

required.
_ T
Xp = (Xpq, Xpg)
_ T .;_
Xpg = (Ryyo Vpixr Bigr Vpiyr Byps Vpyp) 51518 (225)
A _ A Pl T
Sp = (Spq, Spg)
S.. = (S S Sms )T
Ti Tix’ STiy’ STiz
B T
Sp = (Spys Sqg)
S... = (S s S.. )T
T4 Tix’ Spiy’ Stiz
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The coordination variables B and v and their corresponding
equations may be eliminated from the subproblem hierarchy
shown in Figures 7-7 and 7-8 by expressing each of them
in terms of the remaining coordination variables. Each
of the resulting modified subproblem hierarchies for

the controlled system contains a coordination subproblem
of substantially smaller dimension and requires
transmission of many fewer ccordination variables than do
each of the original hierarchies. This approach to the
reduction of the subproblem hierarchy consists of several
steps.

1. Expansion of the partial derivatives of G appearing
in equations (182) through (198) defining Bi j by
utilizing equation (69) which defines
G(P%Y, w¥,, OF, wgy, v, wi).

2. Substitution of the results of Step 1 1in equations
(182) through (198).

3. Substitution of the results of step 2 in the costate
equations (142) through (159).

4. Substitution of the equations defining vy 5 (200),
(202) and (204) into the control equations, (169)

through (171).

The costate and control equations resulting from applica-
tion of the steps listed above are presented in Appendix C.
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Substitution of the equations of Appendix C for the
corresponding costate and control equations in the sub- )
problems of the hierarchy depicted in Figure 7-8 leads .
to construction of the reduced subproblem hierarchy ‘
shown in Figure 7-9. The definitions of the variables N
given in equations (205) through (223), except for the

variables that have been eliminated, also apply to the

reduced hierarchy.

=
- e
o an w s e s aan Blamen S e g 2D St A0

For the most generdal Space Construction Base configuration,
12, the range of the rigid body index, i, is given by:
i=1,2,3,6,7,8,9,10,11,12,13,20. The range of i is

reduced correspondingly for the 11 other configurations.
Table 7-3 lists the numbers of scalar state, costate,
coordination and control equations to be solved for

each configuration in order to effect multilevel 1local
vertical stabilization attitude control utilizing the
reduced subproblem hierarchy of Figure 7-9.

Inspecticn of the state equations, (1)-(12) and (44)

through (49) and the costate equations of Appendix C,

(C~1) through (C-48), reveals that they are ordinary

first order differential equations. In general, initial . s
conditions are known at the outset for the state

variables, while final conditions are known for the co-

state variables. The remaining equations in the sub-

problem hierarchy, the state coordination equations, (19)-

(30) and (50) through (55),
equations, (160) through (165) and the control equations,
(£-49) chrough (C-51) are algebraic. "

the coctate coordinaticon

-
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CONFIGURATION STATE CO-STATE

TABLE 7-

3

Numbers of Scalar Equations To Be Solved For
Local Vertical Attitude Stabilization Control

W 0 3 O O b W N

o
M = O

36
42
48
60
60
60
60
72
72
920
96
96

24
30
36
48
48
48
48
60
60
66
72
72

7-48

COCORDINATION CONTROL  TOTAL
60 9 129
72 12 156
84 15 183

108 18 234
108 18 234
108 18 234
108 18 234
132 24 288
132 24 288
156 33 345
168 36 372
168 36 372
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Due to decomposition, the coupling between the equations
associated with the ith rigid body and those associated
with the remaining rigid bodies in the mathematical
model is suppressed. The state and costate equations
associated with the ith body, however, constitute a
two-point boundary value (TPBV) problem to be solved
because the initial values are known for the state
variables and the final values are known for the costate
variable at the outset. Such a set of equations usually
is discretized temporally to approximate each ordinary
differential equation with a set of finite-difference
equations that is more amenable to numerical solution on
a digital computer. Once this step is taken, all of the
equations in the subproblem hierarchy are then alguvbraic.
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; 8.0 Structural Analysis Task - A Method for Determining

Overall Flexible Body Characteristics for a Series
of Connected Substructures*

s
\

[ e——t

" 8.1 INTRODUCT 10N

This section summarizes two analytical methods by which
b a series of flexible bodies can be connected to each
¢"her. Both of the technigues prese: ‘~2d assume that
the flexible body characteristics ot the individual
sub-bodies comprising the total structure are known
in terms of their free-free modes, assuming a discrete
coordinate formulation. The first tecﬁnique assumes
that a single connection point existr between two ad-
jacent bodies thus forming a topological tree configura-
tion without any closed loops. This formulation does
not require detailed modeling of the dynamics at the
connection point and is particularly useful in modeling
i systems that have large relative angular degrees of
' freedom between adjacent sub-bodies (i.e., articulated
antennas, etc.). The second technique allows multiple
connection points between adjacent bodies and hence
would also be applicable to a vehicle topological tree
configuration having closed loops. 1In this formulation,
detailed modeling of various connection points is required
in order to specify the inverface forces and torques
between contiguous bodies at these points. Both modeling

techniques are presented in terms of an illustrative

*Summ.rized from 8. C. Rybak, "A Method For Determining !
Overal. Flexible Body Characteristics For A Series of
Connected Substructures, AAS 78-104, March 10-13, 1978.
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example of a structure composed of five sub-bodies.

With proper parameter valu»s the configuration used can
represent vehicles that have already flown (i.e.,
Saturn, Skylab) for which the characteristics of the
overall structure and the individual sub-bodies com-
prising the structure are known. These data can then

be used to determine the fidelity with which each of the

two techniques presented models the specific vehicles
consi .ered.

BACKGROUND

To meet the requirements of large orbiting space stations
and snlar power satellites, NASA is considering a
generation of satellites that are many times larger than
anything considered or flown to date. Attitude control
of such large satellites presents a unique and challenging
problem to the control engineer, no doubt requiring the
development of new and novel control techniques to

achieve overall satisfactory satellite control. However,
before control syscem design can proceed, a model of the
vehicle to be controlled must be generated in order to
allow the formulation of satisfactory control tech-
niques. It is virtually a certainty that for the size

of satellite being considered for a space base or solar
power station, structural flexibility and its interaction
with the on-board control system will be a prime considera-
tion in its design. Due to the vehicle size overall
vibration testing of the total structure in order to
obtain its flexibility characteristics is not feasible.
Modeling the total vehicle using a normal modal-coordinate
approach, although possible, has some serious drawbacks.
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although the comments made about the truncation possibility
of the technique presented below are plausible, at the
present state of development, they are still conjectural
and additional work is required to establish their
validity.

Equations of motion assuming single and multiple connections
between contiguous bodies are presented. Single connection
points between bodies do nct require the modeling of
individual connection points and hen~e the equations
generated will apply equally to a series of connected

rigid bodies or rigid bodies connected to flexible bodies.
However, the system of equations is restricted to des-
cribing a topological tree configuration without any

closed loops. The equations developed for multiple
connection points between bodies will be applicable to
topological tree configurations containing closed loops.
However, in the manner in which thev are formulated,

they would not be applicable to the accommodation of two

or more rigid bodies connected to each other within the
connection chain.

Equations of motion for single and multiple connections

between bodies are developed for a vehicle consisting

of five substructures. With proper parameter values

the structural configurations used could represent

vehicles such as Saturn or Skylab for which detailed i
structural data are available. The analysis techniques

presented can be applied to these data thus determining

the degree of modeling fidelity achieved.

PRECEDING PAGE BLANK NOT FEwm
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8.3

EQUATIONS OF MOTION FOR SINGLE CONNECTION POINT
BETWEEN BODIES

Equations of motion were generated for Figure 8-1 shown
below. The general procedure that was followed is de-
scribed in tabular form and the resulting equations are
identified. The detailed derivation and accompanying
assumptions may be found in the complete paper described
in the reference.

Translational Equations of Motion

a) Generate equations describing the sum of forces on

each body.

b) Solve for the constraint forces between bodies.

Angular Momentum of Flexible Body

a) Derive the expression for the total angular momentum

of the configuration shown in Figure 8-1.

Rotational Equations of Motion

a)

b)

d)

Derive the expressions for the rotational equations
of motion using the rate of change of angular mo-
mentum expressions for each of the five bodies in
the figure.

Solve for the constraint torques between bodies.
Substitute the constraint torque equation expressions
in the rate of change of angular momentur expression
for body 2 and derive an overalil rotational equation
of motion for the vehicle system.

Express all terms of the overall rotational equation
of motion in body 2 coordinates.

8-6
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N
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- 327 [wz ty (re)] Y-
b) Modal Equation Set
1N 1RN 1TN, 1 1RN, 1
%1 Fre * 91¢  1e T T (XPF ot 6TT(TIIM =

11
Ndy t Ky ay (8-9)

2TN 2RN 2TN, 2 2TN, 2
Y2e Foe * 93¢ Tge = ¢ (~TQIF 15 *+ 67 T (XPF o4

2TN, 2 2TN, 2 2RN, 2
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d) Overall rotational equation of motion:

S 5
2 ST T, T (R =) F,
Foc R B CR e U BAREE j
" |5 5
+ 2 {2 + 1. D) Zm T, F,_ -m zTF
My \ P21 * 2T1 P21 i|2T1 Fie ™1 2 275 Fje
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\ y il & 5
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33 3#3
, L 5
*(Dgq * 2Ty Dyy) [ Z“‘J 2T Fge m4z 27 j FJe]
J=1 j=1
J#4 J#4 .
. 4 4
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25 * 275 D25 3| 2%5 Fse = M5 . 273 Fje
Jj=1 Jj=1
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5 n
T J*ed " n Z i*ed
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Modal equations with substitutions for constraint forces

and torques.
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The necessary set of equations is:

a. Rate of change of angular momentum for the system.

; 3 gired : J?J j o7
H., = J,u; + Z J Y (r,) + [ I ¢y (r.) T Js .T
g oo ) " nooid
-.T . : AW Wit . Y
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IIM:*

n ’\’j J T [
+ 21 Y (rk) T Jk j k y (r ] +

+u~](rk) xrﬂ -m; ug X ﬁ‘]} (8-27)

b. The transformation equations as defined in (8-14)
through (8-19).

c¢. The interface force equation in "j" rigid body
coordinates.
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d. Interface torque equation in "j" rigid body
coordinates.
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e. System rotational equations of motion.
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8.5

T

NOMENCLATURE

L]

Vector from inertial point to instantaneous center
(C.M.) of body j jJ - 1,2,...5

Vector from inertial point to instantaneous C.M, of
vehicle system

Vector from center of mass of total vehicle system to
the instantaneous C.M. of body j j = 1,2,...5

Vector from rigid body C.M. of body 1 to C.M. of the
connection subelement between bodies 1 and 2 contained
in body 1 when it is in an undeformed state

Vector from the C.M. of the connection subelement

between bodies 1 and 2 contained in body 2 to the C.M.

of body 2 when it is in an undeformed state

Vector from the C.M. of body 2 to the C.M. of the

connection subelement between bodies 2 and 3 contained

in body 2 when in an undeformed state

Vector from the C.M. of the connection subelement

between bodies 2 and 3 contained in body 3 to the
C.M. of body 3 when it is in an undeformed state

Vector from the C.M. of body 2 to the connection sub-

element between bodies 2 4nd 5 contained in body 2
when it is in an undeformed state

=I§¥égtor from the C.M. of the connection subelement

[ Y B
““between bodies 2 and 5 contained in body 5 1o the C.M.

of body 5 when it is in undeformed state
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Vector from the C.M. of body 2 to the C.M. of the
connection subelement between bodies 2 and 4 contained
in body 2 when it is in an undeformed state

Vector from the C.M. of the connection subelement
between bodies 2 and 4 contained in body 4 to the C.M,
of body 4 when it is in its undeformed state

Linear deformation of body "j" at the r location in
body "j'" referenced to the C.M. of body '"j'" when in
an undeformed state

Vector from the C.M. of body j when in an undeformed
state to the instantaneous C.M. of body "j"

Vector from the C.M. of the connection subelement
between bodies "j" and "1' contained in body "j" to
the actual connec.ion point between the two bodies

Angular rate due to deformation of body "j'" at
location ry

This rate is expressed in rigid body coordinates of
body njn

Mass of body j

th

Mass of k subelement of body j

th

Transformation from the k subelement coordinates

to rigid body coordinates (i.e., when body j is
undeformed) of body J
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Transformation from rigid body coordinates of body "1"
to rigid body coordinates of body '"j"

External force applied to body "j"

External torque applied to body "j"

Nx3 matrix of rotational modal gains of body "j" at
location ry

Nx3 matrix of translational modal gains of body "j"

at location rk

NxN diagonal mass matrix for body "j"

NxN diagonal damping matrix for body "j"

NxN diagonal stiffness matrix for body "j"

th

N modal coordinate for body "j"

Constraint torque between bodies "j" and "1"

Constraint force between bodies "j'" and "1"

Distance from the instantaneous C.M, of body 2 to the
instantaneous C.M. of body "j"

Inertial rate of subelement k

Vector from C.M. of subelement "Kk" to differential
mass located in subelement k
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P1(31)

1
Pi(31)

$1¢51)

13

J
Ry (31)

By
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Distance from inertial point to the C.M. of the
connection subelement at the ith connection point
between bodies "j" and "1" contained in body "j"

Distance from inertial point to the C.M. of the
connection subelement at the ith connection point
between boudies "j'" and '"1" contained in body "1"

Distance from C.M. of the connection subelement con-
tained in body "j'" at the ith connection point between

bodies “j" and "1" tc the actual point of connection
between the two bodies

Distance from C.M. of the connection subelement con-
tained in body "1" at the ith connection point between
bodies "j" and "1" to the actual point of connertion
between the two bodies

Distance from the composite C.M. of the connection sub-
elements contained in bodies "j" and "1" at the ith

connection point to the C.M. of the connection
subelement contained in body "j"

Distance from the composite C.M. of the connection sub-
elements contained in bodies "j'" and "1'" at the ith
connection point to the C.M, of the connection subelement

contained in body "1"

Linear motion of the C.M. of the connection subelement
contained in body "j'" at the ith counection point
between bodies "j" and "1" due to structural deformation
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Linear motion of the C.,M. of t%ﬁ connection subelement
contained in body "1'" at the i connection point
between bodies "j'" and "1" due to structural deformation

Angular rotation of the connection subelement contained

in body "j" at the ith connection point between bodies
"j" and "1" due to structural deformation

Angular rotation of the connection subelement contained

in body "1" at the ith connection point between bodies
"j'* and 1" due to structural deformation

Locaiion of the C.M, of the connection subelement
contained in body "j'" at the ith connection point

between bodies "j" and "1" with respect to the rigid
body C.M. of body "j"
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9.0
9.1

9.3

SECTION 9

CONCLUSIONS AND RECOMMENDATIONS

INTRODUCTION
A brief summary of conclusions and rerommendations are
condensed in the following paragraphs.

MISSION PROFILE

A mission profile, defining module locations and mass
properties, was supplied in the RFQ. Operational
requirements of the Space Construction Base were non-
existent in this data package and certair assumptions
were made regarding its operation and performance
requirements. These many requirements are tabulated

in section 2 and were used as a baseline fcr subsequent
studies described in sections 3 through 8.

ACTUATOR SIZING

Skylab-type double-giiibal control moment gyro (DG CMG)
units are recommended as the primary actuators. When
using minimum angular momentum orientations in each
configuration, the maximum number of DG CMG's is 24
(see Table 3-12). This is true when the alternate
"non-rolling'" approach is used for solar pointing the
panels during the X local vertical orientatinn of con-
figuration 12, Figure 3-7 indicates that the minimum

average solar power efficiency would be 80.8%, when B =
36.1 degrees.

o,



e e rewam o

9.4

9.5

MOMENTUM DESATURATION S
A momentum management approach is recommended which '
utilizes magnetic torquing as the primary desaturation

system for configurations 1 through 9M, with an RCS system

available for backup desaturation during configurations

8M and 9M (see Table 4-5).

Ip configurations 10M and 11M, the RC3 system will take
over as the primary desaturation system, and the magnetic
torquing system prev.ously available will be usable

for assistance. This prevents the addition of extremely
heavy supplementary magnetic torquing coils.

For the local vertical oriented configuration 12M, a
fixed tilt gravity gradient desaturation approach
eliminates the addition of heavier desaturation equipment.
The RCS and magnetic torquing systems used during
configurations 10M and 11M will then be available for
assistance and backup desaturation at this point in the
mission.

CONTROL SYSTEM APPROACH

Review of control system requirements has pinpointed
certain features which will require special attention
during the remainder of the study. These include:

(1) low sensitivity to model uncertainty; (2) adaptability
to configuration changes; (3) intermodule statability,; and
(4) high system integrity with respect tc component
failures. The functions of: (1) control coordination

and (2) intermodule and appendage control require special
attention due to their uniqueness in this application.
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Study conclusions relative to concept studies are:

1,

Much of the control system for the Space Construction
Base will consist of elements similar to other
satellites. However, there are two parts which are
quite different: module and appendage stability
control and the vehicle control coordinator.

Coupling control should include two modes: artificial
stiffening for use during a maneuver and decoupling
for use in stabilizing a given attitude.

Coupling control should be used selectively based
on the payoff in performance improvement and the
impact on actuator requirements.

Rotary torquers may be used for coupling control
actuators - including locations where CMGs may not
be used.

Artificial damping of structural modes may be
difficult to achieve, considering model uncertaintv.
If this feature is required, it may be necessary to
include adaptive notch or bandpass filters in the
design in order to achieve significant damping over
the range of structural dynamics.

Redundant sensors will be required due to the shifting
cf structural modes during buildup.

A vehicle control coordinator will be required to
select sensors and adjust control parameters as the
~enfiguration changes.

9-3
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9.7
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The recommendations are: (1) continuation of this study

should place emphasis on the vehicle control coordinator

and the appendage and module stabilizing control with

particular attention to minimizing sensitivity to modeling

errors, and (2) there should be a separate effort to

evaluate simple sensors such as strain gages and optical -
devices for measuring relative angles and angle rates.

DIGITAL SIMULATION

Two models are being simulated on a digital computer.

One is a three dimensional representation of Configuration

1 of the Space Construction Base. The other is a much
simpler one dimensional model. Although a hybrid coordinate
model may be useful with uncontrolled flexible appendages,
it would not be appropriate for coupling control studies.
The selected models are satisfactory for the present work.

MULTILEVEL CONTROL

Results

1. The 12 configurations of the Space Construction
Base mathematical model developed by Bendix Research
Laboratories have been recast into decomposed state
variable forms each of which consists of a set of
decoupled scalar first order ordinary differential
equations and a set of algebraic equations.

2. The decomposed state variabkle form of the mathematical
model representing each of the configurations of the
Space Construction Base without control is comprised
of two sets of equations: translational equations
and rotational equations.



4. The requirement that each of the state variables be
either observable or reconstructed should be
investigated with respect to its effect on required
computer capacity.

) ! 5. Should the required computer capacity be excessive,

t ' a new set of models for the 12 configurations of

. the Space Construction Base may have to be developed.
One of the more promising approaches appears to

. involve the combination of hybrid coordinates with
multilevel control techniques.

6. The multilevel control algorithms developed for the
decomposed state variable model of the Space
Construction Base should be transformed in such a way
that they may be applied to the discrete rigid body
simulation model at Bendix Research Laboratories.

7. Expansion of the eclements of the quadratic coefficient
matrices appearing in the coordination equations involves
large numbers of terms. More efficient algebraic
methods for such expansions need to be developed.

0o
e}

STRUCTURAL ANALYSIS OF FLEXIBLE BODY CHARACTERISTICS

The flexible body characteristics for a series of
interconnected bodies have been modelled in a free-free
modal form that permits large angular rotations between

i contiguous bodies to accommodate large deflections during
‘ deployment and operations. The technique applied provides
: a basis for generation of a more efficient computer

}\ o program with a higher degree of fidelity than those

""CEDING PAGE BLANK NOT FILMED



presently being used. The unique feature of this
technique is that the overall characteristics of a large
space vehicle may be determined by combining the measured
(or derived) characteristics of the smaller modules

of which it is comprised. The method developed also
should allow truncation of substructure modes before
assembly of the total vehicle model.

Recommendations concerning the developed mathematical
model using the above technique are the following:

a. Investigate the validity of truncation of modes.

b. Establish criteria by which satisfactory truncations
can be accomplished.

c. Validate the model by applying it to a known space
vehicle such as Skylab or Saturn.

d. Continue to develop the model in such a way that the
application to any N-body spacecraft will be simple
and modular.

e. Develop a general computer program for the model.

fo -5, v
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APPENDIX A

DETAILED DESCRIPTION OF N-BODY MODEL

Prepared by:

-

G. A. Cormell

Bendix Research Laboratories
Bendix Center

Southfield, Michigan 48076

December 1977
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To

From

Subject

Internal Research
Laboratorios
Memorandum
December 14, 1977 Letter No. Southfield. Michigan
K. C., Smith

G. A. Cornell

Space Base Mathematical Model

ABSTRACT

This memorandum presents a sixty-six degree of freedom mathe-
matical model of the space base incorporating all twelve buildup
configurations. A computer simulation of this model is being de-
veloped for use in designing and evaluating feasible space base

control systems.

1.0  INTRODUCTION

1.1 Background

This memorandum is written under the Bendix Research Labo-
ratories (BRL) tactical program, "Space Base Support,' Project 7648,
Work Order Number 7318, Simulation Model Development. The memorandum
documents the effort accomplished to date in developing a mathematical
model of the space base. A computer simulation will be defined from
this mathematical model to aid in the development and evaluation of

feasible space base control systems.

1.2 Objectives

The objective of the Simulation Model Development effort
is to define the equations for a digital computer simulation. The
model may be used to examine the stabilization and control of the
buildup and assembly phase. A specific objective is to structure the
model so as to allow, by appropriate parameter inputs, any of the
twelve interim vehicle configurations to be studied. The model must
be capable of distributing sensors and actuators about the space base

and of including short-term external disturbances such as those caused

A-1
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Beaiind
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by docking. Vehicle flexibility must also be incorporated in the

model. For purposes of studying vernier control system one module

Py

must be loosely coupled via a six degree of freedom suspension to

. v
Brisadtsod asiiriza. }
*

: the remainder of the space base.
E
i 1.3 Scope

This memorandum derives the equations of motion of the

»
-

twelve space base configurations. It is assumed that each configu-
ration consists of a series of rigid bodies connected by a spring
hinge suspension. The flexibility of the solar wings are included
by this method.

Ps—

Each Space Base configuration is defined in terms of the
number of rigid bodies assumed, the modules contained in each rigid

: body, and the location of the spring hinges.

The suspension equations are defined and provisions are

! made for external forces and torques on each body. Actuator forces

-y

and torques on each body are also provided but the cuntrol system

equations are not included as they are yet to be developed.

2.0 NOTATION

The notation used in this memorandum is defined below.

Symbol Definition
aij Elements on the left side of the equations

of motion matrix.

bi Elements on the right side of the equations

of motion matrix.

CSij Spring damping coefficient of the suspension
~ f torque vector of body j on body 1.

ana i
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IXi’ IYi' IZi

Lavir Ixzi Lyot

1 1

1 YM' TZM

m)

KSij

Ksisx® Ksiyxr Ksijy

L

Letter No.

Definition
Actuator force vector on body {.
External force vector on body i
Fy = Fag ¥ Fey

Time derivative of the angular momentum

vector of body i.

Inertia tensor of body i.
Moments of inertia of body 1.

Products of inertia of body i.

Moments of inertia of the space base modules.

Spring stiffness coefficient of the suspension

torque vector of body i on body j.
Components of spring stiffness coefficient.

Quantity in the equations of motion that is

a function of only m , and @

1+ Ry i
Mass of body i.
Mass of a space base module.

Total mass of space base.

Quantity in the equation of motion that is
W
a function of only mi‘ Rij and T

Hinge point J.

Coordinates of the jth hinge point with re-
spect to the space base coordinate system.

A-3
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body i to the point of application of the

8wt W b

external force. '
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ab

B
- § ; Svmbol Definition
- E i
N . R4 Position vector from the center of mass of
o ;,; body i to the point of application of the
: % actuator force.

L
f § i : Rei Position vector from the center of mass of
i

R, Linear acceleration vector of body i with

respect to inertial space.

Rij Position vector of hinge point j with respect
to the center of mass of body i.
i Rijx’ Rijy’ Rijz Components of the Rij position vector in the
body i coordinate system.
;3 Sij Suspension force vector of body j on bodyv i.
Tai Actuator torque vector on body 1.
Tei External torque vector on body i.
Ti Moments resulting from the external and actu-
ator forces and moments.
TSij Suspension torque vector of body j on body 1.
TSijM Torque motor input.
jTi Coordinate transformation from body { to body
X0 ¥y 24 Components of the position vector of the com-
posite center of mass of body i measured with
~ o respect to the space base coordinate system.
» <« -
.- A-4
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Symbol
N\ .
'\llibxg?\yn, 2y

P .“mm.m -y v
L}

} uij
Bij
Auij
Bugyprbeygyr B4y,
¢i' ei’ wi
¢i’ 61’ wi
“4
vy
“ix' Y1y’ Y4z
“ix' Y1y* “12

Letter No.

Definition

Components of the position vector of the
center of mass a space base module measured
with respect to the space base coordinate

system.

wi b'e Rij

wy X (wi X Ri )

3

Angular velocity vector of body j measured

with respect to body {i.

Components of the vector Aw in the body j

13

coordinate system,

Euler angles of body j measured with respect

to body 1.

Euler angle rates of body j with respect to
body 1i.

Euler angles of body i measured with respect

to inertial space.

Euler angle rates of body i measured with

respect to inertial space.

Angular rate vector of body 1.

Angular acceleration vector of body i.
Components of vector Wy in body 1 coordinates.

Components of vector wy

in body i coordinates.
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i
§' Symbol Definition
§; BFM1 Beam Fabrication Module 1.
i CCM Construction Control Module 1.
§ DM1 Docking Module i.
= ETi External Tank i.
L HMi Habitability Module 1i.
; : KWA 150 KW Solar Wing A
- KWB 150 KW Solar Wing B.
é' Kv'S 150 KW Subsystem.
: LMi Logistics Module {.
é' MPi Manipulator i.
; MSM Mission Support Module.
) Pi Pallet 1.
% PSP ' Public Service Plate.
; SMi Subsystem Module 1.
3 SPM Space Processing Module.
i SWA Solar Wing A.
| SWB Solar Wing B.
TAi Turre:t Assembly 1.

A-6
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3.0 DERIVATION OF EQUATIONS
3.1 General

The Space Base is assumed to be divided up in a
group of rigid bodies connected by spring hinge suspensions.
It is assembled, starting with the baseline Configuration 1, by
adding on additiunal modules. As other modules are added, a
total of twelve configurations are defined. This section defines
for each configuration the number of rigid bodies assumed in model
derivation, the modules comprising each rigid body, and the location
of the spring hinges.

The degrees of freedom are alsc defined in this section
along with derivation of the equations of motion. Coordinate trans-
formations relating vector components to the various body coordinate
systems are defined. Euler angle rate and suspension equations are

also presented.

A block diagram of the overall mathematical model is

shown in Figure 1.

3.2 Description of the Configurations

The Space Base buildup consists of . series of twelve
configurations. Each configuration is5 divided up into a group of
rigid bodies. Table 1 lists the nurdber of rigid bodies assumed for

each configuration.

Each rigid body is a collection of modules or part of a
module. For example, solar wing A is divided into two rigid bodies.
Table 2 defines the breakdown of the rigid bodies and modules for

each configuration.
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Configuration
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[
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Table 1

Number of Rigid Bodies

oo 00 O o N OV

10
10
19
20
20

"{gure 2 presents a topological tree that shows how the

rigid bodies are connected. A single line drawn between bodies indi-
cates a three degree of freedom spring hinge suspension. A double

line indicates a2 six degree of freedom suspension.

Figure 3 shows a sketch of the space base and locates all

of the spring hinges.

3.3 Degrees of Freedom

As shown in Figure 2, a thtree degree of freedom hinge is

assumed between each body except bodies 1 and 8.

assumed to be connected by a six degree of freedom suspension.

These two bodies are

As a

§ .

result, the total degrees of freedom for each configuratior. are defined

as shown in Table 3.
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Table 3 - Degrees of Freer -
Degrees of Freedom
+| Cenfiguration
h ] PSR Translational Rotational Total
1 3 15 18
2 3 18 21
3 3 21 24
4 6 24 30
5 6 24 30
6 6 24 30
7 6 24 30
8 6 30 36
9 6 30 36
10 6 57 63
11 6 60 66
12 6 60 66

3.4 Equations of Motion

3.4.1 Translational Equations

The translational equations of motion for each
rigid body is derived by equating the mass m, times the linear accel-

eration vector Ri to the sum of the force vectors (suspension forces

Sij and external Fei

on the body. Herce,

anu actuator F , forces; F, = F . + F_.) acting -
a e ai

i

i i

W R =5, -853" 5555 5,1t h (1

m. R, =8.-5. +F (2)

A-13
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- 835 + Fé - (3)
i’ *;4 Syt | N (4)
T }¥6 " Si6 - %7 *F (6)
™ é.7 " %67 - 8, - 57,10 - 57,20 * 5 (7)
m, ie's TR 8
g Ry = S79 + R, (9)
Mo lilo = 57,1 YR, (10)
11 511 IR 11,15 - 11,13 + Fi1 (11)
™2 "‘.12 TR 512,14 + 12 (12)
™3 §13 " 1,04 - 513,15 + 13 (13)
™14 '.*.14 " 12,14 - S14,1 * P4 (24)
™s £15 I ERTE %15,17 + s (15)
™ e 1;16 " 514,16 - 516,15 * Fe (16)
7 %7 " 515,17 - 517,10 + B, (17)

A-14
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g Rig " 516,18 * Fis (18)
19 R1g ® 517,19 * Fig ot (19)
B0 R0 = 57,20 * F20 (20)

The linear acceleration of body 2 (RZ) can be expressed
in terms of the linear acceleration of body 1 <R1) and the angular

accelerations of body 1 (él) and body 2 (&2), i.e.,
R2 = R1 + w) X Rl2 - w, X R22 + wy X (wl x RlZ) - W, X (w2 x R22) (21)

where R,, is the vector from the center of mass of body i to the
jth hinge point. The linear acceleration of the other bodies can be

expressed in the same manner.

Summing equations (1) through (20) excluding (8) and sub-

stituting equations like(2i/yields an expression for Rl, i.e.,

.
Ry = 35 IZF = S g = N - L] (22)

where

20
IM = )'_': m, - m (23)
i=]

20
IF=) F -F (24)
1=1

A~15

e - - ;- vt — — -



o
t

\‘\;T‘r B

B . el

——

¥ daew ¥

]
’

Deate

Internal
Memorandum

December 14, 1977 Letter No.

Page 16
REPRODUCBILITY OF THE
Let ORIGINAL PAGR T§ Pon
eyt by X Ry, ’ (25)
and
Bij =w, X (wi X Rij) (26)
Then L and N are functions of m, a,,, and B;,, i.e.,
L= f(my, a,,) (27)
N = f(m,, eij) (28)

As a result, the linear acceleration R, can be written

1
Rij' Fei’ Fai’ 518’ wy i The quantities m,
and Rij are given constants, Fei is a given external input, Fai is

control system output, 518 is a suspension force output, W, is the

integral of éi’ and finally éi is determined in the following section

in terms of m, , and w

which derives the rotational equations of motion.

The suspension forces Sij are needed for the rotational

equations of motion. They are given by

sij = f(mi, Fi’ aij' Bij) (29)
The linear acceleration of body 8 is given v
R, = -1 [s.. + F_] (30)
8 mg 1R 8

A-16
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L% SN

3.4.2 Rotational Equations

The rotational equations of motion for each
rigid body is derived by equating the rate of change of angular
momentum to the sum c¢f the moment vectors acting on each body.

The rate of change of angular momentum Ei is defined by

hi = Ii wy + wy X Ii Wy (31)

where Ii is the inertia tensor

Xi Xvi Xzi
L= Ixyi Lyi “Lyzi (32)
“Igzi “lyzg Ing

Then for each body

By = =R, X §)5 = Rig XS5 - R ) X8 4y = Ryg xS
= Rig X816 = Tg1p = T13 7 To6 ~ To1,11 ~Ts1s ¥ 11 B3
hy = Ryy X 81, = Ry, X 8y, +Tgp) = Ty, * Ty (34)
hy = Ryy % S5 = Ryg X S35+ Tgyy = Tgyg + Ty (33)
ﬁa =R, XS, + T, +T, (36)
ﬂs = Rgg X S3q + Tgyq + T (37)
A-17
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P 18 e h )T“TC:BILM ogogR
age . ;)‘ ] :\,“\T‘ PA(‘,F‘. IB
Pe = Rgg X Syg = Rgy X Sgg + Ty = Toey + Ty (38)
Ry = Ry X Sg7 = Ryg X S5 = Ry 10 % S5 10 = Ry.20 % S7.20
*Ts67 = Ts79 = Tg7,10 ~ Ts7,20 v Ty (39)
h8 = R88 X 518 + TS18 + T8 (40)
h9 = R99 x 379 + Ts79 + T9 (41)
P10 = R10,10 * 57,10 * Ts7,10 * T1o (42)
P17 R * 81,1 7 Rana2 * 811,12 T Mg X 51
*Ts1,11 7 Tsir,12 ~ Tsin,1a Y T (43)
P12 = Ri2,12 * 511,12 ~ Ruzi1s * 812,14 Ts11.12
" Ts12,16 T2 (44)
P13 R13,13 * 811,13 ~ Rys,is * 513,15 * Ton 13
" Ts13,15 ¥ Ty3 (45)
P ™ Ra1e * 512,14 7 RisL1e * 514,16 * Ts12,14
- T514,16 + Ty, (46)

A-18
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Bys = Rys 15 % 513,15 ~ Rys 17 * 595,17 * Ts13,15
" Ts15,17 ¥ Ty (47)
P16 ™ Ri6,16 * 514,16 ~ *16,18 * 516,18 ¥ Ts14,16
- Ts16,18 ¥ T16 (48)

b ')

17 = R17,17 * 515,17 = R17,10 * S17,19 * Ts15,17

“Tg17,00 v Tyy (49)

O'e

+ T T (50)

18 = ®18,18 * 516,18 * Ts16,18 ¥ T1s

P19 " Rig.19 * 517,19 ¥ Ts17,19 * T19 (1)

h S (52)

20 ® ®20,20 * 57,20 * Ts7,20 * T20

where Ti are moments resulting from the exter.al and actuator forces

and moments, i.e.,

= Rei x Fei + Rai x Fai + Tai + Tei (53)

and where TSij is the spring hinge torque vector of body j on body i.

A-19
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These eguations can be manipulated into a scalar

matrix of the following form:

i

11

1257,1

%2 ' 81,5: ] “"1x— Fbx 1
a22 . . &ly b2
... . le b
. ¢:s7x .
S : &737 :
o 1= (54)
’ L9x
: ‘:’9y
’ &92
) éZOx '
e . é20y
457,57 | L‘LzOZ__J _bs7_J
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where the elements ‘1j are functions of mi. Rij' IXi' IYi' 121.

IXYi' IXZI' IYZi’ °1' 91, and wi. The quantities ¢1, 01. and wi
are the Euler angles of body 1.

The eiements bi are functions of the same

T T

quantities as a ei’' Tai’ 518' Wes TSij’

along with Fei’ F

13 ai’

Rai’ and Rei'
Inverting the matrix provides the solution for

the components of angular-acceleration (wix' wiy’ wiz) for all the

bodies except body 8. The equation for the angular acceleration of
body 8 is given by

I, w, = R

8 “g gg X 518 + TSle + T8 - wg X I8 wg (55)

3.5 Transformation of Coordinates

In order to expand the vector equations of motion, derived
in the previous section, into scaler equations all the vectors in en
equation must be expressed in a common coordinate system. As a result,
provisions must be made to transform vector components from one ﬁody

coordinate system tc another. This is accomplished using the notation

— - ~ T
Vector Vector
Components Components
in decdy J§ - jTi in Body {1 (56)
Coordinates Covordinates
L - — _

The transformations 4T2. 5T3, 6T1’ 871’ llTl' 7T6' 9T7,
1077* 2077 14T12° 15T13* 167140 17715 18T16° 279 jgT;7 are all smull .
angle transformations. Hence, they are defined by

A-21
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374 (Boy4) (A2, ) (BY, 45 (57)
where
o )
045 444 (58)
1
¢ -Aeij
(AB ) = 1 0 (59)
0 1
\
Awij 0
(AW ) Awij 1 0 (60)
0 1/

and where Awij‘ Ae 13° and A@ij are the Euler angles of body j with
respect to body i. Expanding

1 Awij -Aeib
jfi ~ -Awij 1 A¢ij (31
Aeij -Aei; 1 /

A-22
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For bodies having a large angle articulation a different

transformation is required. Hence the transformations le, 3T1, 12T11

and 13T11 are defined by
cos Awij sin Awij
jTi = -sin Awij cos Awij
+ i i - 1 s
\zeij cos Awij A¢ii sin Awij Aeij sin Awij A¢ij co Auij
(62)
A1l other transformations car. be derived from those defined
above.

3.6 Euler Angle Rate Equatiouns

1e Euler angle rates (d@ij, A8 &BLJ) are elated to the

i3’

body angular rates Aw,., by the vector equation

ij

Awij = (A¢1j)(Aeij) Awij + (A¢ij) Aeij + A¢ij (63)
Expanding into scalars
Awijx 1 0 -Aeij 0
Awijy = 0 1 A¢ij 9
Awijz Aeij A¢ij 1 [?wij
L J ’
-~ - r— —
) 1 0 0 0 A¢1j
+| 0 1 Awij Aeij + 0 (64)
0 -A¢ij 1 0 0
- - - -

A-23



3 B e MR e ey S B 7 B AR A TN B T DT L BT A e 3 Ao Ty YN PR N Ty Y NTRV LMo, VW St TN ksl Sea b se e S mn e T
- O et #. - £ £ e .
HEL P e g, B =

L ]
A

[ ==t

[ ]
-

.

PR
- .

BV

ap B

- o
[

B e Liacd

Internal
Memorandum

Date December 14, 1977 Letter No.

Page 24

e WO RILITY OF ™0
i il FAGE IS POOR
Solving for the Euler angle rates yield

A'¢ij = By, 08 buyy, (65)
dbij o P CH T (66)
Abij = Doy Bug ¥ dugg, (67)
where
Awij = wj - jTi wy (68)
For body 1
by = up, 0wy, (69)
él = Uy T 41 91, (70)
by =0y ey +_”1z (71

3.7 Suspension Equations

The suspension torques TSij generated by each of the spring
hinges are assumed to be linear functions of the Euler angles (Awij,
Aeij, A¢ij) and the rates (Aw Awi . Awijz)’ i.e.,

13x’ 3y

Toigx = Ksigx 2%15 * Coigx B14x (712)

A-24
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T, = K AB + C Aw (73
sigy - Mstay %135 ¥ Cstgy Sugy )
Tsijz = ¥sigz %Y1, * Coigz B¥i42 (74
where KSij and CSij are the spring and damping coustants.
For the bodies that have large articulation angles
about the z axis, the suspension torque is given by a torque motor,
i.e.,
= 5
Tsijz = Tsijm (73)
where TSijm is 2 torque motor input,

3.8 Equations for Computing the Composite

3.8.1 Compesite Masses

The composite masses of the rigid bodies are com-

puted simply by summing the masses my of the modules comprising the

rigid body, i.e.,

mo=lmy

3.8.2 Inertia Tensor

The elements of the in

as follows:

-
Iyg =P Igg v Ty (yu'yi)
~

IY1 =L IYM + I My (XM - xi)

L

(76)

ertia tensor are computed

24 (zM - 21)2] (77)

2 2
+ (zM- zi)] (78)

A-25
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| . Ly =t ly+im, [("M - xi)z + (YM } yi)zj (79)

i

< Ty =T my (xM - x )0y =y (80)

:i - IXZi = I Ty (xm - xi)(zM - zi) (81)

: yzg = T my Oy = 9002y - 2)) (82)

where xM, yM, zM are the coordinates of the center of mass of module M

; measured in the space base coordinate system and Xy» ¥y» 24 are the

i coordinates of the composite center of mass of body i measured in the
space base coordinates.

{ 3.8.3 Hinge Points

A The hinge pcoint components Rijx’ Rijy’ Rijz locate

the hinge points Pj with respect to the center of mass LN of the com-

posite rigid body. The components are computed by

. Riix = ij - xi (83)
!
~P, - 84
Rigy " Py T %4 ®4
R =P -z (85)

ijz jz i

3.8.4 Composite Center of Mass

The location of the composite center of uass of

each body must be computed. The components xi, yi, zi are ¢ -mputed by:

oy —, "
] < .

A-26
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SUMMARY

This interim report describes some preliminary results concerning the

application of the Multivariable Nyquist Array method to the design of an

attitude control system for a flexible space vehicle. The system used in

the study is the lightly damped, three body model developed by Porcelli.
With the exception of the open locp model description, the parameters

resulting fror the MNA design were obtained independent of the Porcelli

control configuration. For design comparative purposes, an alternate single

loop elimination design was made using root locus and Bode methods.
An initial application of the MNA program to the full order model of
the space vehicle sugjests a decoupling of the control objectives. This

result was confirped by a CSMP study of the open loop dynamics as well as by

pPhysical considerations. Using this result, a reduced order model was

developed for the design of the control units for the flexible appendages.
Application of the MNA program to the reduced order model clearly indicates

a need for phase lead compensation in each control loop. A CSMP simulation

of the full order medel with the Jecoupled control system design demonstrates

the utility of the MNA design methnd for flexible space vehicle systems.
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Section 1. INTRODUCTION

A reccné paper by Porcelli [1] details a multi-loop attitude control
system design for a flexible space vehicle using a three body model repre-
sentation. Using the con -pt of mode separability, Porcelli shows that when
some of the lightly damped closed loop dynamic modes are contained within
the control system bandwidth, sustained oscillations may occur in the flexible
appendages during cransient operations. To improve the dynamic response, a
pair of auxiliary control loops are established to increase the structural
damping by active means.

Since the main contrecl loop is designed in accordance with the attitude
control specifications, the auxiliary control loop; may be designed independ-
ently. The design approach proposed by Porcelli initially ignores the flex-
ible connections between the vehicle bodies. Each auxiliary loop design is
then based upon the rigid body dynamics of the component body to which it is
directly related. Recognizing the conservafive aspects of this design
approach, the auxiiiary loop bandwidth is progressively decreased until an
acceptable design is obtained. For the examples in {l], auxiliary‘loop
bandwidths one decade below the bandwidth of the main control loop proved
satisfactory.

The Porcelli method is useful when all dynemic modes attributed to the
flexible appendages are either within or exterior to the control bandwidth.
The examples in [1] demonstrate both cases. Situations may arise, however,
where some cf the modes associated with the appendages are within the main
control bandwidth while other modes are exterior. in this situation, the
design asproach may not be quite as clear as in the former cases. Here it

may be desira. le to have an appendage control unit which utilizes sensor

N e ~aen
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information from each body simultaneously. This is particularly true if
physical considerations limit the position and number of appendage cqntrol
units. Further considerations regarding N-body models may prove to be
untractable using the Porcelli method. This would certainly be the case,
for example, if the structural modes were highly interactive. Here the
flexibie members could not be ignored in favor of a rigid body analysis and
design, as required by the Porcelli method.

As an alternative to the Pcrcelli method, a Multivariable Nyquist Array

(MNA) design was initiated for the three body models in [1]. One distinc-
tive feature of the MNA method is the utilization 95 the complete system
model at each stage of the design procedure. Any eimplifying ass:umptions in
the model order or system characteristics, if any, are based exclusively on
physical considerations. Thus, in terms of the satellite model, all fléxible
appendage modes are retained and accounted for.

The next section develops the mathematical model for the three body
system. Section 3 briefly reviews the open'loop dynamic conditions from a
root locus viewpoint and outlines an alternative classical control design
procecdure by successive loop reductions. The CSMP runs using the Porcelli
control configuration are also presented and compared with the alternate

designs. Section 4 describes the MNA design for the lightly damped case.
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Section 2. MATHEMATICAL MCDEL

The system model for the flexible space vehicle is presented in Figure 1

vhere all system componcents represented are considered tu be ideal efements.

kq K.b"

Ve s st XY VY

I Ja Js

2L
7}/& 6¢\ 87/&

9 Ab

Figure 1: Full Order Model for Attitude Control

The system inputs are represented by torque drivers 1%(:), 7;(t). and‘Tao(t)

with Bl(t), Bz(t), and 63(t) selected as the measurable set of system outputs.

Using the systems graph approach, Figure 2, the following set of circuit and

cutset equations are obtained:

¥ 5

Figure 2: System Graph

o et T
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I i_ Circuit Equations Cutset Equations
}* G+ -0 Tt T
1 G40 LPRAURAES PR AN
oy D p
N B+ 4o - h-T-Te=0
{i‘. G+4@-4=-o (1)
3 p ;
Loy (‘,5>+<’:4-<€'°
: - h :
» - %+%-q-o
| b+4-€ -
oL The component equations corresponding to Figure 1 are:
~
: Ji ﬁ-'rl i= 1, 2, 3. (2)
dt
d‘fi' .
-c-l-;,-- Klel 1’415 (3)
'r'i-aiei  i=6, 7 (4)
ﬁ-dzivers i=28,9, 10 : (5)
Selecting the state variables as él' éz, é3, 1;, 1; and 91, the following
state eqgiations are obtained
a, 1 .
’ 1,121 - - a2 - - , -
€ "3 T3 [ - Ta - % 3 (T, - T, - %4 - 4]
e T
2 2 1
ac 3,77, Mo+ T+, - T - T,]
l . . . .
=5 [T+ Ty - To + 86 - &) - B,06, - 8))]
2 (6)
. : dae oy
~ 3 3 1 L A - A
v at 33'33[1"10’1'5*77]'33 (To + T5 + 8, (8, - 6,)]
v B-5
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where

T4

%, =8 - x
X

83 = 61 -

In vector form the above eguations become

- i = AX + Bu
Yy = Cx

_ 2 %
7 9

U
3, 7,
B,
° 7.
3
s K4
0 Kq

1 0
o

4

T

4

Ts

Q|m
[SI BV

w

[ #]

uLx

o

)

HQ ‘o—a *

[ )
-

Nr" lo-

W

s =

(7)

(8)

(9)

(10,
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3y 0 0
1
0 & 0
2
o] o] L
I3
B = (1)
0 0 0
0 0 0
L_O 0 0
r— -
(o] 0 0 0 0 1
0 0 0 =3 0 1
C= X, (12)
o - o 0 -2 - = 1
— ) 5
——
and _
5]
M ] e ® F T
e2 1% ] e1
e3 1; e2
x=|1 us= Yy = (13)
4 TIO LGSJ
- -l
1;
From [l] the model parameters for the lightly damped case ara
K4 = xs = ,0001 (14)

ES - 37 = .0001

Using the Q - R algorithm, the eigenvalues of the open loop system are

obtained as:

BE-7
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Zl-o

22 =0 .
3,: z‘- -.0001 * 3§ .01414

At A. = =.00035 + 3§ ,n265
5' g

The periods of the lightly damped mod:=s are, respectively,

wl = ,01414 Tl = 444.36 secs

wz = 0265 72 = 240.46 secs

In the next section, the results of Porcelli are compared with an

alternate syrthesis approach using single loop elimination.

(15)

(16)

]
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Section 3. CLASSICAL DESIGN APPROACH

For the state variable equations of Section 2, the open loop transfer

functions of Ap_2ndix A were obtained from the application of Danielevsky's

method [2]. It is interesting to examine the transfer finction relating the

angular displacement of mass Jl with the input to mass 1 in closer detail.

This transfer function is repeated here as

) . s* + .oooss® + .0008s% + .16E-65 + .BE-7
= Gll‘s) = > 4 3 2 (17)
1;(s) s(s” + .0009S” + .0009S” + .2BE-6S + .14E-6)
The poles and zeros of Gll(s) are obtained as
Zeros Poles
= -, + 3. R = -, + 3 .
2,0 2, 0000586 * 3 .01082 P« P, 0001 + j .01414
2., 2, = -.00034 + j .0261 p.¢ P, = -.00035 + 3 .0265
3 q - 3 4 -
(18)
p5 = 0.0
Pg = 0.0
With this pole-zero arrangement it is apparent that the complex zeros
virtually cancel the complex poles and the transfer function could be
reasonably approximated by
8. (s)
1 1
= =06 .(s) = =~ (19)
T%(s) 11 S2

Figure 3 contains a sketch of the root locus for the uncompensated

system, Figure 4 provides the Nygquist diagram for the full order model.

The large loops in Figure 4 are due to the resonant frequencies associated

with the appendages. Note that these N quist loops do not effect the

stability issue for the overall system.

-
+

o,
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Figure 3: Root Locus for Full Order. Model

Figure 4: Nyquist Diagram for Uncompensated Full Ordexr Model
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Clearly to stabilize the system for high gain and to obtain the closed loop
dynamic response desired, it is necessary to inject phase lead compengation.
For all practical design purposes the control design from the terminals
{91,'ré) can proceed using the approxima:ion in (19).

Following standard phase lead design procedures, a Bode plot of

G(s) = 13' (20)
S

is made and appears in Figure 5a.

The phase lead compensator has the form

1 + TS
= = 2
Gc(s) =@ (1 + GTS) b
Selecting G = .1 to inject a large amount of phase lead at the gain cross-
over point
. 1 -0 o
Sin ¢m =1 +a or ¢m = 54.9 (22)

Since the magnitude curve is also adjusted when the phase is modified, the
new crossover fregquency is obtained from the -20 loglo(l/fa) point on the
magnitude curve, i.e.,

-20 10910(1/JE) = ~10 db (23)
w = 1.779 (24)
m

The zero and pole location for the compensator are obtained from

L_HBe =562 (25)

T m

1

-— = 5, 26)

= = 5.62 126)
Thus

1+ 1.7798

Go(s) = -1 [1 + .17795] (27

or
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S + .562

G.(s) = 57562

(28)

The compensated system is indicated in Figures 5a and 5b. Figure 6

contains the Nyquist diagram for the compensated G(s) in (17).

Figure 6: Compensated Nyquist Diagram

For time domain analysis, the compensator of (28) is represented by

X, = -5.62 x7- 5.058 el(t) (29;

T%(t) = x,(:) + Gl(t) (30)

A CSMP run using the state equations in (8) and (9) with the main control
unit developed above provided a 0.1% settling time, Ts' for the vehicle of

Ts = 3.9 seconds (31)

With no control on the appendages slowly damped oscillations remained signi-
ficant at t = 500C seconds. Using Porcelli's compensator for the main

control unit the 0.1l% settling time is
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Ts = 10.9 seconds (32)

with similar oscillations occurring in the appendages. In each case, an
initial offset of .02 radians was assumed for all vehicle bodies.

Based upon the above analysis, it can be concluded that the main control
unit for the satellite is only concerned with the dynamics of the large mass.
This is further supported by the CSMP runs wherein the angqii; displacements
associated with the appendage masses at t = 3.9 seconds remain within 1.3%
and .0l% of their initial cffsets, respectively (Appendix C). Thus for the
design of the appendage control units, it can be ‘'ssumed that the main body
has been returned to the equilibrium point (the origin).

Ignoring the main body is equivalently reflected in Figure 7.

Efj ka s~
//’

N
4/

/

°

Figure 7: Reduced Order Model

Following a development similar to the full order model (FOM) the state
equations for the reduced order model (ROM) are obtained as
X = Ax + Bu (33)

y = Cx (34)

B-15
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where
A=
(1
J2
&« 0
".rv§=
« ™ 0
| 0
and
-
82
e3
x(t) w
T
43

Matrix Form:

86 + 87)
J

2

3f (36)

X = Ax + Bu

- 1
72 72
5
- ;’— 0
3
o 0
X, 0
0 0
C =
0 0
®
y =
®

Yy = Cx

]
‘x“_‘
£

]
bl Lad
L%

?'!i*‘

10

(35)

(37)

(38)

The transfer functicns for the reduced order model appear in Appendix B. An

examination of the transfer function relating Bz(t)/Té(t) with Tio(t) =0

reveals the pole-zero configuration

zl. 22

Zeros

= -.0002 + .019998

Poles

Py p2 = ~,0000586

Pyr P4 = -.0003414

+

3

3

.010824

(39)
.02613

B-16
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as indicated in Figure 8 with the Bode for the ROM in Figure 9.

RFEPRODECIEITY OF THE
"IV‘URIGI‘NAL PAGE IS POOR

Figure 8: Root Locus for Reduced Order Model

For this model, pole-zero cancellations may once again be assumed with the

result
92(5) - X 40)
T8 62 4 1172007 s + 1.17180007%)
With a one percent steady state error specification
lim 1
s+0 1+¢G(s) -0l (41)
from which the open loop gain is obtained as
K= 1.16(10"%) (42)

Based upon the transfer relationship in (40} it would appear that a

bridged-T-compensator would be significantly more effective than the simple

lead compensator used by Porcelli.
bridged-T-compensator has the form

G (s) = s 4+ 1.1720007%s + 1.17202079)

¢ S(S + .9888)

For the coefficients in (4.,, the

(43)
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which yields the open loop transfer tfunction

G_(s)G(s) = S (44)
S(S + ,.,9888)

The gain K in (44) could be chosen in correspondence with a steady state
error specification to a ramp input or to obtain a desired set of clo &
loop poles with specified damping characteristics. To modify tha dynamic
characteristics further, a lead-lag network could be cascaded with the
bridged-T network.

At this point in the design, a new state model would be developed for
the space vehicle with both control loops closed. Using Danielevski's
method, the system transfer function from 83(5)/130(5) could be obtained.
The feedback design could then be completed in a m;nner similar to the design
procedures above. CSMP runs could then be used to evaluate the dynamic
response and adjust the appropriate compensator to correspond to the practical
requirements of the vehicle.

From an examination of the transfer fu?ction for 63(5)/110(5) in
Appendix B, it is clear that the analysis above would apply directly to the
design of the feedback contrmnl for the third body. Experience suggests,
however, that feedback control designs obtained for each ! .op independently
may have a deleterious effect on the dynamic behavior when all loops are
closed simultaneously. This condition is due primarily to the effects of
system interaction among the control loops which were not incorporated into
the above designs. To obtain a measure of the interaction levels for the
control Jesignsegbporsed;ab‘c;’ve as well as those due to Porcelli, Davison's
Interaction Indei‘[S] could be used.

The concerns cited abcve for control system designs obtained by ignoring

the interaction effects are relieved when the Multivariable Nyquist Array
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method is employed since interaction levels are used ii. the design procedure.

The next sections present a preliminary design for the flexible space vehicle

using the MNA design method.
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Section 4. MULTIVARIABLE NYQUIST ARRAY METHOD

The fundamental objective of the MNA design method is to decrease cross-
coupled system interaction to such an extent that the closed loop system
design reduces to a set of independent single loop design problems. Although
simply stated, the actual reduction procedure proposed by Kosenbrock [4]
and impiemented by Munro [S] requirezs a high degree of designer intervention

and is fundamentally a trial and errc: process.

In Figure 10, G(s) is an mxm transfer matrix representing the courling

of m inputs and m outputs,

INCUT [‘< é |  ouTPUT

Figure 10t Mu.vivariable System Configuration

The pre- and post-compensator watrices K xund L, respectively, are each of
dimension mxm. The feedhack gein matrix, ¥, is assumed to be diagonal and
of similar dimensions. Clearly, if

Q(S) = LG(s)K {45)

is diagonal, loop closure may proceed on arn ‘ndividual loop basis with a

quarantee of zero lc»op interaction. It is this premise upon which the MNA

design philosophy is based. The adherence to strict diagonalization is

relaxed, however, w/th the substitution and expl-itation of the concept of

diagonal dominant matraices.



Definition
A matrix Z(s) is diagonal dominant if either or both of the follywing
conditions are present for all s:
m
a. ] lz..(s)l/lz. . ts)] <8, <1 for all i=1,2,...,m (46)
j=1 ij ii =i
i#3
m
b. } lz..(s)]/]z,.(s)] <6, <1 for all i=1,2,...,m (47)
521 ji ii i
i#i
Equation (46) defines row dominance while (47) defines the column dominance
condition where 6l is the level of dominance obtaiped tor the ith diagonal
element.

Before the design process can proceed further, Q(s) for the DNA method
or Q—l(s) in the INA method must be made dominant by manipulation of the
elements of the compensator matrices. Once dominance is achieved the design
process is completed using single loop theory to select the diagonal elements
of F. This selection process is enhanced through application of the Gershgorin
and the Ostrowski theorems for dominant matrices.

The Gershgorin theorem [4] states that the eigenvalues of a matrix
(either Q(s) or Q-l(s)) are located in the union of the bands centered about
the diagonal eiements with widths determined by the sum of the moduli of the
off diagonal elements by row or by column. Using the envelope procedure
developed by Crossley Eﬂ and considering each control loop separately, a
graphical display of open loop system interaction results. Figures 11 and 12
indicate a typical display for an INA and DNA design formats respectively.
The feedback gain selection for control loop i is then made in correspondence

with the generalized Nyquist criterion and the stability theorems of

Rosenbrock [4].
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The Ostrowski theorem may be used to further shrink the Gershgorin
bands, thereby reducing the area of uncertainty in each loop. This set of
bands is frequently referred to as a set of "fuzzy" Nyquist plots (or
iaverse Nyquist plots for the INA). Using the innermost band as a conser-
vative estimate of the Nyquist contour in each loop, the design proceeds on
a single loop basis. Feedback gain selection must be made exterior to the
Gershgorin (Ostrowski) band. Thus, phase margin, gain margin and dynamic
compensation may be used to evaluate and/or improve the loop design with a
guarantee of low interaction from the closure of the remaining loops.

Diagonal dominance for the Direct Nyquist Array method requires the
selection of pre- and post-compensator matrix parameters so that {46) is
satisfied when (45) represents the open loop transfer matrix. For the

Inverse Nyquist Array method Q-l(s) is used and the parameters of K-l and
L-l must be selected.

An efficient and reliable method for the evaluation of the matrix
coefficients is described in E7J. The domi;ance algorithm uses a conjugate
direction function minimization algorithm to adjust the parameter set until
a performance index composed of the dominance definitions in (46) and (47)
is minimized. For the INA method in a row dominance mode, the optimization

problem can be separated into three independent optimization efforts; one

for each row. Here the performance index by row is

m
Ji(Kij) = M:x j£1 ]qij(s)l/lqij(s)[ i=1,2,...,m (48)
i¥]

where qij(s) is an element of Q-l(s). For each i, the ith row of x'l is
adjusted until Ji(xij) is minimjized. In practice, the ratio in (48) is

computed for each discrete frequency point in the range of interest. This

*.



array is then scanned to identify the maximum ratio. Adjusting the elements
of row i in K-l yields a set of final dominance levels .

ei = Min Ji(xi‘) (49)

K. . J
ij

If the dominance levels in (49) are less than unity, diagonal dominance has
been achieved. 1In the event that some of the dominance levels are greater
than one, the designer may initiate a dominance sharing search or restart
the program using new starting values for the unspecified compensator
parameters.

The concept of dominance sharing is detailed in [8]. It is funda-
mentally a rescaling of the compensator matrices to the extent that low
dominance levels may be intentionally increased to a point where the previous
non-dominant levels may be shifted to a range of acceptability. This proce-
dure has been automated in the latest version of the dominance algorithm
and is initiated by the designer after the final set of dominance levels have
been evaluated. .

Once a set of coefficients have been determined for dominance of the
open loop transfer matrix, each control loop may be treatec indepegdently
using single-input single-output control theory. The dominance algorithm
briefly outlined above shifts the burden of establishing the dominance
condition from the designer to an automated procedure. Thus designer inter-
vention is only required during the actual design process and is no longer
needed to establish the requisite dominance condition. Experience with the
algorithm suggests that dominance may often be obtained within several CPU

minutes or less depending upon the characteristics of G(s).
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Section 5: MNA DESIGN *

The Multivaridble Nyquist Array method described in Section 4 was
applied to the full order model of the space vehicle. Based upon an
evaluation of these results, the reduced order model was used subsequent to
the design of a control unit for the large mass. Although the design
described herein is of a preliminary evaluation for space vehicles, the
results clearly demonstrate the utility of the MNA method to flexible vehicle
control system design.

Using the transfer matrix of Appendix A as the frequency domain repre-
sentative for the full order satellite model, a DNA design run was initiated.
For this DNA design the postconpensator matrix was.prespecified as the
identity matrix with the precompensator matrix to be selected in accordance
with the algorithm in [7]. Figure 11 indicates the closed loop diagram for
the satellite with

Q(s) = LG(s)K : (50)

representing the open loop transfer matrix.

CermpAD

K G2 L]

T F©)

Figure 11: Closed Loop Satellite Control Design
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Direct application of the DNA method to the FOM without regard to the
simplifying conditions described in Section 3 produced a non-dominang condition for
Q(s) in (50). Using a frequency range of

.005 € w< .03
for dominance evaluations, it is evident from the computer printout that
dominance for each column of Q(s) is lost in the frequency range near the
resonant frequencies associated with the flexible appendages. Since this
design effort is using the DNA column objective, loss of dominance is not
particularly significant providing that feedback gains could be selected
external to the corresponding Gershgorin bands. This condition, however, is
non-existent for loop 1 as the Nyquist band is coincident with the negative
real axis. This condition immediately relates the dominating influence of
the two open loop~poles of Q(s) at the origin (i.e. pnase angle of 180°).
Thus a confirmation of the single loop analysis from Section 3 is obtained
directly from the DNA diagram for column )l of Q(s) (see Figure 4 ). With a
Nyquist diagram of this form, phase lead ccﬁpensation is required to provide
ar adequat : phase margin for the main control loop.

Using the phase compensator designed in Section 3, the angular displace~
ment of mass Jl' is returned to the equilibrium point (origin) before any
significant motion of the appendages takes place. Hence the model configura-
tion can be mudified to the reduced order model previocusly developed.

App’ ‘vation of the MNA program to the RCOM over the frequency interval

0 <w< .03 radians (51)
vields a dominant condition for each column of the ROM transfer matrix Q(s).
Here the matrix G(s) in Appendix B provides the frequency domain description

when mass J1 is clamped.
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The dominance producing compensators are

- -
1.0034 -.94747
K= + (52)
-.70949 .66997 |
1.7174 o ]
0 1.2128
—

Figures 12 and 13 display the direct Nyquist diagrams for columns one and two
respectively. The envelope of the Gershgorin bands are indicated in each
figure.

Since the feedback gains must be selected exterior to the Gershgorin
bands, it is clear from the DNA diagrams that some form of phase lead
compensation is required. This form of compensatibn will effectively swing
the DNA bands down and away from the negative real axis, thus providing an
improved phase anﬁ gain margin design. This procedure will then allow for
an increase in the system gain space for each control lcop.

Alternatively, a bridged-T compensator could be used in each_control
loop to eliminate the lightly damped modes,.in favor of two poles on the
negative real axis. The system gain could then be selected to correspond to
the desired degree of damping in each loop.

Following either compensator design procedure identified above, an
effective closed loop design for the appendage control units would be
obtained. For purposes of illustration, each control loop was configured

with a phase lead compensator of the form

TS « 1
Gc(sl = 0 aTs + 1 (54)

with a = .1 and T = 30. A CSMP run for the ROM indicates that with an
initial angular cff-set of .02 radians for each mass, the system was returned

to their respective equilibrium points within 250 seconds as indicated in
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